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Fighting Infection in a Globalized World

Probably the hardest human battle, one that has lasted
hundreds of thousands of years, has been the one against
infection. Being able to celebrate a 30th birthday was once
considered a miracle but only if one survived the perilous
years of childhood. Indeed, the CDC reports that in 1900,
nearly 30% of deaths worldwide occurred in children 5 and
under. It is remarkable how far we’ve come in our ability to
fight off pathogens. Better nutrition, medication, sanitation,
and overall quality of life has meant that humans are now
living longer than ever before in history. Smallpox, one of
the deadliest diseases of the 20th century was successfully
eradicated in 1977, and we are close with polio. Vaccinations
against once-deadly diseases such as rubella, bacterial men-
ingitis, measles, and tuberculosis have drastically slashed
early deaths.
Yet, according to theWorld Health Organization, infectious

diseases continue to kill nearly 15 million people every year.
Newer influenza strains, SARS, and Nipah outbreaks among
others created major public health scares in the last decade.
The fact is that the highly connected and overpopulated
world of today has facilitated the swift spread of deadly path-
ogens, often enforcing quick adaptation to new hosts and
conditions. This means that even with the advances in medi-
cation and vaccination, we need better surveillance and
attention to outbreaks anywhere, however faraway they
may seem. Improved surveillance will lead to better prepara-
tion for disease containment and treatment. This point has
been exemplified over the last 3 years across four continents
and two very different viruses—Ebola and Zika.
Viruses that cause hemorrhagic fevers such as Ebola,

Lassa, and yellow fever recur every few years, often unfortu-
nately and inevitably with a certain death toll; however, the
Ebola outbreak in West Africa from 2014 onward has been
the biggest of its kind, killing nearly 12,000 people across
several countries. With one of the highest mortality rates for
a virus, the spread of Ebola and the lack of available drugs,
vaccines, or clear treatment options soon became a major
global concern. People traveling to and from West Africa,
including medical personnel, needed to be monitored and
even quarantined out of fear that the outbreak would spread
to the rest of the world.
The biology and structure of Ebolavirus is fairly well-

studied, and a number of studies have aimed to use DNA

and adenoviral vector-based vaccines in animal models (Sul-
livan et al., 2003). More recently, the focus has been toward
single monoclonal antibodies against specific viral proteins.
During the latter part of the recent outbreak, scientists saw
some promise in the use of ZMapp, a combination of three
monoclonal antibodies targeting the Ebolavirus surface
glycoprotein (GP) (Qiu et al., 2014). A recent study in Science
takes a leap forward toward effective viral targeting through
the design of bispecific antibodies—recombinant proteins
that consist of two antibodies that bind different antigens
thereby strengthening the antigen-antibody interation for
effective targeting. In this study, the authors designed bispe-
cific antibodies targeting the Ebolavirus GP as well as the
host receptor that it binds (NPC1) that showed a remarkable
ability to neutralize various strains of Ebola in vivo in animal
models (Wec et al., 2016). This strategymay be used to target
additional members of this and other families of viruses if
either the host targets are shared or viral proteins bear high
homology, such as the VP40 matrix protein, that has
conserved sequences between Ebolavirus and the equally
deadly Marburg virus. An extra advantage of this approach
by the authors also seems to be that it could be effective to
target viral proteins that are routed through endosomal
pathways or those with intracellular receptors (Wec et al.,
2016).
If 2014–2015 was about Ebola, 2016 has been about Zika

virus, the milder and relatively unknown cousin of Dengue.
In sharp contrast to Ebola, adults with Zika virus experience
only a mild illness and no deaths directly linked to the virus
had even been heard of. Yet there was a disturbing observa-
tion. There appeared to be a marked increase in the number
of infants born with severe neurological abnormalities to
women who were infected with Zika during their pregnancy
(Solomon et al., 2016). Was there more to this otherwise
innocuous virus? Growing evidence suggested that the virus
could persist in semen of men infected with Zika, and there-
fore had the potential to be sexually transmitted (D’Ortenzio
et al., 2016). The need of the hour has thus been a vaccine
that can be administered to adults to establish immunity,
and in women, especially, well-before any pregnancy. A
number of labs have made inroads toward studying anti-
body-mediated protection against Zika. The similarity to
Dengue meant that there was some level of cross-reactivity
between the two viruses, though recent work has focused
on Zika-specific potent antibodies (Barba-Spaeth et al.,
2016 and Zhao et al., 2016). Vaccine efforts in animal models
have been promising: using purified inactivated viruses
showed protection in mouse and primate models specifically
to the Zika strains associated with the current outbreak (Ab-
bink et al., 2016 and Larocca et al., 2016). More recently, a
paper in Science reports a DNA-based vaccine that works
through expressing the precursormembrane (prM) and enve-
lope (E) proteins of Zika virus, also conferring protection in
mice and non-human primates (Dowd et al., 2016). However
none of these studies have yet tested the protective efficacy
in pregnant animals and whether the vaccination can indeedImage from iStock.com/bakhtiar_zein.
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prevent the neurological abnormalities the virus causes in the
fetus.
There will be more pathogens, emerging and re-emerging,

but the lessons learned from these outbreaks as well as stra-
tegies involved toward developing successful vaccinations
will undoubtedly be helpful if the need arises.
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Since the 1970s, racetams have been in use as cognitive 

enhancers. Levetiracetam was discovered to have 

antiseizure activity in animal models and was then found 

to bind to SV2A in synaptic and endocrine vesicles. 

Brivaracetam, an analog of levetiracetam, was identified 

in a medicinal chemistry campaign with the objective of 

discovering analogs with higher affinity at racetam- 

binding sites and greater antiseizure potency. 

NAME

Brivaracetam {(2S)-2-[(4R)-2-oxo-4-propylpyrrolidin-1-yl]butanamide 
(ucb 34714); Briviact}

APPROVED FOR 

Adjunctive therapy in the treatment of partial-onset seizures with or 
without secondary generalization in patients 16 years of age and older 
with epilepsy

TYPE

Small molecule

MOLECULAR TARGET

SV2A, a ubiquitous 83-kilodalton (742-amino acid) synaptic vesicle 
integral 12 transmembrane domain glycoprotein that is believed to 
function as a positive effector of synaptic vesicle exocytosis

CELLULAR TARGET

At neuronal presynaptic terminals, brivaracetam accesses the luminal 
side of recycling synaptic vesicles by vesicular endocytosis

EFFECTS ON TARGET

Potent, highly selective, and reversible SV2A ligand. Binds to SV2A 
with 20-fold greater affinity than levetiracetam. Reduces excitatory 
neurotransmitter release and thus enhances synaptic depression 
during trains of high-frequency activity 100-fold more potently than 
levetiracetam. At therapeutically relevant doses, brivaracetam is 
expected to occupy 80% to >90% of SV2A in the brain.

DEVELOPED BY

UCB Pharma SA

References for further reading are available with this article online: www.cell.com/cell/fulltext/S0092-8674(16)31381-2
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AMicrobial Anthropologist in the
Jungle
Maria Gloria Dominguez-Bello

Fieldwork

Finally, we approach the port after days sitting on the narrowbench of the canoe, watchingwalls of
vegetation bending over the rivers that zigzag the jungle, guarded by taller trees behind, with their
skirt of shade. The scene is similarly beautifully dynamic under the changing light of the day, in the
jungles of Venezuela or Peru. We recognize the canoe port, and the trail leading up to the village.
It’s the end of this leg of the journey and the beginning of the work we have come to do. The first
kids come down naked, running toward us, alerted by our motor. Soon women with babies and
teenagers arrive, curious, observant, quiet, and reserved, with greeting smiles. They do not have
many visitors. The excitement is shared.

We jump off and walk up to the village, escorted by the locals. If we have been there
before, there is mutual recognition and smiles, and dialog without interpreter. The con-
versation is really in the body language. On the other hand, if it is a first-time stopover by
our team, the environment tends to be more formal in our mutual exploration, even though
they knew we are coming, since they approved our visit. We arrive in the village and ask
for the chief (Capitán, Cacique, Apu). We may have to wait, sometimes for hours, often
outside the village, although women from our group might be allowed to enter. They fear
petroleros and miners, who take away or destroy their territory, which they defend fiercely
if needed.

The fieldwork team leaving a community in the jungle. Image courtesy of Oscar Noya.
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The first day is for greetings, explanations, presentations in a formal way, with the community
council or thewholecommunity.Our team leader,anationalof thecountry, first introduces the team,
and thenwe introduceourselves.We tell themwhatwewant. Theyare familiarwith intestinalworms,
someofwhicharevisible.Weexplain that there is tiny life smaller thanworms—microbios inSpanish
andPortuguese—in the intestine,mouth, skin, vagina—a fewbadonesandmostlygoodones—and
that we still don’t understand their function. We let them know that traditional peoples like them
seem to have a more diverse set of microbes than we do, and that we want to understand why.

Microbial Organs

Microbe searching has taken me on journeys through the guts of rodents, ruminants, birds, and
humans, across savannas and jungles in South America, and most recently in Africa. The surreal
country where I was born—Venezuela—has offered me much study material. I began research in
1982, as an undergrad at Simon Bolivar University (USB) in Caracas, where I was a very active
biology student—student representative, member of the tennis team and of the Scuba Diving club.
Under the supervision of Mike Robinson, an American herpetologist at USB, I studied herbivory in
mice. At that time Venezuela was relatively safe andwe couldwork at night in the rice lagoons of the
central Llanos of Guanare, Portugesa State. We would go out every 3 hr, under a ceiling of stars, to
check dozens of Sherman live mouse traps. Wearing headlamps, we first tapped around the trap
with a walking stick, and then reached into the trap with gloved hands. Traps with mice were re-
placed by empty ones, with sardine bait. In the mornings, we slept in hammocks hung near the
farmhouse. The 6 hr drive to Caracas transporting the mousetraps in our cars was an ordeal. Even
covered, theywould bediscovered by people in gas stations (where oncewewere accused of using
the mice to prepare the popular Diablitos ham) and at the National Guard checkpoints, where we
were always stopped andhad to showpermits.Wedid experiments in the lab to determine howwell
these species digestedplant fibers.Wewere skillfulmanipulating themicewith gardengloves, but a
few years later, to our dismay, a team from the CDC went to Guanarito wearing Ebola-like space-
suits, to catch carriers of the deadlyGuanarito virus frommice, including our Zygodontomis species
that we had handled in such an unprotected manner!

I became increasingly interested in the function of microbial organs, in which microbes do jobs
that the vertebrate host animal can’t, such as digesting plant cell walls or detoxifying. Sponsored
by the British Council, I went to graduate school in Scotland in 1985. I adapted quickly to the
people, the Scottish landscapes, and even the food, but never to the climate. Under the
guidance of Colin Stewart, I spent 4 years studying the rumen of sheep. I did field trips back in
Venezuela—nice change of weather—where I isolated hundreds of bacteria from sheep fed a
toxic plant native to Mexico, Leucaena leucocephala. I brought these cultures in my hand
luggage to the UK—those were the days when all you needed was to go through
the ‘‘Something to Declare’’ red exit at Heathrow airport customs and show a
letter.

The pioneering work of Raymond Jones in Australia showed that animals that
could eat Leucaena sp. without becoming ill could degrade the toxin in the rumen.
By the time Colin and I identified degrader cultures, Milt Allison (in Iowa) had
characterized the detoxifierSynergistes jonesii (in honor of Jones), used today as a
probiotic that transformed the grazing industry in northern Australia, China,
Paraguay, and Africa, allowing ruminants to eat Leucaena. I could not
have guessed then, but years later, Jones worked with me in Venezuela, on
detoxification in the hoatzin crop.

My PhD thesis fieldwork was done in Maracay City, Venezuela, where I lived
with the family of my local supervisor, Rodrigo Parra, Professor at the Central University School of
Agronomy. Rodrigo encouraged me to also examine the microbes in the crop of the hoatzin,
because, he said, it smelled like cowmanure. Collaboratingwith AlejandroGrajal in Florida and the
ecologist Stewart Strahl, I worked on the crop microbes and we confirmed Rodrigo’s suspicion.
The paper that Alejandro insisted that we send to Science (to our disbelief, it was accepted!)
reported that the crop of the hoatzin is a fermenting organ analogous to the rumen, and the only
known example of foregut fermentation in birds.

After graduating, I returned in 1989 to Venezuela and started my independent scientific career in
the midst of growing social unrest. Fortunately, I worked and lived in a paradisiac campus high in

‘‘We let them know that
traditional peoples like
them seem to have a
more diverse set of
microbes than we do,
and that we want to
understand why.’’
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the mountains near Caracas, the Venezuelan Institute of Scientific Research (IVIC). I went on field
trips back to the Llanosmany times, not for mice but for the hoatzin, which I kept studying, withmy
boss, the physiologist Fabian Michelangeli. We got to know well the music, dances, and humor of
the llaneros at their parties at Hato Piñero, a 75,000 hectare cattle ranch that can be spotted in
the maps of Venezuela. This large estate supported research from the proceeds of American
birdwatching tourists. Paradoxically, its expropriation during the Chavez revolution ended cattle
production, tourism, and scientific projects in Piñero.

Human Microbes and Revolutions

H. pylori is the bacterium of the human stomach. It was discovered late in the last century as a
human gastric pathogen—the causal agent of peptic ulcers and gastric cancer—but later it also
became clear that it is normal flora, playing a role in regulating acid secretion, hormones, and
modulating immunity. It has early-life benefits and late costs, comprising the complex dual
nature of mutualistic microbes. The fact that every human group had this bacterium prompted
me to study H. pylori in native Americans, the most recent of human migrants that colonized a
continent. I started studying the prevalence of the bacterium in urban and rural people of
Venezuela, including semi-transculturated Amerindians. We ‘‘fished’’ H. pylori from the stomach
of people, using a string in a capsule that is swallowed with one end stuck to the cheek. The
capsule is dissolved by stomach acid, freeing the string to touch the adjacent tissues. To
demonstrate the procedure, I would swallow the capsule myself, and had the string pulled out
by my student, Ana Maldonado—now a faculty member at University of Massachusetts—at
least 14 times before I lost count! Because their Asian ancestors populated the American
continent some 14,000 years ago, we expected the Amerindians to have Asian H. pylori strain
types. In collaboration with the NYU lab of Martin Blaser, we confirmed the Asian origin of the
Amerindian H. pylori strains, consistent with the host ancestry. Ana later did her PhD thesis with
me at University of Puerto Rico, studying genetic transformation in Amerindian and mestizo
H. pylori strains. The work on H. pylori transformed my career; I became a
microbial anthropologist, a field that does not yet formally exists.

Marty had shown that H. pylori has been disappearing in the US, and I wanted to
study whether the diversity of other microbionts (members of the human micro-
biota), was also changing with urbanization. The Amerindians provided a perfect
context to study this question. According to a 2001 census, there are more than
500,000 Amerindians in Venezuela, with 350,000 living in urban centers and the
rest in about 2,000 villages. I have worked with urban Piaroas, rural Guahibos, and
jungle Yekwana and Yanomami. Each group has their language and traditions, but
all are rapidly westernizing. The transculturation occurs fast at the individual level,
but it takes longer for villages to change their communal traditions. The semi-
transculturated Piaroa and Guahibo Amerindians are among the half dozen ethnic groups that live
in the Southern border between Venezuela and Colombia, indifferent to political frontiers.
Unfortunately the area is also home to the FARC guerrillas, and the area became increasingly
dangerous. As did the rest of the country. After a decade of frights with coups d’état, increasing
social violence, and polarization, massive popular support elected a charismatic military figure,
Hugo Chavez. I had little hope for the needed changes, and I left behind 14 years of work at IVIC,
where I was a tenured professor, to start again. In 2002, I became a facultymember at University of
Puerto Rico, managing to attract Ana and other talented Venezuelan students, and keeping my
research with an amazing team of Venezuelans who remained there and work with tremendous
courage and passion.

Jungle villages have their own plagues, but unless introduced by contact with outsiders, they lack
our common infectious pathogens, the agriculture-related bacteria (virulent E. coli, Salmonella), or
zoonotic viruses (influenza, HIV). Hoping to study microbiomes that had not been impacted by
antibiotics, C-sections, chlorine, soaps, clothing, and sanitation,wedugprogressively deeper in the
jungle to reach more traditional cultures, Catholic missions, and even more remote villages. In
October 2009, we landed in the high Orinoco mission village of Platanal to conduct nutritional and
microbial studies. As we walked from the landing spot toward the village, we passed a Yanomami
family who were crying and eating the ashes of a dead relative in plantain soup. It was a moving
scene of pain and despair. The whole village was inmourning andmany people had a fever, in what
seemed to be a flu epidemic to us. There had been seven dead in the area. A very ill woman from
Pori Pori shabono (village) was being treated by four young MDs doing their rural service, and the

‘‘The work on H. pylori
transformedmy career; I
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Shamanwas dancing and singing, brushing the floors with a palm branch, in a ritual to clean off bad
spirits. We suspected that the H1N1 epidemic of that year had reached the HighOrinoco. I carried a
box of Tamiflu with me and with two pills, the ill woman was able to walk home the next morning.
The epidemic of fever had started after several villagers returned from participating in a sports
tournament in Puerto Ayacucho, the regional capital. We sent nasal swabs to Caracas to confirm
the diagnosis, and the Ministry of Health sent 1,200 Tamiflu doses by helicopter, even before H1N1
was confirmed. It was distributed around the region to treat and prevent the spread of the virus, and
it surely saved many lives in this previously flu-naive population. In the midst of the epidemic, we
continued to measure body mass index in children and adults and could assess the effects of fever
and Tamiflu treatment on bioimpedance measurements.

There is a charm that hooks you to admire the self-sufficient way of life of these peoples, and you
soon realize themutual appreciation for one another’s culture. For us, there is the simplicity of their
life with so few material objects, the slow pace of daily life, the beauty of nature that provides so
much; for them, there are the wonders of our energy-demanding technologies: to mill the corn,
propel canoes, allow communications, provide medicine. And we wonder, is there a way they
could have it all? Could they improve their life and remain there, as the guardians of the jungle for
the rest of us, before the greed of miners, timbers, and oil operators destroy it?

Urban Lifestyle Impacts

These peoples seem to have other kinds of treasures, very much linked to their pristine way of life,
away from our technological practices. They may hold the secrets to combat our current plagues
of immune andmetabolic diseases. The fact that they live in a gradient of urbanization can help us
understand associations between industrialization and diseases of modernity.

As part of our work on the nutrition and microbes of Guahibo Amerindians living near Puerto
Ayacucho, we collaborated with Jeff Gordon in the first study of the human intestinal microbiome
across continents, published in Nature in 2012. It showed how much lower in diversity is the gut
microbiome of US peoples in relation to traditional peoples of Africa and South America. We
wondered if the diversity would be even higher in isolated and less transculturated peoples.

In 2008, we received news of an Amerindian—Yanomami—village that had been spotted from the
air but had not been previously contacted. Since the Ministry of Health was planning the first visit,
this was a great opportunity to obtain swabs for microbiome studies before the health team
vaccinated kids and attended to the ill. I went to Venezuela to try to join the Venezuelan
team enlisted for the trip, which depended on a military helicopter.

While waiting in Puerto Ayacucho with uncertainty about when the helicopter
would show up, we decided to make good use of our time and work on other
planned microbiome projects, including the microbiome of babies. We decided to
compare newborns by delivery mode. The local hospital was crowded with Cuban
MDs, who provided an interesting social dimension to our work. We worked
together with the support of an OB/Gyn Cuban team. The first two babies were
vaginally born to Amerindian mothers. One mom was very young. I remember
trying to comfort her through her pain; she was brave and quiet, sweating,
breathing deeply through the contractions. The Cuban Dr. Deya, a young, serious,
shy man, asked me to help deliver this baby, pushing the mother’s abdomen
during the expulsion phase. The baby came out fast, and there was a happy mom
with a new baby boy. The secondmother was an older Amerindian woman, a veteran with six kids.
She came in a hurry into Dr. Deya’s office, asking him, slowly and calmly, to hurry. The doctor
ordered her to change and lay down on the exam table, and she took her clothes off and put on the
green hospital gown opened to the front. As soon as she sat on the edge of the table, the baby’s
head came out! The doctor begged her not to push but to breathe, while running to put on gloves,
and boy. he caught the baby, barely in time! I held the baby while a nurse came. ‘‘I told you
doctor,’’ thewoman said apologetically. I swabbed the baby and aCuban neonatologist examined
him. The doctor returned the baby to the mother, already sitting on the bed with her clothes. She
held the baby, thanked us, stood up, and walked away.

The same day, a mother scheduled for a C-section consented to participate in our study. I had
to wait until Dr. Deya invited me to come in the surgery room. He introduced me to the main

‘‘There is much need of
anthropology, ecology,
and evolutionary studies
to improve our
understanding of the
human microbiome and
its role in health.’’
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surgeon (a Venezuelan woman), the anesthesiologist (a Venezuelan man), the second surgeon,
and another MD (both Cubans). The patient was a mestizo. The anesthesiologist, holding a
bible in his hands, invited the mother to pray for the good health of the baby. Everybody rolled
their eyes, but the mother seemed comforted. After some prayer, the anesthesiologist put
away the Bible to start the epidural procedure, after which he resumed praying. The surgeon
started her work, with the murmured praying in the background, and after a while, she inter-
rupted to say that she thought I was Cuban, with my blue eyes. Indeed, there were quite a few
blond, blue-eyed Cuban MDs. She added with a humorous-to-sarcastic tone that she had
been thinking of leaving for Miami, but that in a dinghy she gets seasick, plus going down the
Orinoco would take her only to Trinidad! I and two local nurses laughed, but none of the
Cubans did. Visibly uneasy about this political remark, they quietly kept staring at the mom’s
incision through which the baby would soon appear. Ten babies had been sampled in the
week and the helicopter never came. The results of the baby study led to a widely cited paper
published in PNAS in 2010.

I had to return to Puerto Rico but the helicopter did come a few weeks later. The Venezuelan
team went with two of our collaborators to establish first contact with the Yanomami villagers.
The team found that these peoples had T-shirts and machetes, for which they had traded
arrows. With traded goods traveled the words and stories. They knew the word medicina and
had names for planes and helicopters they could see crossing their skies. The analyses of the
valuable samples from these villagers showed an unprecedented high diversity in the human
intestinal microbiome, which we published last year in Science Advances. What is the
significance of this high diversity and of the apparent reduction in urban societies? Is there a
relationship with the increase in asthma, allergies, diabetes, and obesity that are rocketing with
modernity?

Captain Octavio Colson with the author doing field work in the team of Dr. Monica Contreras, from the Venezuelan Institute of Scientific

Research. Image courtesy of Oscar Noya.
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How old do people live in jungle villages? The answer of an Achuar Apu in the Peruvian jungle near
the border with Ecuador was ‘‘If you survive 5, you reach 20, and if you survive 30 you reach old
age.’’ Childbirth takes a toll for babies and mothers in the jungle peoples. After weaning, young
children are vulnerable to respiratory infections, and young boys die from accidents, infected
wounds, and snake bites, all of which are preventable with our medicine. Were it not for the toll
from not havingmedicines, the survivors have a good life, profiting from the generous resources of
the jungle, fishing from clean rivers, hunting, gathering fruits and honey, and cultivating their
cassava gardens. Their BMI is athletic, but by WHO standards they are stunted although the
pathological limit for stunting is unclear. While our culture values being tall, being short confers
better skills to climb trees, hide, and run in the jungle, and might be of adaptive value. They carry
intestinal parasites mostly without symptoms, the young have no cavities despite not brushing
their teeth, the girls reach menarche late, as our grandmothers did, and they usually don’t have
more than 6 children in the jungle—unlike the 12 children sometimes seen in urban poor families.

Life has unpredictable outcomes. I left behind 11 years of work at UPR, where I was a tenured
professor, to start again for the third time. I fell in love and married Martin Blaser. I am now Faculty
at New York University School of Medicine where I continue working on microbiome assembly,
studying microbiome restoration in babies born by C-section and microbiome roles in disease
risks. Now seldom going to Venezuela due to the chaos and social degradation in the cities, I have
a growing appreciation for the peace and dignity with which self-sufficient peoples live in the
jungle and a growing interest in ethical issues of Native peoples. How can they optimize their life?
Integration to our culture has been disastrous for them, granting them the social bottom. But even
if integration was optimized, the remarkable speed at which they become obese with transcul-
turation and urbanization has been the subject of many studies, some classical, like those of the
Pima Indians. Even if they can retain their lands and lifestyle and use our technological tools, if they

Air view of an Amerindian village in the Amazon forest. Image courtesy of Oscar Noya.
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adopt our medicine the way we have been using it, they will likely be swapping their burden of
diseases for our modern plagues.

If there are microbial bases for themodern immune andmetabolic diseases, the current emphasis
to support disease-centered microbiome science is not enough. There is much need of anthro-
pology, ecology, and evolutionary studies to improve our understanding of the humanmicrobiome
and its role in health. Not only would this research spare traditional peoples from suffering the
collateral costs of our medicines and modern practices, but ultimately, such explorations may
offer better health prospects to future generations of all cultures.
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Eradicating Malaria:
Discoveries, Challenges, and Questions

Malaria: The Parasite, the Vector,
and the Host

Olumide Ogundahunsi
WHO

Malaria has been with us long before the

dawn of civilization. It shaped the destiny

of peoples, nations, and colonies, influ-

encing the outcomes of ancient military

campaigns. Malaria is suspected to have

caused the death of Alaric, king of the Vis-

igoths, after he sacked ancient Rome and

that of the 18th-century English poet Lord

Byron. The war against malaria has been

long and hard. Looking back 20 years

since my graduate studies in Nigeria,

many smaller battles have been won in

this war. Efforts such as the Roll Back

Malaria initiative, the Multilateral Initiative

on Malaria, the Global Fund and the

WHO malaria programme inter alia led to

improvements in malaria control, treat-

ment recommendations and policies, co-

ordinated purposeful research, new tools

and strategies, and a heightened overall

awareness about the disease. An arrest

in the rise of malaria deaths has now

been followed by a global net decline

for the first time in 40 years! Yet more

challenges remain before we can declare

this ancient scourge eliminated globally

as a public health threat. We must

continue to pursue new medicines and

approaches to kill the parasite, control

mosquito vectors, limit disease transmis-

sion, and improve the immunity of people

most susceptible to malaria. Until we

identify and overcome barriers that pre-

vent delivery of these tools, interventions,

and policies, there are still many rivers to

cross.

The Future of Mosquito Control,
beyond Insecticides

Flaminia Catteruccia
Harvard T.H. Chan School of Public Health

Is there a more despised organism than the

mosquito? The consensus seems to be that

a world without them would be a better and

healthier place, ridden of all diseases that

they transmit. In the attempts to stop Anoph-

eles mosquitoes from transmitting malaria,

we use powerful insecticides aimed at killing

female mosquitoes while they try to feed on

our blood. But their formidable resilience

pushes us towards rethinking this strategy;

malaria eradication will need alternative,

complementary approaches to target para-

site transmission in more subtle ways than

simplykilling themosquito. Thereare reasons

for optimism as progress is happening at an

exceptional pace. A new generation of gene

editing tools such CRISPR/Cas have the

capacity to manipulate genomes with high

precision andeffectiveness.Wecould poten-

tially modify entire Anopheles populations

with desired genetic traits, selectively killing

themalaria parasite rather than themosquito

host. These so called ‘‘gene drive’’ systems

transcend geographical boundaries and are

potentially so potent that their ecological

and environmental consequences will need

to be carefully evaluated. The wealth of

genomic information recently generated for

numerous Anopheles species will enable

identification of key biological pathways that

can be targeted by compounds that specif-

ically hinder Plasmodium parasite develop-

ment. The next decade will be crucial for

the generation of tailored, environmentally

conscious methods that can block disease

transmission without imposing unbearable

pressures to mosquito populations.

Basic Research for New Tools

Chetan E. Chitnis
Institut Pasteur

Intensive malaria control programs have

greatly reduced both malaria incidence

and transmission in many endemic re-

gions. Expanding coverage of available

tools alone, however, is unlikely to elimi-

nate malaria. In areas with residual trans-

mission, relaxing control efforts will inevi-

tably lead to a rapid rebound of malaria.

There is an urgent need to discover novel

strategies and tools against the parasite

or vector that synergize to reduce thebasic

reproduction rate of malaria parasites

to less than 1 (Ro < 1) by simultaneously

blocking growth and transmission atmulti-

ple points in the parasite life cycle. Such

novel tools require breakthroughs in our

understanding of the biology of parasite

life stages. Whole-genome approaches

could identify metabolic, biosynthesis, or

signaling pathwayssharedacrossparasite

stages that could then be targeted with in-

hibitors to block both development in the

human host and transmission to the mos-

quito. Of the two predominant human ma-

laria parasite species, P. falciparum and

P. vivax, the latter is more difficult to

eliminate due to its unique biology,

including the poorly understood latent

hypnozoite stage. Relapsing blood stage

infections from hypnozoites contribute

significantly to ongoing P. vivax burden

and transmission in endemic regions.

Understanding the biology of this stage

will be key for P. vivax detection and

elimination. Increased support for basic

research into the biology of malaria para-

sites is therefore pivotal for the path to-

wards achieving malaria elimination.
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Know Thy Self, Know Thy Enemy

Maria Mota
iMM Lisboa

Almost 20 years ago, at a time when one

child died every 12 seconds of malaria,

the African Malaria Initiative voiced a cry

of help to the global scientific community.

Since then, swift action led tomeasures to

control the death toll. Yet, the ultimate

goal of malaria eradication remains unful-

filled; one child still dies every minute. We

are at a critical turning point, where utility

of current approaches have peaked and

the need is urgent to invest and invent

new tools. However, this cannot be a

shot in the dark—a true understanding of

the fundamental biology of the malaria

parasite needs to be achieved. A paradig-

matic example is the liver stage of infec-

tion, critical for parasite establishment

in the mammalian host but still under-

explored biology-wise. In the hepatocyte,

the parasite reaches its highest replica-

tion rate, generating tens of thousands

of new parasites in days. In certain Plas-

modium species, a proportion of the par-

asites that reach the liver can survive

for extended periods of times as hypno-

zoites until reactivation.What drives these

distinct replicative behaviors still eludes

us. Humans and other vertebrate hosts

have lived with Plasmodium parasites for

eons, developing the ability to sense and

integrate signals from one another. This

ability, transversal to all stages of the

malaria parasite’s life cycle, may well be

at the basis of the success of its lifestyle.

Understanding it will certainly impact on

the success of malaria eradication.

Parasite ENCODE Project

Elizabeth A. Winzeler
University of California, San Diego

The advent of inexpensive genome

sequencing has opened up malaria

research to extensive studies of parasite

field isolates as well as to forward genetic

methods. However, even with this tech-

nological advance, the fact remains that

the human malaria parasite genomes

remain poorly annotated. This means

that finding out what a newly discovered

variant does can still take years. The prob-

lem is especially acute for genes that

could be the targets for next-generation

elimination therapies that could prevent

malaria or block its transmission. While

some important work has already been

done to define where parasite genes start

and end, under which condition they are

transcribed, whether the gene is resistant

to disruption, and where the protein goes

within the cell, research has been often

performed in an uncoordinated and

potentially inefficient way. In the human

and model organisms communities, re-

searchers have come together to anno-

tate the genome in a systematic way.

This ENCODE (encyclopedia of dna

elements) project allows interpretation of

normal genetic variation in the human

genome or pathological variation in

cancer cells. The emphasis on lab to lab

reproducibility, statistical significance,

and standard operating protocols has

increased the impact of the project. If

data of this type were available for para-

sites, the search for new therapeutic tar-

gets for elimination and eradication would

be accelerated.

Targeting Malaria Transmission in
an Era of Elimination

Matthias Marti
University of Glasgow

That malaria is persistent in humans

despite decades of interventions is testa-

ment to the parasite’s ability to adapt and

transmit efficiently between human and

mosquito hosts. Reinvigorated efforts for

malaria elimination are now aimed at

defining crucial knowledge and tool

gaps, with the ultimate goal of efficiently

blocking transmission at a population

level. One major knowledge gap is our

lack of basic understanding of how trans-

mission stage parameters, such as den-

sity, circulation time, and the ratios of

male to female parasites in human blood,

contribute to human infectiousness.

Knowing these will enable us to define

and quantify infectiousness and also facil-

itate targeting and evaluate elimination

measures.Recent studies suggestamajor

contribution of asymptomatic carriers to

transmission, emphasizing the impor-

tance of studying the human infectious

reservoir. We have a limited understand-

ing of the mechanisms and targets of

protective immunity against transmission

stages, particularly those in the human

host. Vaccination experiments 40 years

ago with transmission stages in chickens

demonstrated that humoral transmission-

reducing immunity (TRI) can be induced.

Since then, both epidemiology studies

and mosquito infections with human

serum components have demonstrated

the existence of natural TRI. However,

the specific transmission stage antigens

targeted by and threshold responses

required for TRI remain to be defined.

Upping the momentum for basic and

translational research on malaria trans-

mission is needed for the audacious goal

of malaria eradication within our lifetime.
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Sustaining Success

Thiery Diagana
Novartis Institutes for Biomedical Research

Malaria eradication is an important global

health success story. Mortality from the

mosquito-borne illness has declined

60% since 2000, representing approxi-

mately six million lives saved—most of

them children. Thanks to unprecedented

cooperation from the public, private, and

non-profit sectors, malaria deaths—while

still too high—are down to a historic

low. The standard treatment regimen is

artemisinin-based combination therapy

(ACT). Along with preventative long-last-

ing insecticide-treated bed nets, ACT

has been a bulwark against the spread

of malaria. But we can no longer take

these treatments for granted. First docu-

mented in Cambodia, artemisinin-resis-

tant malaria has appeared across the

populous Mekong Delta region in the

past 8 years, and we are now seeing evi-

dence of loss of efficacy of the partner

drug. We’ve had important successes

against malaria, but we must guard

against complacency. Unless we rapidly

confront the spread of drug resistance

and redouble efforts to eradicate this dis-

ease, we may lose the war. With prom-

ising innovative treatment candidates in

the pipeline, there’s reason for hope.

But countries need to withdraw their

marketing authorizations for antiquated

treatments, including oral artemisinin

monotherapies that are key drivers of

resistance. The global fight against ma-

laria is succeeding as actors tighten

cooperation across sectors and borders.

Working together, we believe we can

continue to build on these gains and elim-

inate malaria.

Malaria Is Down; Vaccines Might
Knock It Out

Jean Langhorne1 and Patrick Duffy2,*
1Francis Crick Institute and 2LMIV/NIAID/NIH
*This material should not be interpreted as repre-
senting the viewpoint of the U.S. Department of
Health and Human Services, the National Institutes
of Health, or the National Institute of Allergy and
Infectious Diseases.

Vaccines formalaria haveseemed inevitable

for decades. In the 60s, IgG from semi-im-

mune African adults was shown to treat

blood-stage malaria successfully, and irra-

diatedsporozoites inducedsterilizing immu-

nity.Whole-gametevaccinesblocked trans-

mission tomosquitoes in the 70s, and in the

90s we understood that antibodies against

placental parasites might protect pregnant

women. What happened since? A lot, but

we need a better understanding of immunity

and the parasite to improve vaccines. In

Phase 3 testing, a circumsporozoite protein

vaccine reduced clinical malaria in chil-

dren—the first proven anti-parasite vaccine.

However young infants don’t respond well,

and implementation studies with mortality

endpoints await. Irradiated P. falciparum

sporozoites can be manufactured and

have been shown to prevent infection in

some African vaccinees; dose-optimizing

studies are ongoing. Other recent firsts:

African trials of gamete protein vaccines

started; placental malaria vaccines entered

human testing. Blood-stage targets of

protective antibodies remain unknown, but

new proteins implicated in erythrocyte inva-

sion and egress offer promise. What takes

so long?Fiveparasite species cause human

malaria, and these parasites infect few

other hosts, so we still debate best animal

models. Malaria parasites are complex:

�5400 genes, immunity and vaccines are

stage-specific, and there are numerous life-

cycle stages. Systems biology promises

to comprehend complexity. All our tools

haveyieldedadvances—weneed resources

commensurate to the problem.
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Unwinding Limb Development

Diego Villar1 and Duncan T. Odom1,*
1University of Cambridge, Cancer Research UK Cambridge Institute, Robinson Way, Cambridge CB2 0RE, UK

*Correspondence: duncan.odom@cruk.cam.ac.uk
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The molecular mechanisms underpinning vertebrate body plan evolution are beginning to be
unravelled. In this issue of Cell, Kvon et al. spectacularly demonstrate how transplanting snake-
specific genetic changes found uniquely in serpent enhancers leads to limb loss in mice.

The genetic and developmental changes

that have led to the huge diversity of

forms among vertebrate limbs are a

fascinating line of investigation, and

snake limb loss has long been of partic-

ular interest (Cohn and Tickle, 1999).

Anatomically, the vast majority of snake

species have lost all trace of skeletal

limb structures: these advanced snakes

co-exist with a handful of basal snakes,

such as pythons, that retain vestigial pel-

vic and femur structures. Fossil evidence

attests to extinct evolutionary intermedi-

ates (Martill et al., 2015). Comparative ap-

proaches have gradually elucidated the

genetic and epigenetic innovations that

underlie snake morphology. In this issue

of Cell, Kvon et al. (2016) demonstrate

how transplanting snake-specific limb

enhancers into mice can recapitulate

limb truncation.

The Zone of Polarizing Activity Re-

gulatory Sequence (ZRS) is one of the

best-characterized long-distance tran-

scriptional enhancers in mammals. Pre-

sent in most vertebrate genomes, the

ZRS controls the expression of Sonic

hedgehog (Shh) in developing limb

buds. However, the ZRS sequence as

well as its transcriptional regulatory ac-

tivity have substantially diverged among

snakes (Kvon et al., 2016; Leal and

Cohn, 2016).

In heroic experiments, Kvon et al.

(2016) replace the endogenous ZRS

mouse sequence with orthologous se-

quences from limbed (human or coela-

canth, a rare order of fish) or limbless

(python and cobra) vertebrates (Figure 1).

Despite up to 400 million years of diver-

gence since their last common ancestor,

the human and coelacanth enhancer

sequences functionally recapitulate nor-

mal limb development in mice; in stark

contrast, transgenic mice with snake

ZRS enhancer sequences replacing

normal murine sequences had severe

limb truncations (Figure 1). Sequence

analysis suggests that a small 17 bp

snake-specific deletion within the ZRS

disrupts an ETS transcription factor

binding site (TFBS). Kvon et al. (2016)

then perform rescue experiments by

reintroducing this sequence into their

transgenic mice, thus restoring normal

limb development in vivo.

In complementary experiments now re-

ported in Current Biology, Leal and Cohn

(2016) dissect how sequence changes in

limb-specific enhancers for Shh (notably

including the same ZRS as above) as

well as Hoxd (Guerreiro et al., 2016)

contribute to limb loss in snakes. The au-

thors combine transgenic reporter assays

in python embryos and mice with

in vitro biochemical approaches to

analyze Shh signaling and ZRS enhancer

activities. Using directed mutagenesis,

Leal and Cohn (2016) show how three

snake-specific deletions in the python

ZRS sequence (one of which corresponds

to the 17 bp deletion analyzed by Kvon

et al. [2016]) have a potentially additive

effect on ZRS activity. Leal and Cohn

(2016) provide evidence that ZRS regula-

tion by Hoxd13 is also likely disrupted by

snake-specific deletions. Despite point-

ing to different regulatory culprits (that is,

ETS versus Hoxd13), both pioneering

studies reveal howmutations in functional

non-coding sequences—even when

poorly conserved—can disrupt transcrip-

tional networks required for organismal

development.

The remarkable phenotypic results

obtained by Kvon et al. (2016) crys-

talize the extraordinary progress in

combining comparative functional ge-

nomics and genome engineering. The

rapidly accelerating success of this

strategy has implications for exploring

mechanisms of vertebrate evolution, in

understanding human disease and di-

versity, and (most profoundly) on the

future of re-engineering the vertebrate

genome.

First, in many different vertebrate

lineages, limb morphology frequently

evolves. Bat wings are essentially repur-

posed hands, and even among primates

such as the aye-aye, finger morphology

has radically diverged. Limb atrophy,

similar to that seen in snakes, is the

simplest of these modifications and

has independently occurred in sala-

manders, lizards, and cetaceans. The

analytical strategy outlined by Kvon

et al. (2016) and Leal and Cohn (2016)

could rapidly accelerate our under-

standing of the constellation of en-

hancer changes that can and have led

to limb reduction in our closer relatives.

Many of the same enhancers disabled in

snakes are likely to have also been

functionally rewired in mammals. Strik-

ing limb morphological adaptations

have evolved at least in part by tuning

Shh or upstream Fgf signaling to trun-

cate hind-limb development in whales

and dolphins (Thewissen et al., 2006)

and to massively remodel fore-limb

development in bats (Eckalbar et al.,

2016) (Figure 1).

Second, these studies may provide

further insight into how mutations in

enhancers can lead to developmental

disorders in humans (Anderson et al.,

2012). Mutations in the same regulatory

regions that control Shh tissue-specific

expression have been linked to a range

of congenital abnormalities, including

limb malformations such as preaxial

polydactyly. Moreover, human mutations

associated with altered limb develop-

ment include numerous single nucleotide
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polymorphisms in the ZRS itself, as

well as duplications and deletions in

other limb enhancers. These sequence

changes often occur on evolutionarily

conserved nucleotides and alter binding

sequences of the ETS family of transcrip-

tion factors.

Finally, Kvon et al. (2016) show how

comparative functional genomics is in-

creasingly a powerful tool to design ge-

netic modifications in enhancers that

have an accurately predictable outcome

on the organismal phenotype. Many

comparative studies suggest that more

elegant and functional anatomical re-

structuring, such as resurrecting limb

development in snakes, will almost cer-

tainly require the simultaneous engineer-

ing of multiple enhancers (Cretekos

et al., 2008; Leal and Cohn, 2016). Fortu-

nately, there are ambitious efforts to

map all enhancers and promoters across

a diversity of mammals that will unlock

species-specific functions in many tis-

sues (Eckalbar et al., 2016; Villar et al.,

2015).

The example set by Kvon et al. (2016)

is an important waypoint toward con-

sciously restructuring the vertebrate

form by re-writing transcriptional en-

hancer sequences.
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Using a reconstituted system containing genomic DNA and purified proteins from yeast, Krieten-
stein et al. uncover the direct contributions of key factors in nucleosome positioning and concep-
tualize the process into four distinct stages.

The eukaryotic genome is organized into

chromatin, and all nuclear processes,

such as transcription, must deal with the

chromatin environment. The basic unit of

chromatin is a nucleosome, in which

�146 base pairs of DNA are wrapped

around an octamer of histones in nearly

two superhelical turns (Kornberg and

Lorch, 1999). Since thediscoveryof nucle-

osomes, an inevitable question arises as

to how nucleosomes organize themselves

at precise locations in the context of vastly

varying DNA sequences. The subject of

locating nucleosomes isgenerally referred

to as nucleosome positioning, and it has

been one of the major topics in chromatin

biology. Over the past decades, a number

of factors have been implicated in nucleo-

some positioning, particularly in the

context of transcription. Like well-de-

signed necklaces, the nucleosome beads

must be strategically stringed around

genes to allow proper transcriptional

regulation. For example, there are gener-

ally nucleosome-free regions (NFR) at

gene promoters, and the subsequent

(+1) and preceding (�1) nucleosomes at

transcription start sites (TSSs) must be

precisely positioned for gene activation

or repression.

Past studies on nucleosome positions

have revealed several contributors,

such as intrinsic DNA ‘‘rhythms’’ and

sequence-specific transcription factors

(Segal and Widom, 2009; Yen et al.,

2012). More recently, a number of studies

have strongly implicated ATP-dependent

chromatin remodeling factors, which can

‘‘move’’ nucleosomes around, as key

players in nucleosome positioning. How-

ever, at the genome level, the direct

contributions of these players and the

basic principles guiding physiologically

relevant nucleosome positioning remain

largely unknown. The study presented

by Krietenstein et al. (2016) in this issue

of Cell provides spectacularly direct an-

swers, leading to a surprisingly simple

conceptual framework for nucleosome

positioning.

Taking hints from their previous

work showing that yeast whole-cell ex-

tracts can organize nucleosomes on

genomic DNA in an ATP-dependent

fashion (Zhang et al., 2011), the Korber

and Pugh groups have developed a re-

constituted in vitro system, as well as

computational tools to dissect the mech-

anisms of nucleosome positioning on

yeast genomic DNA. Krietenstein et al.

(2016) now report the successful recon-

struction of physiologically relevant

nucleosome positioning events at the

genome level using only genomic DNA,

histones, and a small set of purified fac-

tors such as RSC, ISW2, ISW1, and

INO80 from yeast. Such an in vitro

system allows the authors to reveal

the direct contributions of individual

factors involved, leading to the concep-

tualization of a four-stage nucleosome-

positioning model in the context of

transcription (Figure 1).

In the first stage, ‘‘NFR generation,’’

the RSC complex creates NFRs at pro-

moters without positioning �1/+1 nucle-

osomes or downstream nucleosome

spacing. To do this, RSC can either

recognize the directionality of poly

(dA:dT) to make NFRs by displacing

more nucleosomes at 50 poly(dA)

compared to its 30 poly(dT) side (op-

tion 1), or it can recognize general regu-

lating factors (GRFs) bound sites to

make the organizing centers (option 2)

(Figure 1). Importantly, NFR generation

appears to be an independent process

from �1/+1 nucleosome positioning and

downstream array alignment, thus allow-

ing a clear staging of events.
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SUMMARY

Monkeypox (MPXV) and cowpox (CPXV) are emerging
agents that causeseverehuman infectionsonan inter-
mittentbasis, andvariola virus (VARV)haspotential for
use as an agent of bioterror. Vaccinia immuneglobulin
(VIG) has been used therapeutically to treat severe
orthopoxvirus infections but is in short supply. We
generated a large panel of orthopoxvirus-specific hu-
man monoclonal antibodies (Abs) from immune sub-
jects to investigate the molecular basis of broadly
neutralizing antibody responses for diverse orthopox-
viruses. Detailed analysis revealed the principal
neutralizing antibody specificities that are cross-reac-
tive for VACV, CPXV, MPXV, and VARV and that are
determinants of protection in murine challenge
models. Optimal protection following respiratory or
systemic infection required a mixture of Abs that tar-
geted several membrane proteins, including proteins
on enveloped and mature virion forms of virus. This
work reveals orthopoxvirus targets for human Abs
that mediate cross-protective immunity and identifies
newcandidateAbtherapeuticmixtures to replaceVIG.

INTRODUCTION

Naturally occurring members of the Orthopoxvirus genus, cow-

pox virus (CPXV), monkeypox virus (MPXV), and variola virus

(VARV), cause severe infections in humans. VARV exclusively

causes human infections, with an estimated 300–500 million

deaths during the 20th century before the initiation of the global

smallpox vaccination campaign (Smith and McFadden, 2002).

MPXV and CPXV are emerging zoonotic infections with a

sporadic occurrence worldwide (McCollum et al., 2015; Reed

et al., 2004; Vorou et al., 2008). There is no licensed specific

treatment for these infections, and the onlymethod of prevention

is vaccination using vaccinia virus (VACV). Vaccination against

smallpox was discontinued in the late 1970s, leaving a large

proportion of the current human population vulnerable to ortho-

poxviruses. The fear that smallpox could potentially re-emerge

following a bioterror or biowarfare action (Smith and McFadden,

2002), the sporadic outbreaks of zoonotic MPXV and CPXV, and

the increasing prevalence of immunocompromised individuals

who cannot be vaccinated safely (Kemper et al., 2002), has stim-

ulated renewed interest in research on orthopoxvirus protective

immunity and treatment.

Orthopoxviruses have a large and complex proteome contain-

ing over 200 proteins. During infection, the virus exists in two

antigenically distinct forms, designated mature virions (MV) or

enveloped virions (EV), which contain �25 or 6 surface proteins,

respectively (Moss, 2011). MPXV and VARV are select agents

and subject to the U.S. select agent regulation 42 CFR part 73.

Various orthopoxvirus species sharemany genetic and antigenic

features (Hughes et al., 2010; Ichihashi and Oie, 1988; Stanford

et al., 2007), and an infection with an orthopoxvirus of any one

species may confer substantial protection against infection

with the other orthopoxviruses (McConnell et al., 1964). Vaccina-

tion with VACV protects against disease caused by VARV,

MPXV, or CPXV (Hammarlund et al., 2005). The immunologic

mechanisms underlying cross-protection by immunization with

VACV likely are diverse, but include neutralizing antibodies

(Moss, 2011). A critical role for antibodies (Abs) in orthopoxvirus

immunity was suggested by historical cases in which passive

transfer of serum from VARV- or VACV-immune subjects
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protected exposed individuals against smallpox (Kempe et al.,

1961). Recent studies in non-human primate or murine models

of experimental infection showed that polyclonal Abs are neces-

sary and sufficient for protection against lethal challenge with

MPXV or VACV (Belyakov et al., 2003; Edghill-Smith et al.,

2005). The level of neutralizing activity in immune serum is

thought to be the best laboratory predictor of protective immu-

nity to orthopoxvirus infections in humans (Mack et al., 1972).

Human vaccinia immune globulin (VIG) has been used for the

prevention and treatment of some smallpox and vaccine-related

complications with limited success (Wittek, 2006); Food and

Drug Administration (FDA) indications only address use for com-

plications following vaccinia inoculation. The level of efficacy is

uncertain due to lot-to-lot variation in potency and a lack of un-

derstanding of the molecular determinants of protection.

Percutaneous inoculation with VACV elicits a broad and het-

erogeneous serum Ab response that targets a large number of

antigenic determinants of VACV (Davies et al., 2005a, 2007).

The viral inhibitory activity of serum from immune subjects with

cross-neutralizing activity to VACV, MPXV, and VARV likely is

composed of Abs to diverse specificities (Hughes et al., 2012;

Kennedy et al., 2011). Abs in VIG recognize many antigen tar-

gets, including surface proteins of both EV and MV virion

forms of VACV (Davies et al., 2005a). Study of polyclonal Abs

in orthopoxvirus-immune sera of rabbits revealed the pattern

of recognition for each orthopoxvirus was unique, but also sug-

gested that different orthopoxvirus species shared common

neutralizing determinants (Baxby, 1982). Studies in murine infec-

tion models identified targets for neutralizing and protective

mouse monoclonal Abs (mAbs), which included the MV surface

proteins A27, L1, H3, D8, A28, A13, A17, and the EV surface pro-

teins B5 and A33 (Moss, 2011). Protection of mice against sys-

temic and respiratory infection with murine Abs required clones

specific to antigens of both MV and EV forms of VACV (Lustig

et al., 2005). These studies suggest complex patterns of recog-

nition by Abs protecting against infection and disease in experi-

mental animal models, but the molecular basis for neutralization

and cross-reactive orthopoxvirus immunity in humans is poorly

understood. Moreover, the principal mAb specificities that are

necessary and sufficient for protective immunity to orthopox-

viruses in the human B cell response remain unknown.

Here, we report the isolation of large numbers of naturally

occurring human mAbs from the blood cells of human subjects

with a history of prior orthopoxvirus vaccination or infection.

We used these mAbs to determine the basis for potent neutral-

izing Ab activity and breadth of cross-reactivity to VACV,

CPXV, MPXV, and VARV. The data reveal Ab specificities

contributing to optimal levels of cross-neutralizing potency. We

also identified antibody activities in in vitro assays that serve

as correlates of protection for the extent of in vivo protection

observed in small animal models of lethal infection. The studies

show that the critical features of Ab-mediated protection against

orthopoxvirus infection include the need for a mix of Abs that

recognizes both EV and MV forms of virion particles, a mixture

of Abs to diverse proteins on each of those particle forms, and

the presence of complement. The studies also suggest novel

potent and broadly neutralizing candidate mixtures of mAbs for

therapeutic use in humans to replace VIG.

RESULTS

Orthopoxvirus Infection in Humans Elicits a Complex B
Cell Response Encoding Large Numbers of Clones
Reactive with Antigens from Diverse Orthopoxvirus

Species
We obtained peripheral bloodmononuclear cells (PBMCs) from a

donor who had recovered from a naturally occurringMPXV infec-

tionor fromotherwise healthysubjectspreviously immunizedwith

oneof threedifferent vaccine formulations (TableS1), IMVAMUNE

(live attenuatedmodified vaccinia Ankara virus), Dryvax (a freeze-

dried calf lymph produced vaccinia virus), or ACAM2000 (Vero

cell culture produced vaccinia virus) (Verardi et al., 2012). To iden-

tify orthopoxvirus-specific B cell cultures, PBMCs were trans-

formed with Epstein-Barr virus, and the supernatants from the

resulting lymphoblastoid cell lines were screened by ELISA for

binding to orthopoxvirus antigens. Hybridomas secreting human

antigen-specificmAbswere generated fromB cell lines secreting

virus-specific antibodies, as previously described (Crowe, 2009).

Because orthopoxviruses have somany protein components, we

used complementary screening approaches to identify orthopox-

virus-specific mAbs. In one approach, we assessed hybridoma

cell line supernatants for reactivity to each of 12 recombinant

VACV protein antigens designated A21, A27, A28, A33, B5, D8,

F9, J5, H2, H3, L1, and L5. The A33 and B5 proteins are surface

antigens on the EV form of virus, while the remaining ten proteins

are surface antigens on MV particles. In addition, we also

screened for mAbs that bind to inactivated lysates of VACV-,

CPXV-, or MPXV-infected cell monolayer cultures.

A total of 89clonedhybridomacell lines secreting humanmAbs

was isolated, including 44 lines from vaccinees and 45 from the

donor with a history of MPXV infection (Table S1). The 89 mAbs

were independent clones that displayed a high degree of

sequence diversity, including a unique HCDR3 sequence for

each mAb (Table S2). Thirty-two mAbs in the panel bound in

ELISA to inactivated VACV-infected cell lysates only and thus

their protein antigen specificity was uncertain initially. Binding

of these mAbs was reassessed using VACV protein antigen mi-

croarrays, which revealed additional mAbs specific to D8, H3

A21, A25, H5, and I1 VACV proteins. Therefore, the mAb panel

contained Abs to at least 12 antigens: D8, B5, A33, H3, L1,

A27, I1, A25, F9, A28, A21, and H5 (Figure 1A). The majority (62

of 89 [70%]) of purifiedmAbs reacted to one of six VACV antigens

that were reported previously as major targets for neutralizing

Abs in mice or humans (Moss, 2011), specifically A27, H3, D8,

L1, B5, and A33. Sixteen percent (14 of 89) of mAbs in the panel

reactedwithVACV-infected cell lysatebut notwith a recombinant

protein antigen, therefore they remain of unknown specificity

(Figure 1A). MAbs that targeted the antigens VACV D8 and B5

were over-represented in the panel (35 of 75 mAbs) accounting

for 47% of mAbs with known antigen specificity. Further analysis

revealed several competition-binding groups amongAbspecific-

ities that bind to H3 or D8 antigens (Figure S1), indicating the

presence of mAbs to several antigenic sites on these antigens.

We next assessed the cross-reactivity of individual VACV-

reactive mAbs to CPXV, MPXV, or VARV by testing binding to

CPXV-, MPXV-, or VARV-infected cell lysates or to recombinant

VARV protein antigens that are orthologs of the identified VACV
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targets. A large fraction (45 of 73 [62%]) of mAbs that bound to

VACV antigens in virus-infected cell lysate (Figure 1B) bound in

a cross-reactive manner to the virus-infected lysates of all four

Orthopoxvirus species tested, and the majority (70 of 73 [96%])

of mAbs cross-reacted with at least two orthopoxviruses (Fig-

ure 1C; Table S3). Remarkably, a large fraction (47 of 71 tested

[66%]) of the mAbs with an established protein antigen speci-

ficity for VACV cross-reacted with the orthologous VARV

antigens (Figure 1D; Table S3). The mAbs bound to recombinant

antigens and/or infected cell lysates in a concentration-depen-

dent manner (Figure S2 and data not shown), and the majority

of them possessed half maximal effective concentration (EC50)

binding values of 1 mg/mL or lower, confirming their antigen-spe-

cific binding phenotype (Table S4). Therefore, the majority of

mAbs in the panel exhibited binding patterns that suggested

the potential to neutralize several Orthopoxvirus species that

are infectious for humans.

The Majority of Human Neutralizing mAbs Recognized
One of Six Antigens and Exhibited Cross-Neutralization
for Several Orthopoxvirus Species
We next tested the mAbs in virus neutralization assays using MV

or EV forms of VACV, CPXV, or MPXV. Neutralization potency of

mAbs was assessed based on the half maximal inhibitory con-

centration (IC50) and the maximum of neutralization effect

(Emax) values. More than half (48 of 89 [54%]) of the mAbs

possessed neutralizing activity (Emax R 50%) at 100 mg/mL or

lower concentration for at least one orthopoxvirus; 16 or 32

mAbs neutralized the EV or MV form of VACV, respectively

A

B D

C
Figure 1. Panel of Orthopoxvirus-Specific

Human MAbs

A panel of 89 human mAbs was generated based

on reactivity to VACV-infected cell lysate or to

VACV protein antigens. Individual mAbs were as-

sessed for cross reactivity using CPXV,MPXV, and

VARV-infected cell lysates or antigens.

(A) Antigen specificity of purified mAbs. Reactivity

of Abs of unknown antigen specificity that bound

to inactivated VACV-infected cell lysate only is

designated as ‘‘VACV lysate only.’’

(B) Representation of mAbs in the panel from (A)

that bound only to VACV-infected cell lysate, re-

combinant VACV proteins, or both, VACV infected

cell lysate and recombinant VACV proteins. See

also Tables S3 and S4.

(C) Cross-reactivity of mAbs that bound to

VACV lysates from (B) to VACV-, CPXV-, MPXV-, or

VARV-infected cell lysates. See also Figure S2.

(D) Cross-reactivity of mAbs that bound to VACV

antigens from (B) to the respective 12 ortholog

proteins of VARV. Four mAbs with low expression

were not tested.

See also Tables S1 and S2.

(Figure 2A). Of note, neutralizing activity

for the majority of these Abs required

complement (Table S5). Most (46 of 48

[98%]) of the neutralizing mAbs recog-

nized one of six proteins, D8, L1, B5

A33, A27, or H3 (Figure 2B). Two remaining mAbs were from

the subject with prior wild-type MPXV infection and recognized

I1 or an undetermined MPXV antigen (Table S5).

A majority (38 of 48 [79%]) of neutralizing mAbs cross-neutral-

ized at least twoOrthopoxvirus species (mainly VACV and CPXV)

and 12 of 48 (25%) mAbs neutralized three orthopoxviruses—

VACV, CPXV, and MPXV (Figure 2C). Regardless of their antigen

specificity, the neutralizingmAbs variedwidely in their neutraliza-

tion potency. IC50 values of individual mAbs ranged from �0.02

to 100 mg/mL, and Emax values varied from 50% (the designated

cut-off threshold to identify potent neutralizing clones) to 99.5%

(Figure 2D; Table S5). Most of the neutralizing mAbs reduced

plaque number only by �60%–80% at the highest tested con-

centration, regardless of antigen or form of virus targeted. The

neutralizing activity of MV-targeted anti-D8, L1, A27, or H3,

and EV-targeted anti-B5 mAbs were similar for VACV and

CPXV, and two of six VACV and MPXV-neutralizing anti-A33

mAbs neutralized CPXV. None of the anti-D8 or anti-B5 mAbs

neutralized MPXV, despite the ability of these mAbs to bind the

corresponding MPXV ortholog protein (Tables S4 and S5). In

contrast, the broadest cross-neutralizing activity (neutralization

of VACV, CPXV, and MPXV), was detected in mAbs directed to

A33, L1, A27, or H3 antigens (Figure 2D). Cross-neutralizing

mAbs were isolated from most orthopoxvirus-immune subjects

(Table S5). Together, our data indicate that mAbs induced by

VACV immunization or MPXV infection that recognize any of six

neutralizing determinants can inhibit several Orthopoxvirus spe-

cies and also suggest that the broadest cross-neutralization is

mediated predominantly by four Ab specificities.
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Mixtures of Diverse mAb Specificities Possess Superior
Cross-Neutralizing Activity for VACV, CPXV, MPXV,
and VARV
We next designed two mixtures of mAbs, designated MIX6 and

MIX4, containing diverse specificities with high neutralizing (low

IC50 and high Emax values) and cross-neutralizing activities

to both MV and EV forms of virus (Figure 2D; Table S5). MIX6

contained single neutralizing mAbs directed to each of six an-

tigens that targeted by neutralizing mAbs—MV proteins D8,

A27, H3, and L1, and EV proteins B5 and A33. MIX4 was similar

to MIX6, containing mAbs to A27, L1, B5, and A33, but lacked

anti-D8 and H3 mAbs (Table S6) that were found to be non-

protective in the lower respiratory tract infection model

(detailed below). Both mixtures included four mAbs that ex-

hibited similar binding for VACV proteins and the correspond-

ing VARV protein orthologs (Figure S2). The neutralizing activ-

ity of MIX6 and MIX4 for VACV were higher than that of

individual mAbs or VIGIV (Figure 3A). Moreover, MIX6 and

MIX4 cross-neutralized VACV, CPXV, MPXV, and VARV more

potently than did VIGIV in EV and MV neutralization assays

(Figures 3B and S3; VARV could only be tested in the MV

assay, without complement). Therefore, neutralization and

cross-neutralization are more efficiently achieved with mix-

tures of diverse mAbs specificities than with individual potently

neutralizing mAbs.

Superior In Vivo Protection against VACV Infection Was
Achieved by Administration of aMixture of HumanmAbs
that Targeted Multiple Viral Antigens
We next evaluated the protective capacity of MIX6. Single-dose

treatment with MIX6 one day before lethal intranasal (IN) chal-

A

B D

C Figure 2. Neutralizing and Cross-Neutral-

izing Potency of Human MAbs

Individual mAbs were assessed for neutralization

using MV or EV forms of VACV, CPXV, or MPXV.

(A) Representation of individual mAbs within the

panel that neutralized at least one of three Ortho-

poxvirus species. See also Table S5.

(B) Relative abundance (shown in colors and with

percent on the top of each bar) and number of

VACV-neutralizing mAbs for each antigen speci-

ficity from (A). Anti-I1 and unknown specificity

mAbs neutralized MPXV only.

(C) Cross-neutralization of VACV, CPXV, or MPXV

by individual mAbs from (A).

(D) Cross-neutralizing potency of individual

neutralizing mAbs from (A). Each symbol repre-

sents the mean ± SD of triplicate Emax values of

individual mAbs. Antibodies later tested for

protection in vivo (detailed below) are indicated

in red.

lenge of C57BL/6 mice with VACV pro-

vided complete protection against weight

loss and mortality (Figure 4A). Mock-

treated mice experienced severe illness

and succumbed by day 7 post-inocula-

tion (p.i.). The protection was associated

with a profound (�106-fold) reduction of viral load in the lungs

on day 7 p.i., when compared to the mock-treated group (Fig-

ure 4B). Notably, the level of protection provided by MIX6 was

comparable to, if not higher than, that provided by prior immuni-

zation with a sub-lethal dose of VACV. In contrast, pre-treatment

with VIGIV did not protect mice under the challenge condi-

tions used. These mice were unable to control VACV replica-

tion in the lungs and succumbed by day 7 p.i., similarly to the

mock-treated group (Figure 4B). These data indicate a high

prophylactic potency of MIX6 for prevention of respiratory tract

infection.

To further characterize the protective efficacy of MIX6, we

tested it in a lethal model of systemic VACV dissemination using

severe combined immunodeficiency (SCID) mice that lack adap-

tive immune responses but retain a functional complement

system (Bosma and Carroll, 1991). Initially, we assessed the pro-

phylactic effect of MIX6 given to mice by the intraperitoneal (i.p.)

route 1 day prior to lethal i.p. virus challenge. Remarkably, sin-

gle-dose pre-treatment with MIX6 provided sterilizing immunity

in this model (Figure 4C). Mice pre-treated with a human mAb

of irrelevant specificity succumbed to the disease by day 20

p.i., when the group of animals pre-treated with MIX6 was

completely protected from death and any signs of disease.

Clearance of human mAbs from animal blood rendered healthy

mice susceptible to VACV re-infection (Figures 4C and 4D),

demonstrating that the sterilizing immunity observed during

primary VACV infection wasmediated solely by the administered

MIX6.

In summary, these findings demonstrate the high prophylactic

potency of MIX6 for prevention of respiratory and systemically

disseminated VACV infections.
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Four Principal Antibody Specificities Participated in
Protection against Respiratory VACV Challenge when
Used in Mixture
We next determined the contribution of individual mAbs within

MIX6 by assessing the protective capacity of single mAbs or their

mixtures (Table S6). Both of the EV-targeted antibodies, anti-A33

and -B5, protected B6 mice from death and severe weight loss

when administered alone or as a mixture (MIX6(DMV)) 1 day

before IN VACV challenge. In contrast, none of the MV-targeted

mAbs, or their mixture (MIX6(DEV)), protected mice in the same

conditions (Figures 5A and S4). A possible explanation for this

result was that the VACV challenge conditions used in this model

are quite stringent and likely do not allow detection of moderate

levels of protection by somemAbs. The other possibility was that

the selected mAb clones may bind to non-protective epitopes

of their antigens. To investigate further, we assessed protection

using a less severe upper airways infection mouse model (Fig-

ure S5A). These conditions resulted in milder disease and less

mortality. In addition, anti-D8 and H3 mAbs were tested as mix-

tures of five or three different epitope specificities that incorpo-

rated mAbs from different competition-binding groups for D8

or H3 antigens, respectively. These single antigen-specific

mixtures thus recognized diverse epitopes in D8 or H3 antigen.

In this less stringent challenge setting, anti-A27 mAbs prevented

mortality and severe weight loss, showing these mAbs may

contribute to the protective efficiency by MIX6. Anti-L1 mAbs

and mixtures of anti-D8 or anti-H3 mAbs still were not protective

(Figure S5A). Therefore, these monotherapy studies suggested

three protective human mAbs specificities in this model—anti-

B5, anti-A33, and anti-A27.

It was possible that some of the six Ab specificities contributed

to protection inmixtures only in a cooperative manner that would

not be detected by monotherapy studies. To detect such activ-

ity, we designed mixtures that were variants of the MIX6 that

each lacked one mAb specificity (Table S6). Each of the MIX6

A

B

Figure 3. Mixtures of Four or Six MAbs

Possess High Cross-Neutralizing Activity

for VACV, CPXV, MPXV, and VARV

Neutralizing activity of mAbs or VIGIV was as-

sessed using MV- and EV-neutralization assays.

MIX6 included anti-L1, anti-H3, anti-A27, anti-D8,

anti-B5, and anti-A33mAbs.MIX4 included anti-L1,

anti-A27, anti-B5, and anti-A33 mAbs.

(A) VACV neutralization by individual mAbs or their

mixtures, compared with VIGIV. MAb mixtures

designations are listed in Table S6.

(B) Cross-neutralizing activity of MIX4, MIX6 and

VIGIV for VACV, CPXV, MPXV, or VARV (only the

MV form was tested for VARV). Data represent

one of two independent experiments, shown as

mean ± SD of assay triplicates.

See also Figure S3.

variant mixtures lacking one of the mAbs

was protective, although mixtures lacking

anti-L1, anti-A27, anti-A33, and anti-B5

were less efficient in protection against

weight loss than MIX6 (Figure 5B).

Removal of the protective MV-targeted anti-A27 mAb from

MIX6 did not affect the outcome of challenge substantially. How-

ever, exclusion of the MV-targeted anti-L1 mAb from MIX6

resulted in detectable weight loss upon infection, which was

comparable to that seen when mice were pre-treated with

Mix6 lacking either of the most potent EV-targeted mAbs (anti-

A33 or anti-B5) identified in the monotherapy studies (Figures

5A and 5B). Moreover, MIX4 containing anti-L1, anti-A27, anti-

B5, and anti-A33mAbs conferred a level of protection equivalent

to that of MIX6 (Figure 5C). Therefore, the mAbs inMIX4 appear to

cooperate in achieving their protective effect.

One possible explanation for the diminished protection

observed when a mAb mixture lacked a single MV- or EV-tar-

geted mAb specificity was the decrease in total amount of

mAb per treatment. Therefore, we next examined whether the

lack of one mAb specificity in protective MIX4 could be compen-

sated by using a mixture containing the same total amount of Ab

by adding an equivalent amount of one of the retained mAb

specificities targeting the same virion form. Themonotherapy re-

sults suggested higher potency of anti-A33 and anti-A27 mAbs

when compared to the EV- or MV-specific anti-B5 and anti-

A27 mAbs (Figures 5A and S5A). Therefore, groups of mice

were treated before VACV challenge with a variant of MIX4 that

contained a 2-fold higher amount of the anti-A27 or anti-A33

mAb and lacked anti-L1 (designated as MIX4(DL1)), or anti-B5

(designated as MIX4(DB5)) mAb, respectively. An excess of

anti-A27 or anti-A33 mAb did not restore the initial activity of

MIX4 in absence of mAbs with anti-L1 or anti-B5 specificities,

although the effect was minor under the challenge conditions

used (Figure 5C). However, in more stringent challenge condi-

tions, mice pre-treated with MIX4 exhibited significantly higher

resistance to the disease and recovered faster compared to

mice that received the MIX4 (DB5) containing a 2-fold higher

amount of anti-A33 mAb (Figure S5B). This finding suggested

MIX4 as a potent therapeutic mixture. Together, these results
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showed that four principal mAb specificities in MIX4 contributed

to, and were required for, efficient protection against lethal res-

piratory tract VACV infection in the mouse model.

Therapeutic Effect ofMIX6whenGivenUp to 3Days after
Infection by the Respiratory Route
We next determined how long after respiratory infection MIX6

would exhibit a therapeutic effect, when treatment was delayed.

For these studies, mice were immunized passively with MIX6 one

day before or on the day of virus challenge, or 1, 2 or 3 days after

virus challenge (Figure 6). As expected, the treatment was most

efficient when administered before disease onset. Mice given

MIX6 showed significant protection from weight loss if the treat-

ment was given 1 day before, on the day of challenge or 1 day

after infection. When the treatment was delayed until day 3,

the time point when untreated animals developed disease due

to profound virus burden in the lungs (data not shown), we

observed protection from death, but only partial protection

from weight loss (Figure 6). These data demonstrated that MIX6

mediated a therapeutic effect evenwhen treatment was delayed,

especially against lethality.

Diverse Human Ab Specificities Participate in
Protection against Systemic VACV Infection
The experiments described above showed that a single dose of

MIX6 given prior to systemic inoculation with a lethal dose of

VACV conferred sterilizing protective immunity in SCID mice,

which lack adaptive immunity (Figure 4C). Using this model,

we next assessed the efficacy of monotherapy with individual

mAbs, MIX6, or VIGIV that were given to mice 1 day after inocu-

A

B D

C Figure 4. MIX6 Provides Superior Protection

against Lethal VACV Infection In Vivo

Groups of C57BL/6 or BALB/c SCID mice repre-

senting, respectively, lower respiratory tract (A) or

systemic dissemination (C) infection models, were

inoculated i.p. with 1.2 mg of MIX6 or with 5 mg of

VIGIV, or 1.2 mg of an irrelevant anti-dengue virus

neutralizing mAb. The next day (d0) mice were

challenged with a lethal dose of VACV and moni-

tored for protection.

(A) Protection from respiratory VACV infection that

was mediated by MIX6, VIGIV, or vaccination with

live VACV 3 weeks prior with a sub-lethal dose of

VACV.

(B) VACV titers assessed in the lungs of infected

mice from (A) on day 7 p.i., shown as mean ± SEM;

data represent one of two independent experi-

ments with n = 5–10 mice per group. Dotted line

indicates limit of detection (LOD) for the assay.

(C) Protection from systemically disseminated

lethal VACV infection that was mediated by MIX6.

(D) Human mAb concentration in blood of treated

mice from (C) at different times after treatment,

shown as mean concentration ± SEM. One of two

independent experiments, n = 3–5 mice per group.

lation with a lethal dose of VACV (Fig-

ure 7). Similar to the respiratory challenge

study, anti-H3 or anti-D8 mAbs were

used as mixtures of several epitope specificities. Each of the

Abs tested, including those identified as non-protective in respi-

ratory tract infection, delayed morbidity and mortality in mice

when compared to the animals in themock-treated group.More-

over, delayed treatment with MIX6 conferred sterilizing immunity

to inoculated mice, which all survived and lacked signs of

illness for >155 days after VACV inoculation (Figures 7A and

7B). Together, these results demonstrated a high therapeutic

potency of MIX6 and showed that diverse mAbs specificities

may contribute to protection against systemically disseminated

VACV infection.

DISCUSSION

In this study, we elucidated the breadth and specificity of human

cross-neutralizing mAbs against the clinically relevant ortho-

poxviruses VACV, CPXV, MPXV, and VARV. In addition, we

identified the principal protective specificities for human mAbs

and demonstrated that superior protection in mouse challenge

models could be achieved with a defined mAb mixture that

targeted a limited number of orthopoxvirus protein antigens.

Studying protective antibody-mediated immunity for ortho-

poxvirus infections has been challenging because of the lack

of clonal human Abs representing the naturally occurring human

B cell response to orthopoxvirus infection or immunization. In the

current work, using a cohort of orthopoxvirus-immune subjects,

we showed that orthopoxvirus infection elicits a complex B cell

response encoding large numbers of clones reactive to antigens

from diverse orthopoxvirus species. Further analysis of indi-

vidual clones revealed the importance of six major neutralizing
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A

B

C

Figure 5. Human mAb Specificities that Contribute to Protection against Lethal Respiratory VACV Infection

C57BL/6 mice were inoculated i.p. 1 day prior to VACV challenge with 0.2 mg of individual mAbs or one of several mixtures designed to de-convolute protective

mAbs specificities within MIX6. The next day (d0), mice were challenged IN with VACV and monitored for protection.

(A) Protective capacity of individual mAbs of MIX6. Anti-D8 and -H3 specificities were inoculated as amixture of three to fivemAbs to those proteins from different

competition-binding groups.

(B) Protective capacity of mixtures that were based on Mix6 but had removal of a mAb for a single specificity, either L1, A27, D8, H3, A33, or B5.

(legend continued on next page)
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mAb specificities that targeted both MV (anti-H3, anti-A27, anti-

D8, and anti-L1) and EV (anti-B5 and anti-A33) infectious

forms of orthopoxvirus and required complement for optimal

activity. The presence of complement enhanced the inhibitory

activity of mAbs targeting most neutralizing determinants, sug-

gesting a major component of complement-dependent mecha-

nisms underlying the protection in vivo mediated by neutralizing

Abs elicited in response to orthopoxvirus infection.

In studies of human mAbs to other viruses, such as HIV, influ-

enza, or dengue virus, we have found that the percentage of

neutralizing mAbs among the total number of mAbs induced

by infection or vaccination varies according to the agent. For

example, typically <1% of the mAbs induced by dengue virus

infection neutralize virus (Smith et al., 2012), whereas a large pro-

portion of influenza-specific mAbs neutralize (Thornburg et al.,

2013). For orthopoxviruses, we found here that a high fraction

of the mAbs from our panel (54%) possessed neutralizing

activity. Given the high level of sequence homology among the

surface proteins from VACV, CPXV, MPXV, and VARV (89%–

100%), such a robust and diverse neutralizing Ab response likely

explains the efficient cross-protection induced by VACV immuni-

zation against heterologous orthopoxvirus infections. Our finding

that a large fraction of orthopoxvirus-specific mAbs of the panel

exhibited cross-binding and/or cross-neutralizing activity for

VACV, CPXV, MPXV, and VARV further substantiates this model.

The broadest cross-neutralization was achieved by mAbs tar-

geting four antigens in the MV or EV forms of VACV, namely

A33, A27, L1, and H3 (or the ortholog proteins in the other three

viruses), thus identifying the principal determinants of Ab-medi-

ated cross-protective immunity to orthopoxviruses.

Information about the protective potential of human Abs has

been limited mostly to the study of varying lots of VIGIV, which

has been used with partial success for post-exposure treatment

and for management of some severe adverse reactions to small-

pox vaccination (Wittek, 2006). Multiple antigen specificities

appear to contribute to neutralization of the MV form of VACV

by VIGIV or immune serum IgG (Benhnia et al., 2008; Moss,

2011). Abs to B5 were thought responsible for much of the

neutralization activity against VACV EV forms of virus (Bell et al.,

2004). Animal studies suggested that protection is not readily

achieved by administration of a single neutralizing mAb and

requires bothEV- andMV-targetedmAbs (Lustig et al., 2005). Re-

constituting (or improving) the protective activity of VIGIV with

mAbs has been attempted empirically, using a mixture of anti-

H3 and anti-B5 mAbs (McCausland et al., 2010), or a complex

mixture of 26 human mAbs directed to 14 antigens (Lantto

et al., 2011; Zaitseva et al., 2011). Our data suggest that amixture

containing mAbs of only two specificities (anti-H3 and anti-B5)

likelywould fail to cross-protect efficiently, becausewe observed

that anti-B5 mAbs fail to neutralize the EV form of MPXV. In

contrast, the previous mixture of 26 mAbs likely includes redun-

dant or noncontributory mAbs, because this composition con-

tains a number ofmAbs that are directed to antigenic specificities

without an apparent role in cross-neutralization or protection.

To make a potent neutralizing and protective human Ab mixture

by rational design that recognizes the four major orthopoxvirus

threats to humans, we combined potent cross-neutralizing hu-

man mAbs targeting six major orthopoxvirus antigenic proteins:

the MV antigens H3, A27, D8, and L1 and the EV antigens B5

and A33. Remarkably, MIX6 or its derivative MIX4 cross-neutral-

ized all four clinically relevant orthopoxviruses, including live

VARV, andexhibitedsuperiority compared to conventional VIGIV.

Orthopoxviruses transmit by several routes of infection and

cause diverse clinical syndromes in humans (Smith and McFad-

den, 2002), which can be modeled in part using different animal

models (Chapman et al., 2010). We sought here to compare the

prophylactic and treatment efficiency of human mAbs and their

mixtures in several well-established VACV lethal challenge mu-

rine models using either mild or severe respiratory tract infection

or, alternatively, systemic inoculation resulting in disseminated

infection (Belyakov et al., 2003; Flexner et al., 1987; Wyatt

et al., 2004). The resulting data revealed that the contribution of

individual specificities to protection varied depending on the

route of virus inoculation. Four specificities (anti-A33, anti-B5,

anti-L1, and anti-A27), contributed significantly to protection

against respiratory tract infection, while in contrast, all six tested

specificities contributed to protection in the model of systemic

infection. Moreover, we observed that the major contribution to

protection in both models was provided by EV-targeted anti-B5

and anti-A33 human mAbs, consistent with previous studies of

mousemAbs (Lustig et al., 2005). Thus, cross-protection against

all clinically important orthopoxviruses is most likely achieved

(C) Protective capacity of mixtures based on MIX4, MIX4 lacking anti-L1 mAb but with a 2-fold excess of anti-A27 mAb, or MIX4 lacking anti-B5 mAb but with a

2-fold excess of anti-A33 mAb. Data shown indicate mean ± SEM from one of two independent experiments using five to ten mice per group. mAb mixtures

designations are listed in Table S6.

See also Figures S4 and S5.

Figure 6. Efficient Post-exposure Treatment Effect Mediated by

MIX6 MAbs

C57BL/6 mice were inoculated i.p. with 1.2 mg of MIX6 on the day before (d-1),

or on the day of (d0), or day 1 to day 3 (d1–d3) after lethal IN challenge with

VACV. The control group included mice pre-treated one day before challenge

with 1.2 mg of an anti-dengue virus mAb. The body weight loss kinetics are

shown for 14 days around the time of infection and treatment. Data are pre-

sented as mean ± SEM, using five to ten mice per group. Percent indicate

survival based on endpoint criteria for euthanasia.
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when incorporating both EV-neutralizing anti-B5 and anti-A33

mAbs, which may compensate for some species cross-neutrali-

zation deficiencies of the other.MIX6 andMIX4 exhibited superior-

ity in protection against VACV compared to VIGIV, suggesting

novel efficient mixtures of mAbs for therapeutic use in humans.

In summary, the findings presented here reveal the fundamental

mechanisms underlying efficient cross-protective antibody-

mediated immunity to orthopoxviruses in humans.

Limitations, Caveats, and Open Questions
Using naturally occurring human mAbs isolated by hybridoma

technology, this study revealed six principal cross-neutralizing

human mAb specificities for VACV, CPXV, MPXV, and VARV.

We next showed that these Ab specificities that are necessary

and sufficient determinants of protection in murine challenge

models. This work suggests that a mixture of these Abs could

mediate cross-protective immunity to orthopoxviruses. As with

most studies, there are several limitations of this work that we

would like to point out.

The antibody discovery platform used likely allowed us to

identify mAbs only from themost frequent classes of B cell mem-

ory clones that occur in human peripheral blood. Therefore, less

frequent clones could be missing from our analysis.

It remains unknown to what extent the B cell memory

repertoire in the blood that we have studied corresponds

to the antigen-reactive antibody protein repertoire in the

serum that is secreted by long-lived plasma cells in the

bone marrow. Future proteomics studies using emerging

technologies might be able to address this question.

Future development for use in humans of individual

mAbs or mixtures described here against VACV, CPXV,

and MPXV or VARV should include studies of larger animal

models, such as non-human primates.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and be fulfilled by the corresponding author: James E. Crowe,

Jr. (james.crowe@vanderbilt.edu). Materials described in this paper are available for distribution under the Uniform Biological Mate-

rial Transfer Agreement, a master agreement that was developed by the NIH to simplify transfers of biological research materials.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Donors
PBMCs were obtained from subjects vaccinated with Dryvax (Wyeth), IMVAMUNE (Bavarian Nordic), or ACAM2000 (Acambis). The

VRC 201 study was approved by the NIAID IRB under the intramural number 02-I-0316. The ClinicalTrials.gov number was

NCT00046397. One sample was obtained from a U.S. survivor of naturally acquired MPXV infection (Lewis et al., 2007). The studies

were approved by the Institutional Review Boards of Vanderbilt University Medical Center, Oregon Health Sciences University, and

the National Institute of Allergy and Infectious Diseases.

Mice
C57BL/6 and CBy.Smn.CB17PRKdc SCID/J (BALB/c SCID) mice were purchased from Jackson Laboratories (Bar Harbor). BALB/c

SCID mice received Laboratory Autoclavable Rodent Diet #5010 (LabDiet). Breeding, maintenance and experimentation complied

with Institutional Animal Care and Use Committee regulations.

Cell Lines and Viruses
VACV Dryvax (NIH, Lot# 4008284), VACVWestern Reserve (VACV-WR; ATCC VR-119) and CPXV Brighton Red (BEI Resources, NR-

88) were propagated and titered in monolayer cultures of BSC-40 cells (ATCC CRL-2761). MPXV Zaire was propagated in BSC-40

cells and titered on Vero cells (ATCC CCL-81). Bangladesh 1974 Solaiman strain of VARV was propagated in monolayer cultures of

Vero E6 cells (ATCC CRL-1586). VACV and CPXV were manipulated under BSL-2 conditions by vaccinated personnel. MPXV was

manipulated under BSL-2 conditions with BSL-3 precautions by vaccinated personnel. All experiments with live VARVwere reviewed

and approved by the World Health Organization Advisory Committee on Variola Virus Research (WHO ACVVR). Experiments with

VARV were conducted in accordance with WHO ACVVR guidelines and within a biosafety level 4 laboratory.

Antigens
Recombinant VACV proteins A27, A33, L1, B5, A28, L5, A21, H2, F9, J5, and VARV proteins I2, A31.5, A36, M1, B6, A31 were pro-

duced using a baculovirus expression system or purchased from BEI Resources. Truncated monomeric D8 protein was kindly pro-

vided by Dr. D. M. Zajonc and Dr. Y. Xiang. Recombinant VACV H3 protein was kindly provided by Dr. Crotty. DNA encoding the

MPXV ortholog of the A27 VACV protein was purchased from BEI Resources. H3 and D8 protein orthologs of VARV were produced

after WHO approval, as described previously (Davies et al., 2005b; Matho et al., 2012). Cell lysates infected with VACV (NYCBOH),

CPXV, MPXV were prepared and inactivated as described previously (Amanna et al., 2012). For preparation of VARV-infected cell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Vero cells ATCC Cat# CCL-81

Vero E6 cells ATCC Cat# CRL-1586

Experimental Models: Viruses

VACV Dryvax NIH Cat# 4008284

VACV Western Reserve (WR) ATCC Cat# VR-119

CPXV Brighton Red BEI Resources Cat# NR-88

Monkeypox virus Zaire 79 Dr. Mark Slifka Laboratory N/A

VARV Bangladesh 1974 Solaiman strain Centers for Disease Control and Prevention N/A

Software and Algorithms

IMGT, the international ImMunoGeneTics

information system

(Ruiz et al., 2000) http://www.imgt.org

Prism 5.0 software GraphPad http://www.graphpad.com

GenePix Pro 5.0 software Molecular Devices https://www.moleculardevices.com

Other

Orthopoxvirus-specific human mAbs This paper Table S2
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lysate, RK-13 cells were inoculated with VARV at the CDC at an MOI of 1 and incubated for 48 hrs at 55.5�C. Harvested cells were

resuspended in 1 mM Tris buffer, lysed by two freeze/thaw cycles, followed by sonication three times at 160 watts for 1 min. VARV

was inactivated by gamma irradiation using three times the kill dose on dry ice, where one kill dose equals 4.43 106 rads. A VACV-WR

protein array was acquired from Antigen Discovery. The VARV protein microarray was prepared as described previously (Davies

et al., 2005b).

METHOD DETAILS

Generation of Human Hybridomas
Human hybridomas were generated as described previously (Crowe, 2009). Briefly, cryopreserved samples were transformed with

Epstein-Barr virus. Cultures were incubated in 384-well culture plates for 10 days and then expanded using cell culture medium con-

taining irradiated heterologous human PBMCs (Nashville Red Cross). Plates were screened for VACV recombinant antigen- or VACV-

infectedcell lysate-specific antibody secreting cell lines usingELISA.Cells fromwellswith supernatants containingAbs that reacted to

antigen or infected cell lysate were fused with HMMA2.5myeloma cells using an established electrofusion technique (Yu et al., 2008).

ELISA
For screening ELISA, plates were coated with antigen at 1 mg/mL, or 1:400 dilution of a lysate in PBS. After blocking, plates were

incubated with culture supernatants followed by incubation with anti-human IgG conjugated with alkaline phosphatase (Meridian,

Life Science) or HRP (BD Pharmingen). Plates were developed and supernatants were counted as VACV-reactive or recombinant

protein antigen-reactive if their absorbance was 2.5-fold above the background from wells containing medium or coated with unin-

fected cell lysate, respectively. For binding kinetics and cross-reactivity assays, purified mAbs were assessed at concentrations

ranging from 100 mg/mL to 20 pg/mL, in triplicate. EC50 values were determined using Prism 5.0 software (GraphPad) after log trans-

formation of antibody concentration using sigmoidal dose-response nonlinear fit analysis with R2 values greater than 0.85, as

described previously (Thornburg et al., 2013). Binding of purified mAbs to VARV-infected cell lysate was determined at a single dilu-

tion of 100 mg/mL, in triplicate.

Protein Arrays and mAb Target Analysis
The Orthopoxvirus (VACV strain WR) protein array was acquired from Antigen Discovery (ADI). The VARV protein microarray was

fabricated in a similar manner as described previously (Davies et al., 2005b). Briefly, individual open reading frames encoded by

the viral genomewere amplified and cloned into T7 expression vectors by homologous recombination. Proteins were produced using

an Escherichia coli-based cell-free coupled transcription/translation reactions (RTS 100 kits; 5 Prime, Gaithersburg, USA) according

to themanufacturer’s instructions. Proteins were printed without further purification on nitrocellulose-coated glass slides (Whatman).

Protein expression wasmonitored using hemagglutinin or His tags present on the protein termini; quantification of the amount of pro-

tein spotted was not possible. No-DNA control spots containing the reaction mixture but lacking template DNA were included

throughout the array to correct for background binding to E. coli proteins found in the transcription-translation mixture.

MAbs were probed on the VACV strain WR or VARV protein arrays at dilutions between 1:25 and 1:100, according to the manu-

facturer’s instructions and reagents (ADI). Briefly, arrays were probed with antibody overnight at 4�C, then with biotin-conjugated

goat anti-human antibodies for 1 hr at RT, then with a streptavidin-conjugated fluorophore for 1 hr at RT. Arrays were scanned using

a GenePix 4100A scanner (Molecular Devices) with laser setting at 100% and photomultiplier (PMT) gain of 400. Image analysis was

performed with GenePix Pro 5.0 software (Molecular Devices). Spot intensity was calculated as the median spot value minus local

spot background. A secondary correction for background binding to E. coli proteins in the reaction mixture was done by subtracting

an average of the no-DNA spots from the background-corrected spot value. Since mAb affinity, protein sequence conservation, and

protein expression levels vary, a simple evaluation for highest fluorescent intensity, and a correlation between the two chips, if

needed, was used to identify protein targets.

Biolayer Interferometry Analysis
Experiments were performed on an Octet RED biosensor instrument (Pall ForteBio; Menlo Park) essentially as described previously

(Smith et al., 2014). For competition-binding studies, mAb-antigen complexes were tested for the ability to bind a second mAb in

sandwich assay. Briefly, biosensors were pre-wetted in running buffer containing DPBS, 0.1% BSA, and 0.05% Tween-20. Primary

humanmAbs were loaded onto Protein G biosensor tips (ForteBio) at a concentration of 105 mg/mL. After biosensors were incubated

with recombinant protein solutions of D8 or H3 at concentration 90 mg/mL. Following by secondary humanmAbswere loaded at con-

centration 105 mg/mL.

The extent of antibody-antigen association was determined aswavelength shift in nm and calculated as a percentage after normal-

ization, where 0% was the wavelength shift in nm for self-blocking control and 100% was the maximal wavelength shift in nm.

Experiments were performed in duplicate. Antibodies were considered to be members of the same competition-binding group if

they competed for binding to antigen and exhibited a similar blocking pattern to other antibodies in the panel.
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mAb Isotype and Gene Sequence Analysis
The isotype and subclass of secreted antibodies were determined using murine anti-human IgG1-IgG4 antibodies followed by sec-

ondary anti-mouse HRP-conjugated antibody (Southern Biotech). Nucleotide sequences of variable gene segments were deter-

mined by Sanger sequencing from cloned cDNA generated by reverse transcription PCR of mRNA, using variable gene-specific

primers designed to amplify antibody genes from all gene families (Weitkamp et al., 2003). Identity of the gene segments and muta-

tions from the germline sequences were determined by alignment using the ImMunoGeneTics database (http://www.imgt.org) (Ruiz

et al., 2000).

mAb Production and Purification
Hybridoma cells secreting VACV-specific mAbs were grown in serum-free medium (GIBCO). MAbs were purified from culture super-

natants using HiTrap MabSelect Sure or HiTrap Protein G columns (GE Healthcare).

Virus Neutralization Assays
Neutralizing activity of mAbs was determined using MV or EV forms of VACV strain NYCBOH, CPXV, or MPXV, or MV of VARV in a

plaque reduction neutralization (PRNT) assay. Neutralization of VACV, CPXV, and MPXV MV particles, and MPXV EV particles was

performed using 10% guinea pig complement (Rockland Inc.). Neutralization of VACV EV was performed using 10% baby rabbit

complement (Cedarlane), and neutralization of VARVMVwas performedwithout complement. For EV neutralizationMVwas depleted

with blocking mAbs MPXV-26 and VACV-301, both at 20 mg/mL. For VACV and CPXV neutralization, 0.125 mL HBSS with 1% BSA

containing 100 PFU of virus was incubated with 0.125 mL of serial two-fold dilutions of mAb for 60 min at 37�C and then applied to

BSC-40 cell culture monolayers. Plates were incubated for 2 hrs, after which 0.5 mL of Opti-MEM I (Gibco) with 10% fetal calf serum

was added. Plates then were incubated 24-48 hrs at 37�C, and plaques were visualized with crystal violet containing 3.7% formal-

dehyde. For MPXV neutralization 32-50 PFU of virus was incubated with serial two-fold dilutions of mAb for two hours at 37�C and

then applied to Vero cell culture monolayers in 6 well plates. After a one-hour incubation, the cells were overlaid with 0.5% agarose in

EMEMwith 2.5% FBS, 20 mM glutamine and antibiotics and incubated for 4 days at 37�C, in 5% CO2, to allow for plaque formation.

The agarose was removed and the monolayer was stained with 0.1% crystal violet in PBS containing 0.2% formaldehyde. Neutral-

ization was performed in the presence of complement for all viruses except VARVMV. All experiments with live VARV were reviewed

and approved by the World Health Organization Advisory Committee on Variola Virus Research (WHO ACVVR). Experiments with

VARV were conducted in accordance with WHO ACVVR guidelines within a biosafety level 4 laboratory. Vero E6 cells were plated

at 13 106 cells/well, in DMEM supplemented with 10% FBS, and incubated at 37�Cwith 6%CO2 for 48 hrs. Antibodies were diluted

in RPMI supplemented with 2% low IgG FBS (Gibco). All antibodies underwent 18 two-fold serial dilutions starting at 75 mg/mL while

VIGIV started at 0.15mg/mL. Variola virus strain Solaimen (VARV_BSH74_sol) was diluted to 150PFU/mL and sonicated in a cup horn

sonicator set at 40% for 1.5 min in an ice bath. The viral inoculum was added to each antibody dilution tube and then incubated

rocking at 35.5�C and 6% CO2 overnight. Plates were inoculated in duplicate and incubated for 1 hr at 35.5�C and 6% CO2 before

addition 1 mL of fresh medium. Plates were incubated further at 35.5�C and 6% CO2 for five days and then fixed with crystal violet

stain. Emax was determined as a maximum of neutralization mAb effect (%); IC50 and Emax values were determined using Prism 5.0

software (GraphPad) after log transformation of antibody concentration using a 3-parameter nonlinear fit analysis of antibody log10
concentration versus response with R2 values greater than 0.85, as described previously (Thornburg et al., 2013).

In Vivo Protection Study
To test the effect of mAbs on respiratory tract infection, six- to eight-week old male C57BL/6 mice were injected i.p. with 100-200 mg

of individual mAbs or designated mixtures of mAbs (100-200 mg of eachmAb), or 5 mg of VIGIV (BEI Resources). Human anti-dengue

virus mAb served asmock-vaccinated control. In ABSL-2 facilities, ketamine-xylazine anesthetized mice were inoculated IN with 105

PFU VACV-WR in 50 mL, or in some experiments in 10 ml of PBS. In some experiments, mice were inoculated with 106 PFU VACV. For

virus titer determination, lungs from individual mice were homogenized and plated on confluent BSC-40 cell monolayer cultures. To

test the effect of mAbs on disseminated VACV infection, eight- to ten-week old female BALB/c SCID mice were given Abs i.p. either

prior to or after VACV inoculation, as detailed in the text. For lethal challenge, mice were inoculated i.p. with 105 PFU VACV-WR in

100 ml PBS. Mice were weighed and monitored daily for morbidity, and those losing over 30% of initial body weight were euthanized,

per IACUC requirements.

QUANTIFICATION AND STATISTICAL ANALYSIS

The descriptive statistics mean ± SEM or mean ± SD were determined for continuous variables as noted. Comparisons were

performed using Wilcoxon rank sum test or the post hoc group comparisons in ANOVA; all tests were two-tailed and unpaired.

Survival curves were estimated using the Kaplan Meier method and curves compared using the log rank test with subjects

right censored, if they survived until the end of the study. * -p < 0.05; ** - was used to reject a ‘‘null hypothesis.’’ * = p < 0.05;

** = p < 0.01; *** - = p < 0.001; ns – non-significant. Statistical analyses were performed using Prism v5.0 (GraphPad).
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Supplemental Figures

Figure S1. Human Anti-D8 and Anti-H3 MAbs Targeted Diverse Epitopes of the Major VACV Surface Antigens, Related to Figure 1
Anti-D8 and anti-H3mAbs from our panel were assessed for competitive binding to D8 andH3 proteins by biolayer interferometry. MAbs were judged to compete

for the same site if maximum binding of second antibody was reduced to% 39% of its un-competed binding (shown in black boxes). The mAbs were considered

non-competing if maximum binding of second mAb was R 61% of its un-competed binding (shown in white boxes). Gray boxes indicate an intermediate

phenotype (competition resulted in between 40% and 60% of un-competed binding). Blue, yellow, cyan, green, and red dashed lines indicate designated

competition groups. Antibodies that were selected for in vivo protection studies shown in red color. Two anti-H3 mAbs, MPXV-72 and MPXV-1, did not bind to

antigen in biolayer interferometry and were distinguished as separate group from other anti-H3 mAbs.



Figure S2. Cross-Reactivity of Human MAbs to Orthopoxviruses, Related to Figure 1

Cross-reactivity of individual mAbs to different orthopoxviruses were assessed by ELISA using infected cell lysates or purified recombinant protein antigens.

(A) Examples of mAbs within the panel that exhibited cross-reactivity to VACV, CPXV, MPXV, and VARV-infected cell lysates. Reactivity to VARV-infected cell

lysate was measured at single mAb dilution as detailed in Table S3, ND indicates not determined.

(B) Examples of four mAbs within the panel that exhibited cross-reactivity to VACV and VARV protein antigen orthologs. These four mAbs were included in mAb

mixtures MIX4 and MIX6, which later were assessed for protective capacity in vivo. Data represent one of two independent experiments, shown as mean ± SD of

assay triplicates.



Figure S3. Cross-Neutralizing Activity of Human mAb Mixtures, Related to Figure 3

Cross-neutralizing activity of MIX6, MIX4, or VIGIV was assessed using MV-and EV-neutralization assays for VACV, CPXV, MPXV and VARV (MV form only for

VARV). Data represent one of two independent experiments, shown as mean ± SD of assay triplicates.



Figure S4. Protection against of Lethal Respiratory VACV Infection Is Mediated Principally by EV-Targeted MAbs, Related to Figure 5

Groups of C57BL/6 mice were inoculated IP with 1.2 mg of MIX6, or with 0.8 mg of MIX6 lacking two anti-EV mAbs (designated as Mix6(DEV)), or 0.4 mg of MIX6

lacking four anti-MV mAbs (designated as MIX6(DMV)), or 1.2 mg of an irrelevant anti-dengue virus neutralizing mAb. The next day (d0) mice were challenged by

the IN route with a lethal dose of VACV and monitored for protection.

(A) Protection from respiratory VACV infection that was mediated by MIX6(DEV).

(B) Protection from respiratory VACV infection that was mediated by MIX6(DMV); Data represent one of two independent experiments with n = 5-10 mice per

group. Percent (%) indicates survival by day 7.



Figure S5. Human mAb Specificities that Participate in Protection against Lethal Respiratory VACV Infection, Related to Figure 5

(A) C57BL/6 mice were inoculated i.p. one day prior to VACV challenge with 0.2 mg of individual anti-D8, -H3, -A27, or –L1 mAbs. The next day (day 0), mice were

anesthetized and challenged IN with VACV under conditions promoting less severe upper airway infection (23 105 pfu VACV in 10 ml of PBS) and monitored for

protection. Previously reported protective mouse anti-B5 mAb B126 and anti-H3 #41 (Benhnia et al., 2009; McCausland et al., 2010) served as control treatment

for protection.

(B) C57BL/6 mice received 400 mg of mAbs in the mixture designated as MIX4(DB5) (200 mg of anti-A33, 100 mg of anti-A27, and anti-L1) and was challenged with

10-fold higher (106 pfu) dose of VACV next day. Mice were monitored for protection and survival. Body weight is shown only for animals that survived. Percent

figures near each curve indicate survival by day 7 based on endpoint criteria for euthanasia. Data showedmean ± SEM from one of two independent experiments

using 5 to 10 mice per group.
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The ability of structurally distinct ligands to ‘‘bias’’ G protein-coupled receptor signaling affords the
opportunity to tailor efficacy to suit specific therapeutic needs. Furness et al. demonstrate that
ligand structure controls not only which effectors are activated, but also the way they are activated
and the kinetics of downstream signaling.

Two key tenets guiding G protein-coupled

receptor (GPCR) drug discovery research

are ‘‘pluridimensional’’ efficacy, the con-

cept that GPCRs signal by engaging

multiple G protein and non-G protein

effectors (Galandrin et al., 2007), and

‘‘functional selectivity’’ or ‘‘ligand bias,’’

the concept that ligand structure is an

important determinant of which effector

pathway(s) are engaged (Kenakin and

Christopoulos, 2013). How are these feats

accomplished? Current models predict

that ligand-specific signaling patterns

emerge because of differences in the effi-

ciency with which ligands stabilize the

structural conformations that couple the

receptor to each of its possible down-

stream effectors. Consider the case of

‘‘conformational selection,’’ in which two

ligands activate a single receptor, which

itself can engage two different down-

stream effectors (Figure 1A). Assuming

that the ‘‘active’’ receptor conformation

that most efficiently couples it to one

effector differs from that which optimally

engages another, structurally distinct li-

gands can ‘‘bias’’ the strength of signaling

in each pathway by stabilizing these

discrete active states in different propor-

tions. While this model accounts for

ligand bias with respect to which effectors

are activated, it does not imply that

different ligands can activate the same

effector in fundamentally different ways.

In the current issue of Cell, Furness et al.

(2016) establish a new concept in GPCR

pharmacology by showing exactly that.

GPCR signaling commences when

an agonist-bound receptor binds to

and catalyzes GTP for GDP exchange

within a heterotrimeric G protein alpha

subunit, permitting the latter to activate

second messenger-generating effectors.

Focusing on activation of the adenylyl

cyclase stimulatory G protein Gs and

cAMP production, the authors study the

effects of two naturally occurring ligands

for the human calcitonin receptor (CTR),

human calcitonin (hCT) and salmon calci-

tonin (sCT). The data reveal that hCT and

sCT differentially modulate Gs-cAMP

signaling by producing ligand-specific

conformational changes in Gs that alter

the guanine nucleotide affinity of the

ligand-CTR-Gs ternary complex. Native

PAGE measuring CTR-Gs complex as-

sembly shows that while sCT is 10-fold

more effective at recruiting the Gs

heterotrimer, the hCT-occupied CTR-Gs

complex is 10-fold more susceptible to

disruption by GTP. Such results are

thermodynamically possible only if the

Gs heterotrimer adopts different confor-

mations when bound to the hCT-CTR

and sCT-CTR complexes. Biolumines-

cent and fluorescent resonance energy

transfer measurements reporting ligand-

and GTP-induced conformational rear-

rangements in the Gs heterotrimer further

support this conclusion.

Importantly, hCT promotes a faster rate

of Gs-GTP association than sCT, some-

thing that should equate to faster Gs turn-

over and more efficient activation of ad-

enylyl cyclase. This hypothesis is tested

using chimeric calcitonin peptides that

permit the stability of the ligand-CTR

interaction to be varied independent of

their G protein activating properties. The

results show that the difference in Gs acti-

vation potency is not driven by ligand off-

rate but by ligand-induced differences in

Gs conformation. Using total internal

reflection microscopy to assess the effect

of ligand stimulation onG protein mobility,

the authors then directly demonstrate that

Gs turnover is faster for the hCT-bound

receptor than for the sCT-bound receptor.

As expected, this differential translates

into more rapid accumulation of cAMP in

cells at submaximal concentrations of

hCT compared to sCT. Collectively, these

results support a model in which the hCT-

bound CTR promotes faster GTP binding

and more rapid Gs turnover, allowing for

more rapid signaling (Figure 1B).

This work extends the concept of

conformational selection at the level of

the ligand-GPCR complex to one that in-

cludes conformational selection at the

level of the ligand-GPCR-G protein com-

plex. The idea that ligands can influence

not only which effectors are activated,

but also how they are activated, is sup-

ported by recent work on another GPCR

effector, the arrestins. The ubiquitous ar-

restins are recruited to activated GPCRs,

whereupon they mediate desensitization,

uncoupling the receptor and G protein,

and additionally act as signaling scaffolds

(Luttrell and Gesty-Palmer, 2010). Recent

biophysical studies demonstrated that

GPCRs impose characteristic arrestin

‘‘conformational signatures’’ and that

ligand structure is an important factor in

determining arrestin conformation (Nuber

et al., 2016; Lee et al., 2016). Conforma-

tional changes within the bound arrestin

influence both the avidity of GPCR-ar-

restin binding and arrestin engagement

of downstream signals, such that the

ligand-specific arrestin conformation re-

flects its downstream function. Taken in
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concert with the findings reported here,

the view emerges that ligand binding initi-

ates a wave of conformational changes

that are transmitted through the receptor

to impose functionally distinct conforma-

tions on intracellular effectors.

Beyond providing novel insights into

the molecular mechanisms of GPCR

signaling, this evolving understanding

of GPCR signaling efficacy has impor-

tant implications for drug discovery.

GPCRs, which were originally envisioned

as simple detectors of hormones and

neurotransmitters in the extracellular

environment (Ahlquist, 1948), then as bi-

nary switches whose proportional distri-

bution in the ‘‘off’’ and ‘‘on’’ states is

determined by the intrinsic efficacy and

concentration of agonist ligands (Sa-

mama et al., 1993), have come to be

viewed more broadly as components of

an allosterically regulated signal trans-

duction machinery whose function is to

bind molecules (extracellular ligands) at

one location and change shape to affect

the binding and conformation of other

molecules (intracellular effectors) at

another location (Kenakin, 2012). In this

context, Furness et al. (2016) provide us

with fundamental information about how

GPCRs transmit the information encoded

in ligand structure to downstream effec-

tors and broaden the scope of GPCR effi-

cacy to include the capacity to engender

different ‘‘activation modes’’ of intracel-

lular effectors. The capacity of ligand

structure to ‘‘bias’’ both GPCR coupling

to different effectors and the kinetics of

downstream effector signaling affords

ever greater opportunity to tailor GPCR

efficacy to suit specific therapeutic

needs. While the expression pattern of re-

ceptors will always determine which tis-

sues are targeted, it is clear that ligand

structure can influence how those cells

respond, creating in biased ligands the

potential to selectively activate beneficial

signals while repressing potentially dele-

terious ones. Who ever thought GPCR

pharmacology could be so nuanced?
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Figure 1. Conformational Selection Determines Both the Efficiency of GPCR Coupling to

Different Effectors and the Manner of Effector Activation
(A) Ligand bias between effectors. The binding of structurally distinct ligands (X and Y) to a commonGPCR
can differentially stabilize discrete receptor conformations (R* andR0) that differ in the efficiencywithwhich
they activate downstream effectors (E1 and E2). This form of ligand ‘‘bias’’ leads to differential activation of
downstream pathways.
(B) Ligand bias toward a single effector. As shown by Furness et al. (2016), human and salmon calcitonin
(CT) binding to calcitonin receptor produces different conformations in the receptor-bound Gs hetero-
trimer (a,b, and g), influencing the rate of GTP exchange and thereby the efficiency with which the CTR
stimulates cAMP production. This form of ligand ‘‘bias’’ affects the kinetics of downstream pathway
activation.
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A bioactive peptide that combines glucagon with the thyroid hormone T3 lowers lipid levels, im-
proves glucose tolerance, and promotes energy expenditure to treat symptoms and underlying
causes of metabolic disease. The two active components both maximize their combined benefits
and mitigate the negative consequences of treatment with each alone.

As the cliché goes, ‘‘there’s no I in team

sports.’’ The goal of every sports organi-

zation is to assemble a team that

brings players with complementary skills

together to capitalize on their strengths

while minimizing their weaknesses. Suc-

cessful sports franchises are often said

to have good ‘‘chemistry,’’ referring to

an ability to meld diverse individual

strengths such that team performance

rises above individual contributions. In

this issue of Cell, Finan and colleagues

adopt a similar strategy to create a

‘‘hormone team’’ consisting of covalently

linked glucagon and triiodothyronine (thy-

roid hormone T3 or T3) (Finan et al., 2016).

These unlikely teammates, when brought

together, create a remarkable compound

that improves key metabolic parameters

in mouse models of metabolic syndrome.

In metabolic disease, most drugs target

individual symptoms, such as glucose

tolerance (Aschner et al., 2006) or dyslipi-

demia (Goldstein and Brown, 2015). Finan

and co-workers ambitiously sought to

develop a single therapeutic entity

capable of addressing several metabolic

disease symptoms and reversing obesity.

Individually, glucagon (Finan et al., 2015)

and the thyroid hormone T3 (Zhang and

Lazar, 2000) lower lipid levels and

promote weight loss, making these hor-

mones exceptional candidates for treat-

ing metabolic disease; however, as

monotherapies, they also have delete-

rious effects that limit their therapeutic

potential. Thyroid hormone T3 lowers

serum cholesterol and lipoprotein levels

and increases adipose tissue energy

expenditure, but these beneficial attri-

butes are accompanied by increased

food intake, an elevated heart rate, car-

diac hypertrophy, muscle wasting, and

bone loss (Gardner and Shoback, 2011).

Glucagon also displays productive activ-

ities, such as the lowering of triglycerides

and promoting weight loss, but these are

accompanied by increases in liver gluco-

neogenesis leading to detrimental hyper-

glycemia (Gardner and Shoback, 2011).

Previous work has shown that the coor-

dinated activation of multiple hormone

pathways could abrogate the hyperglyce-

mic effects of glucagon, illuminating a

potential way to separate its negative and

positive effects. Specifically, a synthetic

peptide triagonist that activates the

GLP-1, GIP, and glucagon receptors

successfullycaptured thebeneficialweight

loss and lipid-lowering effects of glucagon

while suppressing hyperglycemia through

activation of incretin-based glucose-

lowering pathways (Finan et al., 2015).

Capitalizing on the beneficial effects of

glucagon and T3 takes a next step by

combining the glucagon peptide with the

T3 small molecule (Figure 1). By cova-

lently linking these two hormones to

create the hybrid synthetic agent

glucagon/T3, Finan et al. directed T3

to tissues expressing the glucagon recep-

tor, such as the liver and adipose tissue,

and avoided T3 accumulation in muscle

and bone, where the thyroid hormone

has detrimental effects. Moreover, by

increasing T3 content in the liver, this

hybrid hormone proved capable of sup-

pressing the gluconeogenic properties of

glucagon. This combination of two hor-

mones enables counter-suppression of

their individual adverse effects, while

maintaining their beneficial properties.

The potential clinical benefit of

glucagon/T3 was shown in a mouse

model of heart disease where this agent

reversed arterial plaque formation,

consistent with its effect on lowering

plasma cholesterol and triglycerides, as

well as hepatic lipids. Furthermore,

glucagon/T3 reversed fat accumulation

and fibrosis in animal models of fatty liver,

a condition that currently lacks effective

therapeutics. Adding to these effects,

the potential to overcome hyperglycemia

associated with glucagon monotherapy,

as evidenced in the current study,

Glucagon/T3 has a combined set of phar-

macological properties that have been

difficult to achieve with other single agent

therapies.

The activities of glucagon/T3 require

the glucagon receptor, and glucagon/T3

induced stronger gene expression

changes in the liver than T3 alone, likely

reflecting the higher liver T3 concentra-

tions achieved with the hybrid molecule

through its binding to the receptor. These

gene expression studies also identified

many genes that were altered by

glucagon/T3, but not by T3 or glucagon

alone, pointing to potential synergistic

effects specific to the dual-acting single

agent. One gene highly elevated in adi-

pose tissue by glucagon/T3 was uncou-

pling protein 1 (UCP1), a mitochondrial

protein that increases energy expenditure

to facilitate thermogenesis (Feldmann

et al., 2009). Studies with UCP1 null

mice demonstrated that UCP1 is neces-

sary for the observed weight loss and en-

ergy expenditure effects of glucagon/T3,

suggesting that glucagon/T3 has the

ability to promote the browning of white
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fat (Boström et al., 2012). Lastly, chronic

glucagon/T3 treatment did not produce

bone loss or cardiac hypertrophy unlike

T3 alone (Gardner and Shoback, 2011).

These differences may reflect the minimal

global tissue exposure of glucagon/T3,

which instead is preferentially directed to

liver via the glucagon receptor.

CharacterizationofGlucagon/T3,aswell

as previous work on hormone conjugates

(Finan et al., 2012), highlights the power

of chemically-fused hormone combina-

tions as a means to control endocrine

signaling to maximize therapeutic benefits

and minimize adverse effects. The suc-

cessful demonstration of this concept

should prime new efforts toward the

synthesis of additional conjugates as

candidate therapeutics to treat a variety

of diseases. The glucagon/T3 agent

demonstrates that such hormone conju-

gates need not be limited to combinations

of peptides, but can also utilize other

biologically active molecules, including

small-molecule hormones, vitamins, and

even synthetic compounds to modulate

drug activity and safety.

The structure of glucagon/T3 contains

glucagon, a C-terminal peptide linker,

and T3 connected through a lysine side

chain by a spacer (Figure 1). Inactive var-

iants of this molecule with a different linker

region or an inactive thyroid hormone

analog were used as negative controls

throughout the study, which underscores

one important attribute of synthetic hor-

mones—routes for their production also

often provide access to structural variants

that lack biological activity for use as

pharmacological controls.

The most important concept to emerge

from this work, however, might be the

value of drugs that can engage more

than one molecular target and pathway

to treat complex multifactorial diseases.

A key to the success of such tailored pol-

ypharmacology agents may be the hom-

ing of their activity to specific subsets of

organs, where their action is beneficial,

and avoiding crosstalk with other anatom-

ical sites of potential risk. Glucagon/T3

thus represents an ambitious effort in

drug design that seeks to treat symptoms

of and reverse the underlying cause of

metabolic disease by harnessing the

combined action of two hormones with

the right ‘‘chemistry’’ and biology to

create a championship caliber preclinical

compound.
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Malaria has been amajor global health problem of humans through history and is a leading cause of
death and disease across many tropical and subtropical countries. Over the last fifteen years re-
newed efforts at control have reduced the prevalence of malaria by over half, raising the prospect
that elimination and perhaps eradication may be a long-term possibility. Achievement of this goal
requires the development of new tools including novel antimalarial drugs andmore efficacious vac-
cines as well as an increased understanding of the disease and biology of the parasite. This has
catalyzed a major effort resulting in development and regulatory approval of the first vaccine
against malaria (RTS,S/AS01) as well as identification of novel drug targets and antimalarial com-
pounds, some of which are in human clinical trials.

Introduction
Malaria remains a disease of global health importance with 3.3

billion people in 97 countries at risk, leading to an estimated

200 million cases and around 600,000 deaths (WHO, 2015). Six

plasmodial species present a significant health threat for hu-

mans; Plasmodium falciparum is usually considered the most

important in terms of deaths, and this Review will focus largely

on this parasite. P. vivax is a major cause of illness across large

parts of the world, and it is increasingly argued that deaths, due

to this parasite, have been underestimated (Naing et al., 2014).

P. ovale curtisi, P. ovale wallikeri, and P. malariae are much

less common causes of significant disease. Recently the simian

parasite P. knowlesi has emerged as a local but important cause

of disease (including severe disease) in Malaysia and other areas

of southeast Asia, where it is predominantly a zoonosis, with no

definite evidence of primary human-to-human transmission

(Ahmed and Cox-Singh, 2015).

Historically P. falciparum has probably exerted greater selec-

tive pressure on human evolution than any other pathogen.

Despite P. falciparum’s presence throughout the tropics, the

health impact is far from even, with the large majority of the

world’s parasitized individuals in Asia and south Asia (reflecting

the significant human population) and 90% of deaths occurring

in Africa, mostly in children (WHO, 2015). Over recent years

there have been renewed calls for elimination and eventual

eradication of malaria. In this Review, we will outline the major

features and recent developments in understanding the biology,

epidemiology, and clinical consequences of malaria because

they will be critical in developing new approaches for prevention

and treatment necessary to tip the balance from control to

elimination.

Biology of Malaria
Plasmodium spp. are global pathogens with a complex life

cycle alternating between female Anopheles mosquitoes and

vertebrate hosts that require the formation of unique zoite forms

to invade different cell types at specific stages (Figure 1). Once

sporozoites enter the host, they infect hepatocytes, and this is

followed by the asexual cycle in the blood. Sexual forms that

develop during the blood stage are ingested by a feeding mos-

quito, completing the cycle. In this Review we will concentrate

specifically on the stages within the human host, in particular

the liver and blood stages.

Infection of the Liver

Plasmodium sporozoites are injected into the host dermis during

a blood feed (Figure 1). The fate of these sporozoites is not well

understood, but they can take 1–3 hr to exit from this site. Here,

they rely on glidingmotility, a randomprocess enabling a propor-

tion to reach and penetrate a blood vessel to enter the blood-

stream. Those remaining in the skin can be destroyed and are

drained by the lymphatics, where a host immune response is

generated. The protein Trap-like protein (TLP) plays a role in

exit from the dermis, as mutant sporozoites lacking its function

display normal gliding motility but cannot enter the circulation.

Those that enter the blood stream quickly access the liver by a

process known as traversal. This involves crossing the sinusoi-

dal barrier comprising fenestrated endothelial cells and macro-

phage-like Kupffer cells (Tavares et al., 2013). Proteins required

for traversal include SPECT (sporozoite microneme protein

essential for traversal) (Ishino et al., 2004), SPECT2 (also known

as perforin-like protein 1, PLP1) (Risco-Castillo et al., 2015),

CelTOS (cell traversal protein for ookinetes and sporozoites),

phospholipase (PL) (Bhanot et al., 2005), and gamete egress

and sporozoite traversal protein (GEST). The function of these

proteins in cell traversal is not understood, although SPECT2

has amembrane attack complex/perforin-like (MAC/PF) domain,

suggesting that it plays a role in punching holes in mem-

branes. Sporozoites traverse through cells by forming a transient

vacuole, and SPECT2 and pH sensing is involved in egress from

this structure (Risco-Castillo et al., 2015).
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It has been suggested that cell traversal through the sinusoidal

barrier is important for infectivity by priming the sporozoite for in-

vasion of hepatocytes, the cells in which sporozoites develop.

However, the primary role of sporozoite traversal is crossing

the sinusoidal barrier (Tavares et al., 2013). Sporozoites injected

into the dermis are in ‘‘migratory mode’’ and upon interaction

with hepatocytes convert to ‘‘invasive mode.’’ One signal

for this switch is recognition of hepatocytes through binding

higher sulfated forms of heparin sulfate proteoglycans (HSPGs)

activating calcium-dependent protein kinase 6 (CDPK6) (Coppi

et al., 2007). The tetraspanin CD81 and scavenger receptor

B1 (SR-B1) are human hepatocyte surface proteins required

for invasion and formation of a parasitophorous vacuole by

P. falciparum sporozoites (Rodrigues et al., 2008). In contrast,

the hepatocyte receptor EphA2 is not required for hepatocyte in-

vasion but for intra-hepatocytic development by establishment

of the parasitophorous vacuole through interaction with parasite

proteins p52 and p36 (Kaushansky et al., 2015).

A dense coat covers the sporozoite, and a key protein is the

circumsporozoite protein (CSP), consisting of a highly repetitive

region and a type I thrombospondin repeat (TSR). Invasion of

hepatocytes requires binding of CSP to highly sulfated proteogly-

cans (HSPGs), activating processing of CSP and removal of the N

terminus exposing the TSR domain (Herrera et al., 2015). Subse-

quent steps involve proteins, including thrombospondin-related

anonymous protein (TRAP) and apical membrane antigen-1

Figure 1. Life Cycle of P. falciparum
(A) Malaria infection is initiated with the injection of sporozoites (spzs) into the dermis by a feeding female anopheline mosquito.
(B) The spzs enter the vasculature and are transported to the liver, where they exit the sinusoids through Kupffer or endothelial cells and enter a hepatocyte. Active
invasion is preceded by cellular traversal until a suitable hepatocyte is found. They form a PVM and undergo schizogony until tens of thousands of daughter
merozoites are released in packets of merosomes into the vasculature.
(C) There they encounter erythrocytes and begin a chronic cycle of asexual schizogony in the bloodstream.
(D) A proportion of asexually reproducing merozoites are reprogrammed to undergo gametocytogenesis.
(E) Within a 15 day period, gametocytes sequester and develop within the bone marrow and, once mature, enter the peripheral circulation for ingestion by a
mosquito where they emerge as extracellular male and female gametes in the midgut.
(F) Mating occurs by fusion of micro- and macrogamete to form a zygote transforming over 24 hr into a ookinete that migrates through the mosquito midgut
epithelium and encysts to become an oocyst where asexual sporogenic replication occurs.
Motile sporozoites are released into the hemocoel by oocyst rupture and pass into salivary glands where they can be injected into the next human host.
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(AMA-1), with adhesive domains released from the apical organ-

elles (micronemes and rhoptries).

Once hepatocyte infection is established, the sporozoite

transforms over the subsequent 2–10 days to a liver stage

(LS) or exo-erythrocytic form (EEF), and development culminates

in release of up to 40,000 merozoites per hepatocyte into

the bloodstream by budding of parasite-filled vesicles called

merosomes (Sturm et al., 2006) (Figure 1). Investigation of

P. falciparum EEF transformation in vivo has been enabled by

availability of human liver chimeric mice, providing a crucial win-

dow into previously unknown biology (Vaughan et al., 2012).

DNA replication begins day 2 post-invasion, and parasites

remain within a parasitophorous vacuole membrane into late

LS development.

Erythrocyte Invasion

Once released into the hepatic circulation, free merozoites

invade erythrocytes in a fast, dynamic, and multi-step process

including pre-invasion, active invasion, and echinocytosis

(Weiss et al., 2015) that is complete within 2 min (Figure 2).

Pre-invasion is the initial interaction of merozoites with erythro-

cytes, and little is understood about the molecular details of

this step. Merozoite surface protein 1 (MSP1) is the major glyco-

phosphatidylinositol (GPI)-associated protein on the merozoite

surface (Holder, 1994). MSP1 acts as a platform on the mero-

zoite surface for at least three large complexes with different

extrinsic proteins that bind erythrocytes (Lin et al., 2016). Mero-

zoites lacking surface MSP1 can invade erythrocytes, suggest-

ing that it is not absolutely required for invasion (Das et al.,

Figure 2. Merozoite Invasion of Erythrocytes
Contact between merozoite and erythrocyte is mediated by low-affinity interactions between red cell and merozoite surface coat proteins (A) wrapping the
erythrocyte membrane around the merozoite such that reorientation occurs, bringing the apical end of the merozoite into direct contact with the erythrocyte
membrane. Specific ligand-receptor interaction follows (B), mediated by proteins of the EBA and PfRh family members. This initiates downstream invasion events
that involve binding of the PfRh5 complex to the host cell receptor basigin (C); this is associated with a calcium flux into the erythrocyte andmicroneme secretion,
allowing deposition of the RON complex into the erythrocyte membrane and then allowing AMA-1 to bind directly to form a moving junction (D). By the reverse
mobilization of a merozoite-internal actomyosin complex, the merozoite pushes into the erythrocyte membrane. This is concurrent with discharge of rhoptry
contents that contribute to formation of a parasitophorous vacuole membrane (PVM) that will enclose the merozoite (E–G). Upon sealing of the PVM and the
erythrocyte plasma membrane, a period of echinocytosis occurs due to loss of water from the erythrocyte cytosol (H). Recovery of erythrocyte homeostasis
follows (I).
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2015). It is possible that MSP1 is involved in display of proteins

involved in evasion of host responses rather than directly in

merozoite invasion.

Pre-invasion involves robust interaction between the mero-

zoite and erythrocyte resulting in parasite actomyosin motor-

driven deformation of the host cell (Weiss et al., 2015) (Figure 2).

This step involves two ligand families of type 1 membrane pro-

teins in P. falciparum, the erythrocyte binding-like proteins

(EBLs) and P. falciparum reticulocyte-binding protein homologs

(PfRhs). These protein ligands bind specific receptors including

glycophorin A, B, C and complement receptor 1 (CR1). Although

the functions of individual members of these families display

redundancy, their overall function is essential inP. falciparum (re-

viewed in Tham et al., 2012). PfRh and EBL proteins also play a

role in signaling activation of subsequent steps in invasion.

Exposure of P. falciparummerozoites to low-potassium ion con-

centrations in blood plasma, after egress from the host cell,

leads to a rise in cytosolic calcium levels through a phospholi-

pase C-mediated pathway, triggering release of EBA-175, an

EBL family member (Singh et al., 2010). Binding of EBA-175 to

its receptor, glycophorin A, triggers release of proteins from

the rhoptries. This work provides evidence of the importance

of these protein families in sensing and binding to erythrocytes

but also signaling downstream invasion events. Similarly,

PfRh1 is linked to Ca2+ signaling in the merozoite (Gao et al.,

2013), and phosphorylation of the cytoplasmic tail of PfRh4 by

the P. falciparum casein kinase 2 (PfCK2) is required for invasion

through the PfRh4-CR1 parasite-host interaction (Tham et al.,

2015). Calcineurin is also involved in attachment of merozoites,

perhaps through stabilizing the dimerization of EBL and PfRh

proteins, as this is critical for host-receptor ligation and signal

transduction for subsequent events in invasion (Paul et al., 2015).

Following deformation of the erythrocyte the merozoite ap-

pears to reorientate so the apical end abuts the erythrocyte

membrane. This involves PfRh5, an atypical member of the

PfRh family (reviewed in Tham et al., 2012) as it is not a type 1

membrane protein and it forms a complex with PfRipr (Rh5-inter-

acting protein) (Chen et al., 2011) and CyRPA (cysteine-rich pro-

tective antigen) (Reddy et al., 2015). PfRh5 binds the host recep-

tor basigin, which is essential for merozoite invasion (Crosnier

et al., 2011). The PfRh5 complex-basigin interaction is associ-

ated with a Ca2+ influx into the host cell (Volz et al., 2016; Weiss

et al., 2015).

Irreversible attachment of merozoites to erythrocytes occurs

by formation of a tight junction formed between parasite-derived

proteins, primarily AMA1 and the RON complex. The RON com-

plex is deposited in the erythrocyte with RON2 spanning the host

membrane and binding to AMA1 on the merozoite surface (Bes-

teiro et al., 2011). Lipid-rich rhoptry contents form the parasito-

phorous vacuole membrane as the merozoite is propelled into

the erythrocyte using force generated by the parasite actomy-

osin motor (Riglar et al., 2011). After the active invasion phase,

fusion of membranes at the posterior end of the merozoite oc-

curs to seal the parasite within the parasitophorous vacuole

and erythrocyte. Echinocytosis follows and causes the erythro-

cyte to shrink and form spiky protrusions. This may be due to

Ca2+ influx into the erythrocyte during interaction of the PfRh5

complex with basigin (Weiss et al., 2015).

Once erythrocyte infection is established, over the subsequent

48 hr, cell division (schizogony) results in 16–32 merozoites that

egress when developed, which results in destruction of the

erythrocyte membrane and explosive release of parasites to ac-

cess new host cells for invasion. The coordinated process of

merozoite egress is tightly regulated and involves a number of

protein kinases, including the plant-like calcium-dependent pro-

tein kinase PfCDPK5 (Dvorin et al., 2010) and cGMP-dependent

protein kinase (PfPKG) (Collins et al., 2013). MSP1 has a role in

egress of merozoites from P. falciparum-infected cells through

subtilisin 1 processing on the merozoite surface that activates

its ability to bind the erythrocyte membrane protein spectrin

(Das et al., 2015).

Transition to Transmission

During rounds of schizogony in the bloodstream, a propor-

tion of parasites undergo a developmental switch initiating

commitment to sexual development to form male and female

gametocytes. The transmission of malaria from humans to

mosquitoes is dependent on development of the sexual

stages and this has been recognized as a potential inter-

vention point, either through transmission-blocking drugs or

vaccines. Although molecular events around this develop-

mental switch remain elusive, the timing of transition occurs

at some point in the previous schizogony cycle, and daughter

merozoites from a single schizont-infected cell are committed

to develop into either gametocytes or asexual schizonts. Envi-

ronmental stimuli, such as high parasitemia and exposure to

drugs such as chloroquine, are associated with increased

conversion to gametocyte production, indicating that para-

sites can sense their environment. Extracellular vesicles con-

taining protein, RNA, and DNA traffic between parasites

in vitro, and this provides a means for cell-cell communication

that increases gametocyte production (Mantel et al., 2013;

Regev-Rudzki et al., 2013). Epigenetic regulation is critical

for control of sexual differentiation, and the transcription factor

AP2-G is a master regulator of gametocytogenesis (Kafsack

et al., 2014). P. falciparum gametocyte maturation is an

extended process relative to other species. Once commitment

has initiated, it takes 11 days for mature gametocytes that are

infectious to mosquitoes to develop. During this time, they

remain sequestered within bone marrow (Joice et al., 2014),

avoiding splenic clearance until emerging into the peripheral

circulation for an unknown time until uptake by a feeding

mosquito.

Remodeling of the Host Cell and Immune Evasion

Following invasion, the parasite activates a process of renova-

tion converting a terminally differentiated cell, lacking most

organelles, into one in which the intracellular parasite can grow

and hide from host responses (reviewed in Boddey and

Cowman, 2013). It does this by exporting hundreds of proteins

out of the parasite and beyond the parasitophorous vacuole

membrane to numerous locations within the parasite-infected

erythrocyte (Figure 3). This is dependent on construction of a

trafficking network in infected host cells for sorting and moving

exported proteins to specific subcellular locations. Key features

of this network are Maurer’s clefts, membranous structures in

the shape of flattened discs that bud from the parasitophorous

vacuole after invasion (Grüring et al., 2012). These structures
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become tethered to the underside of the erythrocyte membrane

at about 20 hr post-invasion. The transmembrane protein

MAHRP2 (membrane-associated histidine-rich protein-2) is a

component of the Maurer’s cleft tether. There are other smaller

membranous structures, called EDV (electron dense vesicles)

and J-dots, implicated in trafficking of proteins from Maurer’s

clefts to the host cell membrane (reviewed in Boddey and

Cowman, 2013).

The P. falciparum erythrocyte membrane protein 1 (PfEMP1)

family is the most extensively characterized of the pro-

teins exported to the surface of the P. falciparum-infected

erythrocyte. Their display on the erythrocyte surface results

in exposure to host antibodies, and the parasite is able to

switch expression of antigenically distinct isoforms, a process

known as antigenic variation to evade immune destruction.

The ability of P. falciparum to maintain a chronic infection is

largely due to the extreme diversification and tightly regulated

expression of PfEMP1 proteins. Through their wide array of

adhesive domains they allow parasites to sequester in deep

capillary beds thus escaping splenic clearance (Figure 3).

The different PfEMP1 proteins have distinct receptor-binding

selectivity, and sequestration of P. falciparum-infected eryth-

rocytes in the vasculature of different organs including the

brain and placenta contributes to the severity of disease and

the final outcome (Nunes-Silva et al., 2015). The central role

of this protein family in malarial immunity and pathogenesis

has recently been reviewed (Hviid and Jensen, 2015).

The Epidemiology of Malaria
Malaria is transmitted in 97 countries in the world. Limits of trans-

mission are set by environmental effects (primarily temperature)

on the ability of the mosquito vector to sustain parasite develop-

ment. Within these limits, transmission level is determined by fre-

quency of contact between infected mosquitos and humans,

which is in turn affected by the vector density, their location,

and their feeding habits. Transmission level is critical in deter-

mining the clinical picture of disease due to malaria in exposed

communities. In areas where the risk of infectious bites is low

and unpredictable, malaria is said to be unstable. Under such cir-

cumstances all ages are susceptible to infection, and in general all

infective episodeswill result in clinical disease. As exposure rises,

eventually transmission becomes more consistent year-to-year,

and exposed individuals begin to develop a degree of immunity.

The Relationship between Transmission and Disease

Burden

Transmission intensity may range over five log orders from less

than one infectious bite a year to many hundreds per day. Trans-

mission intensity is often expressed in terms of the proportion of

a population of defined age with parasitemia (usually asymptom-

atic) at a given time. In stably endemic areas severe disease and

death are restricted mainly to young children, with older subjects

developing a degree of protective immunity (Figure 4). The higher

the transmission the faster immunity is acquired, and this affects

the clinical spectrum of disease, with severe anemia dominating

in areas of very high transmission, whereas cerebral malaria

Figure 3. Protein Export-Induced Changes

in the Host Erythrocyte
A slice through an erythrocyte infected by
P. falciparum is shown. Following invasion, the
parasite exports hundreds of proteins into the host
cell. These proteins travel via a vesicle-mediated
secretory pathway from the endoplasmic reticu-
lum (ER), across the PM, and into the PV. At the
PVM, a protein translocon (PTEX) mediates export
into the host cell. Trafficking within the host cell is
mediated by parasite-derived vesicular structures
such as EDVs, J-dots, and membranous organ-
elles, the Maurer’s clefts. Their destination is the
erythrocyte cytosol, cytoskeleton, or membrane.
KAHRP induces elevated points at the erythrocyte
membrane (known as knobs) from which the
major virulence factor PfEMP1 is displayed to the
extracellular environment. PfEMP1 mediates cy-
toadhesion to host cell receptors. Exported para-
site proteins induce dramatic restructuring of
the erythrocyte cytoskeleton to withstand higher
temperatures and shear stress. New permeability
pathways (NPP/PSAC) are established at the
erythrocyte membrane allowing the parasite to
scavenge nutrients and expel waste. Toxic heme
is accumulated and stored within the food vacuole
of the parasite. Abbreviations: ER, endoplasmic
reticulum; PM, parasite membrane; PV, para-
sitophorous vacuole; PVM, parasitophorous vac-
uole membrane; PTEX, plasmodium translocon of
exported proteins; EDV, electron-dense vesicles;
KAHRP, knob-associated histidine-rich protein;
RESA, ring-exported surface antigen; PfEMP1,
Plasmodium falciparum erythrocyte membrane
protein 1.
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becomes more dominant under moderate-to-low transmission

settings. The relationship between severe malaria and trans-

mission is non-linear (Snow et al., 1997), implying that control

measures in a high-transmission setting may lead to marked re-

ductions in transmission with less effect on disease (and by

implication deaths) until transmission falls to a critical point,

following which reductions in disease may be rapid. This picture

is supported by ongoing observations across a number of areas

in Africa. Even more important may be the relationship between

malaria transmission and all-cause mortality. Long-standing sug-

gestions that exposure to malaria leads to a disproportionately

high number of deaths due to other causes (indirect mortality)

have recently been given strong support from both epidemiologic

studies and the results of direct interventions (Scott et al., 2011).

Naturally Acquired Immunity to Malaria
The typical picture of immunity in a stably endemic population is

shown in Figure 4. Risk of severe disease and death is highest in

young children and declines rapidly. Susceptibility to non-life-

threatening clinical episodes of malaria continues but falls

steadily such that by early adulthood febrile episodes are few

and mild. Risk of infection continues throughout life. This picture

is sometimes interpreted as showing acquisition of immunity to

disease (‘‘anti-disease immunity’’) precedes acquisition of im-

munity to parasite replication (‘‘anti-parasite immunity’’), but

this obscures a key aspect of malaria biology: even in a single

episode in a naive subject who survives the initial wave of para-

sitemia, a balance is quickly struck whereby long periods are

spent with low-level asymptomatic parasitemia. Thus, even at

the time when children are most susceptible to severe disease

and death, their normal state is to be asymptomatically parasit-

ized. This implies that at this stage immunity is acquired to each

parasite isolate that is survived (‘‘strain-specific immunity’’),

leading to the idea that over time increasing immunity is due

either to the acquisition of a repertoire of responses to many

different isolates or to the development of a cross-protective

response to shared antigenic targets.

Although antigenic polymorphism likely contributes to the rela-

tive slowness of acquisition of protective immunity, there is also

considerable evidence that malaria infection modulates the host

immune response (reviewed in Hviid and Jensen, 2015). Many

young children have remarkably short-lived antibody responses

to a number of antigens that often fail to boost on re-exposure.

The reasons for this are not understood as B cell memory in

young children seems to be established and to persist over

long periods, even in the absence of continuing infection

(Ndungu et al., 2012).

Potential Mechanisms of Acquired Immunity to Malaria

Immune responses could potentially target any stage of the

parasite to which humans are exposed. Although highly protec-

tive humoral and cellular immune responses can be developed

against both the sporozoite and the intra-hepatic schizont in a

number of animal model systems and in humans by vaccination

approaches (Riley and Stewart, 2013), there is little evidence that

pre-erythrocytic responses are important in naturally acquired

immunity in humans. Similarly, although humans in endemic

areas make antibody responses to sexual stages, and experi-

mental transmission blocking vaccine approaches against these

stages are promising (Wu et al., 2015), it is not clear what effect, if

any, naturally occurring responses have on transmission.

A large body of evidence, beginning with the direct ability of

gamma globulins from immune adults to rapidly control and

reduce parasitemia in children (Cohen et al., 1961), supports

the idea that naturally acquired immunity is predominantly

against blood stages and is antibodymediated. Antibodies could

potentially act at two points: against the free merozoite before it

invades erythrocytes or against the infected red cell itself. There

is clear evidence that responses to both may produce effective

protection (Langhorne et al., 2008). In the case of the merozoite

such responses could block the ability of the merozite to enter

the red cell or lead to cell-mediated destruction of merozoites

through a number of mechanisms including opsonophagocyto-

sis, antibody-dependent cellular inhibition (ADCI), or neutro-

phil-mediated killing. Although its location within the host eryth-

rocyte would seem to offer protection from immune attack, the

parasite remodels the host cell surface extensively, exposing

an array of altered host cell and parasite antigens. Antibodies

against the infected erythrocyte surface could potentially protect

by a number of mechanisms (reviewed in Chan et al., 2014),

including cell-mediated ingestion or killing, or through blocking

cytoadhesion of the infected erythrocyte to endothelial surfaces,

making it susceptible to removal in the spleen. Responses to the

infected cell surface have been shown to protect from clinical

disease, including severe malaria (Bull et al., 1998).

Identifying the antigenic targets for these protective responses

has been challenging. For targets on the infected erythrocyte

surface the responses to PfEMP1 are most important, but a sig-

nificant effect of responses to other surface-exposed multigene

families cannot be excluded (Chan et al., 2012). So far as the

merozoite is concerned, for many years only a handful of cloned

merozoite antigens were available for immune-epidemiological

Figure 4. Schematic Illustrating the Development of Immunity to
Different Manifestations of Malaria Infection in an Endemic

Population
The age distribution of severe, mild, and asymptomatic infections is shown as
a percentage of the maximum period prevalence achieved. Adapted from
Langhorne et al. (2008).
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studies, and results were inconsistent between studies (Fowkes

et al., 2010). Following the sequencing of the P. falciparum

genome, several groups have studied much larger numbers of

merozoite antigens and identified a number of promising candi-

dates (Osier et al., 2014). By applying the concept of breadth

and depth (i.e., combinations of antibody responses to several

antigens above a concentration threshold), combinations of re-

sponses that appear to give very high levels of protection have

recently been identified.

Clinical Features of Disease and Pathogenesis
Malaria infection in a naive individual almost invariably produces

a febrile illness. The accompanying symptoms are non-specific

and often include rigors, headache, nausea, and muscle pains.

If treated with appropriate drugs at this stage the symptoms

remit over a few days, though often with considerable exhaus-

tion. In the case of P. falciparum, complete treatment will eradi-

cate the infection, and any return of symptoms reflects incom-

plete treatment, resistance to the drugs used, or new infection.

In the case of P. vivax and P. ovale, subsequent infections may

reoccur at intervals as a result of reactivation of the dormant

liver-resident hypnozoite stage, unless this is cleared by a pro-

longed treatment with an 8-aminoquinolone drug. The natural

history of untreated or partially treated infection is well known

from many thousands of observations made during the period

when induced infections with both P. falciparum and P. vivax

were used to treat neurosyphilis (Collins and Jeffery, 1999).

Generally, after a period of symptoms of varying severity, illness

subsides and parasite densities are controlled at a low level, with

symptoms recurring at intervals over the ensuing weeks and

months, associated with rises in parasitemia. Successive waves

of parasitemia tend to be lower and symptoms less marked until

eventually the infection resolves.

Severe Malaria

In a proportion of untreated or partially treated individuals the

initial infection is not controlled and progresses to severe or

complicatedmalaria, whichmay lead to death. The picture of se-

vere malaria varies with both age and transmission level (reflect-

ing the immune status of populations). In Africa, most malaria

deaths occur in children and are dominated by three syndromes

that can occur separately or in combination: severe anemia, ce-

rebral malaria, and respiratory distress (Marsh et al., 1995). Ce-

rebral malaria is functionally defined as the presence of coma

caused by P. falciparum. This clinical picture may have a number

of causes and is not necessarily synonymous with the histopath-

ological description of cerebral malaria, where there is exten-

sive sequestration of mature-infected parasites in the cerebral

micro-vasculature (Taylor and Molyneux, 2015). Respiratory

distress in children with severe malaria presents with metabolic

acidosis largely reflecting tissue hypoxia. Although acutemalaria

infection is associated with destruction of both infected and un-

infected red cells, severemalarial anemia in young children prob-

ably reflects a final ‘‘tipping over’’ on a background of chronic

anemia in which both immunemechanisms and ineffective eryth-

ropoiesis play a role.

In stably endemic areas of Africa severe malaria in older chil-

dren and adults is very rare because of naturally acquired immu-

nity, and so our understanding of the syndrome in older subjects

is based on studies in areas of the world with lower transmission,

particularly in Asia. Here, although cerebral malaria, hypoglycae-

mia, and anemia form part of the picture, severe malaria is more

commonly a multi-system disorder often with marked renal and

hepatic dysfunction (which are rare in children). Respiratory

distress is often due to pulmonary edema, which rarely occurs

in children but has high mortality in adults. As previously highly

endemic areas of the world experience declines in transmission

(and therefore of population immunity), the mean age of severe

disease and death is rising, and the pattern of severe disease

is changing to that seen in older patients in other parts of the

world.

Pathogenesis of Severe Falciparum Malaria

The fundamental features of P. falciparum infection that con-

tribute to pathogenesis of severe disease and lead to death

are exponential parasite growth, induction of host inflammatory

responses, and microvascular obstruction due to adherence of

mature parasites to blood vessels and endothelial activation

(Wassmer et al., 2015). Exponential parasite growth with greater

than 10-fold increase every 48 hr means that high total body par-

asitemia is achieved quickly. The importance of this may be

masked by the phenomenon of sequestration of large parts of

the parasite biomass adhering to the linings of blood vessels,

meaning that parasite load measured by microscopy is underes-

timated. Estimates of biomass based on parasite products such

as histidine-rich protein (HRP) provide a much clearer picture

(Hendriksen et al., 2013).

The exponential phase of intravascular parasite growth trig-

gers an acute inflammatory response. It has been argued that

severe malaria arises as a side effect of excessive or poorly

controlled responses that have primarily evolved to control acute

infection (Cunnington et al., 2013). Systemic levels of some pro-

inflammatory cytokines are correlated with increasing severity

and death in a number of studies (Kwiatkowski et al., 1990),

and IL-1b levels at birth are reported to be predictive of both

future IL-1b levels and risk of severe malaria in childhood. A

marked pro-inflammatory response probably contributes to the

pathogenesis of severe disease in numerous ways, including

both systemic and local effects (Cunnington et al., 2013).

Microvascular Obstruction

A central feature of severe malaria due to P. falciparum is impair-

ment of tissue blood flow associated with sequestration of

mature parasites in microvascular beds. This contributes to

both systemic effects such as metabolic acidosis and local

end organ damage,most dramatically in the brain. Sequestration

and subsequent impaired flow have been directly observed and

quantified in a number of tissue beds including the rectal mucosa

and retina and correlate closely with clinical outcome, histologi-

cal features in subjects who succumb to disease, and other

prognostic markers such as acidosis (Dondorp et al., 2008).

Sequestration is mediated by modifications of the erythrocyte

surface by the insertion and display of variant proteins able to

bind receptors on a range of other cells (reviewed in Smith

et al., 2013). This includes not only a large number of receptors

on endothelial cells (leading to attachment within vessels) but

also attachment to uninfected erythrocytes (a phenomenon

known as rosetting) and to activated platelets, which leads to

the formation of clumps of infected cells. Both rosetting and

616 Cell 167, October 20, 2016



clumping likely further contribute to microvascular obstruction

and are associated with severity of disease.

Endothelial Activation

Endothelial activation plays a major role in the microvascular pa-

thology of P. falciparum. Nitric oxide bioavailability is reduced

(Yeo et al., 2014), and levels of angiopoietin 2 raised (Hanson

et al., 2015), and these markers correlate with outcome. Endo-

thelial activation also increases the expression of a number of re-

ceptors to which the infected erythrocytes can bind. Although

systemic effects from a number of cytokines may be important

in inducing endothelial changes, the interaction of infected eryth-

rocytes with the endothelium may itself lead to local endothelial

activation and thus induce a vicious circle. Recently, identifica-

tion of endothelial protein C receptor (EPCR) as a ligand for

PfEMP1-mediated infected erythrocyte binding provides a po-

tential explanation for how cytoadherence may lead to local

endothelial dysfunction and why the brain may be particularly

prone to the consequences of sequestration. EPCR is expressed

in most vascular beds and plays a central role in endothelial sta-

bilization by promoting protein C activation. Binding of infected

erythrocytes to EPCR through the CIDR domain of PfEMP1

blocks protein C activation and leads to highly localized coagul-

opathy (Turner et al., 2013). It is hypothesized that although

EPCR-mediated cytoadherence will take place in many vascular

beds, the localized coagulopathy is particularly likely to occur

in the brain because of low constitutive expression of EPCR

and TM (Moxon et al., 2013). The fact that the PfEMP1 variants

able to bind to EPCR are those that have been associated with

severe malaria (Turner et al., 2013) provides a potentially impor-

tant unifying link between parasite and host factors mediating

severity.

Interaction with Other Infections

Malaria is particularly a problem of vulnerable communities

exposed to multiple and concurrent health risks that often

interact. HIV infection is a major risk factor for severe disease

and death due tomalaria in both children and adults, andmalaria

in pregnant women is also associated with an increased risk of

HIV transmission to the fetus (van Eijk et al., 2007). The most

important interactions from a public health perspective are

with invasive bacterial disease. In most cases of African children

with severe malaria, the prevalence of concurrent invasive bac-

terial disease is far in excess of that which could occur by chance

(Church and Maitland, 2014). Crucially, case fatality is much

higher in those with dual infections. A number of mechanisms

for the association have been proposed, including translocation

of gram-negative organisms across leaky bowel, specificmacro-

phage dysfunction, and functional hyposplenism (Gómez-Pérez

et al., 2014). It is estimated that in some areas malaria may be

responsible for 50% of all episodes of inflammatory bowel dis-

ease (IBD) (Scott et al., 2011), leading to the counterintuitive

idea that malaria may cause more deaths indirectly than it

does directly. This idea is strongly supported by the fact that

massive reductions in all cause childhood mortality over a very

short time period concurrent with aggressive malaria control.

Malaria in Pregnancy

In non-immune populations, malaria in pregnancy may be asso-

ciated with stillbirth and severe disease in the mother with espe-

cially high risk of hypoglycemia. In endemic areas, where the

populations develop a degree of immunity to malaria, infection

leads to maternal anemia and low birth weight of the child

(McLean et al., 2015). Although this is sometimes characterized

as loss of immunity, this is not strictly the case; rather the pres-

ence of the placenta offers a new site for parasite sequestration

through the selection of parasites able to bind to chondroitin sul-

fate A (CSA) on the syncitiotrophoblast (Khunrae et al., 2010).

The increased incidence and density of peripheral parasites

observed in pregnancy represents spill over from a new ‘‘privi-

leged’’ site in a subject who retains previously effective immune

responses. Over successive pregnancies women develop anti-

bodies directed at specific PfEMP1 variants involved in CSA-

mediated cytoadherence (Ataı́de et al., 2014), andwomen in later

pregnancies are significantly protected against adverse effects

of infection.

Severe Malaria due to P. vivax
Historically P. vivax has been considered a relatively benign

parasite. This idea was supported by the very low incidence of

deaths from P. vivax in international travelers and minimal or

no deaths reported from some geographical areas (Luxembur-

ger et al., 1997). However, this view is increasingly challenged

by many studies reporting significant rates of severe disease

and death. In children in high-transmission areas the most com-

mon reported syndrome of severity is severe anemia, whereas in

adults under lower transmission it is multi-organ failure (Rahimi

et al., 2014). Two recent comprehensive analyses of published

literature (Baird, 2013; Naing et al., 2014) concluded that rates

of severe disease and death are broadly comparable in the

two parasite species. However, there are substantial difficulties

in interpreting many studies: differential diagnosis is often chal-

lenging, and hospital-based studies may lead to overestimates

of rates (Rahimi et al., 2014). Nonetheless, although more high-

quality epidemiological and clinical studies are required, it

seems clear that the idea of P. vivax being in any sense a benign

parasite cannot be sustained.

The fact that P. vivax causes significant amounts of severe

disease and death (whatever the exact comparative figures)

also raises critical questions about the pathogenesis of both

P. vivax and P. falciparum. As P. vivax only achieves low parasi-

temias and does not undergo extensive intravascular sequestra-

tion, what does this mean for the idea that biomass and micro-

vascular obstruction are key in P. falciparum? There is a dearth

of modern autopsy studies in P. vivax, but in a recent exception

(Lacerda et al., 2012) in 17 deaths attributed to P. vivax in Brazil,

13 were considered to be due to the parasite. The most common

finding was of respiratory pathology with pulmonary edema and

multi-organ failure, though there was no evidence of intravas-

cular sequestration. Recently, Baird has hypothesized that a

large part of the biomass may in fact be sequestered in extra-

vascular spaces in hemopoeitic tissue (Baird, 2013). There is

an urgent need for high-quality studies of the similarities and dif-

ferences in both the clinical spectrum and associated patho-

genic factors in severe malaria due to P. vivax and P. falciparum.

Antimalarials, Resistance, and New Drug Targets
Antimalarial drugs have been the mainstay of control and pro-

phylaxis against malaria since the first use of quinine from the

cinchona tree. Many drugs were developed against malaria in
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the 20th century with the most important being chloroquine and

artemisinin. However, the ability of P. falciparum in particular to

develop resistance to these treatments has threatened their

continuing efficacy and raised the importance of combinations

as well as developing new drugs and novel targets. In response

to the spread of parasite resistance to chloroquine and other an-

timalarials such as pyrimethamine and sulfadoxine, artemisinin-

based combination therapies (ACTs) are now recommended for

treatment of uncomplicated malaria, and their use has been an

important part of the remarkable decrease in malaria globally.

However, there are reports from Cambodia of decreasing sensi-

tivity of P. falciparum to artemisinin derivatives where patients

had significantly longer clearance times aftermonotherapy (Don-

dorp et al., 2009), and this has developed further into decreasing

clinical efficacy and potential partner drug resistance. This has

become a potential threat to the continued efficacy of ACTs

and programs have been developed in an attempt to contain

and eliminate artemisinin resistance.

Mechanism of Artemisinin Action and Resistance

Although it is not understood how artemisinin kills the malaria

parasite, heme-mediated opening (arising from the degradation

of hemoglobin) of the endoperoxide ring in its structure is essen-

tial for activity. This results in increased oxidative stress causing

parasite death.

Genome-wide association studies and gene candidate-based

approaches in P. falciparum are revealing potential mechanisms

of resistance to artemisinin (Ariey et al., 2014; Mbengue et al.,

2015; Mok et al., 2015; Straimer et al., 2015). Genome

sequencing of parasites from patients that were treated with

ACT and demonstrated reduced parasite clearance rates identi-

fiedmutations in the gene encoding a K13 propeller protein, sug-

gesting that this protein was an important determinant of artemi-

sinin resistance (Ariey et al., 2014). Insertion of these mutations

into the K13 locus conferred increased resistance in specific

parasite lines not only showing that this gene was involved in

the slow clearance phenotype but also suggesting that it was a

complex phenotype in which other genes make a contribution

(Straimer et al., 2015). Pfkelch13 is an excellent marker for arte-

misinin resistance in P. falciparum; however, many polymor-

phisms have been identified in the gene, and it is not clear

what role each of these plays in directly conferring artemisinin

resistance (Miotto et al., 2015).

Transcriptional analysis of parasites from patients with acute

malaria showed that artemisinin resistance was associated

with an increase in the unfolded protein response and that para-

sites exhibited a slow development phase early in the blood

stage life cycle, which mitigates the damage caused by artemi-

sinin (Mok et al., 2015). This is consistent with other work

showing that artemisinin induced a cell stress response resulting

in accumulation of ubiquitinated proteins and increased activity

of the proteasome. Resistant parasites have an enhanced cell

stress response, resulting in lower levels of ubiquitinated pro-

teins and a delayed onset of cell death. Phosphatidylinositol-3-

kinase (PfPI3K) may also be a molecular target of artemisinin

and involved in mediating the resistance mechanism (Mbengue

et al., 2015). So although there is some tantalizing new informa-

tion on the mechanism of resistance of P. falciparum to artemisi-

nin, there is some inconsistency in current models.

Development of Novel Antimalarials

Currently, there are effective drugs to treat and control both

P.vivax andP. falciparummalaria; however, development of resis-

tance has raised serious concerns about their long-term utility.

P. vivax and P. ovale form dormant liver stages (hypnozoites)

that are responsible for a significant number of relapse infections,

and currently there is only one drug, primaquine, that provides a

radical cure. This is particularly concerning as elimination of ma-

laria is a major global health priority, and the current suite of anti-

malarial drugs are unlikely to be sufficient for this task. Therefore,

in order to progress themalaria elimination agenda it has become

important to develop new therapeutics that act broadly to cure the

asexual blood stage to alleviate symptoms, clear the liver stage

that can result in relapses for P. vivax and P. ovale malaria, and

block transmission. This has resulted in the development of pub-

lic-private partnerships that have fostered the use of medicinal

chemistry-based approaches as well as novel high-throughput

drug screens and platforms to identify new chemical entities and

targets that are showing promise in preclinical and clinical testing.

This has been increased by the availability of the TresCantos anti-

malarial set (TCAMS) of 13,000 compounds that have antimalarial

activity (Gamo et al., 2010). From this, Medicines for Malaria

Venture (MMV) assembled 400 unique compounds with blood-

stage antimalarial activity that have been called the Malaria Box

(Spangenberg et al., 2013). MMV, in collaboration with many re-

searchers, have built a research and development portfolio

from lead compounds to novel antimalarials currently in clinical

trials (see http://www.mmv.org/research-development/interactive-

rd-portfolio).

Whole-cell screens of asexual blood stages of P. falciparum

identified the spiroindolone class of compounds, leading to the

candidate (KAE609, cipargamin) currently in clinical trials. Cipar-

gamin and related compounds bind the P-type Na+-ATPase

(PfATP4) expressed on the parasite plasmamembrane. This dis-

rupts sodium homeostasis, thus blocking asexual blood-stage

development and transmission to the mosquito (Spillman et al.,

2013). PfATP4 is a target for a number of chemical classes

including the pyrazoleamides (Vaidya et al., 2014). Additionally,

a high-throughput screen identified the orally available dihydroi-

soquinolones resulting in the clinical candidate (+)-SJ733, a

potent inhibitor of blood and transmission stages of malaria par-

asites (Jiménez-Dı́az et al., 2014). Dihydroisoquinolones also

target PfATP4, confirming that disruption of sodium homeostasis

is an excellent target for novel antimalarial drugs.

Whole-cell screening approaches have also identified a 2,6-

disubstituted quinoline-4-carboxamide scaffold that led to devel-

opment of DDD107498 that targets translation elongation factor 2

(eEF2) of P. falciparum and is active against multiple life-cycle

stages (Baragaña et al., 2015). Additionally, cell-based screening

identified the imidazopyrazine class of compounds that target the

lipid kinase phosphatidylinositol 4-kinase (PI4K) (McNamara et al.,

2013). The imidazopyrazines interfere with the ATP-binding

pocket of PI4K, consequently altering the intracellular distribution

of phosphatidylinositol 4-phosphate. These compounds inhibit

multiple stages ofP. vivax andP. falciparum and, importantly, liver

hypnozoites in P. cynomolgi (McNamara et al., 2013). They also

blockmosquito transmission inmousemodelsofmalaria.Theclin-

ical candidate KAF156 was derived by screening for compounds
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that block development of theP. falciparum liver stage, identifying

the imidazolopiperazine class of compounds with potent blood-

and transmission-stage activity (Kuhen et al., 2014). The exact

mechanism of action of this compound class is unknown, but se-

lection of parasite resistance identified the cyclic amine resistance

gene (Pf3D7_0321900); however, it isnot knownwhether this is the

actual target or a resistance mechanism.

Although whole-cell screening has been successful in identi-

fying new classes of compounds as potential antimalarials,

synthetic approaches have also been successful, producing

the ozonides, which retain the endoperoxide bridge present in

artemisinin. Their mechanism of action is similar to that of

artemisinin where the peroxide bond is broken by heme and

ferrous iron, producing free radicals that cross-link proteins

and other cellular components. Although the mechanism of acti-

vation for ozonides appears to be the same as artemisinin, the

parasite targets appear to be different. A number of ozonides,

including the recently marketed Synriam and OZ439, have

been developed and are currently in clinical trials. Additionally,

there have been considerable efforts in developing lead candi-

dates against known drug targets. These efforts include the

mitochondrial enzyme dihydroorotate dehydrogenase (DHOD)

and identification of the triazolopyrimidines, a new chemical

class of P. falciparum inhibitors. From these DSM265 has

emerged, with potent levels of activity in humanized mouse

malaria models.

The development of new treatments for the radical cure of

P. vivax and P. ovale is important as the only available treatment

is primaquine, which can induce hemolytic anemia in patients

with glucose-6-phophate deficiency (reviewed in Ashley et al.,

2014). Screening for hypnozoite-active compounds is chal-

lenging, but as discussed above, screens have been performed

using the P. cynomolgi/rhesus model to confirm that the imida-

zopyrazine KAI407 is active against this dormant form, raising

the prospect of new improved treatments against relapsing ma-

laria. The recent development of human liver-chimeric mice that

support P. vivax infection with hypnozoite persistence is an

important technical breakthrough (Mikolajczak et al., 2015). Hu-

man liver microscale platforms supporting growth and develop-

ment of hepatic stages for both P. falciparum and P. vivax (March

et al., 2013) also add considerably to the tools for screening new

inhibitors of P. vivax and the hypnozoite form. Although it is

important that alternatives to primaquine be identified, using

low-dose regimens of this drug as well as the 8-aminoquinoline

tafenoquine provides potential alternatives (Llanos-Cuentas

et al., 2014).

Vaccine Development
There is currently no malaria vaccine available. It is widely

accepted that new tools, including vaccines, are required if we

are to maintain recently achieved levels of disease control and

move toward elimination and eventual global eradication of

malaria. Efforts to develop vaccines over the past 30 years

have targeted pre-erythrocytic (PE) (sporozoite and liver stages),

blood stages, and sexual stages. A fully effective PE vaccine

would prevent malaria by stopping establishment of blood-stage

infection. Vaccines targeting the replicating asexual blood

stages have been considered important to control morbidity

and mortality. Vaccines against the sexual stages would inter-

rupt the transmission cycle but not have a direct effect on an

established infection in the vaccinee.

As the concept of elimination has gained ground, emphasis in

vaccine development has moved toward the PE and sexual

stages, predicated on the bottleneck hypothesis. This supposes

that attacking the numerical bottlenecks in parasite develop-

ment—the injected sporozoites prior to liver invasion and

mosquito midgut-transmission stages (Figure 5)—will lead to

increased vaccine efficacy compared to targeting replicating

blood stages that are present in higher numbers and have

evolved a variety of immune evasion mechanisms for long-

term survival. The problem with this strategy is if a single sporo-

zoite or ookinete breaks through, the pathogenic replicative

cycle continues because immunity generated against these tar-

gets appears to be strictly stage specific (Felgner et al., 2013).

This will become even more important as we move toward elim-

ination. A combination of population loss of naturally acquired

blood-stage immunity with waning vaccine efficacy in the

context of drug resistance would be a very dangerous situation

for rebound of malaria transmission.

The ideal malaria vaccine would be based on conserved tar-

gets that induce lifelong sterile protection early in life with as

few doses as possible. So far, this has not been achievable.

The most advanced clinical candidate is RTS,S/AS01, an anti-

sporozoite vaccine. Having progressed through phase III clinical

trials involving over 15,000 African children, it is the gold stan-

dard against which all future vaccines will be assessed. After a

year of follow-up, vaccination with a three-dose series reduced

clinical malaria cases by 28% in young children and 18% in in-

fants (Greenwood and Doumbo, 2016). A key finding of these tri-

als is the short duration of protection. Efforts to understand why

this is the case are urgently required. A comprehensive study of

interaction between malaria parasites and the human immune

system and how they co-evolve is another area that will help in

designing better vaccine strategies.

The radiation-attenuated, whole-cell sporozoite vaccine

(PfSPZ) has delivered sterile protection (no blood-stage devel-

opment) against homologous challenge (injection with sporozo-

ites of the same parasite strain) in early phase I/IIa clinical trials

(Seder et al., 2013). However, this vaccine hasmajor drawbacks,

including lack of demonstrated heterologous (cross-strain) pro-

tection, high numbers of parasites and intravenous route of de-

livery required to induce anti-sporozoite immunity in volunteers,

and the logistical requirement for a liquid nitrogen cold chain to

maintain viability of the vaccine. Other live-cell sporozoite vac-

cine strategies, such as genetic attenuation of parasites (Spring

et al., 2013), which may be beneficial in terms of quality control,

and CPS (chemoprophylaxis with sporozoites), where much

lower numbers of parasites are needed to induce immunity but

which requires chloroquine treatment following each vaccination

dose, may have incremental improvements over PfSPZ but all

share the fundamental challenge of inducing strain-transcendent

protection, a top priority for vaccine development.

A promising strategy may be targeting combinations of anti-

gens expressed on multiple life-cycle stages (Theisen et al.,

2014). Assuming we can overcome the issue of longevity of im-

mune responses, the pros of this approach are that addition of a
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blood-stage component to an anti-sporozoite target would

reduce the risk of morbidity and mortality and provide immune

protection while transmission declines, providing insurance

against epidemics of severe disease should transmission

rebound due to other intervention failures. Leading multi-stage

vaccine candidate antigens are CSP from sporozoites (Cohen

et al., 2010), PfRh5 on the merozoite (Douglas et al., 2015),

Pfs25, 48/45, and 230 on midgut stages, and AMA-1, expressed

on both sporozoite and merozoites.

The complexity of Plasmodium is the biggest challenge to

effective vaccine design. As discussed above, many antigens

are highly polymorphic, and those that are conserved may be

poorly immunogenic. Interrogation of the genome in combina-

tion with high-throughput -omic technologies and immune

profiling with sera from patients with clearly defined disease

Figure 5. Vaccine-Targetable Processes

within the Malaria Life Cycle
A malaria vaccine could potentially intervene
at different points in the life cycle. The panel on
the left corresponds to parasite population dy-
namics in individual hosts. Numerical bottlenecks
occurring at the points of sporozoite migration
through the skin and ookinete penetration of the
midgut are considered priority areas for vaccine
development.

outcomes (Osier et al., 2014) are being

used to compile lists of potential new tar-

gets. This output combined with func-

tional genomics to identify essential para-

site proteins will be a helpful step in

ranking the thousands of potential targets

for vaccine suitability.

Control and Elimination of
Malaria—Historical Perspective
and Prospects for the Future
The first half of the 20th century saw

remarkable progress in understanding

the biology and epidemiology of malaria

and applying this to disease-control ef-

forts. The discovery of DDT’s insecticidal

properties in 1939 provided a powerful

new tool for interrupting transmission. In

1955 WHO called for a global campaign

of eradication. Much has been written

about its failures, most notably in Africa.

However, there were also extraordinary

successes, and malaria was eliminated

from large parts of the world. Perhaps

the most important lesson came from

the near successes: in some areas enor-

mous reductions were achieved, but the

last stages of elimination are by far the

hardest, and when progress stalled there

was massive rebound. This provides a

frightening warning of what we may face

if we are incompletely successful in cur-

rent efforts, especially in areas with inherently high transmission

potential.

Few systematic attempts at control were made in Africa, and

throughout the 1980s and 1990s the situation grew progressively

worse, largely attributed to widespread development of resis-

tance to chloroquine, then the mainstay malaria treatment

across Africa. During this period malaria-attributable mortality

doubled, and by the end of the twentieth century, malaria in Af-

rica was appropriately described as a disaster, with apparent pa-

ralysis of national and international will to tackle the situation.

Eventually, however, there was action, and remarkably, between

2000 and 2008 total global spending on malaria control rose

10-fold. Much of this was spent on two key interventions,

insecticide-treated bed nets and new approaches to antimalarial

therapy based on the combination of artemisinin with partner
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drugs. Since 2000 global malaria death rates due tomalaria have

fallen by 60% and in Africa by 66% (WHO, 2015). However, as is

often the case, things are not as simple as they seem. In several

well-documented cases it is clear that malaria transmission has

been falling steadily over a long time frame, often considerably

preceding introduction of new interventions. Increasing invest-

ment in control is critically important, but there is much about

malaria epidemiology we still do not understand.

Recently there has been renewed interest in the idea ofmalaria

eradication as the goal of global efforts. In 2015 a Global

Technical Strategy for Malaria developed by WHO and partners

was adopted by the World Health Assembly (WHO, 2015) based

on the aim of accelerating efforts with eradication as the long-

term goal, but with a realistic appreciation of the enormous bar-

riers to overcome and the threats to current gains, especially the

development of artemisinin insecticide resistance. For the vast

majority of endemic areas, control of morbidity and mortality is

still the first priority and an absolute requisite before elimination

can be considered. Few would envisage that current tools will

allow eradication of malaria in any reasonable time frame. The

hope of elimination and eventual eradication must rest on devel-

opment of radical new tools, whether it be drugs, vaccines, or

genetically modified vectors, and this will require major invest-

ment in research to exploit our knowledge of the parasite’s basic

biology and epidemiology.
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The emergence of Zika virus in the Americas and Caribbean created an urgent need for vaccines to
reduce transmission and prevent disease, particularly the devastating neurodevelopmental defects
that occur in utero. Rapid advances in Zika immunity and the development of vaccine candidates
provide cautious optimism that preventive measures are possible.

Zika virus (ZIKV) is a mosquito-transmitted flavivirus of African

origin discovered in 1947 from a febrile Rhesus macaque caged

in the Zika forest in Uganda (Dick et al., 1952). Human ZIKV

infections were documented rarely, despite serological evidence

suggesting widespread exposure (Wikan and Smith, 2016). The

potential for significant ZIKV transmission and disease was first

appreciated during a 2007 outbreak on Yap Island of the Feder-

ated States of Micronesia that affected roughly three-quarters of

the population. ZIKV-associated illness was described as a self-

limiting mild illness characterized by rash, fever, conjunctivitis,

arthralgia, and arthritis (Duffy et al., 2009; Lanciotti et al.,

2008). The next significant outbreak did not occur until 2013 in

the islands of French Polynesia (Aubry et al., 2015; Cao-Lormeau

et al., 2014), despite documented circulation of ZIKV in South-

east Asia during the intervening 6 years (Alera et al., 2015; Heang

et al., 2012). This outbreak also had a high attack rate and re-

vealed an association between ZIKV infection and the develop-

ment of Guillain-Barré syndrome (Cao-Lormeau et al., 2016).

ZIKV transmission continued thereafter on multiple islands of

the Pacific throughout 2014, at which time it was introduced

into South America (Campos et al., 2015; Lednicky et al., 2016;

Zanluca et al., 2015). By the summer of 2016,more than 40 coun-

tries in the Western Hemisphere had reported locally acquired

infections spread by the invasive mosquito species, Aedes

aegypti, following a path through the Americas similar to that of

the chikungunya virus only a few years earlier (Lessler et al.,

2016). Unexpectedly, in addition to Guillain-Barré syndrome,

the ZIKV epidemic in the Americas has been linked to devas-

tating neurodevelopmental defects in infants of women infected

while pregnant, including microcephaly (Johansson et al., 2016;

Kleber de Oliveira et al., 2016). A causal link between ZIKV infec-

tion and microcephaly has been established by epidemiological

evidence and the isolation of virus from the fetal brain (Rasmus-

sen et al., 2016); some important features of this pathobiology

have been recapitulated in murine models (Mysorekar and Dia-

mond, 2016). Sexual transmission and an ability to replicate in

immune-privileged sites, such as the eyes and testes, are also

unique properties of ZIKV that complicate the control and treat-

ment of infection (Brooks et al., 2016; D’Ortenzio et al., 2016;

Jampol and Goldstein, 2016; Musso et al., 2015; Ventura et al.,

2016). Locally acquired ZIKV infection has now been docu-

mented in the United States (http://www.cdc.gov/zika/geo/

united-states.html).

Flaviviruses are spherical virions that package apositive-strand

RNA genome within a host-derived lipid envelope (Heinz and

Stiasny, 2012). ZIKV entry into cells is facilitated by a number of

cellular factors shown previously to promote infection of other

flaviviruses, including molecules of the TIM/TAM family and the

C-type lectin DC-SIGN (Hamel et al., 2015); gene expression

studies reveal that many of these molecules are expressed on

relevant cell and tissue types in vivo (Nowakowski et al., 2016;

Tabata et al., 2016). Flavivirus internalization is typically clathrin

dependent and provides virions access to acidic compartments

of the endosome, where low pH-dependent membrane fusion

occurs. The viral genome is translated in the cytoplasmas a single

open reading frame that is cleaved subsequently by viral and host

proteases to yield three structural proteins (capsid [C], premem-

brane [prM], and envelope [E]) and seven non-structural proteins.

Newvirionsareassembledonmembranesderived fromtheendo-

plasmic reticulum as non-infectious immature virus particles on

which prM and E associate as heterodimers organized as trimeric

spikes with icosahedral symmetry. During transit through the

Golgi, prM is cleaved by a host furin-like protease to become

an infectious mature particle covered by E and membrane (M)

proteins (Pierson and Diamond, 2012). The structure of mature

ZIKV has been solved at high resolution, revealing 90 antiparallel

E dimers arranged in a herringbone pattern (Kostyuchenko

et al., 2016; Sirohi et al., 2016), similar to the structure of both

West Nile (WNV) and dengue (DENV) viruses (Kuhn et al., 2002;

Mukhopadhyay et al., 2003; Zhang et al., 2013). The E protein is

a three-domain class II viral fusion protein that has critical roles

in virus entry and assembly. E protein domain III (E-DIII) is

an immunoglobulin-like fold hypothesized to contribute to viral

attachment because it protrudes furthest from the surface of the

virion, andsomemutations in this domain result in increasedbind-

ing to heparin sulfate on target cells (Chen et al., 1997; Rey et al.,

1995). E-DII is an elongated oligomerization domain that contains

a highly conserved fusion loop (DII-FL) at the distal end. Domain I

E-DI is a b-barrel domain connected to both E-DII and E-DIII by

flexible hinges. A single asparagine (N)-linked carbohydrate is

attached to E-DI at residue 154; in this position, the N-linked

carbohydrate may function to shield the DII-FL. The E protein is

Cell 167, October 20, 2016 Published by Elsevier Inc. 625

mailto:piersontc@mail.nih.gov
http://dx.doi.org/10.1016/j.cell.2016.09.020
http://www.cdc.gov/zika/geo/united-states.html
http://www.cdc.gov/zika/geo/united-states.html
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2016.09.020&domain=pdf


anchored into the viral membrane by a helical stem and two anti-

parallel transmembrane domains. The structure of ZIKV prM and

its orientation on the immature virion are unknown but is likely to

be relatively similar to other flaviviruses, such as DENV, for which

structural information is available (Li et al., 2008).

The Innate Immune Response to ZIKV Infection
The innate immune response to flavivirus infection has a key role

in orchestrating protection, as evidenced by the enhanced sus-

ceptibility ofmice lacking innate immune sensors, signaling path-

ways, and effectormolecules, aswell as the numerous strategies

flaviviruses use to circumvent this control (Lazear et al., 2016;

Quicke and Suthar, 2013). ZIKV infection stimulates the produc-

tion of type I (a, b), type II (g), and type III (l) interferon (IFN) and

numerous IFN-stimulated genes (ISGs) that limit infection (Bayer

et al., 2016; Hamel et al., 2015; Quicke et al., 2016). While the

ISGs IFITM3 and, to a lesser degree, IFITM1 have been shown

to inhibit ZIKV at an early stage of the replication cycle (Savidis

et al., 2016), the activity and mechanism of the repertoire of

ISGs stimulated by ZIKV have not yet been cataloged. The NS5

polymerase of ZIKV was shown to degrade STAT2 in a protea-

some-dependent manner (Grant et al., 2016), and while the

mechanisms differ in some respects, a similar process to limit

IFN signaling has beendescribed for DENV. The species-specific

nature of this immune evasion mechanism likely contributes to

the inability of ZIKV to replicate robustly and to cause disease

in immunocompetent mice (Mysorekar and Diamond, 2016).

T Cell Responses to Flavivirus Infection
The cellular immune response to flavivirus infection may

contribute to both protection and pathogenesis, as supported

by the linkage of HLA alleles and susceptibility to disease in hu-

mans (Screaton et al., 2015; Weiskopf et al., 2013). Very little has

been published about cellular immunity to ZIKV; the role of this

arm of the immune response can only be inferred from studies

of related flaviviruses. Studies in mouse models of several

flaviviruses defined a protective role for CD8+ T cells; CD8- or

MHC-class-I-deficient animals have a reduced capacity for viral

clearance, and adoptively transferred cells may be protective

(Shrestha and Diamond, 2004). CD8+ T cell responses in humans

are readily detectable after flavivirus infection and target both

virus type-specific (TS) and cross-reactive (CR) determinants

(Bukowski et al., 1989; Mongkolsapaya et al., 2003; Screaton

et al., 2015). Multiple lineages of CD4+ T cells have been shown

to contribute to protection via their capacity to produce pro-in-

flammatory cytokines and support the maturation of the anti-

body response. DENV-reactive cytotoxic CD4+ T cells were

recently demonstrated in humans, particularly those with a his-

tory of multiple infections (Weiskopf et al., 2015). That these cells

were commonly restricted to a protective HLA allele suggests a

role for effector CD4+ T cells in protection that merits further

study. A role for gd T cells and NK cells in flavivirus immunity

has also been proposed (Wang and Welte, 2013). A recent study

of four ZIKV-immune subjects detected ZIKV NS1- and E-reac-

tive memory CD4+ T cells with little capacity to cross-react

with DENV (Stettler et al., 2016), but the extent of cross-reactivity

with other flavivirus T cell epitopes and their potential role in

pathogenesis will require more extensive studies.

The Complex Serology of Flaviviruses
The antigenic structure of ZIKV is similar to other flaviviruses, as

predicted by the considerable conservation of the E protein at

the amino acid level and early serological studies (Fagbami

et al., 1987). Studies of other flaviviruses demonstrate that the

structural proteins of the virion (prM and E) and the secreted

non-structural protein 1 (NS1) are targeted frequently by anti-

bodies (Heinz and Stiasny, 2012; Muller and Young, 2013).

Analysis of monoclonal antibodies (mAbs) from ZIKV-infected

humans (Stettler et al., 2016) and mice (Zhao et al., 2016) indi-

cates that this is also true for ZIKV, although additional mapping

and structural studies are required. ZIKV-specific antibodies

bind TS epitopes unique to ZIKV or to CR epitopes shared

among flaviviruses and may contribute to protection via their ca-

pacity to directly neutralize infection or via effector functions

mediated by the Fc portion of the heavy chain. While the func-

tional properties of antibodies may vary considerably, both TS

and CR antibodies may potently neutralize infection (Stettler

et al., 2016). Epitope accessibility on the intact virion is a key

determinant of neutralization potency (Dowd and Pierson,

2011). The neutralization potency of recently described E-DIII-

reactive murine mAbs correlated well with the predicted expo-

sure of their epitopes on the mature virion. As observed with

WNV-specific mAbs (Nybakken et al., 2005), antibodies that

recognize an accessible epitope on the lateral ridge of E-DIII

potently neutralize infection in vitro at a post-attachment step

and are protective in vivo (Zhao et al., 2016). In contrast,

antibodies that bind the highly conserved E-DII fusion loop

have incomplete neutralizing activity consistent with the limited

accessibility of this structure on the mature virion (Barba-Spaeth

et al., 2016; Dai et al., 2016; Swanstrom et al., 2016; Zhao et al.,

2016).

Flavivirus infection also elicits antibodies that bind complex

epitopes, which require interactions with more than a single E

protein; these antibodies bind to the E proteins arrayed on vi-

rions, but not to recombinant monomeric E proteins (Fibriansah

et al., 2015; Kaufmann et al., 2010). The recognition of a quater-

nary epitope on ZIKV was suggested by experiments with

neutralizing mAbs shown previously to bind highly conserved E

protein dimer-dependent epitope (EDE) on DENV (Dejnirattisai

et al., 2015, 2016; Rouvinski et al., 2015). The footprint of EDE

antibodies has been defined and includes surfaces on both sides

of the dimer interface, including the DII-FL. DENV EDE mAbs

were shown to be capable of binding and neutralizing ZIKV to

varying degrees depending in part on their reliance on interac-

tions with the E protein loop containing the N-linked carbohy-

drate; thus, the neutralization potency of CR EDE antibodies

against ZIKV is expected to vary (Barba-Spaeth et al., 2016; Dej-

nirattisai et al., 2016). The EDE antibody C10 was shown to pro-

tect against lethal ZIKV infection in the AG129 mouse model

(Swanstrom et al., 2016). The structural basis for cross-reactive

EDE recognition of ZIKV has been defined and provides a ratio-

nale for the development of epitope-based vaccine candidates

that may protect against multiple flaviviruses (Barba-Spaeth

et al., 2016). The frequency and functional significance of

antibodies that bind quaternary epitopes like EDE have not yet

been established for ZIKV. Insight into the epitopes that are

most frequently targeted by neutralizing antibodies, and how
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this correlates with antibody potency, will inform vaccine devel-

opment efforts.

Binding and neutralization studies of flavivirus-immune sera

and mAbs reveal that CR patterns of recognition are common

(Crill and Chang, 2004; Lai et al., 2013). However, the relative

frequency of TS and CR antibodies may vary as a function of

infection history and timing. Analysis of sera from individuals

with acute DENV infection revealed a considerable capacity to

bind and neutralize ZIKV (Priyamvada et al., 2016), consistent

with studies identifying a transient capacity to protect against

heterologous infection immediately after flavivirus infection

(Sabin, 1952). Similar studies of convalescent sera from subjects

recovered from primary DENV infection revealed lower levels of

cross-reactive ZIKV neutralizing activity. Convalescent sera or

plasma from individuals that experienced sequential DENV in-

fections also had a limited capacity to neutralize ZIKV (Dejnirat-

tisai et al., 2016; Swanstrom et al., 2016).

Antibody-Dependent Enhancement of Infection
Flavivirus-immune sera and mAbs have been shown to be

capable of markedly increasing the efficiency of infection of

cells expressing Fcg-receptors (FcR). This process, called anti-

body-dependent enhancement (ADE) of infection, has been

hypothesized to contribute mechanistically to severe clinical

manifestations associated with a subset of secondary DENV in-

fections (Halstead, 2007). ADE occurs when virions are bound

by antibody molecules with a stoichiometry insufficient to

neutralize virus infectivity, promoting more efficient attachment

of the viral-immune complex to cells via antibody-FcR interac-

tions (Dowd and Pierson, 2011). Beyond increasing viral burden,

viral entry via ADE may modulate the innate response to viral

infection and trigger the release of pro-inflammatory cytokines

(Halstead et al., 2010). ADE has been demonstrated in vitro

with both neutralizing and weakly or non-neutralizing antibodies

using many flaviviruses, even those for which ADE has no estab-

lished role in disease (e.g., WNV) (Pierson et al., 2007). Almost all

antibodies capable of binding the virion support ADE. Not

unexpectedly, both CR- and ZIKV TS-specific antibodies

have recently been shown capable of enhancing ZIKV infection

in vitro (Dejnirattisai et al., 2016; Fagbami et al., 1987; Stettler

et al., 2016). CR mAbs elicited by ZIKV-infection also have

been shown to enhance infection of DENV in the AG129 model

of infection, as shown previously with CR mAbs elicited by WNV

(Stettler et al., 2016). The observed association of microcephaly

with ZIKV following the introduction of ZIKV into the DENV-

experienced population of South America led to the hypothesis

that CR antibodies might contribute to pathogenesis following

ZIKV infection of DENV-immune individuals. While insight into

a role for ADE of ZIKV infection may be obtained in vitro and

from studies with animal models, a definitive evaluation of

this hypothesis awaits the results of ongoing epidemiological

studies designed to identify virological, immunological, and ge-

netic factors contributing to neurodevelopmental disease in

infants.

ZIKV Vaccine Development
Vaccines are used to protect humans from flaviviruses, including

yellow fever virus (YFV), tick-borne encephalitis virus (TBEV),

Japanese encephalitis virus (JEV), and DENV (Beck and Barrett,

2015; Guy and Jackson, 2016; Halstead and Thomas, 2011;

Jarmer et al., 2014). These precedents suggest that the develop-

ment of a safe and protective ZIKV vaccine is feasible. While the

goal of ZIKV vaccine development is to prevent disease in all re-

cipients, the unique pathogenesis and tropism of ZIKV highlights

a distinctive requirement to elicit an immune response capable

of protecting both mother and fetus (Rasmussen et al., 2016; Ta-

bata et al., 2016). Whether sterilizing protection will be required

to achieve this requirement is unknown and merits study in

recently developed animal models. The elicitation of neutralizing

antibodies correlates with protection by vaccination for most

existing flavivirus vaccines (Pierson and Diamond, 2014). For

DENV, this relationship has not been established clearly and

may be complicated by the existence of multiple viral serotypes

and the potential for ADE. That ZIKV exists as a single serotype

simplifies both strain selection for inclusion in vaccine candi-

dates and methods to evaluate vaccine immunogenicity (Dowd

et al., 2016). ZIKV vaccine development is being accelerated us-

ing multiple antigen-delivery approaches, including nucleic acid

vaccines, inactivated virions, live-attenuated ZIKV, and other

viral vectors for ZIKV antigen expression (Figure 1). The primary

immunological goal of these efforts has been to elicit neutralizing

antibodies against the E protein present on the surface of the

virion. The rapid progress to date has been remarkable.

The co-expression of flavivirus prM and E proteins in mamma-

lian cells results in the release of subviral particles (SVP) that

share structural, antigenic, and functional characteristics with

infectious virions (Allison et al., 1995). DNA vaccine candidates

expressing prM-E have been developed and studied in humans

for multiple flaviviruses, includingWNV and DENV (Beckett et al.,

2011; Martin et al., 2007). Because DNA constructs have an

excellent safety profile and can be manufactured rapidly, this

vaccine platform was among the first to be employed by

research groups in the public and private sectors. Two phase I

studies of prM-E vaccine candidates are underway with plas-

mids that encode the prM-E genes required for the production

and release of ZIKV SVPs. Recent preclinical studies of a ZIKV

DNA candidate (originally identified as prM-E in the manuscripts)

that expresses ZIKV M and E proteins (without ‘‘pr’’) highlight

the possibilities of other approaches. Immunization with a single

dose of a codon-optimized DNA expression construct encoding

the M and E proteins protected wild-type mice from viremia (Lar-

occa et al., 2016). Passive transfer of antibody, combined with

CD4+ and CD8+ T cell depletion studies, indicates that the

antibody was sufficient for protection. These single-dose vacci-

nation studies suggest that protection is possible with very

low titers of neutralizing antibody (a 1/20 serum dilution) in

this semi-permissive model. Intradermal immunization with two

doses of M-E completely protected Rhesus macaques from

ZIKV challenge (Abbink et al., 2016). In this study, it appeared

that a reciprocal EC50 titer in a microneutralization (MN) assay

of �100 was near the threshold for passive protection from

viremia in nonhuman primates (NHPs). A curious feature of

this experimental vaccine construct is the absence of the ‘‘pr’’

portion of prM in the vaccine construct (the plasmid encodes

a protein that begins just after the furin cleavage site in prM).

The function of prM is to facilitate folding of E and to prevent
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adventitious fusion as newly synthesized virions traffic through

the secretory pathway (Lorenz et al., 2002). Whether E ex-

pressed in this context exists as a dimer and is incorporated

into virus-like particles awaits further biochemical study and

may present an opportunity to study relationships between the

structure of distinct E protein immunogens and the resulting

antibody repertoires elicited by vaccination (Figure 1).

Purified inactivated virus (PIV) vaccines are licensed for vacci-

nation against JEV and TBEV (Halstead and Thomas, 2011;

Jarmer et al., 2014). A similar inactivated vaccine (ZPIV) is being

developed by the Walter Reed Army Institute of Research

(WRAIR) using a Puerto Rican isolate (strain: PRVABC59) propa-

gated in mammalian cells, purified, and inactivated by formalin

(Larocca et al., 2016). The administration of one dose of ZPIV

and adjuvant was sufficient for preventing viremia in semi-

permissive BALB/c mice after ZIKV challenge when delivered

by an intramuscular, but not subcutaneous, route. Challenge

studies performed using Rhesus macaques revealed uniform

protection from infection when animals were challenged 4weeks

after receiving two subcutaneous doses of ZPIV given at 4-week

intervals (Abbink et al., 2016). Neutralization activity achieved in

NHPs using this regimen was quite high (a reciprocal EC50 titer

�5,000 by a MN assay). Phase I studies of the ZPIV candidate

are anticipated to start in the fall of 2016.

Live-attenuated vaccine (LAV) candidates also are being

developed based on strategies proven safe and effective for

DENV (Kirkpatrick et al., 2016).Whilemultiple strategies for atten-

uation arepossible, the creation of chimeric flaviviruses encoding

heterologousprMandEgeneshasbeenusedextensively (Durbin

andWhitehead, 2010). Theproperties of these LAVs require care-

ful study to characterize and confirm the level of attenuation and

stability prior to large-scale clinical evaluation. Effective LAVs

should be single dose and canbe economically produced in large

quantities, reducing the financial burden required for widespread

distribution in low-resource areas where vaccines may be

needed most. In addition, ZIKV and DENV LAVs may be formu-

lated together to provide protection against multiple pathogens.

Because of the unusual capacity of ZIKV to be transmitted sexu-

ally and to cross the placenta, LAVs for ZIKVwill bemost effective

as a childhood vaccine delivered prior to sexual maturity. While

the safety profile ofmany chimeric flaviviruses has been excellent

(Kirkpatrick et al., 2016; Sirivichayakul et al., 2016), use of the

currently available DENV LAV is limited to those greater than 9

years of age (Guy and Jackson, 2016; Hadinegoro et al., 2015).

Clinical studies to establish the safety of ZIKV LAVs in an adoles-

cent population will be required. Phase I studies to demonstrate

safety and immunogenicity of a candidate developed by the Lab-

oratory of Infectious Diseases at the National Institute of Allergy

and Infectious Diseases (NIAID) are anticipated in 2017.

Concluding Remarks
The urgent need for interventions to blunt the impact of ZIKV on

global health has stimulated rapid progress in our understanding

of ZIKV biology, pathogenesis, and immunity. Antibodies that

bind E proteins on the virus particle contribute substantially

to protection against infection, may be elicited by candidate vac-

cines, and hold promise as therapeutics. Many important ques-

tions remain, including the characteristics of a vaccine-elicited

immune response capable of preventing infection and vertical

transmission. Will sterilizing immunity be required, or will a

reduction in viremia be sufficient to protect the fetus from

disease? While ADE with heterologous immune sera was ex-

pected from prior flavivirus studies, does this process play a

role in shaping the immune response following ZIKV infection

or in modulating disease? Can more specific diagnostics be

developed using insight into ZIKV TS and CR responses? While

these and numerous other questions require epidemiological

studies and more detailed study of antibody response, the

remarkable pace of progress in the months since the scope

and complexity of the ZIKV crisis became clear supports

cautious optimism that solutions to prevent ZIKV infection and

transmission will be found soon.
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Figure 1. Multiple Platforms for a Protective ZIKV Vaccine
The emergence and rapid spread of ZIKV has created an urgent need for a safe
and effective ZIKV vaccine. Multiple vaccine platforms, guided by considerable
experience with other flaviviruses, are being developed and tested in clinical
studies. Gene-based vaccine approaches, including nucleic acid (DNA or
mRNA) or other viral vector expression platforms, provide a rapid means to
introduce viral antigens of any sequence into the candidate vaccine. ZIKV
vaccinesencoding thestructural proteinsM-EandprM-Ehavebeendeveloped.
Expression of prM-E in vitro results in the production of subviral particles that
traffic through the secretory pathway and undergo virion maturation in an
analogous process to infectious virions, resulting in a particulate antigen. The
manner inwhichE ispresented following transfectionofM-E, andwhether this is
secreted from cells, remains unknown. ZIKV purified inactivated virions (ZPIV)
havebeendeveloped and showexcellent immunogenicity in preclinical studies.
Finally, live-attenuated virus approaches developed for DENV vaccines can be
adapted for ZIKV, including chimeric viruses encoding ZIKV structural proteins
in a DENV or YFV backbone or ZIKV attenuated by genetic modifications,
are also being developed. This cost-effective approach, if successful, has the
potential to be combined with other live-attenuated flavivirus vaccines.
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Increase in Reported Prevalence of Microcephaly in Infants Born to Women

Living in Areas with Confirmed Zika Virus Transmission During the First

Trimester of Pregnancy - Brazil, 2015. MMWR Morb. Mortal. Wkly. Rep. 65,

242–247.

Kostyuchenko, V.A., Lim, E.X., Zhang, S., Fibriansah, G., Ng, T.S., Ooi, J.S.,

Shi, J., and Lok, S.M. (2016). Structure of the thermally stable Zika virus. Na-

ture 533, 425–428.

Kuhn, R.J., Zhang, W., Rossmann, M.G., Pletnev, S.V., Corver, J., Lenches, E.,

Jones, C.T., Mukhopadhyay, S., Chipman, P.R., Strauss, E.G., et al. (2002).

Structure of dengue virus: implications for flavivirus organization, maturation,

and fusion. Cell 108, 717–725.

Lai, C.Y., Williams, K.L., Wu, Y.C., Knight, S., Balmaseda, A., Harris, E., and

Wang, W.K. (2013). Analysis of cross-reactive antibodies recognizing the

fusion loop of envelope protein and correlation with neutralizing antibody titers

in Nicaraguan dengue cases. PLoS Negl. Trop. Dis. 7, e2451.

Lanciotti, R.S., Kosoy, O.L., Laven, J.J., Velez, J.O., Lambert, A.J., Johnson,

A.J., Stanfield, S.M., and Duffy, M.R. (2008). Genetic and serologic properties

of Zika virus associated with an epidemic, Yap State, Micronesia, 2007.

Emerg. Infect. Dis. 14, 1232–1239.

Larocca, R.A., Abbink, P., Peron, J.P., Zanotto, P.M., Iampietro, M.J., Badam-

chi-Zadeh, A., Boyd, M., Ng’ang’a, D., Kirilova, M., Nityanandam, R., et al.

(2016). Vaccine protection against Zika virus from Brazil. Nature 536, 474–478.

Lazear, H.M., Govero, J., Smith, A.M., Platt, D.J., Fernandez, E., Miner, J.J.,

and Diamond, M.S. (2016). A Mouse Model of Zika Virus Pathogenesis. Cell

Host Microbe 19, 720–730.

Lednicky, J., Beau De Rochars, V.M., El Badry, M., Loeb, J., Telisma, T., Cha-

vannes, S., Anilis, G., Cella, E., Ciccozzi, M., Rashid, M., et al. (2016). Zika virus

outbreak in haiti in 2014: molecular and clinical data. PLoS Negl. Trop. Dis. 10,

e0004687.

Lessler, J., Chaisson, L.H., Kucirka, L.M., Bi, Q., Grantz, K., Salje, H., Carcelen,

A.C., Ott, C.T., Sheffield, J.S., Ferguson, N.M., et al. (2016). Assessing the

global threat from Zika virus. Science 353, aaf8160.

Li, L., Lok, S.M., Yu, I.M., Zhang, Y., Kuhn, R.J., Chen, J., and Rossmann,M.G.

(2008). The flavivirus precursor membrane-envelope protein complex: struc-

ture and maturation. Science 319, 1830–1834.

Lorenz, I.C., Allison, S.L., Heinz, F.X., and Helenius, A. (2002). Folding and

dimerization of tick-borne encephalitis virus envelope proteins prM and E in

the endoplasmic reticulum. J. Virol. 76, 5480–5491.

Martin, J.E., Pierson, T.C., Hubka, S., Rucker, S., Gordon, I.J., Enama, M.E.,

Andrews, C.A., Xu, Q., Davis, B.S., Nason, M., et al. (2007). A West Nile virus

DNA vaccine induces neutralizing antibody in healthy adults during a phase 1

clinical trial. J. Infect. Dis. 196, 1732–1740.

Mongkolsapaya, J., Dejnirattisai, W., Xu, X.N., Vasanawathana, S., Tangtha-

wornchaikul, N., Chairunsri, A., Sawasdivorn, S., Duangchinda, T., Dong, T.,

Rowland-Jones, S., et al. (2003). Original antigenic sin and apoptosis in the

pathogenesis of dengue hemorrhagic fever. Nat. Med. 9, 921–927.

Mukhopadhyay, S., Kim, B.S., Chipman, P.R., Rossmann, M.G., and Kuhn,

R.J. (2003). Structure of West Nile virus. Science 302, 248.

Muller, D.A., and Young, P.R. (2013). The flavivirus NS1 protein: molecular and

structural biology, immunology, role in pathogenesis and application as a

diagnostic biomarker. Antiviral Res. 98, 192–208.

Musso, D., Roche, C., Robin, E., Nhan, T., Teissier, A., and Cao-Lormeau,

V.M. (2015). Potential sexual transmission of Zika virus. Emerg. Infect. Dis.

21, 359–361.

Mysorekar, I.U., and Diamond, M.S. (2016). Modeling zika virus infection in

pregnancy. N. Engl. J. Med. 375, 481–484.

Nowakowski, T.J., Pollen, A.A., Di Lullo, E., Sandoval-Espinosa, C., Bershteyn,

M., and Kriegstein, A.R. (2016). Expression Analysis Highlights AXL as a

Candidate Zika Virus Entry Receptor in Neural Stem Cells. Cell Stem Cell 18,

591–596.

Nybakken, G.E., Oliphant, T., Johnson, S., Burke, S., Diamond, M.S., and Fre-

mont, D.H. (2005). Structural basis of West Nile virus neutralization by a ther-

apeutic antibody. Nature 437, 764–769.

Pierson, T.C., and Diamond, M.S. (2012). Degrees of maturity: the complex

structure and biology of flaviviruses. Curr. Opin. Virol. 2, 168–175.

Pierson, T.C., and Diamond, M.S. (2014). Vaccine development as a means to

control dengue virus pathogenesis: do we know enough? Annu. Rev. Virol. 1,

375–398.

Pierson, T.C., Xu, Q., Nelson, S., Oliphant, T., Nybakken, G.E., Fremont, D.H.,

and Diamond, M.S. (2007). The stoichiometry of antibody-mediated neutrali-

zation and enhancement of West Nile virus infection. Cell Host Microbe 1,

135–145.

Priyamvada, L., Quicke, K.M., Hudson, W.H., Onlamoon, N., Sewatanon, J.,

Edupuganti, S., Pattanapanyasat, K., Chokephaibulkit, K., Mulligan, M.J., Wil-

son, P.C., et al. (2016). Human antibody responses after dengue virus infection

are highly cross-reactive to Zika virus. Proc. Natl. Acad. Sci. USA 113, 7852–

7857.

Quicke, K.M., and Suthar, M.S. (2013). The innate immune playbook for re-

stricting West Nile virus infection. Viruses 5, 2643–2658.

Quicke, K.M., Bowen, J.R., Johnson, E.L., McDonald, C.E., Ma, H., O’Neal,

J.T., Rajakumar, A., Wrammert, J., Rimawi, B.H., Pulendran, B., et al.

(2016). Zika Virus Infects Human Placental Macrophages. Cell Host Microbe

20, 83–90.

Rasmussen, S.A., Jamieson, D.J., Honein, M.A., and Petersen, L.R. (2016).

Zika Virus and Birth Defects–Reviewing the Evidence for Causality. N. Engl.

J. Med. 374, 1981–1987.

Rey, F.A., Heinz, F.X., Mandl, C., Kunz, C., and Harrison, S.C. (1995). The en-

velope glycoprotein from tick-borne encephalitis virus at 2 A resolution. Nature

375, 291–298.

Rouvinski, A., Guardado-Calvo, P., Barba-Spaeth, G., Duquerroy, S., Vaney,

M.C., Kikuti, C.M., Navarro Sanchez, M.E., Dejnirattisai, W., Wongwiwat, W.,

Haouz, A., et al. (2015). Recognition determinants of broadly neutralizing

human antibodies against dengue viruses. Nature 520, 109–113.

Sabin, A.B. (1952). Research on dengue duringWorldWar II. Am. J. Trop. Med.

Hyg. 1, 30–50.

Savidis, G., Perreira, J.M., Portmann, J.M., Meraner, P., Guo, Z., Green, S.,

and Brass, A.L. (2016). The IFITMs Inhibit Zika Virus Replication. Cell Rep.

15, 2323–2330.

Screaton, G., Mongkolsapaya, J., Yacoub, S., and Roberts, C. (2015). New

insights into the immunopathology and control of dengue virus infection.

Nat. Rev. Immunol. 15, 745–759.

Shrestha, B., andDiamond,M.S. (2004). Role of CD8+ T cells in control ofWest

Nile virus infection. J. Virol. 78, 8312–8321.

Sirivichayakul, C., Barranco-Santana, E.A., Esquilin-Rivera, I., Oh, H.M.,

Raanan, M., Sariol, C.A., Shek, L.P., Simasathien, S., Smith, M.K., Velez,

I.D., et al. (2016). Safety and Immunogenicity of a Tetravalent Dengue Vaccine

Candidate in Healthy Children and Adults in Dengue-Endemic Regions: A Ran-

domized, Placebo-Controlled Phase 2 Study. J. Infect. Dis. 213, 1562–1572.

Sirohi, D., Chen, Z., Sun, L., Klose, T., Pierson, T.C., Rossmann, M.G., and
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SUMMARY

The evolution of body shape is thought to be tightly
coupled to changes in regulatory sequences, but
specificmolecular events associatedwithmajormor-
phological transitions in vertebrates have remained
elusive. We identified snake-specific sequence
changes within an otherwise highly conserved long-
range limb enhancer of Sonic hedgehog (Shh). Trans-
genic mouse reporter assays revealed that the in vivo
activity pattern of the enhancer is conserved across a
wide range of vertebrates, including fish, but not in
snakes. Genomic substitution of themouse enhancer
with its human or fish ortholog results in normal limb
development. In contrast, replacement with snake
orthologs caused severe limb reduction. Synthetic
restoration of a single transcription factor binding
site lost in the snake lineage reinstated full in vivo
function to the snake enhancer. Our results demon-
strate changes in a regulatory sequence associated
with a major body plan transition and highlight the
role of enhancers in morphological evolution.

INTRODUCTION

Distant-acting transcriptional enhancers are a major class of

tissue-specific regulatory DNA sequences that has been impli-

cated in morphological evolution in vertebrates (Chan et al.,

2010; Cooper et al., 2014; Cretekos et al., 2008; Guenther

et al., 2014; Guerreiro et al., 2013; Indjeian et al., 2016; Jones

et al., 2012; Lopez-Rios et al., 2014;McLean et al., 2011; Prabha-

kar et al., 2008). Sequence changes in non-coding regulatory

DNA are hypothesized to be a main driver of changes in body

shape (Britten and Davidson, 1969; Carroll, 2008; King and Wil-

son, 1975; Wray, 2007), but many aspects of this complex inter-

play between molecular changes in regulatory sequences and

morphological adaptations across the vertebrate tree remain

the subject of considerable debate (Hoekstra, 2012; Wittkopp

and Kalay, 2011; Wray, 2007).

In the present study, we utilized a series of recently sequenced

snakegenomes to study themolecular and functional evolutionof

a critical limb enhancer in snakes and examine its possible role in

limb loss. Our analysis focuses on one of the best-studied verte-

brate enhancers, the Zone of Polarizing Activity [ZPA] Regulatory

Sequence (ZRS, also known as MFCS1) (Lettice et al., 2003,

2008, 2012, 2014; Sagai et al., 2004, 2005; Zeller and Zuniga,

2007). The ZRS is a limb-specific enhancer of the Sonic hedge-

hog (Shh) gene that is located at the extreme distance of nearly

onemillion basepairs from its target promoter. During limbdevel-

opment, the enhancer is active in the posterior limb bud mesen-

chyme (Figure 1A), where its activity is critically required for

normal limb development in mouse (Sagai et al., 2005). Single-

nucleotide mutations within the ZRS cause limb malformations,

such as preaxial polydactyly, in multiple vertebrate species

including humans (Hill and Lettice, 2013; Lettice et al., 2003,

2008; VanderMeer and Ahituv, 2011). Surprisingly, we observed

that the sequence of this limb enhancer is conserved throughout

nearly all examined species in the snake lineage. In basal snakes,

which retain vestigial limbs, it is highly conserved, whereas it un-

derwent a rapid increase in substitution rate in advanced snakes,

inwhich all skeletal limb structures havedisappeared. Consistent

with this, we provide evidence that the snake enhancer progres-

sively lost its in vivo function as the body plan evolved from basal

to advanced snakes. Finally, we identify a specific subset of

nucleotide changes within the enhancer that contribute to its

functional degeneration in snakes and show in a mouse model

that synthetic reintroduction of just one degraded transcription

factor binding site is sufficient to recreate the ancestral function

and to rescue normal limb formation in vivo.

RESULTS

A Critical Limb Enhancer Is Evolutionarily Conserved
but Highly Diverged in Snakes
To explore the potential role of the ZRS limb enhancer in snake

evolution, we examined the draft genomes of six snake species
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including the Burmese python (Python molurus bivittatus) (Cas-

toe et al., 2013), boa constrictor (Boa constrictor constrictor),

king cobra (Ophiophagus hannah) (Vonk et al., 2013), speckled

rattlesnake (Crotalus mitchellii pyrrhus), viper (Vipera berus

berus), and corn snake (Pantherophis guttatus) (Ullate-Agote

et al., 2014). These species represent different morphological

stages within the evolutionary history of snakes (Apesteguı́a

and Zaher, 2006; Martill et al., 2015), from basal snakes (boa

and python) that retained a vestigial pelvic girdle and rudimen-

tary hindlimbs, to advanced snakes (viper, rattlesnake, king

cobra, and corn snake) that completely lost all skeletal limb

structures and represent the majority (>85%) of all extant snake

species (Lawson et al., 2005; Pyron et al., 2013). Nearly all of the

snake species studied have a ZRS-orthologous sequence (Fig-

ures 1B and S1). However, while the ZRS enhancer of basal

snakes shares �80% nucleotide identity with the orthologous

region from limbed lizards and shows a substitution rate similar

to other vertebrate ZRS orthologs, the ZRS of advanced

snakes displays a substantially increased number of substitu-

tions compared to other enhancers (p = 0.012, permutation

test; Figures 1B, 1C, and S2; Table S4). This fast evolutionary

rate clearly distinguishes the ZRS from other limb enhancers,

which do not show such an increase in substitutions (Figure S2)

(Infante et al., 2015). Thus, while nearly all snake species exam-

ined have a ZRS enhancer, a loss of evolutionary constraint on

this enhancer coincides with the complete loss of limb structures

at the transition from basal to advanced snakes.

Loss of Region-Specific Limb Enhancer Activity in
Snakes
To systematically examine whether the sequence changes

observed in different snake ZRS orthologs alter the in vivo func-

tion of the enhancer, we used a transgenic mouse enhancer re-

porter assay (http://enhancer.lbl.gov/) (Kothary et al., 1989; Visel

et al., 2007). We determined ZRS enhancer activity patterns for

16 different species covering a wide range of jawed vertebrates,
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Figure 1. Evolution of a Limb Enhancer across the Vertebrate Tree

(A) Human ZRS enhancer activity in a mid-gestation (E11.5) mouse embryo. Staining in structures other than limb was not reproducible in additional transgenic

embryos and due to ectopic effects.

(B) Comparison of the core ZRS region across 18 different vertebrate species including two basal (blue) and four advanced (purple) snakes. See Figure S1 for full

alignment.

(C) Phylogeny of vertebrate species used in the study (based on UCSC [https://genome.ucsc.edu/cgi-bin/hgGateway] and Hsiang et al., 2015; Pyron et al., 2013).

Branch length indicates absolute ZRS substitution rate, colors indicate relative ZRS evolutionary rate compared to other embryonic enhancers (see Figure S2 and

Method Details). The schematic illustrations of snake skeletons were drawn using images from Romanes (1892), http://www.zoochat.com/, and http://www.

skullcleaning.com/ as templates.

See also Figures S1 and S2.
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including cartilaginous and bony fishes (elephant shark and

coelacanth), four snakes (boa, python, rattlesnake, and cobra),

and ten limbed tetrapods at mid-gestation (embryonic day [E]

11.5), a time point when the mouse ZRS is active (Figures 1A

and 2) (Lettice et al., 2003). The orthologs from nine finned or

limbed vertebrates (coelacanth, lizard, chicken, platypus, sloth,

horse, cow,mouse, and human) displayed reproducible patterns

of activity in the posterior limb bud that were indistinguishable

from the activity of the mouse enhancer (Figure 2), confirming

the deep conservation of its function across vertebrates with

paired appendages (Dahn et al., 2007; Lettice et al., 2003; Sagai

et al., 2004). ZRS orthologs from three species were active in

the ZPA of mouse limb buds but also had activity expanded

anteriorly (dolphin and megabat) or proximally (elephant shark).

In contrast, in four out of five basal and advanced snake species

examined, either the enhancer activity in the ZPA or the enhancer

sequence itself was lost (Figure 2). Among them, the rattlesnake

ZRS displayed an ectopic limb activity pattern that did not

include the ZPA and may be related to an �180-bp insertion

specifically found in the viper and rattlesnake lineage (Figures

2 and S1). Only the ZRS of boa, which diverged from python

63–96 million years ago (Esquerré and Scott Keogh, 2016) and

among the examined snakes is the one showing the lowest

nucleotide substitution rate with respect to that of the lizard,

retained activity in the ZPA. Notably, the ZRS from all advanced

snakes examined (rattlesnake and cobra) completely lost ZPA-

specific activity.

Snake Enhancer Knockin Causes Severe Limb
Truncation in Mice
To assess the extent to which the observed activity changes in

transgenic reporter assays affect vertebrate limb morphology

in vivo, we employed CRISPR/Cas9 genome editing to generate

a series of knockin (KI) mice where the functionally critical 1.3-kb

core region of the ZRS (Figure S3) was replaced with the orthol-

ogous sequences of the same length from other species. We

first replaced the mouse ZRS with the orthologs from human

(73% sequence identity to the mouse ZRS) and coelacanth

(57% sequence identity to the human ZRS), whose last common

ancestor lived approximately 400 million years ago. Both the hu-

man and coelacanth orthologs resulted in Shh expression at the

onset of limb bud formation that was indistinguishable fromwild-

type and rescued the formation of fully developed limbs (Figures

3 and S4G–S4J), indicating that despite considerable evolu-

tionary distance between mammals and fish, the enhancers of

mouse, human, and coelacanth are largely functionally inter-

changeable. In contrast, replacing the mouse ZRS with the or-

thologous cobra sequence resulted in a complete loss of Shh

expression and a truncated limb phenotype, affecting both the

fore- and hindlimbs, that is indistinguishable from the phenotype

caused by deletion of the mouse enhancer (Figures 3, S3, and

S4G) (Sagai et al., 2005). This result confirms that despite recog-

nizable sequence conservation, the cobra sequence lacks limb

enhancer function and is therefore unable to support limb devel-

opment. The less diverged python ZRS resulted in a similar but a

slightly milder phenotype. While most skeletal forelimb and hind-

limb elements distal of the stylopod:zeugopod junction were

also severely affected, the python ZRS resulted in formation of

Figure2. ComparisonofEnhancerActivityacrossJawedVertebrates

Enhancer activities for 16 different vertebrate species in the limb buds of

transgenic E11.5 stage mouse embryos. Numbers of embryos with lacZ ac-

tivity in the limb over the total number of transgenic embryos screened are

indicated. Some species (marked in italics) were active in the ZPA of the limb

buds but had additional activity expanded anteriorly (dolphin and megabat) or

proximally (elephant shark). *The rattlesnake ZRS enhancer drives an ectopic

reporter activity pattern that does not include the ZPA (arrows point to the ZPA

area without detectable LacZ activity).
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A

C D

B

Figure 3. Limb Phenotypes of Knockin Mice with ZRS Orthologs from Other Vertebrate Species

(A) CRISPR/Cas9-mediated replacement of the mouse ZRS sequence with an orthologous sequence from cobra. Schematic of the mouse Shh locus is shown at

the top. The ZRS is located in the intron of the Lmbr1 gene (intron-exon structure not shown), 850 kb away from the promoter of Shh. A homologous locus from

king cobra with the cobra ZRS enhancer (cZRS) is indicated in purple. A CRISPR/Cas9-modified ‘‘serpentized’’ mouse Shh locus is shown below. See also

Figures S4A–S4F and Method Details. Gene diagram not to scale.

(B) Gross phenotypes of ZRSWT/D (top) and serpentized ZRScZRS/D (bottom) mice. Scale bars, 10 mm.

(C and D) Limb phenotypes of knockin mice with ZRS orthologs from other vertebrate species.

(C) Phylogeny and approximate divergence estimates (Amemiya et al., 2013; Hsiang et al., 2015; Wright et al., 2015) are shown on the left. Schematic mouse Shh

loci with the ZRS replaced by orthologs from human (hZRS), python (pZRS), cobra (cZRS), and coelacanth fish (fZRS) are shown.

(D) Comparative Shh mRNA in situ hybridization analysis in knockin mouse embryos during forelimb bud development (first column). Per knockin line, the

Shh transcript distribution was assessed in at least three independent mouse embryos. See Figure S4G for hindlimb bud analysis of Shh expression.

Corresponding whole-mount E14.5 knockin mouse embryos (second column) and skeletal preparations at E18.5 (third and fourth columns) are shown; s,

scapula; h, humerus; r, radius; u, ulna; fe, femur; fi, fibula; t, tibia; a, autopod. The genotypes of the embryos are ZRSWT/D (mouse), ZRShZRS/D (human), ZRSpZRS/D

(python), ZRScZRS/D (cobra), and ZRSfZRS/D (coelacanth fish). Arrow points to rudimentary digits in ZRSpZRS/D embryos. Bottom embryo shows E14.5

(legend continued on next page)
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two to three rudimentary digits in the forelimb and a slightly

enlarged ossification resembling a rudimentary zeugopod (Fig-

ure 3D). This result may be due to residual enhancer activity

that was not detected in transgenic reporter assays (Figure 2).

Consistent with this possibility, prolonged staining after RNA

gross and limb skeletal phenotypes of the ZRSD/D KO mice (see Figure S3 for details). Numbers of embryos that exhibited representative limb phenotype over

the total number of embryos with the genotype are indicated. *Three of five mouse embryos displayed mild digit number variation (see Figures S4H–S4J). Scale

bars, 0.1 mm (left column), 2 mm (columns 3 and 4).

See also Figures S3 and S4.

A

B

C

D

E

Figure 4. Resurrection of Snake Limb

Enhancer Function In Vivo

(A) Snake-specific deletion in the ZRS. An alignment

of the central ZRS region for 18 vertebrates,

including six snakes, is shown. Asterisks indicate

nucleotides that are conserved in limbed tetrapods

and fish.

(B) A 17-bp sequence is able to resurrect python

ZRS enhancer function.

(C) Shown are thewild-type (left) andmodified (right)

python ZRS in vivo enhancer activities in the limb

buds of transgenic E11.5mouse embryos. Numbers

of embryos with lacZ activity in the limb over the

total number of transgenic embryos screened are

indicated.

(D) The resurrected allele is able to rescue limb

development when knocked into the mouse

genome in place of the wild-type ZRS. Shown are

gross phenotypes of ZRSpZRS/D (python, left) and

ZRSpZRS(r)/D (python+, right) mice at 2 weeks of age.

Scale bars, 10 mm.

(E) Skeletal preparations from E18.5 knockin mice

are shown. See Figures S5B and S5C for more

detailed skeletal phenotypes. Scale bars, 2 mm.

See also Figure S5.

in situ hybridization indeed revealed very

weak levels of Shh transcript in the poste-

rior forelimb bud of python ZRS knockin

mouse embryos (data not shown). Taken

together our data indicate that both snake

enhancers tested lost their ability to induce

normal limb development in mice despite

themuch shorter evolutionary distance be-

tweenmammals and snakes than between

mammals and lobe-finned fish.

In Vivo Resurrection of a Distant-
Acting Snake Limb Enhancer
To identify specific nucleotide changes

within the enhancer that may have led to

its loss of activity in snakes, we examined

the snake sequences in detail. While multi-

ple nucleotide differences are observed

between snakes and limbed lizards (Fig-

ure S1), one small deletion of 17 bp stood

out because it affected a region of the

ZRS that was highly conserved across all

examined tetrapods and fish (Figure 4A).

Although it represents less than 10% of all sequence changes

between the snake and lizard ZRS, this deletion is the only

sequence that is deleted in all snakes but present in all examined

limbed vertebrates and fish (Figures 4A and S1). To directly test

whether this small snake-specific deletion contributed to the loss
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of enhancer activity in snakes, we created a partially ancestral

allele by reintroducing the 17-bp deleted sequence into the py-

thon enhancer sequence (Figures 2, 4A, and 4B). In a transgenic

mouse reporter assay, this reintroduction of 17 bp of sequence

alone was sufficient to reinstate full enhancer activity in the

posterior mesenchyme of the limb bud at E11.5 (Figure 4C).

To determine whether this allele could also functionally restore

normal limb development in vivo, we used CRISPR/Cas9

genome editing to replace the endogenous mouse enhancer

with this partially ancestral allele. Consistent with the results of

the transgenic reporter experiments, the resulting knockin mice

with the modified python allele had normal limbs (Figures 4D,

4E, and S5B). These results suggest that a 17-bp snake-specific

deletion contributed to enhancer degeneration and that syn-

thetic reintroduction of this microdeletion is sufficient to recreate

the ancestral function of the ZRS and to rescue limb develop-

ment in vivo.

To identify specific transcription factors that may be involved

in the loss of enhancer function, we examined potential tran-

scription factor binding sites that may have been affected by

the 17-bp sequence deletion in the snake lineage. We identified

a highly conserved motif within the deleted region whose

sequence matched the binding preference of the ETS1 tran-

scription factor. ETS1 has been suggested to directly activate

the ZRS enhancer by binding to multiple ETS recognition sites

(Lettice et al., 2012). We scanned the ZRS-orthologous se-

quences from 18 vertebrates for the presence of additional

conserved ETS motifs (Figure S5C). In total, five ETS motifs

within the enhancer are conserved across tetrapods, which in-

cludes four ETS binding sites previously identified in the mouse

enhancer (Lettice et al., 2012). Remarkably, all five motifs were

also conserved in coelacanth (bony fish), and three were present

in elephant shark (cartilaginous fish, Figures 5 and S5C). In

contrast to this strong conservation of ETS motifs across limbed

vertebrates and fish, and, despite the overall conservation of the

ZRS sequence in basal snakes, all examined snakes have lost

the E0 and E1 ETSmotifs. In addition, the E4motif was lost in rat-

tlesnake, and cobra lost the E2 motif (Figures 5B, S1, and S5C).

More generally, in vertebrates with paired appendages the ETS

sites show increased evolutionary constraint compared to the

rest of the ZRS, whereas in snakes the ETS sites do not stand

out as particularly constrained (Figure 5C). The fact that loss of

the E1 motif in the mouse ZRS is not sufficient to alter limb

bud expression (Lettice et al., 2012) and that the boa ZRS is

active despite the absence of both E0 and E1 motifs indicate

that loss of these motifs alone cannot explain ZRS deactivation

in the snake lineage. We therefore also scanned the ZRS for

other transcription factor motifs that showed a similar snake-

specific loss of evolutionary constraint (Table S5). Interestingly,

binding sites for homeodomain transcription factors, which

have also been implicated in ZRS regulation (Capellini et al.,

2006; Kmita et al., 2005; Lopez-Rios, 2016), display a similar

A

B

C D

Figure 5. Loss of Conserved ETS Binding Sites in the Snake Lineage

(A) A detailed view of the E1 ETS binding site alignment for 18 vertebrates

including six snakes. ETS1 motif is shown above. Asterisks indicate nucleo-

tides that are conserved in limbed tetrapods and fish.

(B) Distribution of tetrapod conserved ETS motifs in the ZRS enhancer

in different jawed vertebrates. Shown is a schematic alignment of the

ZRS for 16 vertebrates (tree) and the locations of predicted ETS binding

sites (E0–E4). Red crosses indicate motifs that were lost. See Figure S5 for

details.

(C and D) Relative substitution rates in the ETS and homeodomain DNAmotifs

in the ZRS enhancer in non-snake species (black dots: species from Figure 5A)

and snakes (red dots: boa, python and rattlesnake). Mann-Whitney p value is

shown on top.

See also Figure S5.
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increase in substitution rate in snakes (Figure 5D). Taken

together, our results implicate the loss of the E1 ETS site as

well as potentially other ETS and homeodomain transcription

factor binding sites in the loss of function of this limb enhancer

in snakes.

DISCUSSION

In the present study, we demonstrate an increased rate of

sequence changes, as well as progressive in vivo loss of function

for a distant-acting limb enhancer in snakes. Decreased

sequence conservation and loss of enhancer function were

most pronounced in advanced snakes, which have lost all skel-

etal limb structures. The only snake genome in which no ZRS

sequence was detected belonged to the corn snake. Our results

indicate that the previously reported loss of the ZRS enhancer in

Japanese rat snakes (Sagai et al., 2004), a member of the same

subfamily (Colubrinae) as corn snakes, is not representative of

snakes in general but affects only a small subset of advanced

snakes where it occurred after the morphological loss of all

limb structures (Figures 1B and S1). Across the snake species

examined, the progressive sequence degeneration of the

enhancer correlated with its loss of activity in transgenic reporter

assays. In contrast, across all limbed tetrapods and fish exam-

ined, the enhancer activity was highly conserved. Remarkably,

even a ZRS ortholog from fish (coelacanth), which shares less

sequence similarity with the human ortholog thanwith the python

ortholog (57% versus 59%), was sufficient for normal limb devel-

opment despite the major morphological differences between

mammalian limbs and coelacanth fins.

The molecular basis of loss of limbs in snakes as they evolved

from their limbed ancestor has been the subject of extensive

speculation (Apesteguı́a and Zaher, 2006; Cohn and Tickle,

1999; Di-Poı̈ et al., 2010; Infante et al., 2015; Lopez-Rios, 2016;

Martill et al., 2015; Sagai et al., 2004; Tchernov et al., 2000; Zeller

et al., 2009). Our genomic enhancer replacement experiments in

mice conclusively demonstrate that the loss of function in a single

enhancer observed in snakes is sufficient to cause severe limb

reduction in mice, raising the possibility that ZRS deactivation

contributed to the loss of limbs in the snake lineage. However,

changes in other sequences involved in limb development must

also have occurred in snakes. These changes could for example

involve regulation of Hox genes that act upstream of Shh (Cohn

and Tickle, 1999; Di-Poı̈ et al., 2010; Head and Polly, 2015), or

other genes that are critical for initiation of limb development

(e.g., Min et al., 1998; Rallis et al., 2003; Sekine et al., 1999; Ta-

naka et al., 2002). Notably, following the morphological disap-

pearance of limbs, any sequence required exclusively for limb

development is no longer subject to negative selection and is ex-

pected to degrade over time. This is exemplified by the reduction

in the transgenic reporter activity of other serpentine limb en-

hancers whose phenotypic impact on limb development remains

tobedetermined (Guerreiro et al., 2016; Infanteet al., 2015). In the

case of the ZRS, the enhancer activity observed in a basal snake

(boa, Figure 2) suggests that the sequence degeneration of the

ZRS in snakes started in conjunction with or, more likely, after

other disruptive molecular events contributing to the loss of

limbs. Consequently, we do not expect that the reintroduction

of a fully functional ZRS into a snake genome alone would be suf-

ficient to induce the formation of fully or even partially developed

limbs in snakes.

While we deliberately focused on a locuswith strong pre-exist-

ing evidence for function from human disease and mouse ge-

netics studies (reviewed in Hill and Lettice, 2013; VanderMeer

and Ahituv, 2011), an increasing number of unbiased genome-

wide enhancer data across closely and distantly related animal

species (Acemel et al., 2016; Arnold et al., 2014; Cotney et al.,

2013; Eckalbar et al., 2016; Gehrke et al., 2015; He et al.,

2011; Prescott et al., 2015; Reilly et al., 2015; Villar et al., 2015;

Xiao et al., 2012) creates a rapidly growing list of candidate line-

age- and species-specific enhancers. A major challenge is the

identification of the subsets of these enhancers that functionally

contribute to morphological and other phenotypic diversity. Our

study provides an example how genome editing-enabled

enhancer replacement makes it possible to recapitulate the

functional erosion of a regulatory sequence across evolution

through in vivo experiments. As genome-editing tools are

becoming increasingly available, we expect that this approach

will be useful to routinely study the phenotypes associated

with evolutionary changes in other regulatory sequences associ-

ated with morphological adaptations in vertebrates.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Sheep Anti-Digoxigenin Fab fragments Antibody,

AP Conjugated

Roche Cat# 11093274910; RRID: AB_514497

Chemicals, Peptides, and Recombinant Proteins

DIG RNA Labeling Mix Roche Cat# 11277073910

T3 RNA Polymerase Roche Cat# 11031163001

BM Purple Roche Cat# 11442074001

mMESSAGE mMACHINE T7 kit Thermo Fisher Scientific Cat# AM1344

MEGAshortscript T7 kit Thermo Fisher Scientific Cat# AM1354

Gibson Assembly Master Mix NEB Cat# E2611S/L

Alcian blue 8GX Sigma A-3157

Alizarin red S Sigma A-5533

Experimental Models: Organisms/Strains

Mouse: FVB Charles River http://www.criver.com/

Mouse: FVB/Shh-DZRSem1Axvi (mouse ZRS knockout) This paper N/A

Mouse: FVB/Shh-hZRSem2Axvi (human ZRS knockin) This paper N/A

Mouse: FVB/Shh-fZRSem3Axvi (coelacanth ZRS knockin) This paper N/A

Mouse: FVB/Shh-pZRSem4Axvi (python ZRS knockin) This paper N/A

Mouse: FVB/Shh-cZRSem5Axvi (cobra ZRS knockin) This paper N/A

Mouse: FVB/Shh-pZRS(r)em6Axvi (resurrected python

ZRS knockin)

This paper N/A

Recombinant DNA

Hsp68-lacZ vector (Kothary et al., 1989) N/A; available from the authors

Human-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Mouse-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Cow-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Dolphin-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Horse-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Megabat-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Sloth-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Platypus-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Chicken-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Lizard-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Boa-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Python-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Rattlesnake-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Cobra-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Coelacanth-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Elephant-Shark-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Plasmid encoding mouse Shh riboprobe (640 bp) (Echelard et al., 1993) N/A; available from the authors

pDD921 plasmid encoding human optimized Cas9 This paper N/A; available from the authors

EKHL_pSKB1 targeting vector containing human ZRS This paper N/A; available from the authors

EKCL_pSKB1 targeting vector containing coelacanth ZRS This paper N/A; available from the authors

EKPL_pCR4 targeting vector containing python ZRS This paper N/A; available from the authors

EKKCL_pSKB1 targeting vector containing cobra ZRS This paper N/A; available from the authors
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the Lead Contact Axel Visel (avisel@lbl.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal workwas reviewed and approved by the Lawrence Berkeley National Laboratory AnimalWelfare andResearchCommittee.

All mice used in this studywere housed at the Animal Care Facility (ACF) of LBNL.Miceweremonitored daily for food andwater intake,

and animals were inspected weekly by the Chair of the Animal Welfare and Research Committee and the head of the animal facility in

consultation with the veterinary staff. The LBNL ACF is accredited by the American Association for the Accreditation of Laboratory

Animal Care (AAALAC). Transgenic mouse assays, enhancer knockouts and knockins were performed in Mus musculus FVB strain

mice. The following developmental ages were used in this study: embryonic day E10.5, E11.5, E14.5 and E18.5 mice; 2 week old

mice. Animals of both sexes were used in the analysis. See Method Details for sample size selection and randomization strategies.

METHOD DETAILS

Phylogenetic Analysis
Genome Data

The following genome assemblies were used in the study: human (hg19), cow (bosTau7), dolphin (turTru2), horse (equCab2), mega-

bat (pteVam1), mouse (mm9), platypus (ornAna1), sloth (choHof14), chicken (galGal4), anole lizard (anoCar2), Burmese python

(version AEQU02), king cobra (version AZIM01), boa constrictor (assembly version 7C, Assemblathon 2, http://gigadb.org/), speckled

rattlesnake (version JPMF01), viper (version JTGP01), corn snake (version JTLQ01), coelacanth (latCha1), elephant shark (calMil1). All

snake genomes, except boa constrictor, were downloaded from the NCBI. All other vertebrate genomes were downloaded from the

UCSC genome browser. See Table S1 for details.

Identification of Orthologous Enhancer Sequences

The list of 1,194mouse enhancers was obtained from the VISTA database (Pennacchio et al., 2006; Visel et al., 2007). In addition to the

ZRS, we selected VISTA enhancers that were active exclusively in the developing limbs (73) or forebrain (121). To identify orthologous

enhancers,mousegenomesequences corresponding to eachenhancerweremappedontoother genomesusing themodifiedbi-direc-

tional BLAST. We first conducted a blastn search and collected best hits with E-values smaller than 1e-5 for every enhancer for every

genome. For every hitweextracted thegenomic regioncorresponding toblast alignment andadjacent regionsof thegenomessufficient

to cover unaligned segments of the enhancer plus 20 nucleotides to account for indels. We then used these sequences to query the

mousegenome,collectedbesthitswithE-valuessmaller than1e-5andexamined the locationof thehit. If its locationoverlappedpartially

or completely with the location of the original enhancer, the enhancer was included into the corresponding ‘‘enhancer family.’’ For the

ZRS from python, cobra, and boa we also confirmed the location of the enhancer between highly conserved exons of the Lmbr1 gene.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

EKPLM_pCR4 targeting vector containing resurrected

python ZRS

This paper N/A; available from the authors

Sequence-Based Reagents

For primer sequences, please see Table S6

For chemically synthetized DNA, please see Tables S2 and S3 N/A

sgRNA template: gaaaggacgaaacacctaatacgactcactatagggaa

cctcacacatgatctatgttttagagctagaaatag-caagttaaaataaggctagt

ccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttctagacccagct

IDT N/A

Software and Algorithms

CHOPCHOP (Montague et al., 2014) https://chopchop.rc.fas.harvard.edu/

MAFFT (Katoh and Standley, 2013) http://mafft.cbrc.jp/alignment/software/

Gblocks (Castresana, 2000) http://molevol.cmima.csic.es/castresana/

Gblocks_server.html

jMolelTest2 (Darriba et al., 2012) http://jmodeltest.org/login

PhyML (Guindon et al., 2010) http://www.atgc-montpellier.fr/phyml/

CONSEL (Shimodaira and Hasegawa,

2001)

http://www.sigmath.es.osaka-u.ac.jp/

shimo-lab/prog/consel/

FIMO (Grant et al., 2011) http://meme-suite.org/tools/fimo
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Phylogenetic Tree Inference and Analysis of Evolutionary Rates

For enhancers present in at least 4 species, the orthologous sequences from all the species were aligned to each other using MAFFT

(Katoh and Standley, 2013) in linsi mode. Poorly aligned positions were eliminated from the alignments using Gblocks (Castresana,

2000) in DNA mode, allowing 50% of gapped positions and setting the minimum length of a block to 8. A poorly sequenced region

(polyN region) in the 30 of the viper ZRS enhancer was excluded from the analysis for all species. The best fitting model of evolution

was found for every enhancer ortholog family using jMolelTest (Darriba et al., 2012), and phylogeny was reconstructed for every

group using PhyML (Guindon et al., 2010), collecting site-specific likelihood for theML tree.We used the known topology of the verte-

brate species tree (based on UCSC (https://genome.ucsc.edu/cgi-bin/hgGateway) and (Hsiang et al., 2015; Pyron et al., 2013)) and

estimated branch lengths using alignments of every respective enhancer in PhyML, collecting site-specific likelihood. We then

compared two topologies in terms of the fit they provide for the sequence data using SH-test implemented in CONSEL (Shimodaira

and Hasegawa, 2001). If the enhancer-specific topology was a much better fit for the sequence data than species tree topology

(p-value of SH-test less than 0.03) we excluded this enhancer family as potentially containing non-orthologous sequences. This re-

sulted in 60 limb- and 96 forebrain-specific enhancer families that were used for further analysis. The relative evolutionary rate in each

branch of the species tree was estimated as the branch length for the ZRS (or mean branch length for all limb enhancers), normalized

by the mean branch length of all forebrain or limb enhancers. Average heights of the relevant sub-trees were used to test the differ-

ences in evolutionary rates between the ZRS and forebrain enhancers with a one-sided permutation test.

In Vivo Transgenic Reporter Assays
Enhancer candidate regions (see Table S2 for sequences) were chemically synthetized by Integrated DNA Technologies (IDT) and

cloned into an Hsp68-promoter-LacZ reporter vector (Pennacchio et al., 2006) using Gibson (New England Biolabs [NEB]) cloning

(Gibson et al., 2009). Transgenic mouse embryos were generated by pronuclear injection, and F0 embryos were collected at

E11.5 and stained for LacZ activity (Kothary et al., 1989; Pennacchio et al., 2006). Before injection plasmid DNA was linearized

with XhoI or HindIII, followed by purification. FVB and CD-1 mouse strains were used as embryo donors and foster mothers respec-

tively. Super-ovulated female FVB mice (7–8 weeks old) were mated to FVB stud males, and fertilized embryos were collected from

oviducts. The DNAwas diluted in injection buffer (10 mM Tris, pH 7.5; 0.1 mM EDTA) to a final concentration of 1.5 ng/ul and used for

pronuclear injections of FVB embryos in accordance with standard protocols approved by the Lawrence Berkeley National Labora-

tory. The injected zygotes were cultured in KSOM with amino acids at 37�C under 5% CO2 in air for approximately 2 hr. Thereafter,

zygotes were transferred into uterus of pseudopregnant CD-1 females. Embryos were harvested at embryonic day 11.5 in cold PBS,

followed by 30 min of incubation with 4% paraformaldehyde. The embryos were washed three times for 30 min with embryo wash

buffer (2mM MgCl2; 0.01% deoxycholate; 0.02% NP-40; 100mM phosphate buffer, pH 7.3). LacZ activity was detected by incu-

bating with freshly made staining solution (0.8mg/ml X-gal; 4mM potassium ferrocyanide; 4mM potassium ferricyanide; 20mM

Tris, pH 7.5 in wash buffer) overnight followed by three rinses in PBS and post-fixation in 4% paraformaldehyde. Only patterns

that were observed in at least three different embryos resulting from independent transgenic integration events of the same construct

were considered reproducible. The procedures for generating transgenic and engineered mice were reviewed and approved by the

Lawrence Berkeley National Laboratory (LBNL) Animal Welfare and Research Committee.

Generation of Enhancer Knockout and Knockin Mice Using CRISPR/Cas9
Mouse strains carrying replaced (knockin) and deleted (knockout) ZRS enhancer alleles were created using a modified CRISPR/Cas9

protocol (Wang et al., 2013; Yang et al., 2014; 2013) (see Figures 3, S3, and S4A–S4F for details of the strategy and methodology).

Briefly, sgRNAs targeting the ZRS enhancer region were designed using CHOPCHOP (Montague et al., 2014) to position the guide

target sequence inside the replaced enhancer region in close proximity to its 50 border (sgRNA recognition sequence was 50-agtac
catgcgtgtgtgtgaGGG-30 where GGG is the PAM; see Figures S4A–S4F). No potential off-targets were found by searching for matches

in themouse genome (mm10) and allowing for up to twomismatches in the 20 nt sequence preceding the NGGPAMsequence. The T7

promoter was added to the sgRNA template, and thewhole cassettewas chemically synthetized by IDT. The PCRamplified T7-sgRNA

product (primersE1andE2)wasusedasa template for in vitro transcriptionusing theMEGAshortscript T7kit (ThermoFisherScientific).

The Cas9 mRNA was in vitro transcribed using the mMESSAGE mMACHINE T7 kit (Thermo Fisher Scientific). The DNA template for

in vitro transcription containing human optimized Cas9 gene was PCR amplified from pDD921 plasmid using T7Cas9_F and

PolyACas9_R primers. To create a donor plasmid, a corresponding orthologous enhancer region of the same size was chemically syn-

thetized by IDT, flanked by homology arms and incorporated into the pCR4-TOPO (Thermo Fisher Scientific) or pSKB1 (Bronson et al.,

1996) backbone usingGibsoncloning (NEB; see TableS3 andFiguresS4A–S4F). Transgenic knockinmicewere generatedby injecting

amix of Cas9mRNA (final concentration of 100 ng/ul), sgRNA (50 ng/ul) and donor plasmid (50 ng/ul) in injection buffer (10mMTris, pH

7.5; 0.1 mM EDTA) into the cytoplasm of FVB embryos in accordance with standard procedures approved by the Lawrence Berkeley

National Laboratory Animal Welfare and Research Committee (see details of injection procedure above). Female mice of CD-1 strain

were used as foster mothers. F0 mice were genotyped using PCR. See Key Resources Table, and Figures S4A–S4F for details.

In Situ Hybridization
The Shh transcript distribution in E10.5 mouse embryonic limb buds was assessed by whole mount in situ hybridization using digox-

igenin-labeled antisense riboprobes as previously described (Echelard et al., 1993; Panman et al., 2006). Embryos were fixed in 4%

Cell 167, 633–642.e1–e4, October 20, 2016 e3

https://genome.ucsc.edu/cgi-bin/hgGateway


PFA/PBS overnight at 4�C, washed in PBT (0.1% Tween), progressively dehydrated in amethanol/PBT series and stored in methanol

at�20�C until further processing. Embryos were rehydrated in a reverse methanol series, washed in PBT and bleached in 6% H2O2/

PBT for 15 min. After further washes in PBT, samples were treated with 10 mg/mL proteinase K in PBT for 15 min, followed by a 5 min

incubation in 2mg/ml glycine/PBT, washed in PBT and finally re-fixed in 0.2%glutaraldehyde/4%PFA in PBT for 20min. After several

washes in PBT, embryos were transferred to hybridization buffer (50% deionized formamide; 5x SSC pH 4.5; 2% Roche Blocking

Reagent; 0.1% Tween-20; 0.5% CHAPS; 50 mg/mL yeast RNA; 5 mM EDTA; 50 mg/ml heparin) and incubated for one hour at

70�C. Afterward, the solution was changed to hybridization buffer containing 1 mg/ml DIG-labeled Shh riboprobe and samples

were incubated overnight at 70�C. The following morning, the probe solution was removed and the embryos washed at 70�C several

times in hybridization buffer with increasing concentrations of 2x SCC pH 4.5, with the last washes performed in 2x SCC; 0.1%

CHAPS. Subsequently, the samples were treated with 20 mg/ml RNase A in 2x SSC, 0.1% CHAPS for 45 min at 37�C and washed

twice inmaleic acid buffer (100mMMaleic acid disodium salt hydrate; 150mMNaCl; pH 7.5) for 10min at room temperature, followed

by additional washes at 70�C. Embryos where then equilibrated in TBST (140mM NaCl; 2.7mM KCl; 25mM Tris-HCl; 1% Tween 20;

pH 7.5), blocked in 10% lamb serum/TBST and finally incubated overnight at 4�C in a 1% lamb serum containing Anti-Dig-AP anti-

body (Roche, 1:5000). After extensive washes in TBST and equilibration in NTMT (100mMNaCl, 100mM Tris-HCl; 50mMMgCl2; 1%

Tween-20; pH 9.5), AP activity was detected by incubating the samples in BM purple reagent (Roche) at room temperature. Forelimb

buds from at least three independent embryoswere analyzed for each genotype (including ZRSWT/D and ZRSD/D controls) and yielded

very similar or identical patterns for all results shown. The stained limb buds were imaged using a Leica MZ16 microscope and Leica

DFC420 digital camera.

Skeletal Preparations
For skeletal preparation, embryos were harvested at embryonic day E18.5, dissected in water, followed by overnight incubation in

water at room temperature. The embryos were fixed in ethanol for 24 hr and stained according to a standard Alcian blue/Alizarin red

protocol (Ovchinnikov, 2009). The stained embryos were dissected in 80% glycerol and limbs were imaged at 1x using a Leica MZ16

microscope and Leica DFC420 digital camera.

Sample Selection and Blinding
Transgenic Mouse Assays

Sample sizes were selected empirically based on our previous experience of performing transgenic mouse assays for > 2,000 total

putative enhancers (Attanasio et al., 2013; Blow et al., 2010; May et al., 2011; Pennacchio et al., 2006; Visel et al., 2007; 2009). Mouse

embryos were only excluded from further analysis if they did not carry the reporter transgene or if they were not at the correct devel-

opmental stage. All transgenic mice were treated with identical experimental conditions. Randomization and experimenter blinding

were unnecessary and not performed.

Enhancer Knockouts and Knockins

All experiments that involved knockin and knockout mice employed a matched littermate selection strategy. Sample sizes were

selected empirically based on our previous studies (Attanasio et al., 2013). All knockout/knockin mice described in the paper resulted

frommultiple F0 x heterozygous enhancer deletion (null) crosses to allow for the comparison of matched littermates of different geno-

types. For every hemizygous null/knockin animal selected, a null/wild-type and homozygous null/null animal from the same litter was

selected for comparison. Embryonic samplesused for in situ hybridizationsand skeletal preparationsweredissectedblind togenotype.

Motif Analysis
Orthologous aligned ZRS sequences frommultiple species were scanned for all putative binding sites of the ETS1 transcription factor

using FIMO (Grant et al., 2011) and available position weightmatrices (Heinz et al., 2010; Jolma et al., 2013). Gapswere removed from

the multispecies alignment and a custom Python script was used to super-impose the FIMO-derived sites on the alignment (Fig-

ure S5). Relative substitution rates in the ETS and homeodomain sites (Figures 5C and 5D) were calculated for each species as

the ratio between the substitution rate in the ETS or homeodomain sites and the substitution rate in the rest of the ZRS enhancer

(using human ZRS enhancer as a reference).

QUANTIFICATION AND STATISTICAL ANALYSIS

Substitution Rates in TF Motifs
Changes in relative substitution rates in DNA motifs in the ZRS enhancer between non-snake species and snakes (Figure 5) were

compared using Mann-Whitney test.

Differences in Evolutionary Rates
Average heights of the relevant sub-trees were used to test the differences in evolutionary rates between the ZRS and forebrain

enhancers with a one-sided permutation test. Sample numbers, experimental repeats and statistical tests are indicated in figures

and figure legends or methods section above.
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Figure S1. Phylogenetic Conservation of the ZRS Enhancer across Jawed Vertebrates, Related to Figure 1

Shown is the core�800 bp of the mouse ZRS enhancer aligned with the orthologous sequences from 17 different vertebrate species, including cartilaginous and

bony fishes (elephant shark and coelacanth), five snakes (boa constrictor, Burmese python, speckled rattlesnake, viper and king cobra) and ten limbed tetrapods.

Blastn was used to identify sequences orthologous to the mouse ZRS sequence. Colors indicate different nucleotides. Tetrapod-conserved ETS motifs are

shown (orange boxes). 17 bp snake-specific deletion overlapping E1 motif is indicated. See Figures 4, 5, and S5 for more details.
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Figure S2. Phylogeny of Vertebrate Species Used in the Study, Related to Figure 1

(A–C) Branch lengths indicate absolute substitution rate for ZRS enhancer (A, B) or all other limb specific enhancer sequences from the VISTA enhancer browser

(C). Colors indicate the relative evolutionary rate of the ZRS (A, B) or all other limb specific enhancers (C) compared to forebrain specific enhancers (A, C) or to

other limb specific enhancers (B) from the VISTA enhancer browser. This is consistent with the recent observation that other limb enhancers are conserved in

snakes (Infante et al., 2015). This sequence conservation has been ascribed to functions in the development of vestigial limb structures in basal snakes or

pleiotropic functions in structures outside the limb. Mouse ZRS transgenic reporter assays show no reproducible staining outside the limb, and ZRS deletion

studies in mice indicate no phenotypes beyond limb defects, suggesting that the function of the ZRS is restricted to limb development (Lettice et al., 2003; Sagai

et al., 2005).



knockout

Figure S3. CRISPR/Cas9-Mediated ZRS Limb Enhancer Deletion, Related to Figure 3

We used CRISPR/Cas9 technology to replicate the enhancer deletion to exclude possible effects of the neomycin cassette and genetic background on the

phenotype observed by Sagai et al. (Sagai et al., 2005).

(A) Schematic overview of the strategy. A 4.5 kb mouse genomic region containing the ZRS (red) is shown together with the vertebrate sequence conservation

track (dark blue). The sgRNA recognition site is indicated in purple. Amousewith aCRISPR/Cas9-induced 1324 bp deletion (chr5:29,314,497-29,315,820;mm10)

similar to the deletion from Sagai et al. was selected for further analysis. Genotyping primers are indicated as blue arrows (F and R). A 3780 bp ‘donut‘ transgenic

reporter was used to detect residual enhancer activity outside of the deleted region.

(B) Representative E11.5 transgenic mouse embryo injected with a reporter under control of the ‘donut‘ sequence. No reproducible limb activity was detected in

6/6 independent transgenic embryos.

(C) PCR genotyping of the ZRS enhancer knockout mice.

(D) The PCR product from ZRSD/D mice was sequenced to identify the deletion breakpoint.

(E) Gross phenotypes of two week old ZRSWT/D (top) and ZRSD/D (bottom) mice. The body sizes are comparable, but ZRSD/D mice have truncated limbs. Scale

bars, 10 mm.

(F) Skeletal phenotypes of E18.5 limbs from ZRSWT/D (top) and ZRSD/D (bottom) embryos; s, scapula; h, humerus; r, radius; u, ulna; fe, femur; fi, fibula; t, tibia; a,

autopod. The humerus, radius, and ulna of the ZRSD/DE18.5 forelimb appear to be fused, while no recognizable autopod is present. The zeugopod of the hindlimb

is severely reduced, and the autopod is represented by just one rudimentary digit. Overall, the limb phenotype of the CRISPR ZRS knockout mouse reproduces

the limb phenotype observed in ShhD/D and ZRSNeo/Neo (Sagai et al., 2005) knockout mice. Scale bars, 2 mm.



Figure S4. CRISPR/Cas9-Mediated ZRS Limb Enhancer Replacement by Homology-Driven Repair, Related to Figure 3

(A) Schematic overview of strategy. A 4.5 kb mouse genomic region containing the ZRS enhancer (red) is shown together with the vertebrate conservation track

(dark blue). The donor vector contained two homology arms (gray, indicated as HA-L and HA-R) and a corresponding replaced region (blue) with borders exactly

matching the deletion breakpoints from the ZRS deletion allele (Figure S3). The sgRNA recognition site is indicated in purple. PCR primers used for genotyping are

shown as arrows (left-F, right-R - mouse specific, outside of the homology arms; right-F, left-R - species specific, inside the replaced region).

(B) PCR genotyping analysis of F0 human ZRS knockin mice using primer pairs left-F/left-R-H and right-F-H/right-R to confirm the correct integration of the left

(HA-L) and the right (HA-R) homology arms, respectively. Numbers indicate independent founder mice. WT - wild-type mouse.

(C–F) PCR genotyping analysis of F0 ZRS knockin mice containing the alleles from python (C, left-F/left-R-P and right-F-P/right-R primers), king cobra (D, left-F/

left-R-KC and right-F-KC/right-R primers), coelacanth (E, left-F/left-R-C and right-F-C/right-R primers), and resurrected python (F, left-F/left-R-RP and right-F-

RP/right-R primers). All fragments were sequence-verified by Sanger sequencing.

(legend continued on next page)



(G) Comparative Shh RNA in situ hybridization analysis in knockin mouse embryos during the onset of hindlimb bud development. Per knockin line, the Shh

transcript distribution was reproduced in at least n = 3 independent mouse embryos. The genotypes of the embryos are ZRSWT/D (mouse), ZRShZRS/D (human),

ZRSpZRS/D (python), ZRScZRS/Dz (cobra), ZRSfZRS/D (coelacanth fish) and ZRS D/D. Scale bars, 0.1 mm.

(H–J) A range of autopod skeletal phenotypes observed in wild-type (H, ZRSWT/D), heterozygous human knock-in (I, ZRShZRS/D), and coelacanth fish knockin (J,

ZRSfZRS/D) knockin mice. Asterisks indicate extra- (**) or existing (*) digit fusions. Numbers of embryos that exhibited respective limb phenotype over the total

number of embryos with the genotype are indicated.



Figure S5. Related to Figures 4 and 5

(A) Strategy for in vivo resurrection of the snake limb enhancer function. A 17 bp sequence from the lizard ZRS ortholog was introduced into the python ZRS, and

the resulting snake allele (1341 bp) containing modified python ZRS was inserted into the mouse genome in place of the wild-type mouse ZRS using CRISPR/

Cas9 (see Figure S4 and Method Details).

(B) Limb skeletal phenotypes of the knockin mice with the python ZRS (pZRS) enhancer (top) and the ‘‘resurrected‘‘ python ZRS enhancer (pZRS(r)). Number of

embryos that exhibited representative limb phenotype over the total number of embryos with the genotype are indicated. Scale bars, 2 mm.

(C) Distribution of predicted ETS1 binding sites in the ZRS for 17 jawed vertebrates. PWMs (PositionWeightMatrixes) for ETS1were used to search for all possible

motif matches (FIMO P-value < 0.0032) in the ZRS from each species. Predicted binding sites were mapped to the multi-species alignment (right; see Figure S1).

Binding sites that are conserved in tetrapods are indicated at top (ETS1, E0-4). Position of cobra- and rattlesnake-specific insertions is indicated in pink (Fig-

ure S1). A dashed line indicates a sequencing gap in the viper ZRS sequence.
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SUMMARY

Humans differ in the outcome that follows expo-
sure to life-threatening pathogens, yet the extent of
population differences in immune responses and
their genetic and evolutionary determinants remain
undefined. Here, we characterized, using RNA
sequencing, the transcriptional response of primary
monocytes from Africans and Europeans to bacterial
and viral stimuli—ligands activating Toll-like receptor
pathways (TLR1/2, TLR4, and TLR7/8) and influenza
virus—and mapped expression quantitative trait
loci (eQTLs). We identify numerous cis-eQTLs that
contribute to the marked differences in immune re-
sponses detected within and between populations
and a strong trans-eQTL hotspot at TLR1 that de-
creases expression of pro-inflammatory genes in
Europeans only. We find that immune-responsive
regulatory variants are enriched in population-spe-
cific signals of natural selection and show that
admixture with Neandertals introduced regulatory
variants into European genomes, affecting preferen-
tially responses to viral challenges. Together, our
study uncovers evolutionarily important determi-
nants of differences in host immune responsiveness
between human populations.

INTRODUCTION

The immune response to stress is a highly complex phenotype.

Inappropriate immune activity can increase susceptibility to in-

fectious, inflammatory, and autoimmune diseases, the clinical

manifestations of which vary considerably between individuals

and populations (Brinkworth and Barreiro, 2014; Casanova

et al., 2013). The contribution of host genetic factors in explaining

such heterogeneity is increasingly documented by genome-wide

association studies (GWASs), which have identified variants,

often located in non-coding regions, associated with disease

risk (Parkes et al., 2013; Schaub et al., 2012). However, it re-

mains unknown how these variants functionally impact immune

responses across populations.

Genetic variants exerting regulatory effects on gene expres-

sion, known as expression quantitative trait loci (eQTLs), have

proven to be of significant biomedical interest (Montgomery

and Dermitzakis, 2011), as they help to establish links between

intermediate phenotypes and organismal traits, such as immu-

nity to infection (Fairfax and Knight, 2014). While eQTL studies

have mostly focused on steady-state expression measurements

(Lappalainen et al., 2013; Montgomery et al., 2010; Pickrell et al.,

2010; Spielman et al., 2007; Stranger et al., 2012), recent work

has characterized response eQTLs in human cells exposed to

various immune or infectious challenges (Barreiro et al., 2012;

Çalısxkan et al., 2015; Fairfax et al., 2014; Lee et al., 2014). How-

ever, the extent and genetic determinants of inter-population

transcriptional differences upon immune stimulation remain

largely unexplored, yet this is critical to increase knowledge on

the varying susceptibility to immune disorders observed at the

population level.

Understanding how natural selection has shaped genome

variability represents a powerful approach to identify genes

that have played a major role in host survival, complementing

immunological as well as clinical and epidemiological genetic

studies (Casanova et al., 2013; Quintana-Murci et al., 2007).

Indeed, microorganisms are among the strongest selective
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pressures encountered by humans, and multiple host genes

and variants associated with immune functions and diseases

are reported to evolve adaptively (Fumagalli and Sironi, 2014;

Karlsson et al., 2014; Quintana-Murci and Clark, 2013). Further-

more, there is growing evidence that regulatory variants play a

major role in population adaptation and contribute to the diver-

sity of complex phenotypes (Fraser, 2013; Pickrell, 2014;

Schaub et al., 2012).

Besides the occurrence of new advantageous mutations,

functional variants can be introduced in human populations

through interbreeding with now-extinct lineages (Vattathil and

Akey, 2015). Recent data showed that 1%–6% of the genome

of modern Eurasians derives from Neandertals or Denisovans

(Prüfer et al., 2014; Reich et al., 2010; Sankararaman et al.,

2014; Vernot and Akey, 2014). Furthermore, humans appear

to have acquired genetic diversity from archaic hominins at

several immune genes, such as HLA, TLR1, or the OAS cluster

(Abi-Rached et al., 2011; Dannemann et al., 2016; Deschamps

et al., 2016; Mendez et al., 2013). Despite these findings,

the impact of selection and archaic admixture on driving

population differences in immune responses remains to be

investigated.

Here, we determined the degree of immune response varia-

tion, and of its genetic and evolutionary sources, within and be-

tween human populations. We used RNA sequencing (RNA-seq)

to characterize the responses of primary monocytes, from indi-

viduals of European and African descent, to various Toll-like re-

ceptor (TLR) ligands and influenza A virus, and we mapped

eQTLs. We found that marked differences in immune responses

exist between populations due to the contribution of cis- and

trans-acting regulatory variants.We also show that natural selec-

tion has contributed to the observed population differences of

immune responses and establish that admixture with Neander-

tals introduced regulatory variants affecting responsiveness to

immune stimuli into European genomes.

RESULTS

An Experimental and Computational Approach to
Understand Immune Response Variation
Population variation in immune responses was characterized in

primary monocytes, as a model of an innate immune cell type,

from 200 healthy individuals of self-reported African and

European ancestry (100 individuals of each population) (see

STAR Methods; Figure S1). Cells were exposed, for 6 hr, to li-

gands activating TLR4 (bacterial lipopolysaccharide [LPS]) and

TLR1/2 (Pam3CSK4, a synthetic triacylated lipopeptide), respon-

sible principally for sensing bacterial components, TLR7/8

(R848, an imidazoquinoline compound), responsible predomi-

nantly for sensing viral nucleic acids, and to a human seasonal

influenza A virus (IAV). RNA-seq data were collected from unsti-

mulated and stimulated monocytes, yielding a final dataset of

970 transcriptional profiles with �34 million single-end reads

per sample. High-density genome-wide genotyping and whole-

exome sequencing data were generated for all individuals and

used to characterize their genetic ancestry, map eQTLs, explore

patterns of allele-specific expression (ASE), and perform popula-

tion and evolutionary genetic analyses.

Context-Specific Transcriptional Signatures of
Monocyte Activation
To assess the transcriptional responses of CD14+ monocytes,

we first processed and normalized the RNA-seq data and ac-

counted for potential batch effects and confounding factors

that could impact gene expression variation (Figures S2 and

S3; see STAR Methods). We obtained a final set of 12,578 ex-

pressed genes, 6,752 of which were differentially expressed

upon stimulation in at least one condition (jlog2(fold change

[FC])j > 1) at a false discovery rate (FDR) < 0.05 (Table S1A). Us-

ing adjusted expression data, principal component (PC) analysis

revealed that PC1 and PC2, accounting for 65% of total varia-

tion, corresponded primarily to IAV infection and TLR activation,

respectively (Figure 1A).

We next used weighted correlation network analysis (WGCNA)

(Langfelder and Horvath, 2008) to define modules of genes

that showed similar behaviors (up-/downregulation) upon im-

mune stimulation and identified ten modules, each comprising

257–4,070 genes (Figures 1B and S4). The gene modules

upregulated upon stimulation (modules 1–4) were enriched

in diverse Gene Ontology (GO) functions related to host de-

fense, including an inflammatory response restricted to TLR

activation and a global antiviral response exacerbated upon

IAV infection (Figure 1C; Table S1B). The gene modules down-

regulated (modules 5–9), or containing similarly expressed

genes across conditions (module 10), were enriched in func-

tions such as RNA processing and translational termination

(Table S1B).

Using the transcription factor affinity prediction (TRAP)

method (Thomas-Chollier et al., 2011), we found that the

annotated promoter regions of the genes within each module

were enriched in binding motifs for specific transcription factors,

such as nuclear factor kB (NF-kB), IRF1, andGATA2 (Table S1C).

These analyses show that cellular context is the major determi-

nant of transcriptional variability and provide a genome-wide

view of common and specific responses of CD14+ monocytes

to activation by TLR ligands and IAV infection.

Transcriptional Responses to ImmuneStimulationDiffer
between Populations
We investigated how Africans and Europeans differ in tran-

scriptional responses to immune stimulation. The estimated ge-

netic ancestry of individuals accurately reflected self-reported

ethnicity, indicating negligible levels of admixture between the

two groups (Figures S5A and S5B). We searched for genes

that show population differences in expression (popDEGs;

FDR < 0.05) and further considered the magnitude of such

differences by setting different thresholds of fold change be-

tween populations (FCpop). We identified 5,501 popDEGs with

a jlog2(FCpop)j > 0.2 in at least one condition, a figure that drop-

ped to 821 and 70 when increasing themagnitude of fold change

(jlog2(FCpop)j > 0.5 and > 1, respectively; Table S1D). Among

genes displaying the largest population differences (Table 1),

we observed the scavenger receptor MARCO, involved in early

inflammatory responses to influenza (Areschoug and Gordon,

2009); the chemokine receptor CX3CR1, mediating skin wound

healing (Ishida et al., 2008); and, more generally, several inter-

feron-stimulated genes.
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We next searched for genes presenting population differ-

ences in their response to treatment, relative to non-stimulated

cells (popDRGs). We found 3,841 popDRGs (FDR < 0.05, 70%

of popDEGs), the majority of which were treatment specific

(2,687 popDRGs; Table S1E). popDRGs displaying stronger

responses in Africans were enriched in GO functions from

metabolic processes to defense responses, while popDRGs

responding more strongly in Europeans were essentially

restricted to defense functions in the TLR conditions and en-

riched in translational processes upon IAV infection (Table

S1F). popDRGs showing the greatest population differences

(jlog2(FCpop)j > 1) were enriched in cytokines and chemokines

(Fisher’s exact test, odds ratio [OR] = 36.7, p < 10�8), including

IL12B and CSF3, responding more strongly to Pam3CSK4 in

Africans, and CCL8, CCL13, CCL15, CCL23 and CXCL10, be-

ing more responsive to LPS in Europeans (Table 1). These

results indicate that while population transcriptional differ-

ences of moderate effect are widespread, strong differences

predominantly affect antiviral and inflammation-related genes

that differ markedly in responsiveness between Africans and

Europeans.

Detecting Local Immune-Responsive Regulatory
Variation
We next mapped eQTLs by testing for associations between

10,278,745 SNPs (the set of genotyped and imputed SNPs pre-

senting a minor allele frequency [MAF] > 0.05) and gene expres-

sion phenotypes. We first mapped local, likely cis-acting eQTLs

within 1 Mb of each gene in Africans and Europeans separately.

We used an additive linear model (Shabalin, 2012) that included

the first two PCs of the genetic data (Figures S5C and S5D) to ac-

count for possible population substructure. Considering only

eQTLs having an effect size of jbeQTLj > 0.2 at a FDR of 5%,

we found 2,665 genes with an eQTL in at least one condition (Fig-

ure S6A; Table S2A). Of these, 917 genes presented a response

eQTL (reQTL), an eQTL with a significantly larger effect size after

treatment than at the basal state (DjbeQTLj > 0 and p < 10�3, Fig-

ure 2A). Consistent with data for other cell types or stimuli (Fair-

fax et al., 2014; Lee et al., 2014); most reQTLs were treatment

specific (62%, 570 genes), indicating strong context specificity

of the genetic regulation of immune responses.

To investigate the functional features of (r)eQTLs, we used the

predicted regulatory elements of CD14+ monocytes (Zerbino

Figure 1. Transcriptional Response of Primary Monocytes to TLR Activation and Influenza A Virus Infection

(A) PC analysis of adjusted RNA-sequencing expression profiles in the five conditions tested in Africans (AFB) and Europeans (EUB).

(B) Weighted correlation network analysis. Relative size of the modules (left), expression patterns of genes in modules that are upregulated after stimulation (1–4)

with boxplots representing relative expression based on PC1 (middle), and most associated transcription factor binding motifs in genes within modules (right).

(C) Most significant GO biological process enrichments of genes in modules 1–4.

See also Figure S4 and Table S1.
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et al., 2015) and identified a strong enrichment in such elements,

particularly in promoter sequences (OR > 10.4, p < 10�16; Fig-

ure S6B). Furthermore, we observed strong enrichments of basal

eQTLs and reQTLs in binding sites for several transcription fac-

tors (TFs), including KDM5A and THAP1 at the basal state, TBP

and STAT3 after TLR activation, and STAT2, HMGN3, and IRF1

following R848 and IAV treatments (Figure 2B), highlighting me-

diators of cellular responses to immune activation.

Uncovering the Genetic Basis of Population Differences
in Immune Response
We subsequently investigated the contribution of genetic vari-

ants to population differences in immune responses. We found

that popDRGs were enriched in reQTLs in all conditions (OR >

2.6, p < 10�14), an enrichment that increased with the magnitude

of the population fold change in gene expression (jlog2FCpopj;
Figure 2C). This suggests that differences in transcriptional re-

sponses between populations are, at least partially, under ge-

netic control. To test this hypothesis, we evaluated the fraction

of population transcriptional differences that can be explained

by genetics (see STAR Methods). We found that (r)eQTLs ac-

count on average for �50% of such expression differences

and for up to 70% when focusing on (r)eQTLs of strong effect

size (i.e., fifth quintile; Figure 2D). Furthermore, reQTLs associ-

ated with popDRGs showed a stronger degree of population dif-

ferentiation (mean difference in derived allele frequency jDDAFj =
0.24 for popDRGs versus 0.16 for non-popDRGs, p < 2.2 3

10�16), suggesting that differences in transcriptional responses

are mainly accounted for by population variation in allele fre-

quency of reQTLs. An example is provided by NCF2, which is

downregulated specifically in Africans upon TLR activation,

due to the higher DAF of reQTL rs2274065, with respect to Euro-

peans (DAFAFB = 0.50 versus DAFEUB = 0.07) (Figure 2E).

We next searched for population-specific (r)eQTLs, i.e., SNPs

present at similar population frequencies (MAF > 0.05) but having

a regulatory effect in one population only. We found 16 eQTLs

presenting significant differences in effect size between popula-

tions (pinteraction < 0.001), 5 of which were reQTLs (Table S2B).

For example, rs1051712 was associated with decreased

ST3GAL6 expression upon R848 stimulation in Europeans only

(Figure 2F). Our analyses suggest that while population-specific

gene regulation can occur, population differences in immune re-

sponses are mostly the result of regulatory variants presenting

different allele frequencies between Africans and Europeans.

Allele-Specific Expression Reveals cis-Regulatory
Effects on the Immune Response
To provide amore accurate evaluation of cis effects affecting im-

mune response variation, we mapped allele-specific expression

QTLs (aseQTLs) (Figures S6C and S6D). aseQTL mapping is

constrained by not only the availability of heterozygotes and

read depth but also by effect size, which strongly impacts the po-

wer of detection (Figure S6E). To ensure sufficient power, we

focused on the 233 genes with large-effect eQTLs (jbeQTLj >
0.5) that could be tested and found 200 with an aseQTL (86%),

including 160 assessed with high confidence (paseQTL < 10�3)

(Figure S6F; Table S2C). Similarly, among the 42 reQTL genes

that could be tested, we detected 33 (78%) with a stimulus-

induced allele-specific response QTL (asrQTL), including 20 as-

sessed with high confidence (Figures 3A and S6G; Table S2D).

Among these, we found the TLR-induced NCF2 and PCID2

and the IAV-induced ARL5B (Figure 3B), which regulates the

RIG-I-like receptor MDA5 (Kitai et al., 2015).

We next assessed the contribution of common regulatory var-

iants (MAF > 0.05) to ASE at the individual level. Out of 5,889

genes for which ASE could be tested, we identified 1,942 genes

Table 1. GenesDisplaying theHighest Degree ofDifferential Expression orDifferential Immune-InducedResponses betweenAfricans

and Europeans

Condition Africans Europeans

Resting cells (NS) CCL3L1, CCL3L3, CX3CR1, LPL, TMEM14C,

TREML4, VNN1

HTRA3, MARCO, MT1X, PADI4, RP11-105C19.1, RP11-

645C24.5, S100P, TMEM176A, TMEM176B, USP32P1

TLR4 (LPS) AC131056.3, CEP128, LPL, RP11-1143G9.4,

RP11-7F17.7, TREML3P, TREML4, VNN1

AC004988.1, APOBEC3A, BATF2, CCL13, CCL15, CCL23,

CCL8, CMPK2, CXCL10, DHX58, DNAAF1, ETV7, GBP4,

HERC5, IFIT1, IFIT2, IFIT3, MARCO, NCOA7, PLXNA3,

RP11-105C19.1, RP11-645C24.5, RSAD2, SIGLEC1,

TMEM176A, TMEM176B, TNFSF10, U1, USP18, USP32P1

TLR1/2 (Pam3CSK4) AC131056.3, C2CD4B, CCL3L1, CCL3L3, CEP128,

CPXM1, CSF3, GBA3, IL12B, IRG1, LPL, NKX3-1,

SLC25A37, SNORD3B-1, SUCNR1, TREML4, VNN1

CCL15, HMOX1, IFIT1, IFIT2, IFIT3, PLXNA3, RP11-

105C19.1, RP11-645C24.5, RSAD2, TMEM176A,

TMEM176B, U1, USP32P1

TLR7/8 (R848) AC131056.3, LPL, RP11-7F17.7, SUCNR1,

TREML3P, TREML4

PAM, PLXNA3, RP11-105C19.1, RP11-128M1.1, RP11-

645C24.5, TMEM176A, TMEM176B, U1

Influenza A virus (IAV) CCL3L1, CCL3L3, CTSC, HS3ST3B1, IL6, LGALS17A,

NUPR1, RP11-1143G9.4, SLC25A37, TREML4

J01415.23, MARCO, MDGA1, PADI4, PAM, RASD2,

RP11-105C19.1, RP11-105C19.2, RP11-645C24.5,

S100P, SNHG5, TMEM176A, TMEM176B, U1

The genes listed are divided according to the population where they present the highest expression. All genes reported are differentially expressed

between populations in the various cellular conditions (popDEGs, jlog2(FCpop)j > 1), while those presented as underlined are further characterized

by their stronger population differences in response to treatment, with respect to the non-stimulated condition (popDRGs). Underlined genes in the

non-stimulated (NS) condition correspond to those that are differentially expressed between populations only in that condition. Genes presenting a

jlog2(FCpop)j > 1 at FDR of 5% are presented.
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Figure 2. Genetic Determinants of Population Differences in Immune Response
(A) Number of genes harboring reQTLs in single conditions or combinations of stimulations (***p < 0.001, significance of overlap between stimulation conditions).

(B) Enrichment of (r)eQTLs in transcription factor (TF) binding sites. The five TFs presenting the strongest enrichments are shown for basal state eQTLs

and reQTLs in different sets of stimulated conditions. Dots show the estimated odds ratio for the presence of binding sites of the TFs under consideration among

(r)eQTLs, and horizontal lines show the 95% confidence interval of the odds ratio.

(C) Proportion (in percentage) of popDRGs harboring a local reQTL. Within each condition, popDRGs of different strengths (light color, jlog2FCpopj > 0.2; dark

color, jlog2FCpopj > 0.5), as well as the proportion of reQTLs expected at the genome-wide level (in gray), are represented (***p < 0.001, significance of

enrichment).

(legend continued on next page)
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with at least one ASE event (jlog2(Nalternative/Nreference)j > 0.2,

FDR < 0.05), yielding an average of�188 ASE events per individ-

ual (Table S2E). Of these, 275 genes presented evidence of

allele-specific responses (i.e., significant differences in ASE

before and after stimulation), suggesting G 3 E interactions

(Table S2F). Focusing on the 160 aseQTLs detected at the pop-

ulation level, we consistently observed stronger allelic imbalance

in heterozygous individuals, �70% of whom displayed ASE in

both the presence and absence of stimulation (p < 2.2 3

10�16; Figure 3C). Our results indicate that, upon immune stimu-

lation, a large fraction of ASE events can be accounted for by

common regulatory variants, as shown for steady-state expres-

sion (Battle et al., 2014; Martin et al., 2014; Montgomery et al.,

2011).

Finally, we evaluated whether rare coding variants, presenting

a frequency %1% and characterized through whole-exome

sequencing, impact ASE upon immune stimulation. A significant

increase in ASE was observed in individuals carrying rare

(D) Fraction of population differences attributable to (r)eQTLs among popDEGs and popDRGs. (r)eQTLs are sorted by increasing effect size and divided into

quintiles. Dark color bars indicate the fraction of jlog2FCpopj of popDRGs attributable to reQTLs for each stimulation, and the light color bars represent the fraction

that is not explained by reQTLs. For the non-stimulated (NS) condition, the fraction of jlog2FCpopj of popDEGs attributable to eQTLs is reported.

(E) TLR-induced reQTL at NCF2 in both Africans and Europeans (left), and mean population expression of NCF2 (right).

(F) European-specific reQTL at ST3GAL6 induced by R848 (left), and mean population expression of ST3GAL6 (right).

See also Figure S6 and Table S2.

Figure 3. Allele-Specific Expression upon Immune Stimulation

(A) Strongest allele-specific response QTLs (asrQTLs) for each stimulation condition and population.

(B) asrQTL of ARL5B. Individual allelic ratios, in non-stimulated and IAV-infected conditions, are grouped by reQTL rs2130531 genotype and phase with exonic

variants, with color-coding for population (dark and light colors for Africans and Europeans, respectively). Vertical bars show the 95%binomial confidence interval

of the allelic ratio.

(C) Distribution of allelic ratios across genes harboring aseQTLs. Ratios are grouped by eQTL genotype (HMZ, homozygous; HTZ, heterozygous) for basal state or

stimulated conditions.

(D) Percentage of ASE events observed for different categories of rare exonic variants. Vertical bars indicate 95% confidence intervals for the estimated per-

centage (***p < 0.001).

See also Figure S6 and Table S2.
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missense variants in stimulated conditions (OR = 1.34, p < 5.03

10�8; Figure 3D). Notably, nonsense variants contributed to the

strong increase in ASE in both basal and stimulated states

(OR = 6.8, p < 5.93 10�6 andOR= 10.6, p < 2.03 10�31, respec-

tively). This is consistent with a role of rare coding variants in the

generation of allelic imbalance inmonocytes, particularly prema-

ture stop variants, possibly through nonsense-mediated decay,

as reported for other cell types and tissues (Kukurba et al.,

2014; Lappalainen et al., 2013; MacArthur et al., 2012).

Besides the contribution of common regulatory variants and

rare coding mutations, our results identified a fraction of ASE

events that are not explained by nearby eQTLs (i.e.,�17%of ho-

mozygotes display ASE). This suggests the occurrence of sec-

ondary mechanisms regulating ASE, including undetected

eQTLs of small effect size or epigenetic effects.

Trans Regulation Affects the Population Differentiation
of Immune Responses
To detect master regulators underlying population differences in

immune responses, we mapped trans-eQTLs, i.e., SNPs regu-

lating gene networks over long distances. Our genome-wide

mapping across stimulations, correcting for multiple testing,

resolved a total of 42 trans-eQTLs regulating 165 genes at an

FDR of 5% (p < 2.7 3 10�12; Figure 4A; Table S3A). Of these,

62% (103 genes) were trans-regulated in one condition only,

highlighting the high degree of context specificity. We assessed

the contribution of trans regulation to population differences in

immune responses, and found that trans-regulated genes,

upon TLR4 and TLR1/2 treatments, were strongly enriched in

popDRGs (OR > 10.3, p < 1.6 3 10�16; Figure 4B).

To decrease the multiple testing burden of detecting trans-

associations, we further interrogated the 42 trans-eQTLs on a

single SNP basis (see STAR Methods). This enabled the detec-

tion of 794 trans-regulated genes (p < 4.4 3 10�6, Bonferroni-

corrected p < 0.05), the large majority of which (98%) were

associated to a single trans-eQTL. Furthermore, we observed

that only two loci, IFNB1 and TLR1, account for 88%of these as-

sociations (Figure 4A; Table S3A). The IFNB1 locus, previously

reported upon LPS treatment for 24 hr in Europeans (Fairfax

et al., 2014), was the strongest trans-regulatory hotspot. We

found that this locus controlled, in both populations, a TLR4-

and TLR1/2-mediated antiviral gene network (Table S3B), corre-

sponding mostly to genes belonging to module 2 (96% of

overlap). Genes in this network were enriched in popDRGs

(OR > 9.2, p < 10�38), owing to population differences in IFNB1

response. Local IFNB1 regulatory variants had similar population

frequencies (maximum jDDAFj = 0.1) and explained only up to

9% of the differences in IFNB1 response. Thus, the population

differences observed for IFNB1 trans-regulated genes are not

due to variation in the cis regulation of IFNB1 itself but instead

are due to yet-unidentified genetic and non-genetic factors.

A TLR1 Master Regulator Modulates the Inflammatory
Response in Europeans
We identified a Pam3CSK4-induced gene network that is trans-

regulated by the TLR1 missense variant rs5743618 (I602S).

This European-specific trans-eQTL (DAFEUB = 0.71, DAFAFB =

0.01) was also associated with the expression of one of the

largest networks (432 genes, Bonferroni-corrected p < 0.05; Fig-

ures 4A, 4C, and 4D). Genes downregulated by the rs5743618-

derived variant were enriched in genes belonging to module 1

(67% of genes) and module 4 (18% of genes) (OR > 11.5,

p < 2.5 3 10�19; Figure 1B). These genes were preferentially

involved in responses to bacterial infection (OR = 6.3, p =

6.53 10�9; Table S3C) and included regulators of inflammation,

such as CCL5, IL10, IL12B, and PTGS2 (Figure 4D). Among

upregulated genes, signaling-related functions were overrep-

resented and included BID, IKBKE, and PAK1, involved in

TNFR1 signaling (Figure 4D). Remarkably, TLR1 trans-associ-

ated genes displayed strong enrichment in popDRGs (OR =

8.6, p < 10�28), and, contrary to IFNB1, such population tran-

scriptional differences were largely explained by genetics (i.e.,

the rs5743618 variant; Figure 4E).

We then investigated the effects of this trans-regulatory variant

on the inflammatory response, as we previously showed its func-

tional impact on NF-kB activity (Barreiro et al., 2009), and

assessed the correlation of rs5743618 genotypes with the

expression of the 81 inflammatory response genes of module 1

(Figures 1B and 1C; Table S1B). The derived C allele (602S)

was associated with a significant overall decrease in the expres-

sion of inflammatory response genes (p = 1.23 10�13; Figure 4F).

These results reveal major population differences in TLR1/2-

mediated responses, which are largely explained by a Euro-

pean-specific TLR1 trans-regulatory hotspot that contributes

significantly to differences in the strength of the inflammatory

response between Africans and Europeans.

Natural Selection Targeted Immune-Responsive
Regulatory Variation
We next assessed how natural selection, as opposed to genetic

drift, has contributed to differences in immune responses be-

tween populations. We computed two metrics—FST, based on

the degree of population differentiation (Holsinger and Weir,

2009), and iHS, based on haplotype homozygosity (Voight

et al., 2006)—to detect signals of old and recent events of posi-

tive selection, respectively. After matching for MAF and linkage

disequilibrium (LD) patterns, we found that basal eQTLs and

reQTLs were enriched in stronger values of FST (p < 0.005 for

eQTLs and p < 1 3 10�4 for reQTLs, respectively) and iHS

(p < 0.002 and p < 1 3 10�4, respectively), relative to genome-

wide expectations, in Africans and Europeans (Figure 5A). Signif-

icant enrichments in selection signals were also obtained using a

composite selection score (CSS) combining FST and iHS, which

detects signals of recent, strong positive selection, and the

XP-CLR method, which uses allele frequency differentiation at

linked loci to detect selective sweeps (Chen et al., 2010). Among

reQTLs, the strongest enrichments were observed for the IAV

condition in both Africans (iHS p = 0.04, XP-CLR p < 10�4) and

Europeans (FST p < 10�4, CSS p = 0.002) (Table S4A). This sup-

ports a history of positive selection targeting immune-responsive

regulatory variants, particularly those involved in responses to

viral infection.

To highlight specific (r)eQTL candidates that may have partic-

ipated in population adaptation at different timescales, we

considered loci presenting extreme values of FST or iHS at the

genome-wide level (>99th percentile; Tables S4B and S4C).
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Figure 4. Identification of Master Regulatory Loci of Immune Responses

(A) Genome-wide distribution of trans-eQTLs. For each locus, the number of associated genes identified at a genome-wide FDR of 5% or using an SNP-based

Bonferroni correction is represented by black and gray bars, respectively.

(B) Enrichment of popDRGs in genes regulated by trans-eQTLs.Within each condition of stimulation, popDRGs of different strengths (light color, jlog2FCpopj> 0.2;

dark color, jlog2FCpopj > 0.5) are represented (*p < 0.05, ***p < 0.001).

(C) Fine mapping of the Pam3CSK4-induced trans-eQTL at TLR1. The significance of SNP associations with the expression patterns (PC1) of the 432 trans-

regulated genes is shown for basal and Pam3CSK4 conditions (gray and green dots, respectively). Only the gene overlapping the strongest trans-eQTL signal is

represented.

(D) TLR1 trans-associated genes at pBonferroni < 0.05. The size of the circles reflects the proportion of the variance of gene expression explained by rs5743618, and

colors indicate the direction of the change in expression associated with the derived allele. Only the 100 most significant genes are shown.

(E) Fraction of population differences in gene expression (jlog2FCpopj) attributable to rs5743618 among popDRGs regulated by the TLR1 locus (in dark green).

Only the tail distribution of popDRGswith the largest population differences is represented. Genes involved in theGObiological process ‘‘response tomolecule of

bacterial origin’’ are reported.

(F) Impact of the derived allele of TLR1 rs5743618 (C allele) on the expression patterns (PC1) of the 81 inflammatory genes from module 1.

See also Table S3.
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Among these, we conservatively retained (r)eQTLs that were

located in genomic regions presenting a significant enrichment

in selection signals anddeviated fromneutral expectationsbased

on validated demographic scenarios (see STAR Methods).

Among local eQTLs, thestrongest signaldetectedbyFST involved

an eQTL associated with stronger expression of themethyltrans-

ferase genePCMTD1 in Europeans (FST= 0.8, iHS=�3),while the

strongest signal of iHS involved a reQTL associated with a

reduced expression of CCR1 following TLR1/2 activation in

Africans (iHS = �4; FST = 0.4) (Figure 5B). With respect to trans-

eQTLs, the master regulatory SNP rs5743618 at TLR1 also pre-

sented a strong signal of local adaptation in Europeans (FST =

0.7, iHS = �1.5, pempirical-FST = 0.002, psim-FST = 0.007).

Together, our results provide genome-wide support for the

important role of regulatory variants affecting basal gene

expression and responses to immune stimuli in driving human

adaptation. This, together with the enrichments in genes

showing differential expression between populations (OR =

2.1, p = 1.1 3 10�11) among (r)eQTLs with selection signatures

(Tables S4B and S4C), emphasizes the contribution of natural

selection to the differences in immune responses observed be-

tween human populations.

Neandertal Contribution to Transcriptional Responses
to Immune Challenges
We investigated the impact of admixture between Neandertals

and theancestorsof Europeansongenome-wideexpressionpro-

files (see STAR Methods). We first defined a set of 197,959 vari-

ants as of putative Neandertal ancestry (archaic SNPs [aSNPs])

if the Neandertal allele was present in Europeans and absent in

Africans and located in genomic regions with a high probability

of Neandertal ancestry (Sankararaman et al., 2014).We identified

a total of 52 loci harboring at least one aSNP overlapping a local

eQTL (archaic eQTL). Interestingly, relative to genome-wide ex-

pectations, an enrichment in aSNPs was observed for basal

eQTLs (p < 0.003) and reQTLs in R848 and IAV conditions

(p < 0.014 and p < 10�3, respectively; Figure 6A). To identify

archaic eQTLs with high-confidence, we next focused on those

located in haplotypes longer than expected under a scenario of

incomplete lineage sorting (Figure S7A). Among the 19 eQTLs

presenting strong evidence of Neandertal origin (Table S5), 9 cor-

responded to R848- and IAV-induced reQTLs, implicating genes

encoding Ras GTPases such as RAB3IP and RAPGEF3.

Some of these (r)eQTLs carry archaic alleles that are at

appreciable frequencies in Europeans, suggestive of adaptive

Figure 5. Natural Selection Driving Population Differences of Immune Response

(A) Distribution of neutrality statistics among local (r)eQTLs. For each locus, the maximum FST or jiHSj across all SNPs in high LD (r2 > 0.8) is considered, focusing

on selection signals targeting the derived allele. The genome-wide distribution of these statistics (after pruning for LD, to avoid overweighting long haplotypes)

is provided as a reference (all). Significance was assessed by resampling random SNPs from the genome, matched for MAF and LD (*p < 0.05, **p < 0.01,

***p < 0.001). Top: Africans. Bottom: Europeans.

(B) Fine mapping of the selection signal detected at theCCR1 reQTL in Africans. Top: SNP associations with CCR1 expression (-log10(peQTL)) are represented for

the basal (gray) and Pam3CSK4 (green) conditions. SNPs located in the CCR1 reQTL peak region are in high LD (r2 > 0.8) with the reQTL peak-SNP. Middle and

bottom: FST and jiHSj values for SNPs with a DAFR 0.2, respectively. For each SNP, the size of the dots is proportional to the association withCCR1 expression,

with blue and red indicating selection on derived and ancestral alleles, respectively. The blue line represents the recombination rate at the locus. Only the gene for

which the eQTL was detected is represented.

See also Table S4.
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introgression. To test this hypothesis, we reasoned that an

archaic allele that introgressed into Europeans and East Asians

and was advantageous in one population only should present

today unusually high levels of genetic differentiation, relative to

genome-wide expectations (Vernot and Akey, 2014). When

comparing FST between Europeans and East Asians at archaic

(r)eQTLs against the genome-wide distribution of aSNPs (Table

S5), we identified a haplotype that regulates the response of

PNMA1 to R848 and IAV as a significant genomic outlier

(FST = 0.28; pemp = 0.01; Figures 6B and S7B–S7E). This archaic

haplotype is present at very high frequency in Europeans

(33.5%), while it is absent in East Asians (Figure S7B). Using

simulations that make conservative assumptions about the

past frequency spectrum of archaic alleles (see STAR Methods),

we found that the high frequency of the PNMA1 haplotype in

Europeans is not compatible with neutral expectations (psim <

0.05; Table S5), providing support to the adaptive nature of

this introgression event.

Collectively, these results indicate that regulatory variants

affecting steady-state gene expression and transcriptional

responsiveness to immune challenges, particularly those that

are viral related, were preferentially introduced into European ge-

nomes via admixture with Neandertals, of which some may have

conferred a selective advantage to modern populations.

DISCUSSION

Recent studies have offered proof of concept that eQTL map-

ping detects key genetic variants relevant to immunity and infec-

tion (Fairfax and Knight, 2014). Here, using RNA-seq data, we

characterized, at an unprecedented level of resolution, the tran-

scriptional response of primary monocytes to inflammatory and

infectious cues. We defined the respective contributions of nat-

ural selection and archaic admixture to differences in immune

response regulation between populations. In doing so, we iden-

tify regulatory variants andmolecular phenotypes that have been

important to human survival and that are of biomedical interest

for the understanding of genetic susceptibility to immune-related

diseases.

Our analyses uncovered extensive variation, globally of mod-

erate effect, in transcriptional responses to immune challenges

between individuals of African and European descent, with the

strongest differences being observed for genes with antiviral

and inflammatory-related functions. These genes are enriched

in associations with cis- and trans-eQTLs, and regulatory vari-

ants presenting different allele frequencies between populations

account for a large fraction of the population differences in im-

mune responses observed. Highlighting one pertinent example,

we identify a reQTL (rs2274065), whose cis-action was sup-

ported by our analyses of ASE, leading to TLR-mediated NCF2

downregulation in Africans, where this variant is present at

high frequency (�50%). That this mutation has been associated

with systemic lupus erythematosus (Jacob et al., 2007) suggests

that lower levels of NCF2 expression may contribute to the

higher prevalence and severity of this disease in Africans (Fer-

nández et al., 2007). This example illustrates the value of

mapping response eQTLs across populations to uncover mech-

anisms that might explain ethnic disparities in the clinical mani-

festation of immune disorders.

This study also establishes that natural selection has contrib-

uted to the differences in immune responses observed between

populations by providing genome-wide support that regulatory

Figure 6. Neandertal Introgression of Immune Regulatory Variants in Europeans

(A) Enrichment of (r)eQTLs in archaic SNPs. The observed number of archaic eQTLs is presented for each condition (colored dots) in Europeans with respect to

the expected distribution of archaic eQTLs under the assumption of independence (gray bars) (see STAR Methods) (*p < 0.05, **p < 0.01, ***p < 0.001).

(B) Fine mapping of the archaic reQTL at PNMA1 in Europeans. SNP associations with PNMA1 expression (�log10(peQTL)) for the basal (gray) and stimulated (in

colors) conditions (top). European individuals, and their corresponding archaic and modern haplotypes at the PNMA1 locus, are sorted by increasing levels of

PNMA1 expression. Red dots represent archaic SNPs, and red lines represent the largest consecutive stretch of archaic alleles associated with PNMA1

expression (middle). Frequency distribution of archaic SNPs at the locus is shown (bottom). Only the gene for which the eQTL was observed is represented.

See also Figure S7 and Table S5.
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variants associated with different responsiveness to immune

challenges have been targeted by positive selection. In doing

so, we identify multiple regulatory variants showing signatures

of population local adaptation. For example, selection appears

to have increased the frequency of the African-specific reQTL

rs7426702 (39%), leading to stronger CCR1 downregulation

following TLR1/2 activation. Interestingly, the inhibition of

CCR1 limits leukocyte recruitment and prevents inflammatory

responses in experimental settings (Gladue et al., 2006). Our

results thus suggest that CCR1 downregulation has conferred

a selective advantage in Africans, likely to favor diminished

inflammation.

Further support for this concept is provided by the strong se-

lection signature detected for the European trans-eQTL at TLR1,

spanning a region shown to have evolved adaptively (Barreiro

et al., 2009; Deschamps et al., 2016; Mathieson et al., 2015;

Pickrell et al., 2009). The TLR1 variant is a strong trans-regulatory

hotspot associated with a gene network presentingmarked pop-

ulation differences in the response to immune activation.We also

found that the advantageous rs5743618 allele, which impairs

NF-kB activity (Barreiro et al., 2009), is associated with a global

decreased expression of inflammatory response genes, consis-

tent with an attenuated TLR1-mediated signaling beneficial to

Europeans. Together, our findings highlight the evolutionary

tradeoff between activating efficient responses to sense micro-

organisms, both pathogenic and commensal, while avoiding

aberrant, deleterious inflammation.

Genetic variation transmitted through admixture with Nean-

dertals can also represent a source of functional, potentially

advantageous variants (Vattathil and Akey, 2015). Relative to

genome-wide expectations, we show that genetic segments in-

trogressed from Neandertals have preferentially introduced reg-

ulatory variants into European genomes, affecting steady-state

expression and responses to TLR7/8 stimulation and IAV.

Furthermore, we report several loci presenting strong evidence

of archaic ancestry that exert a regulatory effect in cis. Among

these, we find the IAV-induced reQTL of PNMA1, which en-

codes a protein that physically interacts with the IAV protein

PB2 and stimulates interferon production (Shapira et al.,

2009). That the PNMA1 haplotype presents a frequency in

Europeans that is not compatible with neutral evolution,

together with its strong levels of population differentiation be-

tween modern Europeans and East Asians, supports its contri-

bution to European adaptation and provides a case of adaptive

introgression. The functional roles of the introgressed regulatory

variants require further investigation, but our results clearly

establish that archaic admixture, whether adaptive or not, has

increased the diversity of the immune repertoire of contempo-

rary Europeans.

Collectively, our analyses provide a comprehensive view of the

impact of population genetic differences on transcriptional re-

sponses to innate immunity activation and highlight evolution-

arily important determinants of host immune responsiveness.

The regulatory variants identified here constitute a useful

resource for evaluating the role of such variants in the molecular

and cellular mechanisms underlying host immunity to infection

and susceptibility to disease, both at the individual and popula-

tion levels.
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TruSeq SR Cluster Kit v3-HS Illumina Cat# GD-401-3001
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FlowJo vX.0.6 FlowJo, LLC N/A

TopHat (Kim et al., 2013) https://ccb.jhu.edu/software/tophat/index.shtml

RSeQC package (Wang et al., 2012) http://rseqc.sourceforge.net

Cufflinks/CuffDiff (v2.0.2) (Trapnell et al., 2012) http://cole-trapnell-lab.github.io/cufflinks/cuffdiff/

ComBat, sva R package (Johnson et al., 2007) https://www.bioconductor.org/
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TRAP (Thomas-Chollier et al., 2011) http://trap.molgen.mpg.de/cgi-bin/download.cgi

fdrtool, R package (Strimmer, 2008) http://cran.r-project.org/
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PLINK v1.9 (Chang et al., 2015) http://pngu.mgh.harvard.edu/�purcell/plink/download.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding author Lluis Quintana-

Murci (quintana@pasteur.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We recruited 100 healthy, male donors of self-reported European descent (EUB) and 100 of self-reported African descent (AFB), all

living in Belgium, at the Center for Vaccinology (CEVAC) of Ghent University Hospital (Ghent, Belgium). Samples were collected after

written informed consent had been obtained, and the study was approved by the local ethics committee (Ethics Committee of the

Ghent University), the Ethics Board of Institut Pasteur (EVOIMMUNOPOP-281297) and the relevant French authorities (CPP, CCITRS

and CNIL). Inclusion was restricted to donors between 19 and 50 years of age, nominally healthy at the time of sample collection.

A case report form was obtained for all donors, including information on vital sign measurements, medication, medical history

and travel. No overrepresentation of any particular disease was observed relative to official report statistics published by the World

Health Organization or in epidemiological studies. Serological testing was performed for all donors at the CEVAC, and those with

serological signs of past or ongoing infection with human immunodeficiency virus (HIV), hepatitis B virus (HBV) or hepatitis C virus

(HCV) were excluded.

METHOD DETAILS

PBMC Isolation
For each participant, we collected 300ml of whole blood into anticoagulant EDTA-blood collection tubes and peripheral bloodmono-

nuclear cells (PBMCs) were isolated on Ficoll-Paque density gradients. PBMCs were frozen in 90% fetal calf serum (FCS) and 10%

dimethyl sulfoxide, at a density of 503 106 PBMCs/ml and transported in dry shipper fromCEVAC to Institut Pasteur. Vials were then

cryopreserved in liquid nitrogen until use.

Monocyte Separation
For each donor, 300 3 106 PBMCs were thawed, washed twice and resuspended in pre-warmed RPMI-1640 Glutamax medium,

supplemented with 10% FCS and penicillin/streptomycin (complete medium). Monocytes were then positively selected with mag-

netic CD14 microbeads, according to the manufacturer’s instructions. The number of monocytes was determined with a Kova

Glasstic Slide 10 with a grid in the presence of trypan blue. For each donor, 30 3 106 monocytes were split between five 25 cm2

non-treated flasks (i.e. one flask per condition and five conditions per donor), each containing 63 106 monocytes in 9 ml of complete

medium. Monocytes were allowed to rest for one hour at 37�C under 5% CO2 before stimulation.

Monocyte Purity and Cell Death Assessment
Purity and cell death of the isolatedmonocyteswere assessed for all donors on a fraction of 105 CD14+monocytes stained, according

to the manufacturer’s instructions, with fluorescent APC-conjugated anti-CD14 antibodies and propidium iodide, respectively. Sam-

ples were then analyzed on a MACSQuant Analyzer 10 benchtop flow cytometer (Miltenyi Biotec) and using FlowJo vX.0.6 software.

The mean values obtained for all samples were 96.8% for monocyte purity and 2.1% for initial cell death rates.

TLR Stimulation and Influenza A Virus Assays
Monocytes were exposed to five different conditions for 6 hr, in order to capture transcriptional signatures from both an early

response and the beginning of a late response, i.e., an ‘‘intermediate response’’ (Huang et al., 2001). The choice of this time point

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GATK v.3.2.2 (DePristo et al., 2011) https://software.broadinstitute.org/gatk/

SHAPEIT2 (Delaneau et al., 2013) http://www.shapeit.fr

IMPUTE v.2 (Howie et al., 2009) http://mathgen.stats.ox.ac.uk/impute/impute_v2.1.0.html

EIGENSTRAT (Patterson et al., 2006) http://genepath.med.harvard.edu/�reich/EIGENSTRAT.htm

MatrixEqtl, R package (Shabalin, 2012) http://www.bios.unc.edu/research/genomic_software/

Matrix_eQTL/

WASP (van de Geijn et al., 2015) https://github.com/bmvdgeijn/WASP

SAMtools mpileup (Li, 2011) http://samtools.sourceforge.net/

Variant Effect Predictor (McLaren et al., 2010) http://www.ensembl.org/info/docs/tools/vep/index.html
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was also based on a pilot study on the kinetics of gene expression of several key inflammatory and antiviral response genes (IL1A,

IL23A, IL6, IL8, TNF, IRF1 and STAT2) upon immune activation. Our results showed that 6 hr of stimulation was the best time point to

capture simultaneously expression signals from early, intermediate and late response genes, with respect to other time points at 2, 4,

8 and 24 hr (data not shown). Onemonocyte flask was left untreated as a baseline control, while the others were each exposed to one

of four different immune stimuli. These stimuli included synthetic ligands specifically activating three Toll-like receptor (TLR) signaling

pathways: 1 ng/ml ultrapure LPS from E. coli, 0.2 mg/ml synthetic triacylated lipoprotein Pam3CSK4, and 0.3 mg/ml imidazoquinoline

compound R848.Monocytes were also infectedwith strain A/USSR/90/1977(H1N1) of the human seasonal influenza A virus (IAV) at a

MOI = 1, and IAV particles were produced as previously described (Pothlichet et al., 2013). After stimulation, cells were collected by

centrifugation, lysed in a guanidinium thiocyanate solution provided in the Nucleospin miRNA kit, according to the manufacturer’s

instructions, and stored at �80�C until RNA extraction. Cellular assays were performed per batch of 30 samples from 6 individuals,

including 3 Africans and 3 Europeans, across all 5 conditions.

RNA Extraction
Total RNA was extracted with the Nucleospin miRNA kit from Macherey Nagel, including the enzymatic digestion of genomic DNA.

Extractions were performed in batches of 30 samples (i.e. 5 conditions for 3 Africans and 3 Europeans), and RNA quality and quantity

were assessed with a Nanodrop spectrometer and the Agilent Bioanalyzer RNA 6000 nano kit. We generated a final set of 978 sam-

ples from the 200 donors fulfilling the quality and quantity criteria (RIN > 7, quantity > 2.5 mg) for high-throughput RNA-sequencing,

including 200, 188, 197, 193 and 200 samples for the non-simulated, LPS, Pam3CSK4, R848 and IAV conditions, respectively.

RNA Sequencing
RNAwas obtained from 978 of the 1000 samples, and was sequenced on an Illumina HiSeq2000. The quality and quantity of all sam-

ples was reassessed before sequencing. Samples were then randomized before library preparation in order to obtain a balanced

number of samples across ethnicity and cellular conditions per sequencing batch/lane/machine/index. Standard reagents were

used for transcriptome sequencing: TruSeq RNA Sample Prep Kit v2 for mRNA library construction, TruSeq SR Cluster Kit v3-HS

for cluster generation and TruSeq SBS kit v3-HS for sequencing. We pooled six samples per lane to generate outputs of around

30 million 101-bp single-end reads per sample (ranging from 27.7 to 94.8 million reads, mean 34.4) (Figure S2A).

DNA Extraction
Genomic DNA was extracted from the CD14-negative cell fraction (i.e. non-monocyte cells) by a standard phenol/chloroform proto-

col followed by ethanol precipitation. The DNA was quantified by Nanodrop spectrometry and with the Quant-iT PicoGreen dsDNA

Assay Kit.

SNP Genotyping and Whole-Exome Sequencing
The 200 subjects studied were genotyped for a total of 4,301,332 SNPs on the Illumina HumanOmni5-Quad BeadChips. Whole-

exome sequencing was carried out for the same individuals with the Nextera Rapid Capture Expanded Exome kit, on the Illumina

HiSeq 2000 platform, with 100-bp paired-end reads. This kit delivers 62 Mb of genomic content per individual, including exons, un-

translated regions (UTR), and microRNAs.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-Sequencing Analysis
Reads were assessed for multiple quality metrics, including number of reads, nucleotide distribution and sequencing quality, and the

last base of all readswas trimmed due to a fall in sequencing quality. RNA reads were thenmapped onto the humanGRCh37 genome

with TopHat (Kim et al., 2013), resulting in the successful mapping of 89.9% of reads per sample on average (minimum 67.3%;

maximum 93.7%). We used the RSeQC package to assess the alignment of reads with various genomic features, GC content,

and gene body coverage (Figures S2B–S2E). Samples with uneven gene body coverage were found to be more likely to be outliers.

We used gene body coverage regularity as an indicator of library quality, removing eight samples due to irregular gene body

coverage. The remaining 970 samples were used for subsequent analyses and consisted of 200 non-stimulated (EUB: 100, AFB:

100), 184 LPS (EUB: 96, AFB: 88), 196 Pam3CSK4 (EUB: 100, AFB: 96), 191 R848 (EUB: 98, AFB: 93), and 199 IAV samples (EUB:

99, AFB: 100).

Cufflinks/CuffDiff (v2.0.2) (Trapnell et al., 2012) was used to quantify expression levels in FPKM (fragments per kilobase of tran-

script per million mapped reads) for each annotated transcript of the genome in Ensembl (v.70), and FPKM values for which Cufflinks

returned FAIL status (< 0.5% of quantified transcripts) were set to missing values. Gene expression data were filtered to remove

genes with low levels of expression (mean FPKM < 1 in all conditions) and their quality was checked by principal component analysis

(PCA). PCA captured differences between conditions and populations on the first two axes, but we tested for additional causes of

technical variability, by fitting, for each gene, a mixed model of gene expression as a function of condition, population, and technical

covariates, including total RNA concentration, RIN, percentage of high-quality bases (Q30), mean GC content, library concentration,

50/30 coverage bias (measured as the mean difference in coverage between the 50 and 30 ends of the gene) as continuous covariates,
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and date of experiment, library preparation batch, sequencing batch, sequencer used, sequencing index, and sequencing lane as

putative batch effects. Putative batch effects were modeled as random effects to prevent the loss of degrees of freedom, whereas

all other covariates (condition, population and continuous covariates) were included as fixed effects, giving the following model for

gene i and sample j:

Log2ð1+FPKMijÞ= a+ bcond + bpop +
X

c

bcCovariatec +
X

k

bbatch
k;j + εij

where a is the intercept, bcond and bpop are the fixed effect of the condition and population on sample j, bc are the fixed effect of contin-

uous covariates on sample j, the bbatchk;j are the random effects of batch covariate k, on sample j, and εij are the residuals.

The proportions of genes affected by each factor are reported in Figure S2F for various levels of explained variance. We observed

that GC content, 50/30 bias, date of the experiment and library batch were among the strongest confounding factors, and accordingly

corrected the data for these factors before analysis, following the pipeline detailed in Figure S3. First, we adjusted the data for GC

content and 50/30 bias using linear models. Then, we imputed missing values by K-nearest neighbor imputation, and adjusted for

experiment date and library batch by sequentially running ComBat (Johnson et al., 2007) for each batch effect, with condition and

population as covariates. Batch-corrected gene expression levels, in FPKM,were then recalculated from the adjusted transcript level

estimates. Refitting our linear mixed model confirmed that correction was satisfactory for most of the technical covariates

(Figure S2F).

Assessment of Technical and Biological Variability
The reproducibility of our RNA-Seq experiments was assessed by performing technical and biological replicates on seven indepen-

dent donors (4 AFB and 3 EUB) across the five experimental conditions.We showed that (i) the coefficients of variation of geneswithin

technical replicates were consistently, and significantly, smaller in magnitude and less variable than those within biological replicates

(Wilcoxon Rank-Sum Test, p < 10�16; Figure S2G), and (ii) technical replicates exhibit higher correlation coefficients (r) between sam-

ples with respect to the distribution of r values calculated from pairwise comparisons between biological replicates (Figure S2H).

Modules of Correlated Genes
Modules of genes presenting correlated expression patterns, extracted from log-transformed FPKM data, were defined by weighted

correlation network analysis (WGCNA) (Langfelder and Horvath, 2008). In our setting of immune response activation, this analysis

detects modules of correlated genes that can reflect either shared regulation by common transcription factors, or regulation by in-

dependent transcription factors with similar patterns of activation upon stimulation. Tukey’s biweight correlation was used as amea-

sure of gene relatedness to reduce the influence of outliers, and correlations were measured across all 970 samples. The scale-free

topology of the networks was assessed for various values of the b shrinkage parameter, according to WGCNA user manual, and the

default value of b = 6 appeared to give a satisfactory fit to scale-free topology. Signed clustering of genes (grouping only positively

correlated genes) was used to simplify the interpretation of the extracted modules. We also found that varying the level of shrinkage

(b = 5 or 6) or the depth of the clustering (deepsplit parameter set to 3 or 4) had only a mild impact on the number of clusters or the

enrichments obtained, confirming the robustness of these analyses.

For each module, we used PASTAA (Roider et al., 2009) to identify transcription factor binding site motifs overrepresented within

the annotated proximal promoters of the genes within each module. We first defined the proximal promoter region for each gene as

the region extending 200 bp on either side of the transcription start site (TSS) of themost abundant transcript on the basis of Cufflinks

FPKM estimates. We then used the transcription factor affinity prediction (TRAP) method (Thomas-Chollier et al., 2011) to measure

the binding affinities of each transcription factor present in the Jaspar core vertebrate database (Mathelier et al., 2014) with the prox-

imal promoters of the 12,578 expressed genes, and these affinities were then used as the input for PASTAA enrichment analysis. We

reported only enrichments significant at a false discovery rate (FDR) of 0.05 with a fold-change (i.e. observed/expected) greater than

1.2. For each module, we represent the transcription factor binding sites with the highest value for the lower limit of the odds ratio

confidence interval.

Differential Expression Analysis
Differential expression was assessed directly from log-transformed FPKM, using t tests for each condition. FDR was then calculated

jointly for all conditions, with the R package fdrtool, and genes differentially expressed between populations (popDEGs) were defined

as genes presenting an absolute log2 fold change between populations –
��log2 FCpop

�� – greater than 0.2 and at FDR < 0.05. We then

calculated the fold-change in expression after stimulation relative to the basal state, and used t tests to determine whether there was

a differential response. Population differential response genes (popDRGs) were then defined as popDEGs for which there was a dif-

ferential response between populations under stimulated conditions, at FDR < 0.05 (i.e. the transcriptional response to treatment,

relative to the basal state, differed between populations), resulting in a larger difference in expression after stimulation.
���log2 FC

stimulated
pop

��� >
���log2 FC

basal
pop

���
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Gene Ontology Enrichment Analysis
All Gene Ontology (GO) enrichment analyses were performed with GOSeq package (Ashburner et al., 2000), using the default set-

tings, with the 12,578 expressed genes as the background set. Only enrichments significant at FDR of 0.05 and with a fold-change

(i.e. observed/expected) greater than 1.2 are reported.

SNP Genotyping Data Analysis
Using PLINK v1.9 (Chang et al., 2015), we removed SNPs that: (i) were typed with probes mapping to several genomic locations

(N = 12,440), (ii) presented a poor genotype clustering (GenTrain score < 0.35; N = 809), (iii) had the same chromosomal position

as another SNP in dbSNP b138 (N = 6,968), (iv) were not reported in dbSNP b138 (N = 5,311), (v) presented a call rate < 95%

(N = 79,310), (vi) were monomorphic in our sample (N = 652,385), (vii) were located on the sex chromosomes (N = 50,994), and

(viii) presented a Hardy-Weinberg p < 10�3 in AFB or EUB populations (N = 4,007). After quality-control filtering, we retained a total

of 3,489,108 SNPs. The SNP call rate for the 200 individuals was 99.8% on average, ranging from 98.89% to 99.99%. No evidence

was found for 2nd-degree cryptic relatedness (kinship coefficient > 0.07) in KING (Manichaikul et al., 2010), or for sex mismatch, for

any of the individuals. Two AFB individuals presented an excess of heterozygosity (< ± 3SD from the population average), as a result

of their moderate levels of non-African ancestry, as estimated using ADMIXTURE.

Whole-Exome Data Analysis
Read-pairs were processed according to the GATK Best Practice recommendations. Read-pairs were first mapped onto the human

GRCh37 genome with BWA v.0.7.7 (Li and Durbin, 2009), and reads duplicating the start position of another read were marked as

duplicates with Picard Tools v.1.94 (http://broadinstitute.github.io/picard). We used GATK v.3.2.2 (DePristo et al., 2011) for base

quality score recalibration (‘‘BaseRecalibrator’’), insertion/deletion realignment (‘‘IndelRealigner’’), and SNP and insertion/deletion

discovery for each sample (‘‘Haplotype Caller’’). Individual variant files were combined with ‘‘GenotypeGVCFs’’ and filtered with

‘‘VariantQualityScoreRecalibration.’’ Individual coverage was 52.32 3 on average, ranging from 33.84 to 100.59 3, and individual

breadth of coverage at 5 3 was 92.42%, ranging from 83.5% to 95.0%. We removed those of the 540,990 SNPs obtained that:

(i) were triallelic (N = 11,925), (ii) presented a call rate < 95% (N = 44,716), (iii) were located on the sex chromosomes (N = 8,369),

and (iv) presented a Hardy-Weinberg p < 10�3 in AFB or EUB populations (N = 4,510). The application of these quality-control filters

resulted in the retention of 471,740 SNPs.

Imputation of Genome-wide SNP and Exome Data
Before merging the Omni5 and exome datasets, we first checked genotype concordance for 169,406 SNPs common to the two plat-

forms. We flipped alleles for 8,025 SNPs with incompatible allelic states, and removed 119 SNPs with alleles that remained incom-

patible after allele flipping. The total concordance rate was 99.66%. The concordance rates for each of the 200 individuals exceeded

99%, confirming an absence of errors during DNA sample processing. Of the 8,155 SNPswith discordance rates > 1%, 296were due

to C/G or A/T SNPs, and high genotype concordance between the two DNA typing technologies was restored by allele flipping. The

remaining 7,881 SNPs were removed. The entire Omni5 and exome datasets (3,489,108 and 471,740 SNPs, respectively) were then

merged, yielding a final concordance rate of 99.93%, for a total of 3,782,260 SNPs.

Before imputation, we phased the data with SHAPEIT2 (Delaneau et al., 2013), using 500 conditioning haplotypes, 50 MCMC it-

erations, 10 burn-in and 10 pruning iterations. SNPs and allelic states were then aligned with the 1,000 Genomes Project imputation

reference panel (Phase 1 v3.2010/11/23). We removed 8,705 SNPs with identical positions in our data and in the reference panel but

incompatible alleles, even after allele flipping, and 4,137 SNPs with C/G or A/T alleles. Genotype imputation was performed with

IMPUTE v.2 (Howie et al., 2009), considering 1-Mb windows and a buffer region of 1 Mb.

Of the 38,098,530 SNPs obtained after imputation, we removed SNPs that: (i) presented an information metric below 0.8

(N = 18,085,215), (ii) had a duplicate (N = 59,914), (iii) presented a call rate < 90% (N = 329,910), and (iv) were monomorphic

(N = 4,053). The final imputed dataset included 19,619,457 SNPs.

To evaluate imputation accuracy, we estimated correlation coefficients R2 between true genotypes (i.e., obtained by Illumina array

genotyping or exome sequencing) and imputed genotypes for the same SNPs (i.e., obtained by artificially removing genotyped SNPs

from the data before imputation and then imputing them). In very good agreement with recent studies (Auton et al., 2015), the average

correlation coefficient was 95.6% across all genotyped SNPs with information metric > 0.8 (93.6% for SNPs with MAF < 0.10 and

97.7% for SNPswithMAF > 0.10). This shows that our stringent quality filters ensure that only accurately imputed SNPs are analyzed.

Populations Genetic Structure
Two methods were used to infer the genetic structure of our population set of 100 African-descent and 100 European-descent

Belgians (AFB and EUB, respectively). Because both methods assume linkage equilibrium among SNPs, we pruned the datasets

for SNPs in linkage disequilibrium (LD), using PLINK v1.9 (Chang et al., 2015). Specifically, we removed SNPs in 50-SNP windows

that present LD r2 > 0.5 (‘‘–indep-pairwise 1000 10 0.5’’ option). The first model-based approach, ADMIXTURE (Alexander et al.,

2009), estimates the proportions of each individual’s genome originating from K ancestral populations, K being specified a priori.

This analysis was performed on 229,320 independent SNPs and 789 individuals from 22 populations, including EUB and AFB,

together with a selection of representative populations from sub-Saharan Africa, North Africa, the Near East and Europe (Altshuler
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et al., 2010; Behar et al., 2010; Patin et al., 2014). Wemade K vary from 2 to 10. To obtain themost supported results and test for their

stability, all ADMIXTURE analyses were run five times with different random seeds, for each K value. We kept results providing the

lowest cross-validation error (CV) among iterations. The second model-free approach is the principal component analysis (PCA) im-

plemented in EIGENSTRAT (Patterson et al., 2006). We used this approach to describe the local genetic sub-structure of AFB and

EUB separately. The analysis for AFB was performed on 341,593 independent SNPs and 511 individuals from 7 western and central

African populations, while the analysis for EUB was performed on 182,572 independent SNPs and 220 individuals from 13 European

populations (Altshuler et al., 2010; Behar et al., 2010; Patin et al., 2014).

eQTL Mapping
For expression quantitative trait loci (eQTL) mapping, only variants with a minor allele frequency (MAF)R 0.05 in the population stud-

ied were retained in the analysis, resulting in a set of 10,278,745 SNPs (i.e., corresponding to the merged genotyping and imputed

SNP dataset; 8,913,090 SNPs in Africans and 6,178,808 SNPs in Europeans,). We mapped eQTLs with the MatrixEQTL R package

(Shabalin, 2012). PC1 and PC2 of the genotype matrix were included in the model to account for possible population stratification.

The inclusion of additional PC in the model (up to PC6) was tested and showed highly consistent results (i.e., correlation of -log10
p-values of eQTL > 0.95). For each gene, SNPs were considered ‘‘local,’’ likely cis-acting, if they were located less than 1Mb

away from the gene transcription start or end site. They were otherwise considered to be trans-acting. eQTLmapping was performed

separately for each population and condition, and false-positives due to outliers were prevented by discarding, from the analysis,

eQTL associations that did not pass a p-value threshold of 10�3 for local eQTLs, and 10�5 for trans-eQTLs in Kruskal-Wallis rank

tests.

For both cis- and trans-eQTLs, FDRwas computed bymapping eQTLs on 100 datasets with genotypes permutedwithin each pop-

ulation. We then kept, after each permutation, the most significant p-value per gene, across all conditions and populations. Finally,

we computed the false discovery rate associated with each p-value threshold in cis or in trans, and subsequently selected the

p-value threshold that provided a 5% FDR, leading to p = 7.67 3 10�7 and p = 2.7 3 10�12 for cis- and trans-eQTLs, respectively.

For local eQTLs, we report only the SNP at which the strongest association was observed (i.e., eQTL peak-SNP).Whenmultiple SNPs

in perfect LD fell within the peak, only one SNP is reported. eQTLs for which the eQTL peak-SNP had an allelic effect size (jbeQTLj)
below 0.2 were discarded from further analysis. We next mapped fold-changes between the basal and stimulated states using

MatrixEQTL, and defined response eQTLs (reQTLs) as stimulated eQTLs associated to a significant difference in response to stim-

ulation (p < 10�3,
��bstimeQTL

�� >
��bbasaleQTL

�� ). For trans-eQTLs, we reported, within each 1Mbwindow, the SNP for whichwe observed both the

largest number of trans-associated genes and strongest p-value of association. Furthermore, for each trans-eQTL that passed

genome-wide significance at p = 2.7 3 10�12 (FDR of 5%), we performed a SNP-based analysis to identify genes regulated in trans

by the eQTL at a Bonferroni p < 0.05, correcting for the 12,578 genes tested within the condition where the eQTL was found.

Population Differences Attributable to Genetics
To estimate the fraction of population differences in gene expression that can be attributed to genetic variants, we used a two-step

strategy. First, we consider the set of all SNPs in LD (r2 > 0.5) with the eQTL peak-SNP, in the population where the eQTL was discov-

ered and fine map the eQTL signal by fitting across populations the following linear model:

expressionj =a+ b:SNPj +g:Popj + εj

where SNPj is the genotype of the individual j for the variant under study, Popj is a binary variable indicating the population origin (0 for

Europeans and 1 for Africans), and εj is a random, normally distributed residual. In this model, a is the intercept, b reflects the effect of

the derived allele of the SNP on gene expression, and g estimates the fold change in expression between populations observed for

individuals with identical genotype (i.e. gene expression differences that are not explained by genetics). We next focused on the SNP

showing the strongest association p-value with gene expression across populations, and estimated the difference in population

expression that is attributable to the SNP as:

FCSNP =FCpop � g
0

with g’ representing g set to ensure that the ratio of FCSNP/FCpop is between 0 and 1, i.e. g’ = 0, if the sign of g differs from that of

FCpop; g’ = FCpop, if jgj > jFCpopj; and g’ = g otherwise. The percentage of population differences in expression that is attributable

to genetics is then given by the ratio FCSNP/FCpop.

Defining Population-Specific eQTLs
We aimed at distinguishing population specific eQTLs (i.e., SNPs present at similar frequencies in both populations but having an

effect on gene expression in one population only) from eQTLs detected in one population only due to population differences in allelic

frequencies. To do so, we first focused on the 1,109 genes associated with an eQTL (including 363 genes associated with a reQTL)

where all SNPs in LD (r2 > 0.5) with the eQTL peak-SNP were present at frequency > 5% in both populations. We then tested these

eQTLs for replication at a relaxed threshold of p < 0.05 across all SNPs at the locus, to decrease the false negative rate, and focused

on the 127 genes for which the eQTL was not replicated (including 28 genes with a reQTL).
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Finally, we considered as population-specific, eQTLs whose effect size was significantly different between populations. To do so,

we fit, for each SNP at the locus (r2 > 0.5 with the eQTL peak-SNP), the following linear model:

expressionj = a+ b:SNPj +g:Popj + d:SNPj � Popj + εj

where SNPj is the genotype of the individual j for the variant under study, Popj is a binary variable indicating the population origin (0 for

Europeans and 1 for Africans), and εj is a random, normally distributed residual. In this model, b reflects the effect of the derived allele

of the SNPon gene expression, g estimates the fold change in expression between populations observed for individuals with identical

genotype, and d captures the differences in eQTL effect size between populations. Such a model allows to test for a difference in

eQTL effect size between populations by testing the null hypothesis, d = 0 (interaction test).

To be conservative and to account for the uncertainty in detecting the causal variant at the eQTL, we considered an eQTL as pop-

ulation specific if all SNPs in LD (r2 > 0.5) with the eQTL peak-SNP presented a significant interaction p-value.

PinteractionðlocusÞ= Max
snp ˛ locus

PinteractionðsnpÞ:

We then considered eQTLs (or reQTLs) as being population specific when the interaction p-value at the locus was lower than 10�3

(corresponding to FDR < 0.01), leading to a final set of 16 population-specific eQTLs (including 5 reQTLs).

Regulatory Elements and Transcription Factor Binding Sites
Regulatory features were extracted from Ensembl Regulatory Build v80 (Zerbino et al., 2015), which contains regulatory element pre-

dictions based on open chromatin regions and histone marks from ENCODE and the Roadmap Epigenomics datasets (Ernst and

Kellis, 2015; Kundaje et al., 2015). SNPs overlapping a regulatory element were then classified into four categories: promoter, pro-

moter flanking, enhancer, and CTCF binding sites. Similarly, ENCODE uniformly processed transcription factor binding site (TFBS)

clusters (V3) (Ernst and Kellis, 2015) were downloaded fromUCSC, and their overlap with the physical position of all SNPs was deter-

mined. We then used Fisher’s exact test to assess the eQTL enrichment of specific TFBS or regulatory elements, considering the

peak-SNP at each locus, or a randomly selected SNP if multiple SNPs in perfect LD were found. All SNPs with a MAFR 0.05 located

less than 1Mb away from an expressed gene were used to constitute the background set. In each condition (or combination of con-

ditions), only the TFBS with the highest values for the lower limit of the odds ratio confidence intervals are reported.

Quantification of Allelic Imbalance
For the quantification of allele-specific imbalance, we focused on exonic SNPs genotyped as heterozygous in our exome data,

excluding SNPs with discordant genotypes in the Omni5 data. We used BWA mem (v.0.7.7) (Li and Durbin, 2009) to remap RNA-

seq reads onto the hg19 genome for all 970 samples, and extracted all reads aligned with a genetic variant. We reduced mapping

bias, by usingWASP (van de Geijn et al., 2015) to exclude reads overlapping with known variants (based on dbSNP138) likely to alter

the readmapping location. Briefly, for each read overlapping one ormore dbSNP variants,WASP creates alternative reads consisting

of all possible combinations of reads given these SNPs. It then remaps the alternative reads to the genome, and keeps the original

read only if all alternative versions of the read map to the same position. Finally, SAMtools mpileup (Li, 2011), with option -d 10000,

was used to count the number of reads mapping to each allele at heterozygous loci. The allelic ratio (AR) was defined for each site as

the proportion of minor alleles among all reads, and the allelic imbalance (AI) was defined as the absolute deviation from a balanced

ratio of 0.5 (i.e. AI = jAR-0.5j).

aseQTL and asrQTL Mapping
We mapped allele-specific expression QTLs (aseQTLs), by estimating the allelic ratio on the subset of eQTL-genes with sufficient

expression coverage at heterozygous exonic SNPs (N R 10 reads) in at least five individuals of each eQTL genotype (heterozy-

gous/homozygous). We extracted the phase information between the strongest local eQTL and the exonic SNP, and tested the cor-

relation between the AR and the phased eQTL genotypes (coded 0 for homozygous, and ± 1 for heterozygotes with variants in phase

or in the opposite phase), in a gene-, condition- and population-specific manner. Each exonic SNP was considered as an indepen-

dent observation. Similarly, allele-specific response QTLs (asrQTLs) were mapped by assessing the correlation between the phased

reQTL genotypes and the change in AR at the exonic site after stimulation. The power to detect aseQTLs was computed for various

eQTL effect sizes jbj, number of observations n and number of reads per exonic SNP N. We assumed the same number of obser-

vations for heterozygous and homozygous genotypes at the eQTL, and equal coverage across all exonic SNPs. Power was then

computed for a standard t-test assuming a mean allelic ratio Nalternative/Nreference of 0.5 in homozygous individuals and 2b/(1+ 2b)

in heterozygous individuals. Residual variance was set to 0.25/N to match that of a binomial distribution with parameters (0.5, N).

ASE Analysis at the Individual Level
To ensure sufficient power when exploring ASE within single individuals, we considered a higher coverage of heterozygous exonic

SNPs (N R 30 reads), and used a binomial test to evaluate allelic imbalance. We also excluded sites at which one allele accounted

for less than 2% of the reads or less than 3 reads in total, as such sites might be subject to genotyping errors or systematic

mapping biases. The FDR was first calculated across all SNPs, individuals and conditions, using fdrtool, and ASE was defined as
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the combination of significance at FDR = 0.05 and an absolute log2 fold change of expression between alleles of more than 0.2

(jlog2(Nalt/Nref)j > 0.2). For each significant ASE event in stimulated conditions, we checked for differences in allelic imbalance relative

to the non-stimulated condition, and defined allele-specific response as the subset of ASE displaying significantly higher allelic imbal-

ance (p < 10�3, Fisher’s exact test) after stimulation with respect to the basal state. Finally, we used simulations to evaluate FDR

among the set of genes with at least one ASE/ASR event. We generated 1,000 null datasets, by randomly reassigning reads to

the alternative and reference allele with equal probability, and estimated the number of genes with at least one significant ASE or

ASR event at each p-value threshold. We then computed FDR as the ratio of the average number of genes with ASE in our resampling

to the observed number of genes with ASE at the same p-value threshold.

ASE Enrichment in Rare Coding Variants
For each exonic SNP for which we quantified ASE, we used Variant Effect Predictor (VEP) (McLaren et al., 2010) with Ensembl v.70

Transcript Annotation to identify the set of transcripts overlapping the variant, and Cufflinks FPKM to identify the most strongly ex-

pressed overlapping transcript in the individual/condition concerned. VEP annotation was then used to classify variants, according to

the most abundant transcript, as synonymous (synonymous_variant/ non_coding exon_variant), missense (missense_variant) or

nonsense (stop_gained, stop_lost, initiator_codon_variant). Enrichment in rare coding variants was then assessed using Fisher’s

exact test comparing each category with synonymous variants.

Natural Selection Analysis: Neutrality Statistics
We used two metrics, FST and iHS, which detect signals of population-specific positive selection, i.e., mutations that provided a

selective advantage to a specific human population. FST measures population differentiation by comparing the variance of allele fre-

quencies within and between populations (Holsinger and Weir, 2009), as local positive selection tends to increase allele frequency

differences between populations. As FST is a population pairwise comparison, we derived a directional FST, equal in absolute value to

the pairwise FST but with a positive sign if the derived allele was more frequent in the population studied, and a negative sign other-

wise. This enables to distinguish selection events that likely occurred in Africans from those that likely occurred in Europeans. The

integrated haplotype score (iHS) measures the degree of extended haplotype homozygosity of the putatively selected allele over that

of the putatively neutral allele (Voight et al., 2006), as the long-range associations of the selected mutation with neighboring SNPs are

not disrupted by recombination.

Furthermore, we used a composite selection score (CSS) allowing to capture signals of recent, strong selective events, by

combining FST and iHS. The CSSwas designed to identify variants with both a higher derived allele frequency in one population (pos-

itive value of directional FST), and a longer haplotype length around the derived allele of the variant in that population (characterized by

a negative iHS value). It was computed for all variants with derived allele frequency 0.2 % DAF % 0.95 from genome-wide ranks of

both directional FST ðRFstÞ and iHS ðRiHSÞ; attributing the highest rank to positive values of FST and negative values of iHS, respec-

tively. We defined the CSS as following:

CSS=
rank

�
RFst:RiHS

�

Nobs

with Nobs being the total number of variants with 0.2% DAF% 0.95 in the population studied. CSS ranges from 0 to 1, and increases

with the strength of positive selection targeting the derived allele.

Finally, we used the cross-population composite likelihood ratio score, XP-CLR, a region-basedmetric detecting extended regions

where the allele frequencies of multiple contiguous markers are distorted from the prediction under neutrality (Chen et al., 2010). XP-

CLR detects classical selective sweeps as well as selection events on pre-existing alleles (standing variation). XP-CLR was scored

every 2,000 bp, using windows of 0.2 cM and downsampling to 200 SNPs per window.

Enrichment Tests for Natural Selection Signals
Tomap selection signals at haplotypes containing eQTLs, we determined, for each statistic (iHS, FST, or CSS), the strongest signal of

selection on derived alleles of all SNPs in high LD (r2 > 0.8) with the eQTL peak-SNP. To assess significance, we then compared, for

each population and condition, the mean of these values across all eQTLs/reQTLs, with the expected distribution obtained from re-

sampling 10,000 sets of randomSNPsmatched forMAF (using bins of MAF of 0.05) and the number of SNPs in LD (r2 > 0.8, using bins

of 0-2, 3-5, 6-10, 11-20, 21-50, and > 50 SNPs in LD). Similarly, for XP-CLR, we compared the mean of XP-CLR scores at eQTLs/

reQTLs (considering the region that contains the eQTL peak-SNP), to the expected distribution obtained from resampling 10,000

sets of random SNPs matched for MAF and LD patterns.

Detection of Candidate eQTLs under Selection
To identify candidate eQTLs under selection, we used an outlier approach where we computed the top 1% values of FST and iHS at

the genome-wide level, focusing on signals consistent with selection on derived alleles, within each population separately. To sup-

port the adaptive nature of candidate eQTLs, we computed neutral p values for each statistic using simulations based on validated

demographic models of Africans and Europeans (Grossman et al., 2013). Furthermore, we tested for local enrichment of outliers
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(top 1% signals) within a 100kb-window around each eQTL (50kb on each side), similarly to previous work (Grossman et al., 2013;

Voight et al., 2006). The proportion of outliers of FST or iHS (1% threshold) was computed from SNPs with DAFR 0.2 in a 100kb win-

dow around each putatively selected locus. Significance was assessed from a beta binomial distribution fitted, in each population

separately, to the observed genome-wide distribution of the proportion of outliers, to account for variations in the number of

SNPs at each locus.

Archaic eQTLs and Enrichment Analyses
We determined the level of Neandertal ancestry of the detected eQTLs, by first defining an ‘‘archaic eQTL’’ as an eQTL for which

regulatory variants were introduced into European genomes by introgression from archaic hominins. We identified such eQTLs using

the complete genome sequence of Neandertal from Altai (Prüfer et al., 2014). Briefly, the 1000 Genomes phase 3 variants (Auton

et al., 2015) were considered as of putative archaic origin (archaic SNPs, or aSNPs) if the Neandertal allele was present in at least

one non-African individual and absent from the Yoruba population. According to this definition, 230,779 aSNPs were detected in

the 100 European individuals analyzed here. We rendered the analysis more conservative, by further restricting the definition of

aSNPs to those in regions of the modern human genome for which Neandertal ancestry has been predicted with a high degree of

confidence (marginal probability of Neandertal ancestryR 0.9 and a genetic lengthR 0.02cM) (Sankararaman et al., 2014). This re-

sulted in a final set of 197,959 aSNPs, of which 77,823 presented a MAF > 0.05. More than 96% of these aSNPs had an archaic allele

frequency below 1% in our African samples (who are slightly differentiated from the Yoruba of 1000 Genomes phase 3), consistent

with a strong enrichment in true archaic variants. To account for LD between aSNPs and characterize haplotypes that were inherited

from Neandertal, we used PLINK (Chang et al., 2015) to extract a set of 924,362 genome-wide SNPs tagging all European variants at

an r2 > 0.8. Among these, 9,677 tagged all aSNPs in Europeans and are referred to here as ‘‘archaic tagging SNPs.’’ They were not

necessarily aSNPs themselves, reflecting the fact that haplotypes inherited from Neandertals can harbor a mixture of different var-

iants (i.e. variants that appeared in the Neandertal lineage, and ancient variants pre-existing in both lineages before admixture, but for

which one allele is carried almost exclusively by Neandertal haplotypes in modern Europeans).

We explored the effect of introgression from Neandertals on the immune repertoire of Europeans, by counting, for each condition,

the number of eQTLs overlapped by at least one archaic tagging SNP (or for which the archaic tagging SNP overlapped the reQTL

in stimulated conditions), referred to here as archaic eQTLs. We then compared the number of archaic eQTLs detected with the

number of SNPs expected to overlap the eQTL, when resampling SNPs tagging non-archaic haplotypes, at random from genic re-

gions (< 1Mb from a gene). We resampled 1,000 sets of 9,677 tagSNPs with the same allele frequency spectrum as the 9,677 archaic

tagging SNPs found in Europeans, and determined their overlap with (r)eQTLs, to assess the significance of our observations.

We finally report only the archaic (r)eQTLs for which at least 2 aSNPs were found to be in high LD with the eQTL peak-SNP, and

(ii) the haplotype containing the largest number of archaic alleles within the eQTL was sufficiently long for the formal exclusion of

incomplete lineage sorting.

The presence of aSNPs in present-day humans can be explained either by introgression or by incomplete lineage sorting (ILS). ILS

occurs when an ancestral variant predating the split between humans and Neandertals is retained in both lineages, but lost from a

specific human population (i.e. the African population; Figure S7A). Given the time since introgression (47,000-65,000 years ago), the

haplotypes containing alleles resulting from ILS would be expected to be shorter than those containing an aSNP introgressed from

Neandertals. We distinguished between these two scenarios by first defining the core archaic haplotype for each eQTL as the haplo-

type within the eQTL carrying the longest stretch of archaic alleles, and then determining whether its size exceeded the expected

length of haplotypes assuming an ILS model. We used the approach described by (Huerta-Sánchez et al., 2014) and the most con-

servative parameters for the age of Altai Neandertal and Denisovan bones reported by (Dannemann et al., 2016). We used the mean

recombination rate calculated for a region composed of the core archaic haplotype in a region of 1Mb surrounding the haplotypes

(500 kb on either side of the eQTL) in the 1000GenomesCEU individuals (phase 1). p valueswere adjusted formultiple testing with the

Benjamini-Hochberg procedure.

Adaptive Introgression at Archaic eQTLs
To test if archaic eQTLs result from adaptive introgression, we used both empirical and simulation-based approaches. The empirical

approach tests if archaic alleles at eQTLs are more frequent in Europeans than expected, by comparing their levels of genetic dif-

ferentiation between European and East Asian populations with respect to the genome-wide distribution of aSNPs, similarly to a

recent study (Vernot and Akey, 2014). The rationale is that an archaic allele that introgressed into Europeans and East Asians

�40,000-50,000 years ago and was advantageous in one population only should present today unusually high levels of genetic dif-

ferentiation, relative to genome-wide expectations. We thus computed the genome-wide distribution of FST between European and

East Asian populations at archaic SNPs, using the 1000 Genomes Project phase 3 (Auton et al., 2015), and estimated the empirical p

value for candidate archaic eQTL SNPs by dividing their rank by the total number of archaic SNPs.

We next tested if the high frequency of archaic alleles at candidate (r)eQTLs is compatible with a neutral model of evolution, using

simulations. Importantly, while a detailed demographic model of Neandertals is not specifically required for such simulations, we

need an estimated site frequency spectrum (SFS) of Neandertal alleles in Europeans at the time of their introgression, which is un-

known. We thus used three different approximated SFS that rely on different assumptions, detailed below. In each case, the simu-

lation-based p value for candidate archaic eQTL SNPs was obtained by comparing observed frequencies to the neutral simulated
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SFS in the current generation. Although each of the simulations used present different limitations related to the SFS of archaic alleles

at the time of introgression, they can collectively provide information about the expected fate of introgressed alleles under simple

scenarios.

The first approximated SFS of Neandertal alleles in present-day European populations, called here ‘‘Sankararaman SFS,’’ was

retrieved from a previous study (Sankararaman et al., 2014). This SFS was obtained assuming that archaic alleles in Europeans

40,000 YA (i) evolve under neutrality, and (ii) could not have a frequency larger than 4%. For the second approximated SFS, called

here ‘‘Fixed-in-Neandertal SFS,’’ we relaxed the assumption that archaic ancestral frequencies were lower than 4% and used

100,000 forward simulations based on the Wright-Fisher model to simulate frequency changes of archaic alleles in Europeans since

Neandertal introgression, 1,440-2,200 generations ago (Vernot and Akey, 2015). We used the best-fit demographic model of Tennes-

sen and colleagues (Tennessen et al., 2012) to model changes in the effective population size of Europeans (i.e., from an ancestralNe

of 1,032, two successive exponential growths with rate 0.31% and 1.95% occur 920 and 205 generations ago, respectively). We

assumed here that (i) archaic alleles evolve under neutrality, and (ii) Neandertal alleles that segregate today in Europeans were

most likely fixed in Neandertals at the time they were introgressed. This second assumption is conservative, as we neglect all

rare Neandertal alleles that had a higher probability to be lost by genetic drift. We modeled the SFS of archaic alleles in Europeans

40,000 YA by a Gaussian distribution with average 5% (i.e., the estimated Neandertal ancestry in European ancient DNAs from this

period; (Fu et al., 2016)) and 1% standard deviation. For the third approximated SFS, called here ‘‘ancient DNA-based SFS,’’ we

sought to circumvent the uncertainty inherent to the estimation of past Neandertal allele frequencies, by retrieving them from

maximum likelihood estimates in ancient DNAs of European hunter-gatherers, early farmers and steppe herders (Mathieson et al.,

2015). We computed the SFS of Neandertal alleles in European populations�8,000 YA based on the 5,900 SNPs that were detected

in EUB as aSNPs and that were covered in the Mathieson’s study, to approximate the SFS of archaic alleles �320 generations ago.

For convenience, we fitted to this observed SFS a beta distribution (a = 1.21, b = 10.23). We then used 100,000 forward simulations

under the same Wright-Fisher model with two exponential growths, to simulate the fate of neutral alleles during the last 320

generations. This simulation analysis only tests if archaic alleles at candidate eQTLs have been under positive selection in the last

8,000 years.

DATA AND SOFTWARE AVAILABILITY

Data Resources
Genome-wide SNP genotyping, whole exome sequencing and RNA-sequencing data generated in this study have been deposited in

the European Genome-phenome Archive (EGA) under accession code EGA: EGAS00001001895.
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Supplemental Figures

Figure S1. Overview of the Experimental Setting, Related to STAR Methods

The transcriptional response of primary monocytes from 200 healthy donors of European and African descent to various immune stimulations was dissected to

pinpoint molecular phenotypes differing between populations and under genetic control.



Figure S2. Processing of RNA-Sequencing Data, Related to STAR Methods

(A) Read counts across the 970 RNA samples (in millions of reads). (B) Alignment of reads with various genomic features. Reads aligning with splice junctions are

counted as many times as the number of genomic features they overlap. TSS: transcription start site, UTR: untranslated region, CDS: coding sequence, TES:

transcription end site, up: upstream, down: downstream. (C) Distribution of GC content across samples. (D) Correlations between gene expression and global GC

content. The expression of a large proportion of high-GC content genes was positively correlated with GC content (3rd quartile of GC content, in red), whereas the

expression of low-GC content genes tended to be negatively correlated to GC content (1st quartile of GC content, in blue). The correlation distribution for total

genes is shown in gray. Expectations were calculated by permutation (black). (E) Illustration of the effect of global GC content on gene expression. UFM1 (GC

content: 33.9%) expression is plotted for all RNA samples, ordered by global GC content, for each condition and population. (F) Effect of various technical

batches and confounding factors on gene expression. The proportion of genes whose expression levels are associated, for different levels of significance, with

each factor is presented before and after correction of the data (up and bottom panels, respectively). The association of each gene with each cofactor was

assessed by determining the proportion of the variance of gene expression explained by the cofactor under consideration, after adjustment for all other cofactors.

(G) Boxplots of coefficient of variation (CV) in technical and biological replicates across conditions. CV distributions of technical replicates are smaller in

magnitude and less variable compared to distributions of pairwise biological replicates (Wilcoxon Rank-Sum Test, ***p < 0.001). (H) Boxplots of correlation

coefficient (r) between technical and biological replicates. r calculated between technical replicates (red circles) are significant outliers to the r distributions of

pairwise biological replicates (boxplots).



Figure S3. Overview of the Pipeline Used for RNA-Seq Data Pre-processing, Related to STAR Methods

We filtered out samples with irregular gene body coverage and used Cufflinks/CuffDiff to estimate transcript level FPKM.We removed all transcripts for which the

total gene FPKMwas less than 1 in all conditions.We then log-transformed the data and performed adjustments for GC content, 30/50 bias, date of experiment and

library preparation batch. We carried out kNN imputation before ComBat, to handle missing values. Batch covariates were treated sequentially, as ComBat can

only handle one batch variable at a time. The corrected FPKM values were then transformed back to the normal scale and forced to positive values to calculate

gene-level FPKM. Gene expression was considered on the log scale for all subsequent analyses.



Figure S4. Weighted Correlation Network Analysis, Related to Figure 1
The relative expression of each gene module is based on the first principal component for the expression of genes present in the corresponding module.



Figure S5. Genetic Structure of the Population Samples, Related to STAR Methods

(A) Genetic ancestry of African-descent Belgians (AFB) and European-descent Belgians (AFB), estimated by ADMIXTURE. Each vertical line represents an in-

dividual genome, which is partitioned into K different genetic clusters. This analysis was performed on 229,320 independent SNPs and 789 individuals from 22

populations, including EUB and AFB, together with a selection of representative populations from sub-Saharan Africa, North Africa, the Near East and Europe

(Behar et al., 2010; Patin et al., 2014). We made K vary from 2 to 10, and ran five iterations with different random seeds for each K value. The run with the lowest

cross-validation error rate for each K value is shown for K = 2 to 5. (B) Cross-validation (CV) error rates of ADMIXTURE results for 5 different iterations and K prior

values. Minimum CV values for each K are in red. CV values start increasing at K = 6. (C) Local genetic sub-structure in the AFB population sample, estimated by

principal component analysis (PCA). This analysis was performed on 341,593 independent SNPs and 511 individuals from 7 western and central African pop-

ulations (Patin et al., 2014). (D) Local genetic sub-structure in the EUB population, estimated by PCA. This analysis was performed on 182,572 independent SNPs

and 220 individuals from 13 European populations (Behar et al., 2010). (C-D) PC1 and PC2 are shown, together with the proportion of variance explained.



Figure S6. eQTL and aseQTL Mapping, Related to Figures 2 and 3

(A) Number of genes associatedwith an eQTL across conditions. (B) Enrichment of (r)eQTLs in regulatory elements. CD14+ cell regulatory elements from Ensembl

Regulatory Build were considered for the analysis. Significance was assessed relative to the genome-wide distribution of SNPs overlapping regulatory elements

within 1Mb of the gene transcription start site. *p < 0.05, **p < 0.01, ***p < 0.001. (C) General rationale of allele-specific eQTL mapping. We identified eQTLs

leading to allelic imbalance (i.e., aseQTLs) by determining the ratio of reads from the two alleles of a heterozygous exonic SNP, according to their phase with the

genotypes of the regulatory SNP that affects a transcription factor binding site. (D) Allele-specific expression in the context of cell stimulation. The aseQTL is

detectable only after stimulation (TLR/IAV) by the presence of a transcription factor that is not expressed at the basal state (NS). (E) Power to detect aseQTLs as a

function of eQTL effect size, number of observations and number of reads per exonic SNP. (F-G) Effect of regulatory variants on allele-specific expression, with (F)

distribution of aseQTLs among local eQTLs and (G) distribution of asrQTLs among local reQTLs.



Figure S7. Introgression of Regulatory Variants from Neandertals, Related to Figure 6

(A) Models of incomplete lineage sorting and introgression from Neandertals. Incomplete lineage sorting (ILS) scenario (left panel). An ancient variant predating

the split between humans andNeandertals was retained in both lineages, but lost from the African population. Haplotypes carrying this ancient allele in Europeans

are expected to be short because the time window allowed multiple recombination events to occur. Scenario of introgression from Neandertals (right panel). An

archaic allele from Neandertals has been introgressed in Europeans and haplotypes containing this allele are expected to be longer than those resulting from ILS,

due to the more recent occurrence of the admixture event. (B) Frequency of the archaic haplotype of PNMA1, tagged by SNP rs12436322, in different world-wide

populations. Pie size is proportional to the number of individuals. The non-archaic allele is reported in violet (1000 Genomes data) and in dark blue (Simons

Genome Diversity Project Dataset), and the archaic allele is presented in orange. (C) SNP associations, [-log10(peQTL)], with PNMA1 expression in Africans and

Europeans are shown (upper panel). Archaic haplotypes at the PNMA1 locus in Europeans (lower panel) are ordered by increasing levels of PNMA1 expression,

and archaic SNPs are represented in red for each haplotype. Red lines indicate the core archaic haplotype, defined as the haplotype within the eQTL carrying the

largest number of archaic alleles. The eQTL identified in Europeans spans a region of 102 kb surrounding the gene, and overlaps an eQTL present in Africans. (D)

Dissection of the PNMA1 core haplotype. Haplotypes at the PNMA1 locus are represented by horizontal lines showing, for SNPs with a MAF R 5% in either

population, the ancestral allele in white and the derived allele in color. The black horizontal line separates European haplotypes (top) from African haplotypes

(bottom). Within each population, SNPs associated with PNMA1 expression are highlighted in blue for those specific to the Neandertal lineage (i.e. archaic SNPs)

and in red for the others. In total, 12 archaic alleles at the locus tag the archaic core haplotype associated with an upregulation of PNMA1 expression, either in the

basal condition or in response to R848 and IAV. This haplotype is longer than expected under the ILS scenario, suggesting that introgression occurred in Eu-

ropeans through admixture with Neandertals. This archaic haplotype, tagged by the aSNP rs12436322, has re-introduced the ancestral allele of rs6574138 in

Europeans (i.e. all individuals not carrying the archaic haplotypes have the derived allele), which is also present in Africans and associated with PNMA1

expression. SNP rs6574138 overlaps with ENCODE binding sites, consistent with its putative functional role in the regulation of PNMA1 expression in both

Europeans and Africans. (E) Inferred history of the ancestral and derived alleles at rs6574138 in modern human populations, up to their most recent common

ancestor. Our data suggest that rs6574138 predates the split betweenNeandertals andmodern humans and that the derived allele of this variant was fixed in early

Europeans. The ancestral allele of rs6574138 was then reintroduced in Europeans by introgression of the Neandertal haplotype tagged by rs12436322, and is

responsible for the variability in PNMA1 expression in the contemporary European population.
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Yohann Nédélec,1,2,11 Joaquı́n Sanz,1,2,11 Golshid Baharian,1,2,11 Zachary A. Szpiech,3 Alain Pacis,1,2 Anne Dumaine,2

Jean-Christophe Grenier,2 Andrew Freiman,4 Aaron J. Sams,5 Steven Hebert,2 Ariane Pagé Sabourin,2 Francesca Luca,4,6
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2Department of Genetics, CHU Sainte-Justine Research Center, Montreal, QC H3T1C5, Canada
3Department of Bioengineering and Therapeutic Sciences, University of California, San Francisco, San Francisco, CA 94143, USA
4Department of Obstetrics and Gynecology, Wayne State University, Detroit, MI 48202, USA
5Department of Biological Statistics & Computational Biology, Cornell University, Ithaca, NY 14850, USA
6Center for Molecular Medicine and Genetics, Wayne State University, Detroit, MI 48202, USA
7Department of Genetics, Cell Biology, and Development and Department of Ecology, University of Minnesota, Twin Cities, MN 55108, USA
8Institute for Human Genetics and Quantitative Biosciences Institute, University of California, San Francisco, San Francisco, CA 94143, USA
9Departments of Evolutionary Anthropology and Biology and Duke Population Research Institute, Duke University, Durham, NC 27708, USA
10Department of Pediatrics, Faculty of Medicine, Université de Montréal, Montreal, QC H3T1J4, Canada
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SUMMARY

Individuals from different populations vary consider-
ably in their susceptibility to immune-related dis-
eases. To understand how genetic variation and nat-
ural selection contribute to these differences, we
tested for the effects of African versus European
ancestry on the transcriptional response of primary
macrophages to live bacterial pathogens. A total
of 9.3% of macrophage-expressed genes show
ancestry-associated differences in the gene regula-
tory response to infection, and African ancestry spe-
cifically predicts a stronger inflammatory response
and reduced intracellular bacterial growth. A large
proportion of these differences are under genetic
control: for 804 genes, more than 75% of ancestry ef-
fects on the immune response can be explained by a
single cis- or trans-acting expression quantitative
trait locus (eQTL). Finally, we show that genetic ef-
fects on the immune response are strongly enriched
for recent, population-specific signatures of adap-
tation. Together, our results demonstrate how his-
torical selective events continue to shape human
phenotypic diversity today, including for traits that
are key to controlling infection.

INTRODUCTION

As our primary interface with the environment, the immune sys-

tem is thought to have evolved under strong selective pressure

from pathogens (Barreiro and Quintana-Murci, 2010; Fumagalli

et al., 2011; Karlsson et al., 2014). When human populations

migrated out of Africa, they encountered markedly different

pathogenic environments, likely resulting in population-specific

selection on the immune response (Barreiro andQuintana-Murci,

2010; Fumagalli et al., 2011; Karlsson et al., 2014). Substantial

evidence supports this hypothesis at the genetic level. However,

we still know little about the extent to which neutral or adaptive

inter-population genetic differences affect the actual immune

response to pathogens.

Addressing this gap is not only important for understanding

recent human evolution, but may also help reveal the molecu-

lar basis of ancestry-related differences in disease susceptibil-

ity. Individuals from different populations vary considerably in

their susceptibility to many infectious diseases, chronic in-

flammatory disorders, and autoimmune disorders. For tuber-

culosis, systemic lupus erythematosus, systemic sclerosis,

psoriasis, and septicemia, African American (AA) and Euro-

pean American (EA) individuals exhibit an up to 3-fold differ-

ence in prevalence (reviewed in Brinkworth and Barreiro,

2014; Pennington et al., 2009; Richardus and Kunst, 2001).

These observations argue in favor of significant ancestry-

related differences in immune response, especially in suscep-

tibility to inflammation (Pennington et al., 2009; Richardus and

Kunst, 2001).

Such differences almost certainly involve major contribu-

tions from the environment. However, genome-wide association

studies (GWAS) also support a key role for genetic factors, as

many of the GWAS-variants associated with infectious, autoim-

mune, and inflammatory diseases present extreme differences in

allele frequency (Fst > 0.4) between human populations, again

supporting a possible history of population-specific selection

(Brinkworth and Barreiro, 2014).
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GWAS results also indicate that susceptibility to many com-

mon immune-related diseases is primarily controlled by non-

coding variants (Gusev et al., 2014; Hindorff et al., 2009; Schaub

et al., 2012). Thus, many ancestry-related differences in disease

susceptibility may result from genetically controlled transcrip-

tional differences in immune responses to inflammatory signals.

This idea is consistent with recent expression quantitative trait

locus (eQTL) mapping studies in innate immune cells exposed

to immune antigens or live infectious agents (Barreiro et al.,

2012; Çalısxkan et al., 2015; Fairfax et al., 2014; Lee et al.,

2014). Such immune ‘‘response eQTL’’ studies have identified

hundreds of genetic variants that both explain variation in the

host immune response and are significantly enriched among

GWAS-associated loci. However, because studies to date

have mostly focused on individuals of European ancestry, the

degree to which such variants contribute to population differ-

ences in the immune response remains unclear.

Here, we report an RNA-sequencing (RNA-seq)-based im-

mune response eQTL study to test for the effects of African

versus European ancestry on the transcriptional response to

several live bacterial pathogens. We integrate statistical and

evolutionary genetic analyses with primary macrophage gene

expression levels, before and after infection, to characterize

ancestry-related differences in the immune response. Our ana-

lyses address three fundamental questions about recent evolu-

tion in the human immune system: (1) the degree to which innate

immune responses are differentiated by European versus African

ancestry, (2) the genetic variants that account for such differ-

ences, and (3) the evolutionary mechanisms (neutral genetic drift

versus positive selection) that led to their establishment in

modern human populations. Finally, to facilitate the use of our

data by the research community, we have developed an acces-

sible, publicly available browser for exploring our results: the

ImmunPop QTL browser (http://www.immunpop.com).

RESULTS

Transcriptional Response of Macrophages to Listeria

and Salmonella

We infected monocyte-derived macrophages—phagocytic cells

that are essential for fighting foreign invaders, tissue develop-

ment, and homeostasis (Okabe and Medzhitov, 2016)—derived

from 80 AA and 95 EA individuals (Table S1) with either Listeria

monocytogenes (a Gram-positive bacterium) or Salmonella

typhimurium (a Gram-negative bacterium). Following 2 hr of

infection, we collected RNA-seq data from matched non-in-

fected and infected samples, for a total of 525 RNA-seq profiles

across individual-treatment combinations (mean = 36 million

reads per sample; see the STAR Methods; Figure S1A). Each in-

dividual was genotyped for over 4.6 million single nucleotide

polymorphisms (SNPs), with additional imputation to�13 million

SNP genotypes (see the STAR Methods). After quality control

(Figure S1A), we were able to study 171 individuals with high-

quality RNA-seq data, among which 168 were also successfully

genotyped.

The first principal component of the resulting gene expression

data accounted for 85% of the variance in our dataset and sepa-

rated non-infected macrophages from macrophages infected

with either Listeria or Salmonella (Figure 1A). We found extensive

differences in gene expression levels between infected and non-

infected cells, with 5,201 (44%) and 6,701 (56%) differentially

expressed genes after infection with Listeria and Salmonella,

respectively (see the STAR Methods, false discovery rate

[FDR] < 0.01 and jlog2(fold change)j > 0.5; Table S2A). As ex-

pected, the sets of genes that responded to either infection

were strongly enriched (FDR < 0.01) for gene sets involved in

immune function, including the regulation of inflammatory re-

sponses, cytokine production, T cell activation, and apoptosis

(Table S3).

Ancestry-Related Differences in the Innate Immune
Response to Infection
We first aimed to characterize European versus African

ancestry-related transcriptional differences in non-infected and

infected macrophages. Because self-identified ethnicity is an

imprecise proxy for the actual genetic ancestry of an individual,

we used the genotype data to estimate genome-wide levels

of European and African ancestry in each sample using the pro-

gram ADMIXTURE (Alexander et al., 2009). Consistent with pre-

vious reports (Bryc et al., 2010; Tishkoff et al., 2009), we found

that many self-identified AA individuals have a high proportion

of European ancestry (mean = 30%, range 0.9%–100%; Fig-

ure S1B). In contrast, self-identified EA showed more limited

levels of African admixture (mean = 0.4%, range 0%–18%;

Figure S1B). Thus, we used these continuous estimates (as

opposed to a binary classification of individuals into African or

European ancestry) to identify ancestry-associated differentially

expressed genes (i.e., pop-DE genes: genes for which gene

expression levels are linearly correlated with ancestry levels;

see the STAR Methods for details on the nested linear model

used for this analysis).

Of the 11,914 genes we tested, we identified 3,563 pop-DE

genes (30%) in at least one of the experimental conditions, ex-

plaining a mean 8.2% of expression variance (range 1.8%–

44%) (FDR < 0.05: 1,745 in non-infected [NI], 1,336 in Listeria-

infected [L], and 2,417 in Salmonella-infected [S] macrophages)

(Figures 1B and 1C; Table S2B). These differences pri-

marily influence mean gene expression levels across transcript

isoforms, as opposed to the proportion of isoform usage within

genes. Specifically, among genes with at least two annotated

isoforms (n = 10,223), only 62, 39, and 48 genes exhibited

evidence for ancestry-associated differential isoform usage,

in the non-infected, Listeria-infected, and Salmonella-infected

conditions, respectively (multivariate generalization of the

Welch’s t test; FDR < 0.05) (Figures 1D and S2A; Table S2D).

These results were unaltered by using an alternative identifica-

tion approach (Wilcoxon rank sum test, as in Lappalainen

et al., 2013; see the STAR Methods for details) or when relaxing

the FDR threshold used to define significance (Figure S2B).

Despite the low number of genes showing ancestry-associated

differences in isoform usage, many of these genes are key

regulators of innate immunity, including OAS1 that encodes

isoforms with varying enzymatic activity against viral infections

(Bonnevie-Nielsen et al., 2005).

Next we sought to identify genes for which the response to

infection (i.e., fold change in gene expression in infected versus

658 Cell 167, 657–669, October 20, 2016

http://www.immunpop.com


A B

C D

E

F

G

Figure 1. European and African Ancestry-Associated Differences in Immune Response

(A) Principal component analysis of gene expression data from all samples. PC1 (x axis) and PC2 (y axis) clearly separate non-infected macrophages from

macrophages infected with either Listeria or Salmonella.

(legend continued on next page)
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non-infectedmacrophages, cultured in parallel) significantly cor-

relates with ancestry (see the STAR Methods). We term these

genes ‘‘population differentially responsive’’ (pop-DR) genes.

We detected 1,005 and 206 pop-DR genes (FDR < 0.05) in

response to Salmonella and Listeria, respectively (Figure 1E;

Table S2C) (the increased power for Salmonella likely results

from the stronger transcriptional response induced by Salmo-

nella relative to Listeria, see Figure 1A). These genes explain a

mean 7.4% (range 2.6%–24%) of variance in transcriptional

response to infection. Overall, we found that macrophages

from individuals of African ancestry produced a markedly

stronger transcriptional response to both bacterial infections

(Mann-Whitney test, p < 1 3 10�15, Figure 1F). GO term enrich-

ment analyses further revealed that genes related to inflamma-

tory processes were the most enriched among pop-DR genes

showing a stronger response to infection in African-descent indi-

viduals (Figures 1G and S2C). Together, these results indicate

that increased African ancestry predicts a stronger inflammatory

response to infection.

We hypothesized that ancestry-associated differences in

the transcriptional response to infection could translate into

ancestry-associated differences in the ability of macrophages

to clear the infection. We tested this hypothesis in a subset of

89 individuals by quantifying the number of bacteria remaining

inside the macrophages right after the infection step (T0), 2 hr

(T2), and 24 hr (T24) post-infection. For both bacteria, increased

African ancestry predicted improved control of intracellular bac-

terial growth. This effect was particularly noticeable in our infec-

tion experiments with Listeria. Despite no significant difference

in the initial number of bacteria infecting macrophages (Fig-

ure 2A, p = 0.95), the number of bacteria inside the macro-

phages of individuals with high levels of African ancestry at

T24 was 3.2-fold lower than that of Europeans (Figure 2A, p =

2.0 3 10�4).

Finally, we tested if pop-DE genes were enriched among

GWAS-associated genes. We found seven diseases for which

susceptibility genes reported by GWAS were significantly en-

riched among genes classified as pop-DE, in at least one

experimental condition (Figure 2B). Contributing to these en-

richments are several HLA genes (HLA-DQA1, HLA-DPA1,

HLA-DRB1, HLA-DPB1, HLA-DRA), known to be the main

genetic risk factors for several immune disorders. Strikingly,

six of these seven diseases (all but Parkinson’s disease) are

immune-related and tightly connected to a dysregulated inflam-

matory response. Further, among the diseases most signifi-

cantly enriched for pop-DE genes were rheumatoid arthritis,

systemic sclerosis, and ulcerative colitis, all of which have

been reported to differ in incidence or disease severity between

AA and EA individuals (Brinkworth and Barreiro, 2014; Penning-

ton et al., 2009). Thus, ancestry-associated gene regulatory

differences likely contribute to known ethnic disparities in

inflammatory and autoimmune disease susceptibility, in part

through affecting the ability of macrophages to control bacterial

infections.

Gene Expression QTL in Non-infected and Infected
Macrophages
To identify whether pop-DE and pop-DR genes are explained by

genetic differences between European and African populations,

we first mapped genetic variants that are associated with gene

expression levels (i.e., eQTL) or transcript isoform usage (alter-

native splicing QTL [asQTL]) in the complete sample. To do so,

we used a linear regression model that accounts for population

structure and principal components of the expression data,

thus limiting the effect of unknown confounding factors (see

the STAR Methods for details). Given that our sample size is

too small to robustly detect trans-acting eQTL, we focused our

analyses on local associations that, for simplicity, we refer to

as cis-eQTL. We define cis-eQTL and cis-asQTL here as SNPs

located in the gene body or in the 100 kb flanking the gene of

interest.

We identified cis-eQTL for 1,647 genes (14% of all genes

tested; FDR < 0.01) in at least one of the experimental conditions

(875 in non-infected macrophages, 1,087 in the Listeria-infected

condition, and 983 in the Salmonella-infected condition; Fig-

ure 3A; Table S4A; Figure S3A for number of eQTL found at

more relaxed cutoffs). Similarly, we detected a large number of

cis-asQTL affecting the ratio of alternative isoforms used for

the same gene (1,120 genes, 10% of all genes tested; FDR <

0.01 [Figure 3A; Table S4C]: 886 in non-infected macrophages,

746 in Listeria-infected samples, and 615 in Salmonella-infected

samples).

Out of all genes with cis-eQTL, a large fraction (21.8%) were

associated with an eQTL only in infected macrophages. In

contrast, only 7.3% of genes showed an infection-specific

cis-asQTL (Figures 3A and 3B). Infection-specific cis-eQTL

(B) Venn diagram illustrating the number of pop-DE genes (FDR < 0.05) in non-infected (black), Listeria-infected (yellow), and Salmonella-infected (orange)

macrophages.

(C) Example of a gene, the chemokine CCL15, for which expression levels in all conditions are significantly associated with levels of African versus European

ancestry. The average sequencing depth for each base (normalized per million mapped reads) is shown on the y axis.

(D) Example of three genes (POLR1A, NDUFS5, and OAS1) for which ancestry predicts differences in isoform usage.

(E) Example of three immune-related pop-DR genes. The y axis shows the log2 fold changes in gene expression levels in response to Listeria and Salmonella, as a

function of continuous differences in African ancestry (x axis).

(F) Absolute difference in the log2 fold change response to Salmonella (top panel) and Listeria infection (bottom panel) between European and African individuals

(x axis), among all pop-DR genes (red) and pop-DR genes associatedwith the inflammatory response (blue). The null expectation from permuting admixture levels

across individuals is shown in light gray for comparison. A shift in the distribution to the right reflects a stronger response to infection in African-ancestry

individuals.

(G) GO enrichment analysis for genes showing a significant interaction between ancestry and the response to Salmonella. Only GO terms with an enrichment at

FDR < 0.1 are displayed, and GO terms are color-coded into functionally related terms based on the overlap among gene sets (Bindea et al., 2009). For each GO

term, the average interaction effect is plotted on the x axis and themean log2 fold change in gene expression levels in response to infection is plotted on the y axis.

See also Tables S2 and S3.
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were further supported by analysis of allele-specific expression

(ASE) levels, which provides independent but complementary

evidence for functional cis-regulatory variation. As expected,

genes with cis-eQTL were significantly enriched for genes with

ASE, compared to the background of all 9,588 genes tested (Fig-

ure S3B, Fisher’s exact test, p < 1 3 10�15 for all conditions).

Further, genes harboring infection-specific eQTL also tended

to exhibit infection-specific ASE in the same condition (Listeria

or Salmonella) in which the eQTL was identified (Figure 3C,

�27 fold-enrichment of infection-specific ASE among infec-

tion-specific eQTL, relative to shared eQTL; p < 1 3 10�15).

Thus, in agreement with previous studies (Fairfax et al., 2014;

Lee et al., 2014), genotype-environment (G 3 E) interactions

are common in the context of immune responses to infection,

albeit more so for mean expression levels than alternative iso-

form usage.

A complementary approach to identifying G 3 E interactions

for expression levels is to directly map response eQTL (reQTL):

QTL associated with the magnitude of change in expression

levels after infection (Barreiro et al., 2012; Çalısxkan et al., 2015;

Lee et al., 2014). In contrast to condition-specific eQTL (an

extreme case of G3E interaction), reQTL can capturemore sub-
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Figure 2. Increased African Ancestry Pre-

dicts Improved Control of Bacterial Growth

inside Macrophages

(A) Boxplots showing the quantile normalized

number of bacteria inside infected macrophages

(y axis) immediately after infection (T0), 2 hr post-

infection (T2), and 24 hr post-infection (T24)

(x axis). We quantile normalized data across in-

dividuals and time points. Analyses were con-

ducted using a continuous measure of ancestry;

however, for visualization purposes, African and

European samples were defined as those with an

estimated African ancestry >75% (green) and

<25% (pink), respectively.

(B) Fold enrichment of pop-DE genes (y axis)

among genes identified in disease susceptibility

GWAS, at progressively stringent p value thresh-

olds (x axis). Grey, yellow and orange lines show

significant enrichments (filled circles at an FDR <

0.1 and open circles at a nominal p < 0.05) for

pop-DE genes identified in non-infected and

Listeria- and Salmonella-infected macrophages,

respectively. Light gray lines show non-significant

diseases/traits.

See also Figure S2.

tle interaction effects: eQTL can be

shared across conditions as long as their

effect size differs between infected and

non-infected samples. We detected 244

and 503 genes with a cis-reQTL (FDR <

0.01, Table S4B) for the response to Lis-

teria and Salmonella, respectively. Inter-

estingly, among genes associated with a

cis-reQTL, we found several key regu-

lators of the immune response, including

the transcription factors STAT4 and

IRF2 (Figure 3D). We also found cis-reQTL for known suscep-

tibility loci for ulcerative colitis (e.g., HLA-A, HLA-DQA2,

PMPCA), systemic lupus erythematosus (ITGAX, HLA-DQA1),

and the infectious diseases hepatitis B and leprosy (e.g.,

HLA-C, NOD2).

To investigate the regulatory mechanisms that account for

immune reQTL, we next profiled the genome-wide chromatin

accessibility landscape of non-infected and Listeria and Sal-

monella-infected cells using assay for transposase-accessible

chromatin using sequencing (ATAC-seq) (Buenrostro et al.,

2013). This approach allowed us to identify transcription factor

(TF) binding motifs likely to be occupied by their respective

TFs, in both conditions (see the STAR Methods). We found that

SNPs within accessible TF binding sites were greater than four

times more likely to be identified as reQTL (Figure 3E). Further,

reQTL in our analyses were strongly enriched (>20-fold) for

PU.1 binding sites (a pioneer TF involved in regulating enhancer

activity in macrophages) (Garber et al., 2012) and for virtually all

TFs that orchestrate innate immune responses to infection (Fig-

ure 3E) (e.g., nuclear factor kB [NF-kB]: >50-fold; AP1: >55-fold;

and IRFs: 14-fold for Salmonella only). In striking contrast, we

found no such enrichment for eQTL identified in non-infected
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macrophages (p > 0.05 for NF-kB, AP1, and IRFs) (Figure S3D).

These results show that reQTL variants are often conditionally si-

lent in resting macrophages but become functionally relevant

post-infection, and this transition is explained by disruption of

binding sites for immune response-activated TFs.

Genetic Basis of Ancestry-AssociatedDifferences in the
Immune Response to Pathogens
We hypothesized that differences in allele frequencies for some

of the eQTL identified above could explain the observed

ancestry-associated differences in the transcriptional response

A C

B

D

E

Figure 3. eQTL and ASE Analyses Reveal Extensive cis-Regulation of Gene Expression Responses to Pathogens in Macrophages
(A) Schematic representation of the number of cis-eQTL and cis-asQTL shared across all conditions, or only found in non-infectedmacrophages or Listeria and/or

Salmonella infected macrophages. Infection-specific eQTL were defined as those showing very strong evidence of eQTL in the infected state (FDR always lower

than 0.01), and very limited in the non-infected state (FDR always higher than 0.3).

(B) Examples of a cis-eQTL observed in all conditions (HLA-DQB1), a cis-eQTL observed only in infected macrophages (ADSS), and a cis-eQTL observed only in

Salmonella-infected macrophages (HLA-C). Pink and green dots inside the boxplots distinguish African (>75% African ancestry) and European (<25% African

ancestry) samples, respectively.

(C) Plot contrasting the evidence for ASE (-log10 p values) in non-infected macrophages (y axis) and in macrophages infected with Salmonella (x axis), for genes

where we identified cis-eQTL in both conditions (purple), genes for which cis-eQTL were only found in non-infectedmacrophages (gray), and genes for which cis-

eQTL were only found in Salmonella-infected macrophages (orange). Qualitatively similar results were obtained when contrasting non-infected and Listeria-

infected cells (Figure S3C).

(D) Examples of two cis-reQTL where genotype (x axis) has a significant effect on the response of STAT4 (left) and IRF2 (right) to Salmonella infection.

(E) reQTL enrichments (x axis) in actively regulated TF binding sites annotated by ATAC-seq footprinting. Error bars show 95% confidence intervals. Binding sites

were grouped into functionally overlapping ‘‘TF clusters’’ using sequence similarity and co-localization in the genome (Table S6; STAR Methods).

See also Table S4.
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to infection. In support of this hypothesis, we found that pop-

DE genes were enriched up to 3.3-fold for genes with cis-eQTL

(p < 1 3 10�10), and pop-DR genes were enriched up to 5.8-

fold for genes with cis-reQTL (p < 1 3 10�10) (Figures 4A and

S4A). Additionally,�60% of genes that exhibited ancestry-asso-

ciated isoform usage were associated with an asQTL (up to

24-fold enrichment, p < 1 3 10�10). Thus, although rare,

ancestry-associated changes in isoform usage are largely genet-

ically driven.

To explicitly quantify the contribution of our eQTL set to

transcriptional differences detected between populations, we

devised a new score based on PST estimates (Leinonen et al.,

2013; Pujol et al., 2008). PST is the phenotypic analog of the

population genetic parameter FST, providing a measure of the

proportion of overall gene expression variance explained by be-

tween-population phenotypic divergence (as opposed to within-

population diversity). PST values range from 0 to 1, with values

close to 1 implying that the majority of a gene’s expression vari-

ance is due to differences between populations. Our score,

deltaPST (DPST), is defined as the difference between PST values

before and after regressing out the effect of the cis-SNP that was

most strongly associated with the target gene’s expression level

(regardless of significance level), divided by the PST value

observed before removing the genotype effect. DPST therefore

quantifies the proportion of ancestry-associated expression level

differences that stem from the strongest cis-associated variant.

Among all pop-DE genes, we found that cis-regulatory

variants explained an average of 31%, 31%, and 26% of

A B

C D

Figure 4. Contribution of cis and trans Genetic Variation to pop-DE and pop-DR Genes

(A) The proportion of pop-DE, pop-DR, and genes that exhibit ancestry-associated isoform usage that are associated with a cis-eQTL, cis-reQTL, or cis-asQTL,

respectively (FDR < 0.01). Null expectations (based on the genome-wide proportion of genes associated with each QTL class) are shown in gray. Similar results

are obtained when focusing on transcriptional QTL identified at an FDR of 0.05 (Figure S4B).

(B) Average DPST obtained (±SE) when regressing out the genotype effect of the lead cis- or the lead trans-SNP for pop-DE and pop-DR genes (y axis), defined

using progressively stringent FDR cutoffs (x axis). Colored lines show average DPST values based on the real data; gray lines show the same values when re-

gressing out the genotype effect of the lead SNP identified based on permuted genotypes.

(C) Number of genes identified as pop-DE and pop-DR at an FDR < 0.05 (y axis) before (dashed bars) and after (filled bars) regressing out the effect of the lead cis-

SNP associated with these genes.

(D) Examples of genes for which the lead cis- (blue) or the lead trans-SNP (green), explains at least 75% of the differences in gene expression associated with

African versus European ancestry.
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ancestry-related differences in expression observed in non-

infected, Listeria-infected and Salmonella-infected samples,

respectively (Figure 4B). Further, the larger the effect of ancestry

in the original pop-DE analysis, the larger the contribution of

cis-regulatory variation to these differences: for pop-DE genes

identified at a stringent FDR of 13 10�4, cis-regulatory variation

explained close to 50% (on average) of ancestry effects (Fig-

ure 4B). We observed a similar pattern for pop-DR genes after

regressing out the genotype effect of the lead cis-reQTL SNP

(Figure 4B). In support of the substantial role of cis-regulatory

variation in explaining pop-DE and pop-DR genes, gene expres-

sion values for 30% and 45% of pop-DE and pop-DR genes,

respectively, were no longer significantly associated with

ancestry once we regressed out cis-genetic effects (Figure 4C).

Importantly, DPST values never exceeded 5% when we re-

gressed out either (1) the genotype effect of randomly selected

SNPs matched for the allele frequency of the lead cis-SNP, or

(2) lead cis-SNPs identified after permuting the genotype data.

Thus, our results cannot be simply explained by population

structure (Figure 4B).

Based on their known importance in the genetic control of

gene regulation and because of power limitations, our main anal-

ysis of ancestry-associated gene expression patterns focused

on the role of cis-eQTL. However, in a separate analysis, we re-

calculated DPST using the lead trans-SNP for each gene in place

of the lead cis-SNP (although only 51, 21, and 22 trans-

eQTL genes survived genome-wide multiple testing correction

(FDR < 0.1) in non-infected, Listeria-infected and Salmonella-in-

fected samples, respectively). Intriguingly, we found that lead

trans-SNPs accounted for an average of �23% and �20% of

ancestry effects on gene expression levels for pop-DE and

pop-DR genes, respectively (Figure 4B; at least 2-fold more

than estimates based on permuted data, p < 1 3 10�10). These

results suggest that lead trans-SNPs, although difficult to detect

at a genome-wide significance level, are enriched for true trans-

associations that could be resolved with larger sample sizes.

Together, a single cis- or trans-acting variant was sufficient to

explain almost all ancestry effects (DPST > 75%) on gene expres-

sion levels for 804 pop-DE genes and pop-DR genes (Figure 4D),

including for master regulators of the immune response such as

CASP1, STAT4, and MICA. Our results thus provide a compre-

hensive genome-wide map of cis- and trans-genetic variants

associated with African and European ancestry-related differ-

ences in the immune response to infection.

Natural Selection and Genetic Ancestry Effects on Gene
Expression Divergence
Finally, we sought to determine the impact of recent local

positive selection in either African or European populations on

ancestry-related divergence in gene expression levels. To do

so, we first calculated FST values between the Yoruba African

(YRI) and the western European population (CEU) in Phase 3

data from the 1000 Genomes Project (Auton et al., 2015). To

generate gene-specific estimates, we averaged FST values for

variants within a window of 10 kb around the transcription start

site (TSS) of each gene we analyzed (11,914 genes). As a

complementary approach, we also calculated integrated haplo-

type scores (iHS) for all SNPs with a minor allele frequency

(MAF) >5% in the CEU and YRI samples. In contrast to FST,

iHS is a within-population measure of recent positive selection

that is not affected by the levels of population differentiation

(Voight et al., 2006).

Our analyses identified significantly higher mean FST values

among genes that were pop-DE, pop-DR, or showing differ-

ences in isoform usage between populations (p % 1 3 10�3;

Figures 5A and S5A for similar results when using alternative win-

dow sizes). Further, variants identified as cis-eQTL were signifi-

cantly enriched (�2-fold) for high iHS values (i.e., iHS > 99th

percentile of genome-wide distribution, Figure 5B, p < 1 3

10�8), consistent with the importance of regulatory genetic vari-

ation in recent human evolution (Fraser, 2013). cis-reQTL and

cis-asQTL were even more strongly enriched among high iHS

values (up to 3.6-fold; Figure 5B, p < 1 3 10�5).

Overall, within the set of cis-eQTL-, cis-reQTL-, or cis-asQTL-

associated genes, 258 carried a signature of recent positive

selection in either CEU or YRI samples (jiHSj R 99th percentile

of the genome-wide distribution) (Figure 5C; Table S5A). These

variants were also significantly enriched for high XP-EHH values

(Sabeti et al., 2007) (�6-fold, p < 1 3 10�10, Figure S5C), further

supporting that these variants have been important in recent,

population-specific human adaptation. However, because

outlier methods for detecting selection can be susceptible

to false positives (Kelley et al., 2006), we complemented our

iHS analysis with a model-based approach. Specifically, we

compared the observed iHS value for each putatively selected

allele to those observed under neutral coalescent simulations

matched to the known demographic history of African and Euro-

pean populations (Gutenkunst et al., 2009), the candidate allele’s

observed frequency, and the local recombination rate. The vast

majority (92%) of all sites tested exhibited significantly larger

observed iHS statistics than expected under a neutral model

(p < 0.01, Table S5B), providing strong convergent support for

recent positive selection at these loci. Far more of these genes

are pop-DE or pop-DR than expected by chance (47% and

23%, respectively: Figure 5D, p < 0.001), showing that natural

selection has contributed to present-day inter-population differ-

ences in innate immune responses to infection.

Neanderthal ancestry makes up �2% of the ancestry of living

humans found outside of Africa (Kelso and Prüfer, 2014). It

is therefore plausible that interbreeding between Neanderthal

and modern human populations could also contribute to

some of the ancestry-related differences in gene expression

we observed, especially if it enabled the ancestors of modern

Europeans to more rapidly adapt to a new pathogen environ-

ment (Ségurel and Quintana-Murci, 2014). To test this hypothe-

sis, we identified sites where the derived allele is shared between

Neanderthals and non-African populations, but is absent in sub-

Saharan Africans samples considered. This class of sites, which

we call ‘‘Neanderthal-like sites’’ (NLS), is a conservative indicator

of Neanderthal introgression (Sankararaman et al., 2014).

Among the 18,862 NLS tested in our cis-QTL analyses, 297

were significantly associated with transcriptional variation of

145 genes (NLS-QTL). Among these 145 genes, 46% (FDR <

0.05) were differentially regulated in at least one experimental

condition (non-infected, Listeria-infected, Salmonella-infected,

or in the response to either type of infection) between Europeans
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and Africans (63% at a more relaxed FDR < 0.1). Thus, a

non-negligible proportion of ancestry-related gene expression

divergence probably results from introgression of functional

Neanderthal variants into the ancestors of modern Europeans.

Interestingly, some of these variants (n = 16) also have elevated

iHS values (jiHSj R 2) (Figure 5C; Table S5A) and therefore

represent new candidates for adaptive introgression in humans.

DISCUSSION

Together, our results provide a comprehensive characteriza-

tion of genes for which the transcriptional responses of pri-

mary cells to live pathogenic bacteria differs depending on

European versus African ancestry. We show that 34% of

genes expressed in macrophages show at least one type of

ancestry-related transcriptional divergence, whether in the

form of differences in gene expression (30%), the transcrip-

tional response to infection (9.3%), or, less commonly, differ-

ences in isoform usage (1%). Notably, the modest contribution

of differences in isoform usage to ancestry-related expression

levels differs from previous results in lymphoblastoid cell lines

(LCLs), where they were found to be quite common (Lappalai-

nen et al., 2013). The discrepancy between our results and

those reported for LCLs may be related to differences in

the experimental procedures used to produce the two sets

of LCL lines, which were generated more than 20 years apart

(Dausset et al., 1990).

One of the most striking observations from our study was the

markedly stronger response to infection induced in macro-

phages from individuals of African descent, particularly among

inflammatory response genes. This result agrees with previous

reports showing that AAs have higher frequencies of alleles

associated with an increased pro-inflammatory response (Ness

et al., 2004), increased levels of circulating C-reactive protein

(Kelley-Hedgepeth et al., 2008), and amuch higher rate of inflam-

matory diseases than EA individuals (Pennington et al., 2009).

Although the exact causal link between ancestry and the pro-in-

flammatory response has yet to be established, we speculate

that the stronger inflammatory response associated with African

ancestry accounts for the increased ability of macrophages in

African ancestry individuals to control bacterial growth post-

infection.

Nevertheless, the evolutionary pressures that explain these

differences remain an open question. One possibility is that, after

human populations migrated out of Africa, they were exposed to

lower pathogen levels (Guernier et al., 2004), which reduced the

need for strong, costly pro-inflammatory signals. Change in this

direction may have been favored due to the detrimental conse-

quences of acute or chronic inflammation, which are key contrib-

utors to the development of autoinflammatory and autoimmune

A

D

B C

Figure 5. Natural Selection on eQTL and Its Contribution to Ancestry-Associated Regulatory Differences
(A) Mean FST values in a window of ±10 kb around the TSS of all genes, pop-DE genes, pop-DR genes, and genes showing differences in isoform usage between

populations (top panel).

(B) Proportion of all SNPs, cis-eQTL, cis-reQTL, and cis-asQTL with an iHS value above the 99th percentile of the genome-wide distribution in the CEU (jiHSj >
2.70) and the YRI (jiHSj > 2.68) populations. See Figure S5B for similar results considering QTL identified at an FDR < 0.05 (instead of 0.01).

(C) Manhattan plot of a genome-wide scan for selection in CEU (top) and YRI (bottom) for SNPs identified as regulatory QTL in macrophages. The dashed line

represents the 99th percentile of the genome-wide distribution. Darker shades of blue represent larger FST values for SNPs with elevated jiHSj values; blue circled
dots highlight genes that show one or more transcriptional associations with African versus European ancestry. Genes in red are regulated by NLS with elevated

jiHSj values in CEU (jiHSj > 2.7), supporting adaptive introgression from Neanderthals into the ancestors of modern Europeans.

(D) Proportion of genes regulated by eQTL and targeted by recent positive selection (among the 258 represented by the blue circles in C) that are pop-DE,

pop-DR, or show population differences in isoform usage (blue triangles), compared to random expectations when sampling the same total number of genes

10,000 times from all genes tested (violin plots).

See also Table S5.
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diseases (Okin and Medzhitov, 2012). This hypothesis is consis-

tent with previous reports showing a signature of positive selec-

tion in Europeans on a high-frequency non-synonymous variant

in the Toll-like receptor 1 gene, which is also associated with

impaired NF-kB-mediated signaling (Barreiro et al., 2009). Alter-

natively, the weaker inflammatory response detected in Euro-

peans could have resulted from relaxation of selective constraint

in an environment where the pathogen burden was reduced, or

at least different in nature, from that found in Africa.

Because our samples were derived from individuals with their

own unknown life histories and environmental exposures, the

ancestry-related differences we observed could be explained

by both environmental and genetic factors. However, our eQTL

analyses suggest that genetic contributions are probably sub-

stantial. We estimate that, on average, �30% and 20% of

ancestry-associated expression differences in pop-DE genes

are accounted for by cis- and trans-regulatory variants, respec-

tively. Further, among the genes with the most robust associa-

tion with genetic ancestry (pop-DE genes with FDR < 1 3

10�4), putatively cis-acting variants explain up to �50% of

ancestry effects. Notably, these numbers probably underesti-

mate the true genetic contribution to ancestry-related differ-

ences in gene expression, given our low power to detect trans

associations, our exclusion of non-SNP regulatory variants,

which may also influence gene expression (Gymrek et al.,

2016), our conservative assumption that genes have only one

major cis-eQTL (many genes have at least two independent

cis-eQTL) (Lappalainen et al., 2013); and the fact that we limited

our cis-eQTL mapping to a 100-kb window around the targeted

gene.

The extent to which positive selection has contributed to

recent human evolution remains a matter of intense debate

(Enard et al., 2014; Fagny et al., 2014; Hernandez et al.,

2011). Here, we show that variants associated with regulatory

QTL are strongly enriched for signatures of recent selection,

supporting an important role of adaptive regulatory variation

in recent human evolution. More specifically, our results sug-

gest that a significant fraction of population differences in

transcriptional responses to infection are a direct conse-

quence of local adaptation driven by regulatory variants.

Notably, several positively selected regulatory QTL (or SNPs

in strong LD with them [r2 > 0.8]) have been associated with

common diseases by GWAS, further reinforcing the link be-

tween past selection and present-day susceptibility to disease

(Barreiro and Quintana-Murci, 2010; Brinkworth and Barreiro,

2014). Some examples include positively selected variants

affecting the expression of HLA-DQA1, the major genetic sus-

ceptibility factor for celiac disease (Abadie et al., 2011),

ERAP2, a susceptibility factors for Crohn’s disease (Jostins

et al., 2012), and the transcription factor IRF5, which is

associated with systemic lupus erythematosus, rheumatoid

arthritis, ulcerative colitis, and systemic sclerosis (reviewed

in Eames et al., 2016).

Finally, our results provide new insight into the contribution of

adaptive introgression from admixture with Neanderthals to the

diversification of the immune system among modern human

populations. We found 17 positively selected NLS regulatory-

QTL (associated with 16 genes) that are candidates for adaptive

introgression in humans. These genes include previously identi-

fied candidates such as TLR1 (Dannemann et al., 2016; De-

schamps et al., 2016) but also a large set of loci that have not

previously been associated with adaptive introgression. For

example, one of the strongest signatures of selection was found

for eQTL for DARS, a gene associated with neuroinflammatory

andwhitematter disorders (Wolf et al., 2015). However, in agree-

ment with evidence that most introgressed variation from Nean-

derthals was probably deleterious (Sankararaman et al., 2014;

Vernot and Akey, 2014), as putative cases of adaptive introgres-

sion remain relatively rare.

All data generated in this study are freely accessible via a

custom web-based browser that enables easy querying and

visualization of ancestry-related transcriptional differences and

associated QTL. This resource, the ImmunPop QTL browser

(http://www.immunpop.com), should serve as a useful tool for

finemapping of genetic association signals and for the continued

quest to understand how pathogens have shaped global human

population diversity today.
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Patterson, N., and Reich, D. (2014). The genomic landscape of Neanderthal

ancestry in present-day humans. Nature 507, 354–357.

Schaub, M.A., Boyle, A.P., Kundaje, A., Batzoglou, S., and Snyder, M. (2012).

Linking disease associations with regulatory information in the human

genome. Genome Res. 22, 1748–1759.

Ségurel, L., and Quintana-Murci, L. (2014). Preserving immune diversity

through ancient inheritance and admixture. Curr. Opin. Immunol. 30, 79–84.

Shabalin, A.A. (2012). Matrix eQTL: ultra fast eQTL analysis via largematrix op-

erations. Bioinformatics 28, 1353–1358.

Storey, J.D., and Tibshirani, R. (2003). Statistical significance for genomewide

studies. Proc. Natl. Acad. Sci. USA 100, 9440–9445.

668 Cell 167, 657–669, October 20, 2016

http://refhub.elsevier.com/S0092-8674(16)31307-1/sref26
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref26
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref27
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref27
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref28
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref28
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref28
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref28
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref29
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref29
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref29
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref29
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref30
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref30
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref31
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref31
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref31
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref31
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref31
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref32
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref32
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref32
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref33
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref33
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref33
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref33
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref34
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref34
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref34
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref35
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref35
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref35
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref36
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref36
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref36
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref36
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref37
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref37
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref37
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref38
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref38
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref39
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref39
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref39
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref39
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref40
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref40
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref41
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref41
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref41
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref42
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref42
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref42
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref42
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref43
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref43
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref44
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref44
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref45
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref45
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref46
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref46
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref46
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref46
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref47
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref47
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref47
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref47
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref48
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref48
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref48
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref49
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref49
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref49
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref50
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref50
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref50
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref51
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref51
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref51
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref51
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref52
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref52
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref52
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref53
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref53
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref53
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref54
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref54
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref55
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref55
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref56
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref56
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref56
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref57
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref57
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref57
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref58
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref58
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref59
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref59
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref60
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref60
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref60
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref61
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref61
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref61
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref62
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref62
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref62
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref62
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref63
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref63
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref63
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref64
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref64
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref64
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref65
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref65
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref66
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref66
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref67
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref67


Szpiech, Z.A., and Hernandez, R.D. (2014). selscan: an efficient multithreaded

program to perform EHH-based scans for positive selection. Mol. Biol. Evol.

31, 2824–2827.

Tishkoff, S.A., Reed, F.A., Friedlaender, F.R., Ehret, C., Ranciaro, A., Froment,

A., Hirbo, J.B., Awomoyi, A.A., Bodo, J.M., Doumbo, O., et al. (2009). The ge-

netic structure and history of Africans and African Americans. Science 324,

1035–1044.

van de Geijn, B., McVicker, G., Gilad, Y., and Pritchard, J.K. (2015). WASP:

allele-specific software for robust molecular quantitative trait locus discovery.

Nat. Methods 12, 1061–1063.

Vernot, B., and Akey, J.M. (2014). Resurrecting surviving Neandertal lineages

from modern human genomes. Science 343, 1017–1021.

Voight, B.F., Kudaravalli, S., Wen, X., and Pritchard, J.K. (2006). A map of

recent positive selection in the human genome. PLoS Biol. 4, e72.

Wang, L., Wang, S., and Li, W. (2012). RSeQC: quality control of RNA-seq

experiments. Bioinformatics 28, 2184–2185.

Wen, X., Lee, Y., Luca, F., and Pique-Regi, R. (2016). Efficient integrativemulti-

SNP association analysis via deterministic approximation of posteriors. Am. J.

Hum. Genet. 98, 1114–1129.

Wolf, N.I., Toro, C., Kister, I., Latif, K.A., Leventer, R., Pizzino, A., Simons, C.,

Abbink, T.E., Taft, R.J., van der Knaap, M.S., and Vanderver, A. (2015). DARS-

associated leukoencephalopathy can mimic a steroid-responsive neuroin-

flammatory disorder. Neurology 84, 226–230.

Cell 167, 657–669, October 20, 2016 669

http://refhub.elsevier.com/S0092-8674(16)31307-1/sref68
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref68
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref68
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref69
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref69
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref69
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref69
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref70
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref70
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref70
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref71
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref71
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref72
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref72
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref73
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref73
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref74
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref74
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref74
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref75
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref75
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref75
http://refhub.elsevier.com/S0092-8674(16)31307-1/sref75


STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Antibody against CD14 BD Biosciences Cat#:555398; RRID: AB_395799

Antibody against CD1a BD Biosciences Cat#:555807; RRID: AB_396141

Antibody against CD83 BD Biosciences Cat#:556855; RRID: AB_396526

Antibody against HLA-DR BD Biosciences Cat#:555561; RRID: AB_395943

Chemicals, Peptides, and Recombinant Proteins

FICOLL-PAQUE PREMIUM GE Healthcare Cat#:17-5446-52

GENTAMICIN REAGENT SOLUTION LIQUID 10ML Thermo Fisher Scientific Cat#:15710-054

IGEPAL CA-630 Sigma Aldrich Cat#:I3021-50ML

SYBR Green I Nucleic Acid Gel Stain - 10,000X

concentrate in DMSO (500ul)

Thermo Fisher Scientific Cat#:S7563

Triton X-100 Sigma Aldrich Cat#:X100-500ML

FBS premium, US origin WISENT Cat#:80150

Human CD14 microbeads for Macs Miltenyi Biotec Cat#:130-050-201

L-glutamine WISENT Cat#:609-065-EL

NEBNext High-Fidelity 2X PCR Master Mix New England Biolabs Cat#:M0541S

Recombinant Human M-CSF, Animal- Free R&D Systems Cat#:AFL216

RPMI-1640 HyClone Cat#:SH30096.01

Tryptic Soy Broth (TSB) (BBL Trypticase Soy Broth) BD Biosciences Cat#:211768

Trypticase Soy agar BD Biosciences Cat#:221283

Critical Commercial Assays

Nextera DNA Sample Preparation Kit (24 samples) Illumina Cat#:FC-121-1030

Nextera index kit (24 indexes, 96 samples) Illumina Cat#:FC-121-1011

TRUSEQ RNA SAMPLE PREP KIT V2, SET A Illumina Cat#:RS-122-2001

DNA extraction kit (Gentra Systems) QIAGEN Cat#:1042606

MinElute PCR Purification Kit (50) QIAGEN Cat#:28004

miRNeasy Mini kit QIAGEN Cat#:217004

RNA Nano Chips Agilent Technologies Cat#:5067-1521

Deposited Data

Raw and analyzed data This study GEO: GSE81046

Experimental Models: Organisms/Strains

Listeria monocytogenes This study N/A

Salmonella typhimurium This study N/A

Software and Algorithms

Impute2 v 2.3.0 Howie et al. (2012) https://mathgen.stats.ox.ac.uk/impute/impute_v2.

html

shapeIT v2.r790 Delaneau et al. (2013) https://mathgen.stats.ox.ac.uk/genetics_software/

shapeit/shapeit.html

PLINK 1.9 Chang et al. (2015) https://www.cog-genomics.org/plink2

RseQC Wang et al. (2012) http://rseqc.sourceforge.net

R https://www.r-project.org/

edgeR Robinson et al. (2010) https://bioconductor.org/packages/release/bioc/

html/edgeR.html

Limma Ritchie et al. (2015) https://bioconductor.org/packages/release/bioc/

html/limma.html
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CONTACT FOR REAGENT AND RESOURCE SHARING

Reagent and resource requests should be addressed and will be fulfilled by the Lead Contact, Luis Barreiro (luis.barreiro@

umontreal.ca).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Sample Collection
Buffy coats from 175 healthy donors were obtained from the Indiana Blood Center (Indianapolis, IN, USA). A signed written consent

was obtained from each participant and the project was approved by the ethics committee at the CHU Sainte-Justine (protocol

#4022). All individuals recruited in this study were males, self-identified as African-American (AA) (n = 76) or European-American

(EA) (n = 99) between the age of 18 and 55 years old. The average age across AA and EU samples was similar (34.2 years (AA) versus

35 years (EA), t test, p = 0.7). We decided to only focus on males to avoid the potentially confounding effects of sex-specific differ-

ences in immune responses to infection. Only individuals self-reported as currently healthy and not under medication were included

in the study. In addition, each donor’s blood was tested for Hepatitis B, Hepatitis C, Human Immunodeficiency Virus (HIV), and West

Nile Virus, and only samples negative for all of the tested pathogens were used.

METHOD DETAILS

Isolation of Monocytes and Differentiation of Macrophages
Blood mononuclear cells were isolated by Ficoll-Paque centrifugation. Monocytes were purified from peripheral blood mononuclear

cells by positive selection with magnetic CD14 MicroBeads (Miltenyi Biotech) using the autoMACS Pro Separator. The purity of the

isolated monocytes was verified using an antibody against CD14 (BD Biosciences) and only samples showing > 90% purity were

used to differentiate into macrophages. Monocytes were then cultured for 7 days in RPMI-1640 (Fisher) supplemented with 10%

heat-inactivated FBS (FBS premium, US origin, Wisent), L-glutamine (Fisher) and M-CSF (20ng/mL; R&D systems). Cell cultures

were fed every 2 days with complete medium supplemented with the cytokines previously mentioned. Before infection, we checked

the differentiation/activation status of themonocyte-derived macrophages by flow cytometry, using antibodies against CD1a, CD14,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Matrix eQTL Shabalin (2012) http://www.bios.unc.edu/research/

genomic_software/Matrix_eQTL/

Sva Leek et al. (2012) https://www.bioconductor.org/packages/release/

bioc/html/sva.html

cbcbSEQ Okrah n. d. https://github.com/kokrah/cbcbSEQ

WASP van de Geijn et al. (2015) https://www.encodeproject.org/software/wasp/

SAMtools Li et al. (2009) http://samtools.sourceforge.net

QuASAR Harvey et al. (2015) https://github.com/piquelab/QuASAR

ADMIXTURE Alexander et al. (2009) https://www.genetics.ucla.edu/software/admixture/

Trim Galore! Krueger n.d. http://www.bioinformatics.babraham.ac.uk/projects/

trim_galore/

Picard-tools Broad Institute http://broadinstitute.github.io/picard/

Bowtie 2 Langmead and Salzberg (2012) http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

Centipede Pique-Regi et al. (2011) http://centipede.uchicago.edu/

STAR Dobin et al. (2013) https://github.com/alexdobin/STAR

RSEM Li and Dewey (2011) http://deweylab.github.io/RSEM/

Vcftools Danecek et al. (2011) http://vcftools.sourceforge.net/

CLUEGO Bindea et al. (2009) http://apps.cytoscape.org/apps/cluego

TORUS Wen et al. (2016) https://github.com/xqwen/dap/tree/master/torus_src

PGDSpider Lischer and Excoffier (2012) http://www.cmpg.unibe.ch/software/PGDSpider/

Arlequin Excoffier and Lischer (2010) http://cmpg.unibe.ch/software/arlequin35/

Selscan v1.1.0b Szpiech and Hernandez, 2014 https://github.com/szpiech/selscan

Other

eQTL visualization web browser http://www.immunpop.com
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CD83, and HLA-DR (BD Biosciences). Only samples presenting the expected phenotype for non-activated macrophages (CD1a+,

CD14+, CD83, and HLA-DRlow) were used in downstream experiments.

Bacterial Preparation and Infection of Macrophages
We infected macrophages with two bacteria, Salmonella typhimurium and Listeria monocytogenes. The day prior to infection, ali-

quots of Salmonella typhimurium and Listeria monocytogenes were thawed and bacteria were grown overnight in Tryptic Soy Broth

(TSB) media. Bacterial culture was diluted to mid-log phase prior to infection and supernatants density was checked at OD600.

Monocyte-derived macrophages were infected at a multiplicity of infection (MOI) of 10:1 for Salmonella typhimurium and an

MOI of 5:1 for Listeria monocytogenes for 2h at 37�C. A control group of non-infected macrophages was treated the same

way but with only medium without bacteria. After 2 hr in contact with the bacteria, macrophages were washed and cultured

for another hour in the presence of 50mg=ml gentamycin in order to kill all extracellular bacteria present in the medium. The cells

were then washed a second time and cultured in complete medium with 3mg=ml gentamycin for an additional 2h, the time point

we refer to in the main text. A control group of non-infected macrophages was treated the same way but with only medium

without bacteria. We note that we did not run technical replicates for the infections because we could not derive sufficient mac-

rophages from one individual to perform multiple infections with both bacteria. However, the impact of technical confounds are

reduced by our large set of biological replicates (and are probably overall small, given our power to detect so many eQTL and

ancestry-associated responses).

Estimation of the Number of Infected Macrophages
To determine bacterial counts in infected cells, monolayers of 2,106 infected macrophages in 6-well plates were used. Culture me-

dium was removed and replaced with 1ml of 1% Triton X-100 in distilled water. Serial 10-fold dilutions were made, in duplicates, in

Trypticase Soy broth and plated on Trypticase Soy agar plates. Plates were kept at 37�C and counted after 24h. Enumeration of intra-

cellular bacteria was performed at T0, corresponding to the percentage of infected macrophages, and T2 and T24, corresponding to

the number of bacteria inside themacrophages 2- and 24 hr post-infection, respectively. Data was collected for T0 for all the samples

(to control for variation in the number of infected macrophages among individuals), and for T2 and T24 for a subset of 89 individuals

for which enough macrophages were available to perform the experiment.

RNA Extraction, Library Preparation, and Sequencing
Total RNA was extracted from the non-infected and infected macrophages using the miRNeasy kit (QIAGEN). RNA quantity

was evaluated spectrophotometrically, and the quality was assessed with the Agilent 2100 Bioanalyzer (Agilent Technologies).

Only samples with no evidence for RNA degradation (RNA integrity number > 8) were kept for further experiments. RNA-

sequencing libraries were prepared using the Illumina TruSeq protocol. Once prepared, indexed cDNA libraries were pooled

(6 libraries per pool) in equimolar amounts and were sequenced with single-end 100bp reads on an Illumina HiSeq2500. Sam-

ples were carefully balanced across flow cells and sequencing lanes. Specifically, we multiplexed infected and non-infected

samples from the same individual in the same lane, and balanced the number of African Americans and European Americans

in each of the flowcells. Additionally, we multiplexed non-infected and infected macrophages (Salmonella and Listeria) from one

European American and one African American in each lane. Because we had a larger number of European ancestry samples

than African ancestry samples, the ideal 50-50 ratio was significantly violated for samples sequenced in two of 16 total flow-

cells. Yet, these samples account for only 5% of all the RNA-seq libraries sequenced. Sequencing libraries from both infected

and non-infected conditions were always prepared in parallel with a balanced amount of samples derived from EA and AA

individuals.

ATAC-Seq Library Preparation and Sequencing
ATAC-seq libraries were generated from 100,000 cells, as previously described in (Buenrostro et al., 2013) and sequenced on an

Illumina HiSeq 2500 using 100-bp paired-end reads. We found high concordance between the ATAC-seq signals for the two biolog-

ical replicates sequenced for each of the conditions (Spearman r > 0.80), which allowed us to merge them for downstream footprint

analyses.

DNA Extraction and Genome-wide Genotyping
DNA was extracted from each of the blood samples using the PureGene DNA extraction kit (Gentra Systems). Each individual was

genotyped for over 4.6 million single nucleotide polymorphisms (SNPs), using the Illumina HumanOmni5Exome BeadChip, which in-

terrogates > 4.3 million whole-genome variants, plus the content of the Illumina exome BeadChip. Genotypes were called in all sam-

ples together using Genome Studio v2010. All samples had genotype call rates (CR) above 98%,with the exception of 2 samples that

were excluded from further analysis. SNPs with > 5% of missing data or deviating from Hardy–Weinberg equilibrium in at least one of

the studied populations (at a p < 10�5) were excluded. In total, 4,452,246 SNPs passed our quality-control filters. Since samples were

collected anonymously, we systematically tested for relatedness in our samples by estimating the pair-wise genome-wide identity by

state (IBS) between all possible pairs of individuals using PLINK (Chang et al., 2015). We found 2 pairs of individuals that appeared to

be genetically identical, suggesting that these pairs of sample are from the same individual that donated blood twice during our
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recruitment process. Therefore, we randomly excluded the data of one individual from each of these pairs. All other samples were

unrelated as defined by an estimated proportion of IBS < 0.2. Finally, all samples were confirmed to be males on the basis of the

genotype data from the X chromosome. After various quality control checks, we ended up with 171 individuals for which genotype

data was available for eQTL analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Imputation
Imputation was done using Impute2 (ver. 2.3.0) (Howie et al., 2012), on the pre-filtered genotype data and using as reference panels

phased genotype data from phase 3 of the 1000 Genomes project (downloaded from: https://mathgen.stats.ox.ac.uk/impute/

1000GP_Phase3.html). Our genotype data was phased (per chromosome) using shapeIT (version 2.r790). Post-imputation, we

removed genotype calls with likelihood lower than 0.9. In addition, we removed positions with an information metric lower than

0.5, more than 5% of missing genotype calls or deviating from Hardy–Weinberg equilibrium in at least one of the studied populations

(at P< 10�5). After all filters, we kept 13,846,937 SNPs.

Estimation of Genome-wide Admixture Levels
Self-reported EA and AA have variable degrees of African and European ancestry. In particular, the genome-wide levels of European

genetic ancestry among self-reported AAs average 30% and can attain close to 100% in some individuals (Bryc et al., 2010). Thus,

instead of relying on self-reported ancestry labels, we calculated the actual proportion of European and African ancestry for each of

the samples included in the study using the unsupervised clustering algorithm ADMIXTURE (Alexander et al., 2009). We included 56

Yoruban samples in our analyses to have a group of African individuals that are arguably not admixed. A total of 86,329 unlinked SNPs

(i.e., r2 between all pairs < 0.1) were used for ancestry assignments, assuming K = 2 ancestral clusters. The estimated ancestry pro-

portions were used to assess differences in immune responses between populations, unless mentioned otherwise.

Estimation of Gene- and Isoform-Level Expressions
Adaptor sequences and low quality score bases (Phred score < 20) were first trimmed using Trim Galore (version 0.2.7). The resulting

reads were then mapped to the human genome reference sequence (Ensembl GRCh37 release 75) using STAR (2.4.1d) (Dobin et al.,

2013) with a hg19 transcript annotation GTF file downloaded from Ensembl (date: 2014-02-07).

The following parameters were used for STAR index generation (other than default):

d genomeSAindexNbases 2

d genomeChrBinNbits 14

d sjdbOverhang 99

In order to obtain aligned reads in transcriptome coordinates, we used the following options specifically recommended for down-

stream analysis with RSEM:

d outSAMattributes NH HI

d outFilterMultimapNmax 20

d outFilterMismatchNmax 999

d outFilterMismatchNoverLmax 0.05

d alignIntronMin 20

d alignIntronMax 1000000

d alignSJoverhangMin 8

d alignSJDBoverhangMin 1

d quantMode TranscriptomeSAM

Transcript- and gene-level expression estimates were calculated using RSEM (version 1.2.21) (Li and Dewey, 2011), with default

parameters considering a mean and standard deviation of 178bp and 58bp, respectively, for insert sizes across our RNA-seq

libraries.

Differences in Expression between Populations and in Response to Infection
Quality Control

A total of 22 RNA-seq libraries (out of 525 in total) were removed from downstream analyses because the genotype calls made on the

RNA-seq data did not match those obtained from the genotyping array (n = 12), the non-infected samples were clustering close to

infected samples in a principal component analysis (n = 4) or the Listeria-infected samples were clustering together with Salmonella-

infected samples (n = 6).

We subset our phenotype data by keeping protein-coding genes that were sufficiently expressed: median TPM value above 0.5 in

at least one of the three conditions.
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Identification of Relevant Technical Confounders

As a preliminary step for the differential expression analysis, we aimed at identifying confounders that amounted to unwanted tech-

nical sources of variability in the expression data. To do this in a systematic way, we began by considering the following pool of

putatively relevant technical confounders:

d x1: sequencing flowcell

d x2: mean GC content estimated per sample (using RseQC (Wang et al., 2012))

d x3: fraction of uniquely mapped reads

d x4: RNA concentration post-extraction

d x5: sequencing lane

d x6: RNA integrity numbers (RIN)

d x7: fraction of multiply mapped reads

d x8: Total number of sequenced reads

d x9: RNA library concentration used for sequencing

d x10: library insert size (based on Bioanalyzer)

two of which (i.e., sequencing flowcell and lane) are categorical variables, while the rest are continuous variables that were stan-

dardized before the analysis (i.e., rescaled to have mean = 0 and sd = 1). In order to identify the confounding variables, among the

above-mentioned list, that explain a significant amount of the variance in the data, we implemented the following iterative procedure:

d Step 1: Let Mref : E � 1 denote the reference model with no covariates, where only an intercept is estimated for the gene

expression data E. In addition, assume that Mi : E � xi models the gene expression data by only considering the ith technical

confounder as the covariate, for i˛f1;.;10g. The fraction of variance in the expression data explained by the ith technical co-

variate was then estimated by vi = ðSSMref
� SSMi

Þ=SSMref
for each gene, where SSMref

and SSMi
represent the residual sum of

squares in Mref and Mi, respectively.

d Step 2: For each technical confounder listed above, the following procedure was repeated for Niter = 200 iterations per gene:

The entries of the original confounder vector xi were permuted and the permuted vector was denoted by ~xi. Afterward, the ran-

domized model MrandðiÞ : E � xi was set up. The expected amount of variance explained by the randomized confounding var-

iable was then estimated by vrandðiÞ = ðSSMref
� SSMrandðiÞÞ=SSMref

, where SSMrandðiÞ denotes the residual sum of squares forMrandðiÞ.
d Step 3: For each confounder, the distribution of vi (i.e., the observed or true fraction of variance explained by the confounder)

across all genes was compared to the corresponding distribution of randomized values, vrandðiÞ, through the non-parametric

Mann–Whitney U test. The shift between these two distributions at a significance level of p = 0.05 is denoted by di for the ith

confounder.

d Step 4:Wecompared the di values across the ten confounders and chose the technical confounderwith themaximumshift di� : =

max
i

di. If di� > 0.01 (i.e., the contribution of this confounder in explaining the variability in the data is least 1%more than that of

an arbitrary random variable), then the confounder was selected and added as a covariate to the reference model Mref .

d Step 5:We repeated Steps 1 to 3, using the updated reference model. After re-evaluating the distribution shifts di in Step 3, we

proceeded as follows: (i) Among the set of confounders currently present in Mref , the one with the lowest amount of shift was

removed fromMref , given that the shift was below 0.01. (ii) Among the set of confounders currently absent inMref , the onewhich

satisfied the selection procedure described in Step 4 was added to Mref .

d Step 6: Step 5 was repeated until we obtained a referencemodel where, out of the ten studied confounders, only the covariates

present inMref satisfied the condition mentioned in Step 4 (i.e., their contribution in explaining the variability in the data is least

1% more than that of an arbitrary random variable).

It turned out that only five iterations of the above procedure were sufficient, leading to the following reference model:

Mref : E � x1 + x2 + x3 + x4 (1)

containing four technical confounders that are controlled for in the downstream analysis (see Figure S1C).

Data Pre-processing

To account for differences in read counts at the tails of the distribution, we normalized the samples using the weighted trimmedmean

of M-values algorithm (TMM), as implemented in the R package edgeR (Robinson et al., 2010). Afterward, we log-transformed the

data using the voom function in the limma package (Ritchie et al., 2015) and removed the flowcell batch effect using the ComBat

function in sva Bioconductor package (Leek et al., 2012). We then applied the voomMod function from package cbcbSEQ

(https://github.com/kokrah/cbcbSEQ/blob/master/README.md), specifically devised to work on log-transformed data as opposed

to voom which works on count data, to recover new sample weights for the batch-corrected data. Following this pre-processing of

the data, we fitted the log-transformed expression estimates to linear models (with design details explained in the subsequent par-

agraphs), using the lmFit function from the limma package (Ritchie et al., 2015). This function uses the sample weights previously

estimated, from the overall mean-variance trend by voomMod, to rescale model residuals and improve the quality of the fit. In these
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models, the three numerical confounders shown in Equation 1 (i.e., x2, x3 and x4; GC means, RNA concentrations, and fractions of

uniquely mapped reads, respectively) are introduced as model covariates. Note that the categorical confounder x1, or flowcell, has

already been corrected for using ComBat. Finally, differential expression effects across conditions (DE) and across populations (pop-

DE), along with Ethnicity Condition interaction effects resulting in differential response across populations (pop-DR), were estimated

using these linear models. In what follows, each model is elaborately explained.

Ancestry-Related Differential Expression

The following nested linear model was used to identify genes for which expression levels correlated with the African-ancestry levels

estimated for each of our samples:

M1 : Eði; jÞ=

8
>>>>>>><
>>>>>>>:

boðiÞ+ bNI
AfðiÞ,AfðjÞ+

X4

k = 2

bxk
ðiÞ,xNIk ðjÞ+ ε

NIði; jÞ if Condition=NI

boðiÞ+ bLðiÞ+ bL
cðiÞ,cLðjÞ+ bL

AfðiÞ,AfðjÞ+
X4

k = 2

bxk
ðiÞ,xLk ðjÞ+ ε

Lði; jÞ if Condition= L

boðiÞ+ bSðiÞ+ bS
c ðiÞ,cSðjÞ+ bS

AfðiÞ,AfðjÞ+
X4

k = 2

bxk
ðiÞ,xSk ðjÞ+ ε

Sði; jÞ if Condition=S

(2)

Here,Eði; jÞ shows the expression level of gene i for individual j, bNIAfðiÞ; bLAfðiÞ; and bSAfðiÞ indicate the effects of African admixture (Af) on

gene i within each condition, bLðiÞ and bSðiÞ represent the intrinsic infection effects of each pathogen, and bLcðiÞ and bSc ðiÞ are the effects
of the standardized bacterial counts (denoted by cL and cL) registered in the samples immediately after infection with each pathogen.

Furthermore, fxk ; k = 2;3;4g represents the three numerical covariates previously detected as significant technical confounders; i.e.,

mean GC content per sample, RNA concentration, and fractions of uniquely mapped reads, with bxk being their corresponding effects

ongeneexpression. Finally, εCði; jÞ represents the residualsat conditionC (NI, LorS) for thegene-i individual-j pair, andboðiÞ is theglobal
intercept accounting for the expected expression of gene i in a 100% European non-infected sample (i.e., Af = 0). Note that for each

individual, we assessed only one sample per condition. In other words, no technical replicates were used in the design.

Fitting the model using the Bioconductor’s limma pipeline (Ritchie et al., 2015), we extract the estimates bNIAf ðiÞ; bLAf ðiÞ; and bSAf ðiÞ of
the ethnicity effects across all genes, along with their corresponding p values. Each of these estimates represents the ancestry-

related differential expression effects within each condition (pop-DE). Afterward, we control for false discovery rates using an

approach analogous to that of Storey and Tibshirani (Storey and Tibshirani, 2003), which makes no explicit distributional assumption

for the null-model but instead derives it empirically from 200 permutation tests, where African admixture values are permuted across

individuals (see section ‘‘Estimation of false discovery rates’’ below for details). Before proceeding to the table below, which includes

results and further details on these effects, some notation is introduced. Let hECiAf = x denote the expected expression value for a gene

in condition C˛fNI;L;Sg for an individual with African admixture Af = x, under M1. According to this definition, hECiAf = 1 � hECiAf =0

represents the expected African ancestry effect within condition C. This effect is denoted by pop-DE:C in the table below and by

the bCAf coefficient in model M1.

Infection Effects: Condition-Related Differential Expression

Contrary to the case of pop-DE analysis, expression levels of samples corresponding to the same individuals are compared in order

to test for global infection effects (condition-related DE). To this end, a paired design is used, in which individuals are introduced as

additional covariates:

M2 : Eði; jÞ=

8
>>>>>>><
>>>>>>>:

boði; jÞ+
X4

k = 2

bxk
ðiÞ,xNIk ðjÞ+ ε

NIði; jÞ if Condition=NI

boði; jÞ+ bLðiÞ+ bL
cðiÞ,cLðjÞ+

X4

k = 2

bxk
ðiÞ,xLk ðjÞ+ ε

Lði; jÞ if Condition= L

boði; jÞ+ bSðiÞ+ bS
c ðiÞ,cSðjÞ+

X4

k = 2

bxk
ðiÞ,xSk ðjÞ+ ε

Sði; jÞ if Condition=S

(3)

Within Condition Ancestry-Associated Differences in Gene Expression

Pop-DE Effect

Linear Model

Coefficient M1

No. Genes

under 0.05 FDR Permuted Variable at Null Model

Estimated Fraction

of True Negatives po

Pop-DE:NI

hENIiAf = 1 � hENIiAf = 0

bNIAf 1,745 African ancestry across individuals 0.601

Pop-DE:L

hELiAf = 1 � hELiAf = 0

bLAf 1,336 African ancestry across individuals 0.658

Pop-DE:S

hESiAf = 1 � hESiAf = 0

bSAf 2,417 African ancestry across individuals 0.528
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Specifically, boði; jÞ represents the intercept corresponding to gene i and individual j; i.e., the model’s expectation for the expres-

sion level of gene i at the non-infected sample of individual j. Analyzing modelM2 results in the global (condition-related or ethnicity-

independent) estimates of Salmonella and Listeria infection effects, bL and bS, approximated using the within-individual variation in

gene expression across conditions.

Similar to the previous model, M2 is fit using limma; however, the 200 permutation tests implemented here to estimate FDRs are

based on random reshuffling of condition labels within each individual (see the table below); moreover, considering the large effect of

infection on gene expression, FDRs are obtained from Benjamini-Hochberg’s more conservative approach in order to avoid false

positives. In the table below, hEC � ENIi shows the expected response upon infection with pathogen C ∈ {L, S} (or equivalently, C

infection effect), which is denoted by DE:C in the table and by the bC coefficient in model M2.

Infection-Ethnicity Interactions: Ancestry-Associated Differential Response to Infection (pop-DR genes)

After obtaining global infection effects, we explored for genes whose response to infection significantly depend on ethnic ancestry.

Specifically, we fit the following linear model:

M3 : Eði; jÞ=

8
>>>>>>><
>>>>>>>:

boði; jÞ+
X4

k = 2

bxk
ðiÞ,xNIk ðjÞ+ ε

NIði; jÞ if Condition=NI

boði; jÞ+ bLðiÞ+ bL
cðiÞ,cLðjÞ+ bL

AfðiÞ,AfðjÞ+
X4

k = 2

bxk
ðiÞ,xLk ðjÞ+ ε

Lði; jÞ if Condition= L

boði; jÞ+ bSðiÞ+ bS
c ðiÞ,cSðjÞ+ bS

AfðiÞ,AfðjÞ+
X4

k = 2

bxk
ðiÞ,xSk ðjÞ+ ε

Sði; jÞ if Condition=S

(4)

which is quite similar to M2 with the difference that the infection effect of, say, Listeria is no longer built in an ethnicity-independent

fashion as in modelM2 (i.e., hEL � ENIiM2
= bL), since it is in fact dependent on ethnic ancestry as follows: hEL � ENIiM3

= bL + bLAf ðiÞ,Af.
In this framework, bLAf and bSAf denote ethnicity-infection interactions, which represent variations in response to infection observed

across ethnic groups (pop-DR). Similar to previousmodels, 200 permutationswere implemented here to estimate FDRs (see the table

below for details). According to the notation introduced for modelsM1 andM2, hEC � ENIiAf = x denotes the expected response upon

infection with pathogen C˛fL;Sg for an individual of African admixture Af = x. It follows that hEC � ENIiAf =1 � hEC � ENIiAf =0 repre-

sents the infection-ethnicity interaction induced by pathogen C (or, C infection-ethnicity interaction). This interaction term is denoted

by pop-DR:C for pathogen C in the table below and by the bCAf coefficient in model M3.

Considering that, and taking Listeria as an example, from M3 we can build the mentioned expected response upon infection for

African-Americans: hEL � ENIiAf =1= bL + bLAf , and compare it against the corresponding effect in Europeans: hEL � ENIiAf =0= bL, as

it is done in Figure 1F, after extracting absolute values.

Applying modelsM2 andM3, instead ofM1, allows us to obtain estimates that are solely based on the within-individual variability.

The upside to considering only within-individual variability is that despite the many degrees of freedom consumed by the individual-

specific offsets boði; jÞ, it augments the statistical power for detecting both global infection effects and ethnicity-infection interaction

effects.

Condition-Related Differential Expression Effects

Condition DE Effect Linear Model Coefficient M2 No. Genes under 0.05 FDR (BH) Permuted Variable at Null Model

DE:L

hEL � ENIi
bL 10,663 conditions within individual

DE:S

hES � ENIi
bS 10,751 condition within individual

Ancestry-Associated Differential Response to Infection

Interaction Effect pop-DR

Linear Model

Coefficient M3

No. Genes under

0.05 FDR (BH) Permuted Variable at Null Model

Estimated Fraction of

True Negatives po

Pop-DR:L

hEL � ENIiAf = 1 � hEL � ENIiAf = 0

bL 206 African admixture across individuals 0.683

Pop-DR:S

hES � ENIiAf = 1 � hES � ENIiAf = 0

bS 1,005 African admixture across individuals 0.631
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False Discovery Rate Estimations
Throughout the paper, (unless stated otherwise), FDRswere calculated separately for each dataset, following a procedure analogous

to that proposed by Storey and Tibshirani (Storey and Tibshirani, 2003), which can be described as the following two-component

model:

FðpÞ=poFoðpÞ+ ð1� poÞFAðpÞ (5)

where FoðpÞ represents the cumulative density of p values for tests truly fulfilling the null hypothesis (i.e., true negatives) and FAðpÞ is
the equivalent cumulative distribution for tests truly verifying the alternative hypothesis (i.e., true positives). In addition, po refers to the

fraction of true negatives of the experiment. If the null cumulative distribution FoðpÞ is approximately linear (or equivalently, the

p values are uniformly distributed under the null hypothesis), the above-mentioned model reduces to Storey and Tibshirani’s model,

corresponding to the casewith FoðpÞ=p. However, when null distributions deviate from uniform (for example, when themost strongly

associated variant is assigned as a single eQTL for a gene), comparisons to empirical, permutation-based null distributions are more

appropriate. Indeed, this approach, which requires a minor modification to the method in Storey and Tibshirani, is also appealing

because it avoids any assumptions about uniformity. We thus elected to use it here, despite the fact that our empirical nulls are

consistently uniform or close to uniform.

Here, we use the empirical cumulative distribution functions (ECDFs)fFoðpÞ and ~FðpÞ as estimates of Fo(p) and F(p), respectively. To

be more specific, ~FðpÞ is the ECDF of the actual p values of any effect of interest (either pop-DE, pop-DR or response to infection, for

example), whereas fFoðpÞ denotes the ECDF obtained from a suitable permutation test performed on that effect.

From Equation 5, the fraction of true negatives under a give p value can be derived as poFoðpÞ=FðpÞ; or po
~FoðpÞ= ~FðpÞ, once we

accept the ECDF as pertinent estimators of the underlying distributions. Correcting that fraction to ensure monotonicity yields the

definition of the tail-area-based false discovery rate FDR(p):

FDRðpÞ= min
p0Rp

 
po

~Foðp0Þ
~Fðp0Þ

!
(6)

In order to compute FDRðpÞ, we must first estimate po. As proposed in (Storey and Tibshirani, 2003), this is achieved by

bpoðpÞ= 1� FðpÞ
1� FoðpÞz

1� ~FðpÞ
1� ~FoðpÞ

(7)

yielding a biased estimator of po, where the amount of bias declines as p approaches the maximum p value registered in the exper-

iment, pmax. Therefore, to obtain a better estimation of po, the estimator bpoðpÞ is fitted to a suitable smooth function f(p) - typically a

decreasing cubic spline- evaluated at pmax : po x fðpmaxÞ.

Differential Isoform Usage between Populations
Prior to performing the DIU analysis, we removed the lowly expressed isoforms and only kept those with median TPM value (strictly)

above zero in at least one of the three experimental conditions, using isoform-level TPM values estimated by RSEM. In the next step

of data pre-processing, the ComBat function in the sva Bioconductor package (Leek et al., 2012) was applied to the log-transformed

isoform-level TPM data to remove the flowcell batch effect. Then, the following linear model was designed using limma (Ritchie et al.,

2015):

M4 : log2

�
TPM+ 10�5

�ði; jÞ=

8
>>>>>>><
>>>>>>>:

boðiÞ+ bNI
AfðiÞ,AfðjÞ+

X4

k = 2

bxk
ðiÞ,xNIk ðjÞ+ ε

NIði; jÞ if Condition=NI

boðiÞ+ bLðiÞ+ bL
cðiÞ,cLðjÞ+ bL

AfðiÞ,AfðjÞ+
X4

k = 2

bxk
ðiÞ,xLk ðjÞ+ ε

Lði; jÞ if Condition= L

boðiÞ+ bSðiÞ+ bS
c ðiÞ,cSðjÞ+ bS

AfðiÞ,AfðjÞ+
X4

k = 2

bxk
ðiÞ,xSk ðjÞ+ ε

Sði; jÞ if Condition=S

(8)

where 0.00001 (i.e., 0:0013 min
TPM> 0

TPM) was added to all the TPM values to avoid instances of logð0Þ. Note that this model has the

same design as model M1 for pop-DE effects. After obtaining covariate estimates for this model, the effect of the technical con-

founders (i.e., mean GC content, fraction of uniquely mapped reads, and RNA concentration) were regressed out from the log-trans-

formed isoform-level TPM values. Finally, the obtained values were transformed back, from log2-scale, to TPM-scale. These values

were then used in the downstream DIU analysis. To detect differences in isoform usage between African-Americans and European-

Americans, we applied a multivariate generalization of the Welch’s t test to the set of 10223 genes, out of the total number of genes,

with at least two an-notated isoforms (which remained after the elimination of lowly expressed isoforms in the pre-processing step).

To implement the method, we started by calculating the proportional abundance of the different isoforms for each tested gene using

the isoform-level TPM values estimated by RSEM. The proportional isoform abundance (or relative isoform usage) for a target gene g
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with D isoforms is denoted by a vector of size D, where its elements sum to one and the ith element denotes the proportional abun-

dance of isoform i. Next, we tested whether the means of the two multivariate distributions, associated with African-American and

European-American populations, were equal. Specifically, suppose that group i consists of ni samples, and let pij = ðpij1;.;pijDÞ be
the vector of proportional isoform abundance for sample j of group I, with i˛f1;2g and j˛f1;.;nig. Clearly,

PD

d = 1

pijd = 1, with pijd de-

noting the relative isoform usage associated with isoform d. Following this notation, the relative isoform usage data falls into the cate-

gory of compositional data (Aitchison, 1982), where components (or vector elements) are proportions of total isoform abundance that

sum to one. Mathematically, the state space of such compositional data is defined as an open simplex (i.e., a generalization of the

notion of a two-dimensional triangle to higher dimensions) as follows (Egozcue et al., 2003):

SD =

(
ðx1;.; xDÞ j xd > 0 c d˛f1;.;Dg;

XD

d = 1

xd = 1

)
(9)

The fact that the proportions have a fixed sum implies that (1) there is dependency between relative isoform usage values within

each sample and (2) SD is not a vector space. This results in specific numerical characteristics, which interfere substantially with the

approaches taken in the statistical analysis of compositional data. For one thing, the familiar Euclidean geometry cannot be applied

when dealing with compositional data; specifically, although the distance between two real vectors can be easily computed with the

standard Euclidean metric, it is not the proper metric to use for compositional data. To illustrate, consider the following pairs of com-

positions: {(0.25, 0.05, 0.7), (0.25, 0.1, 0.65)} and {(0.25, 0.5, 0.25), (0.25, 0.55, 0.2)}. The Euclidean distance between the composi-

tions in the first pair equals that of the second pair, as the element-wise difference between the compositions is (0, 0.05, 0.05) for both

pairs. However, the second component has doubled in the first pair, while it has only increased by ten percent in the second pair. The

fold changes associated with the third components are more comparable between the pairs (0.9 and 0.8 for the first and the second

pairs, respectively). In other words, while the Euclidean distances between compositions of both pairs are equal, fold changes imply

that the actual distance is larger for the first pair. Therefore, the relative variation of components, rather than their absolute differ-

ences, provide the basis to the statistical analysis of compositional data. Lending a linear vector space structure to the open simplex,

the Aitchison geometry (Aitchison, 1982) provides us with a way to work with compositional data that is analogous to the real space.

Any statistical analysis on compositional data can be performed using this vector space structure; however, it is easier to use alter-

native methods, which transform compositional data to the familiar Euclidean space. Egozcue et al. (Egozcue et al., 2003) proposes

the isometric log-ratio transformation (ilr), which is obtained with orthogonal coordinates. Using a set of D-1 orthonormal vectors as

the basis for SD, the ilr transformation maps the log of a given composition to a vector of size D-1 in the Euclidean space. The advan-

tage of applying this distance-preserving mapping is that it allows for the familiar Euclidean geometry to be applied to the obtained

vectors in RD�1, since the vector elements are no longer dependent on one another after the transformation.

As one can come up with more than one orthonormal basis for the open simplex, the ilr transformation is not unique. In this paper,

we employed a specific one defined by (Egozcue et al., 2003). For any x = ðx1;.; xDÞ˛ SD,

ilrðxÞ : = logðxÞ,U (10)

where U= ½U1;.;UD�1� is the D3ðD� 1Þ orthonormal basis, with Ui˛RD denoting its ith column:

Uji =

8
>>>>>><
>>>>>>:

1

i

ffiffiffiffiffiffiffiffiffi
i

1+ i

r
; if j%i

�
ffiffiffiffiffiffiffiffiffi
i

1+ i

r
; if j = i + 1

0; otherwise

(11)

for j˛f1;.;Dg. Initially, and before applying the ilr-transformation on the relative isoform usage data, the statistical hypothesis

test for differential isoform usage between African-American and European-American groups within each condition was set

up as:

Ho : mp1
=mp2

H1 : mp1
smp2

(12)

where mpi
is the mean relative isoform usage for group i. To prepare the data for the ilr transformation and statistical analysis, two

preliminary steps were undertaken as follows. To make sure that the statistical test yielded biologically meaningful results, if the

average relative abundance of an isoform across samples was less than 0.05 in both African-American and European-American

groups, that isoform was eliminated from statistical testing analysis. Any relative isoform usage value that remained after the iso-

form-elimination step and was estimated as zero was replaced by a small strictly positive value of 0.0005 to make sure that all sam-

ples belong to the open simplex SD. Note that if, for a specific isoform and a specific sample, the relative abundance is below 0.05 and

strictly greater than 0, and if that isoform is not removed in the isoform-elimination step, then the relative abundance value is retained.
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After performing the ilr transformation on each sample, amultivariate normal distribution onRD�1 was assumed for the ilr-transformed

relative isoform usage data:

ilrðpi1Þ;.; ilr
�
pini

� � N D�1

�
milrðpiÞ;Si

�
for i = 1;2; (13)

where Si is the covariance matrix for group i, with S1sS2. Consequently, differential isoform usage boils down to testing the equality

of means of two multivariate normal populations, with distinct covariance matrices. This is mathematically shown by:

Ho : milrðp1Þ=milrðp2Þ
H1 : milrðp1Þsmilrðp2Þ

(14)

Where milrðpiÞ is the mean of ilr-transformed relative isoform usage vectors of group i. This problem is referred to as the multivariate

Behrens-Fisher problem, and different approaches have been proposed to tackle themulti-dimensional case. In this paper, we adop-

ted the method proposed by (Krishnamoorthy and Yu, 2004), which reduces to the well-known Welch’s t test for one-dimensional

data (or equivalently, when D = 2). This test, referred to as TKY herein, cannot be employed when D� 1R minfn1; n2g (a case that

results in either of the estimated covariance matrices to be singular and non-invertible). This is not a concern in our analysis, since

we have a large number of samples per group. The result of differential isoform usage test is reported in Table S2D, where estimation

of isoform expression values was done using the RSEM software package. Out of the 10223 genes tested, 62, 39, and 48 genes

showed statistically significant DIU between African-American and European-American populations, in the non-infected, Listeria-in-

fected, and Salmonella-infected samples, respectively (FDR <0:05).

To verify the robustness of our results, we re-conducted our DIU analysis with the approach adopted by (Lappalainen et al., 2013).

Specifically, we used the Mann-Whitney U test to compare the distributions of relative abundances, for each isoform, between

African-American and European-American populations so as to detect transcripts with significantly different ratios between popu-

lations. Afterward, the Benjamini–Hochberg FDRmethod was applied to adjust the p-values obtained from these individual compar-

isons (i.e., between-population comparisons per isoform). Subsequently, a gene was labeled DIU provided that at least one of its

isoforms showed significant evidence of differential usage between African-Americans and European-Americans. In particular, using

this approach 93, 70, and 123 genes were detected with significant DIU (FDR < 0.05) between African-American and European-

American populations, in the non-infected, Listeria-infected, and Salmonella-infected samples, respectively. Figure S2B compares

the number of DIU genes detected using themultivariateWelch’s t test (our original approach) with that obtained by the rank sum test

at different FDR thresholds.

Enrichment of GWAS-Associated Genes among pop-DE Genes
To identify enrichment of pop-DE genes among genes that were previously found to be associated with complex human disease and

traits, we used data from the GWAS catalog (Hindorff et al., 2009). Since each GWAS has a different distribution of P-values and sig-

nificance cutoffs, we chose to use a set of �log10ðpÞ cutoffs in the range of 8-60 (plotted along the x axis in Figure 2B). For a given

disease, we identified the overlap between the genes significantly associated with the disease at each cutoff and pop-DE genes, and

calculated a fold enrichment (plotted along the y axis in Figure 2B), defined as the ratio of observed/expected overlap between the

two gene sets. We used a Fisher Exact Test to calculate a P-value for each cutoff, and corrected these P-values for multiple tests

using the FDR approach within each disease.

Genotype-Phenotype Association Analysis
eQTL, asQTL and reQTL mappings were performed against a set of 11,927 protein coding genes. We examined associations be-

tween SNP genotypes and the phenotype of interest using a linear regression model, in which phenotype was regressed against ge-

notype. In particular, expression levels were considered as the phenotype when searching for eQTL and asQTL, while to identify

reQTL, fold changes in response to infection were treated as the quantitative trait to bemapped. In all cases, we assumed that alleles

affected the phenotype in an additive manner. For the eQTL and asQTL analyses, we mapped Salmonella-infected, Listeria-infected,

and non-infected macrophages, separately. All regressions were performed using the R package Matrix eQTL (Shabalin 2012). To

avoid low power caused by rare variants, only SNPs with a minor allele frequency of 5% across all individuals were tested. Local

associations (i.e., putative cis QTL) were tested against all SNPs located within the gene body or 100Kb upstream and downstream

of the transcript start site (TSS) and transcript end site (TES) of each tested gene. We recorded the minimum P-value (i.e., the stron-

gest association) observed for each gene, which we used as statistical evidence for the presence of at least one eQTL for that gene.

Trans-eQTLwere defined as SNPs located > 500kb of the gene they regulate and could be on the same or different chromosomes. To

estimate an FDR, we permuted the phenotypes (expression levels, fold changes or percent of isoform usage) ten times, re-performed

the linear regressions, and recorded the minimum P-values for the gene for each permutation. These sets of minimum P-values were

used as our empirical null distribution and FDRs were calculated using the method described in the section ‘‘Estimation of FDRs.’’

Consistent with previous reports (Barreiro et al., 2012), we found that we could increase the power to detect cis-eQTL by account-

ing for unmeasured-surrogate—confounders. To identify such confounders, we first performed principal component analysis (PCA)

on a correlation matrix based on genes expressions, for non-infected, Salmonella- or Listeria-infected samples. Subsequently, we

regressed out up to 15 principal components before performing the association analysis for each gene. This specific number of
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PCswas chosen since it empirically led to the identification of the largest number of eQTL in each condition. The exact number of PCs

regressed in each of the analyses can be found in the table below. Note that for the trans analysis we did not regress any PCs to avoid

inadvertently removing the effect of true trans signals.

Importantly, although the PC corrections clearly increase power to detect eQTL, they do not affect the underlying structure of the

expression data. Indeed, over 80%of the eQTL observed before any PC correction are also observed after PC correction at the same

FDR cutoff. A similar approach was used for asQTL and reQTL mapping, with the only difference being that for those analyses the

PCA were performed in a matrix of isoform proportional abundance or fold-change responses, respectively.

Mapping was performed combining AA and EA samples to increase power. To avoid spurious outcomes resulting from population

structure, the first five eigenvectors obtained from a PCA on the genotype data were included in the linear model as well. For each

library, we also took into account the potential biases and significant technical confounders identified before the DE analyses; i.e.,

bacteria counts used when infecting the macrophages (c), sequencing flowcell ðx1Þ, mean GC content estimated per sample ðx2Þ,
proportion of uniquely mapped reads ðx3Þ, and RNA concentration ðx4Þ. The covariate subscripts or superscripts corresponding

to the experimental condition, in which they were measured, are dropped in the following models for simplicity:

d eQTL models, non-infected condition:

Gene expression � Genotype+
X4

i = 1

xi +EV1+.+EV5 (15)

d eQTL models, Listeria and Salmonella conditions:

Gene expression � Genotype+ c+
X4

i = 1

xi +EV1+.+EV5 (16)

d reQTL models, response to Listeria and Salmonella infections:

Gene fold change � Genotype+ c+
X4

i = 1

xi +EV1+.+EV5 (17)

d asQTL models, non-infected condition:

Transcript proportion � Genotype+
X4

i = 1

xi +EV1+.+EV5 (18)

d asQTL models, Listeria and Salmonella conditions:

Transcript proportion � Genotype+ c+
X4

i =1

xi +EV1+.+EV5 (19)

Principal Components Regressed

Analysis Condition Regressed PCs No. Genes under 0.01 FDR Estimated Fraction of True Negatives po

Cis eQTL non-infected 1 to 3 875 0.56

Listeria 1 to 7 1,087 0.47

Salmonella 1 to 5 983 0.47

Cis reQTL fold change Listeria 1 to 10 244 0.69

fold change Salmonella 1 to 7 503 0.66

Cis asQTL non-infected 1 to 3 886 0.67

Listeria 1 to 3 746 0.66

Salmonella 1 to 3 615 0.65
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Identification of Condition-Specific eQTL and asQTL

We classified condition-specific cis-QTL using a conservative criterion aimed at minimizing the risk that true eQTL in both resting and

infected macrophages are only identified in one condition because of incomplete power. Specifically, we defined condition-specific

QTL when we found strong evidence (FDR < 0.01) of a cis-QTL in one condition and no statistical evidence, using a relaxed FDR

threshold (0.3), supporting a cis-QTL for the same gene in the other conditions.

Multiple Testing Correction

To estimate a FDR, we permuted the phenotypes ten times and used the distribution of the acquired minimum p value per gene to

calculate the FDR associated with the p value obtained from the real data, as described above.

Allele-Specific Expression Detection
The sequenced samples were preprocessed using WASP (van de Geijn et al., 2015) program in order to correct for mapping biases

toward the reference sequence. To this end, we removed all the monomorphic sites and hence only the positions showing polymor-

phism in at least one of the 171 samples were included in the analysis for correction. The resulting fastq files from WASP were map-

ped the same way the original alignment files were obtained (i.e., using the STAR pipeline). Allele counts per sample for positions that

overlap with the Omni5Exome-4v1-1 genotyping array were obtained using SAMtools mpileup (Li et al., 2009) v0.1.19-44428cd, with

minimum base quality of 13.

Genotype calls obtained from these steps were then used as the input files for ASE identification with the QuASAR software (Har-

vey et al., 2015), which can jointly genotype and detect allelic imbalances for each SNP. Starting with three samples from each

individual, corresponding to the two bacterial infections and the non-infected control, QuASAR can simultaneously identify hetero-

zygous SNPs and ASE by taking into account base-calling errors and over-dispersion in the ASE ratio. The prior genotype proba-

bilities in QuASAR are obtained from the 1000 Genomes Project minor allele frequencies assuming Hardy–Weinberg equilibrium;

however, as we had the genotype information available, we manually input the prior genotype probabilities. Specifically, the prior

genotype probabilities in QuASAR are indicated in amatrix of three columns, where the columns denote homozygous reference, het-

erozygous, and homozygous alternate probabilities, respectively, and each row corresponds to an exonic location. As an illustration,

to input our genotype information for a heterozygous exonic location, we set the corresponding row equal to ðg; 1� 2g;gÞ where

g= 0:001 accounts for genotyping error. This is done through changing the gmat argument of the fitAseNullMulti() function. Manually

setting up the genotype probabilities, as mentioned above, assures that the prior genotype information will not change drastically as

QuASAR iterates through the EM algorithm steps; moreover, it enables us to estimate the base-calling error rate. In the subsequent

step of inferring ASE, we set themin.cov argument of the aseInference() function equal to 10 to only assess the sites represented in at

least 10 reads across all the samples.

QuASAR outputs the allelic imbalance estimate for each exonic location as logðp=1� pÞ, where p denotes the proportion of the

number of reference reads over the total number of reads, with no allelic imbalance (i.e., p= 0:5) resulting in an effect size estimate

of zero. After obtaining estimates of allelic imbalance and the corresponding standard errors from QuASAR for each (heterozygous)

exonic SNP in each sample, we used the CRGAlignability tracks in the framework of theGEM (GEnomeMultitool) project to only keep

the exonic SNPs with a mapability score of S = 1; i.e., with only one match in the genome. We then performed meta-analysis on this

output to aggregate the effect sizes across samples for each exonic SNP. Specifically, we only retained the exonic SNPs with a fre-

quency of at least three samples and adopted the inverse-variance weighting method for each of these exonic locations to combine

the effect sizes across samples, where each effect size was weighted by its inverse variance. A Z-score is then calculated for each

weighted mean effect size to allow for a Z-test of significant deviation from zero, to test the null hypothesis of no allelic imbalance at

each exonic SNP.

ATAC-Seq Data Processing and Footprinting Analysis
ATAC-seq paired-end readsweremapped to the human reference genome (GRCh37/hg19) using Bowtie 2 (Langmead andSalzberg,

2012) with the following parameters: -N 1 -X 2000–no-mixed–no-discordant–no-unal. Only reads that had a paired and unique align-

ment were retained. PCR duplicates were removed using Picard’s MarkDuplicates tool.

To detect TF binding footprints in the ATAC-seq data we used the program Centipede (Pique-Regi et al., 2011). We ran Centipede

separately for each of the three conditions. We started by defining the set of transcription factors that were active (i.e., had motif in-

stances with footprints) before and after infection with Listeria andSalmonella using a reduced set of high-confidencemotif instances

for each TF. Using these reduced set of motifs, we calculated a Z-score corresponding to the PWM effect in the prior probability in

Centipede’s logistic model. The Z-score corresponds to the parameter in:

log
�
pl=1� pl

�
=a+ b,PMWscorel (20)

where pl represents the prior probability of binding in Centipede model in motif location l. We considered a TF binding site as active if

the estimate was supported at Bonferroni-corrected P< 10�5. In total, 369, 420 and, 422 motifs were identified as active in non-in-

fected, Listeria-infected andSalmonella-infectedmacrophages, respectively.We then scanned the entire genome formotif instances

matching the original PWM for these active motifs, separately for each of the three conditions.
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Footprints were grouped into clusters using sequence similarity. The positional overlap of predicted bound regions of active motifs

was first determined using bedtools multiinter. Using the overlap scores, footprints were then divided into clusters using R function

hclust with a distance cutoff of 0.9. Well-supported footprints (posterior Pr > 0.9) were used for the enrichment analysis.

Enrichment of TF Binding Sites among eQTL and reQTL
To estimate the enrichment level of particular transcription factor binding locations among eQTL and reQTL, we used the method

described in (Wen et al., 2016) and implemented in TORUS (https://github.com/xqwen/dap/tree/master/torus_src).

Thismethod uses a hierarchical model that aggregates eQTL signals across all genetic variants tomodel the characteristics shared

among those most likely to be causal. This is an iterative process starting from eQTL summary statistics calculated with matrix-eQTL

using a comprehensive set of imputed genotypes. Using the deterministic approximation of posteriors (DAP) approach, we then learn

a prior for each genetic variant using a logistic that can use different types annotations that are informative for determining SNPs that

are more likely to disrupt transcription. In our case, we seek to determine if SNPs in binding sites for certain TFs are more likely to be

eQTL or reQTL, and therefore determine the likely molecular mechanisms underlying our QTL signals.

The putative binding sites (i.e., ATAC-seq footprints) were determined using ATAC-seq, as described in the section above.

To analyze eQTL in non-infected, Salmonella-infected, and Listeria-infected macrophages, we used the footprints derived in each

condition. To analyze reQTLs to Salmonella and Listeria infection, we used the footprints collected in Salmonella-infected and

Listeria-infected macrophages, respectively. To avoid spurious enrichments resulting from the fact that several TF binding

sites are non-randomly distributed with respect to the TSS, we used a background model that captures the effects of distance to

the TSS.

Footprints corresponding to different types of transcription factors were analyzed separately. For each annotation, we also calcu-

lated a 95% confidence interval. The ‘‘enrichment’’ parameter represents the log-odds that genetic variants in a particular annotation

are more likely to harbor causal SNPs for an eQTL compared to a baseline background model that takes into account distance to

TSS. In our application, higher enrichment for genetic variants in a specific transcription factor binding sites provide evidence for

a likely causal mechanism underlying many of the measured eQTLs and reQTLs.

Genetic Control of Ancestry Effects on Gene Expression
To determine the extent to which a set of genetic variants control the signal associated with ethnic admixture in gene expression

variation, a comparison should be made between the models M1, M2, and M3 -previously introduced to produce estimates of

pop-DE, condition-DE and pop-DR effects, respectively, and their corresponding extensions, which take the effect of SNPs into

consideration.

Control of Ancestry-Related Differential Expression (pop-DE genes) by Individual SNPs

Extending M1 to account for cis-genetic variation effects as mentioned above, we obtain the following model,MGcis

1 , that has the ef-

fects of the best-associated cis-SNPs of each gene (regardless of significance level) in each condition as additional covariates:

MGcis
1 : Eði; jÞ=

8
>>>>>>><
>>>>>>>:

boðiÞ+ bNI
AfðiÞ,AfðjÞ+ bNI

G ðiÞ,GNIði; jÞ+
X4

k =2

bxk
ðiÞ,xNIk ðjÞ+ ε

NIði; jÞ if Condition=NI

boðiÞ+ bLðiÞ+ bL
cðiÞ,cLðjÞ+ bL

AfðiÞ,AfðjÞ+ bL
GðiÞ,GLði; jÞ+

X4

k = 2

bxk
ðiÞ,xLk ðjÞ+ ε

Lði; jÞ if Condition= L

boðiÞ+ bSðiÞ+ bS
c ðiÞ,cSðjÞ+ bS

AfðiÞ,AfðjÞ+ bS
GðiÞ,GSði; jÞ+

X4

k = 2

bxk
ðiÞ,xSk ðjÞ+ ε

Sði; jÞ if Condition=S

(21)

In this model,GNIði; jÞ,GLði; jÞ, andGSði; jÞ represent the genotypes of the cis-SNPswith the highest association to the expression of

gene i in individual j and take values in the set f0; 1; 2g accounting for the copies of the less abundant allele. It is worthmentioning that

GNIði; jÞ, GLði; jÞ, and GSði; jÞ generally differ across genes and conditions. Furthermore, these SNPs are not necessarily the true

eQTLs, as being the top association for a given gene-condition pair does not automatically imply that the SNP satisfies the FDR-

threshold criteria of statistical significance to be an eQTL. The reason why we do not require SNPs to pass any FDR threshold for

significance is that smaller effect eQTL may still contribute to population differences, with the most strongly associated variant still

being the best candidate eQTL.Moreover, we note thatmost of these ‘‘best variants’’ actually do have reasonably strong evidence for

eQTL association (e.g., 40%of best variants are identified at an FDR < 0.1, and 61%are identified at an FDR < 0.2), even if they do not

pass our more stringent primary threshold (FDR < 0.01).

In order to compare the role of ethnic admixture in shaping gene expression levels before and after regulatory variants are intro-

duced to the model, for each gene, let us define its reduced expression vector associated to a given condition C as the set of expres-

sion values within such condition from which the effects of all model covariates except ethnic admixture have been removed:

eC
M1
ðjÞ= bC

Af,AfðjÞ+ ε
CðjÞ (22)

where bCAf coefficients and ε
CðjÞ come from M1 fit. If we denote the gene mean of the reduced expression values across individuals

for condition C as heiCM1
, then the total sum of square deviations from heiCM1

for that gene is SSC
totðM1Þ =

P
j

ðeCM1
ðjÞ � heiCM1

Þ2; and can
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be expressed as the sum of two components: a between-population component, explained by the admixture effect in the

regressionmodel: SSC
regðM1Þ =

P
j

ðbCAf :AfðjÞ � heiCM1
Þ2; and awithin-population, or unexplained component corresponding to the resid-

uals: SSC
resðM1Þ =

P
j

ε
CðjÞ2.

From these magnitudes, the PST statistics is build for each gene as follows:

PstM1
ðCÞ= SSC

regðM1Þ
SSC

regðM1Þ +SSC
resðM1Þ

(23)

which measures the fraction of variance of the reduced expression that is explained by ethnicity. Defined this way, the PST indexes

constitutes a phenotypic analog of the population genetics parameter FST (Leinonen et al., 2013), when the population’s structure

is not defined in a binary fashion but according to a continuous trait as the ethnic admixture. From a merely formal point of view,

the PST statistics is just the coefficient of determination R2 associated to the regression model that defines the reduced expression

vectors.

Likewise, we can obtain the reduced expression vectors from MGcis

1 , which we denote by eC
M

Gcis
1

; and from these, the respective

Pst
M

Gcis
1

ðCÞ. In order to assess the contribution of genetic information to reduce the fraction of variance that ethnicity explains with

respect to the residuals, we can compare PstM1
ðCÞ against Pst

M
Gcis
1

ðCÞ through the following relative variation index:

DPstcisM1
ðCÞ=

PstM1
ðCÞ � Pst

M
Gcis
1

ðCÞ
PstM1

ðCÞ (24)

Analogously, we also build a version of M1 including, instead of cis-SNPs, the best trans-SNP of each gene as an additional co-

variate, denoted as MGtrans

1 ; from whose comparison to M1 we ultimately derive DPsttransM1
ðCÞ in the same way.

Control of Ancestry-Associated Differential Response to Infection by Individual SNPs

Similar to what proceeded, the following extension ofM3 is set up to incorporate the genetic variants that affect the gene-expression

responses to infection:

MGcis
3 : Eði; jÞ=

8
>>>>>>><
>>>>>>>:

boði; jÞ+
X4

k = 2

bxk
ðiÞ,xNIk ðjÞ+ ε

NIði; jÞ if Condition=NI

boði; jÞ+ bLðiÞ+ bL
cðiÞ,cLðjÞ+ bL

AfðiÞ,AfðjÞ+ bL
GðiÞ, bG

Lði; jÞ+
X4

k = 2

bxk
ðiÞ,xLk ðjÞ+ ε

Lði; jÞ if Condition= L

boði; jÞ+ bSðiÞ+ bS
c ðiÞ,cSðjÞ+ bS

AfðiÞ,AfðjÞ+ bS
GðiÞ, bG

Sði; jÞ+
X4

k = 2

bxk
ðiÞ,xSk ðjÞ+ ε

Sði; jÞ if Condition=S

(25)

For the gene-i individual-j pair, bG
Lði; jÞ and bG

Lði; jÞ represent the genotypes of the cis-SNPs with the highest association to the

gene-expression fold changes after infection with Listeria and Salmonella, respectively. When statistically significant, these top as-

sociations constitute response eQTLs, as their effects on gene expression differ across conditions.

In a similar fashion to the comparative analysis of M1 and MGcis

1 , so as to compare M3 and MGcis

3 , we start by defining the reduced

response vectors as the expected fold change after infection with each pathogen, from which all the covariates but ethnicity have

been removed using model M3 estimates:

fcL
M3
ðjÞ= bL

Af,AfðjÞ+ ε
L
fcðjÞ

fcS
M3
ðjÞ= bS

Af,AfðjÞ+ ε
S
fcðjÞ

(26)

where the fold change residuals are derived from the differences between infected and non-infected samples residuals for each in-

dividual j from which a valid sample of each condition was collected: εLfcðjÞ= ðεL � ε
NIÞðjÞ and ε

S
fcðjÞ= ðεS � ε

NIÞðjÞ.
From this point, the computation of PST statistics provides us with a measure of the proportion of variance that is explained by the

interaction terms bAfL and bAfS at the reduced fold changes obtained from M3 estimates. More precisely, for the infected condition C

(Listeria or Salmonella), the total sum of square deviations from the average hfciCM3
reads.

As SSC
totðM3Þ =

P
j

ðfcCM3
ðjÞ � hfciCM3

Þ2; while the regression and residuals components are SSC
regðM3Þ =

P
j

ðbCAf :AfðjÞ � hfciCM3
Þ2 and

SSC
resðM3Þ =

P
j

ε
CðjÞ2, respectively. Therefore, the corresponding PST index reads as follows:

PstM3
ðCÞ= SSC

regðM3Þ
SSC

regðM3Þ +SSC
resðM3Þ

(27)
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Moreover, the Pst coefficients obtained from model M3, can be also obtained from MGcis

3 within each infected condition to get the

corresponding Pst
M

Gcis
3

ðCÞ statistics. Finally, these values are compared to PstM3
ðCÞ through the following relative variation index:

DPstcisM3
ðCÞ=

PstM3
ðCÞ � Pst

M
Gcis
3

ðCÞ
PstM3

ðCÞ (28)

Finally, the equivalent analysis is performed using trans-SNPs: from MGtrans

3 , we calculate the corresponding PST statistics

Pst
M

Gtrans
3

ðCÞ, and compare those against PstM3
ðCÞ through the corresponding relative variation indexes DPst

M
Gtrans
3

ðCÞ.
Null Model

As ameans of validating the significance of the comparisons conducted before and after introducing genetic information in our linear

models, we consider a null model in which the top associated SNPs in MGcis

1 and MGcis

3 (or MGtrans

1 and MGtrans

3 ) are substituted by (i)

randomly selected SNPs matched for the allele frequency of the lead cis-SNP, or (ii) lead cis-SNPs identified after permuting the ge-

notype data.

Gene Ontology Enrichment Analysis
Using ClueGO cytoscape module (Bindea et al., 2009), we interrogated for enrichments of ontology terms related to Biological pro-

cesses in different target sets of DE genes with respect to a background composed by all genes analyzed. For this particular, for pop-

DR, genes within the target sets were required to present an absolute fold change larger than 0.2 -positive or negative, depending on

the direction of the effect- and a false discovery rate lower than 0.2 for the DE effect considered. For infection DE enrichments, char-

acterized by much larger size effects, we conducted one analysis per pathogen, regardless direction of effects, using a more strin-

gent cutoff (absolute fold change larger than 0.5 and FDR < 0.01). Regarding the program’s parameters defining the test to consider,

we configured them as follow:

d Statistical Test Used = Enrichment (Right-sided hypergeometric test).

d Fusion of related Parent-child terms activated.

d Correction Method Used = Benjamini-Hochberg.

d Min GO Level = 3.

d Max GO Level = 8.

d Minimum Number of Genes = 20.

d Min Percentage = 5.0.

For the graphical representation of the enrichment analysis among pop-DR genes, ClueGO clustering functionality was used

(kappa threshold score for considering or rejecting term-to-term links set to 0.4 for Salmonella and 0.5 for Listeria, fraction for groups

merging = ’’25%’’ in both cases). Only clusters with at least three GO terms were plotted. The detailed results of this analysis are

presented in Table S3, where terms enriched at FDR < 0.1 are registered.

Signatures of Selection
FST values between the YRI andCEU individuals were obtained using data coming from 1000Genomes data (phase 3 20130502). The

phased datawere downloaded from Impute reference data panel (https://mathgen.stats.ox.ac.uk/impute/1000GP_Phase3.html) and

were filtered for biallelic SNPs found in either theCEU (n=99) or theYRI (n = 108) samples. The phasedgenotypeswere obtained using

ShapeIT v2.r790 (Delaneau et al., 2013) with the ‘-output-vcf’ option. The vcf files (one for each chromosome) were then converted to

the PLINK format using vcftools v0.1.12b (https://vcftools.github.io/man_0112b.html) (Danecek et al., 2011). PLINK files were after-

ward converted to Arlequin format using the PGDSpider program (Lischer and Excoffier, 2012). Arlequin version 3.5.1.3 (http://cmpg.

unibe.ch/software/arlequin35/) (Excoffier andLischer, 2010)was then used to calculateFst estimates derived fromANOVA. Integrated

Haplotype Scores (iHS) (Voight et al., 2006) and cross-population Extended Haplotype Homozygosity (XP-EHH) (Sabeti et al., 2007)

scores were calculated with the program selscan v1.1.0b (Szpiech and Hernandez, 2014) with default parameters. We defined high

iHS values as those above the 99th percentile of genome-wide distribution in the CEU (jiHSj > 2.70) and the YRI (jiHSj > 2.68) popu-

lations. For XP-EHH, we used YRI as the reference set of haplotypes. Therefore, negative XP-EHH values correspond to longer hap-

lotypes in the YRI population, and positive XP-EHH values correspond to longer haplotypes in the CEU population.

Coalescence Neutral Simulations for Evaluating Putatively Selected eQTL Sites
We identified 258 genes carrying a signature of recent positive selection (jiHSj > 99th percentile of the genome-wide distribution) in

either CEU or YRI samples. In order to provide additional support for adaptive evolution for each of these genes, we performed 500

replicates of neutral simulations matched to the known demographic histories of CEU and YRI populations (Gutenkunst et al., 2009),

the observed allele frequency of the putatively selected variant (if several were present because of strong linkage disequilibrium, we

chose the one with the highest iHS value), and the local recombination rate around that candidate eQTL. Simulations were performed

with the program mssel, a modified version of ms (Hudson, 2002) that simulates the coalescent process conditional on a frequency

trajectory.
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For each site, and separately for each population, we simulated 500 allele frequency trajectories. These were simulated backward

in timewith the appropriate demographic history (Gutenkunst et al., 2009) from a fixed present-day allele frequency, which we take to

be the observed allele frequency in the population of interest.

To determine the local recombination rate surrounding the putatively selected eQTL site, we took a 1Mbp window (500kb on each

side) around the site and calculate the number of centimorgans based on the genetic map. For a region of length d centimorgans, we

use the Haldane’s Map Function to estimate the probability of recombination, r = ð1=2Þð1� e�2d=100Þ. We then compute the popula-

tion scaled recombination parameter as r= 4Ner, where Ne = 10000 is taken to be the ancestral effective population size.

The population scaled mutation rate in mssel/ms is parameterized as q= 4NeLm, where L = 1,000,000 is the length in bp of the re-

gion, Ne = 10000 is the effective population size, and m= 10�9 is the mutation rate per site per generation.

Thirteen of our putatively selected variants were within 500kb of the edge of our genetic map, and hence, we could not estimate

recombination rates, and 2 had such high recombination rates that coalescent simulations did not finish. These were excluded from

the analyses.

Determining Significance of iHS Scores
We calculate iHS scores for all neutral simulations using selscan v1.1.0b, as we did for the real data. For each eQTL site in the real

data, we took the unstandardized iHS score that was observed for a given population and normalize it (subtracting the mean and

dividing by the standard deviation) with the iHS score of the frequency matched neutral simulation, giving 500+1 total scores in

the normalization. As normalized iHS scores have a standard normal distribution (Voight et al., 2006), the scores can be treated

as Z-scores. From these Z-scores, we calculated a p value for the observed scores based on the standard normal distribution.

Identification of Neanderthal-like Sites
Bi-allelic SNPs across five European population samples (CEU, FIN, GBR, IBS, TSI), three African population samples with low levels

of Eurasian ancestry (ESN, MSL, YRI), and ancestral allele were extracted from the phase 3 release of the 1,000 Genomes Project.

SNPs with alleles segregating in any of the three African samples were removed from the analysis.

Genotypes at the remaining SNPs were extracted from the high-coverage Altai Neanderthal genome after applying the minimum

set of quality filters (map35_50 downloaded from https://bioinf.eva.mpg.de/altai_minimal_filters/). To summarize, Neanderthal-like

sites were called as all bi-allelic SNPs for which the Altai genome carries a derived allele, the derived allele is segregating in the

European sample, and the African samples are fixed for the ancestral allele.

DATA AND SOFTWARE AVAILABILITY

Software
All the Software packages and methods used in this study have been properly detailed and referenced under ‘‘QUANTIFICATION

AND STATISTICAL ANALYSIS.’’

Data Resources
All data generated in this study are freely accessible via the ImmunPop QTL browser (http://www.immunpop.com). RNA sequencing

data reported in this paper is available in GEO: GSE81046.
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Figure S1. Study Design and Evaluation of Technical Confounders, Related to STAR Methods

(A) Schematic representation of the different steps used to process the RNA-sequencing and the genotyping data. The figure also depicts the number of samples

and SNPs included in each of the analyses reported in the manuscript. (B) Population structure analysis of all samples based on autosomal SNPs. Each individual

is represented as a vertical line, with population origins indicated below the lines. Cluster membership proportions are depicted in green (inferred proportion of

African ancestry) and pink (inferred proportion of European ancestry). (C) Fraction of variance explained in the RNA-seq data by potential technical confounders.

For each confounder, the shift between the distribution of variance explained by the real data and by random (when shuffling the real data) was estimated using a

non-parametric Mann-Whitney U test. Confounders with shifts larger than 1% variance (shown in the figure) were corrected for in downstream analysis.



Figure S2. Population Differences in Gene Expression and Isoform Usage, Related to Figure 1

(A) Venn diagram for the overlap of genes showing significant differences in isoform usage in the different experimental conditions. Non-infected, Listeria-in-

fected, and Salmonella-infected genes with ancestry-associated differential isoform usage at FDR < 0.05 are illustrated in gray, yellow, and orange, respectively.

(B) Number of genes identified as pop-DE andwith ancestry-associated changes in isoform usage at different FDR cutoffs. The number of significant genes at the

different cutoffs (x axis) is reported in log2 scale (y axis). For differences in isoform usage, we report results obtained using theWelsh’s t test (yellow) and the rank-

sum test (blue). (C) Gene ontology enrichment analysis for genes showing a significant interaction between ancestry and response to Listeria. Enrichments were

performed separately for genes showing a significantly stronger and a significantly weaker response to Listeria (pop-DR) with increasing African ancestry (i.e.,

positive and negative interaction effects, respectively, as illustrated on the x axis). Only GO-termswith an enrichment at FDR < 0.1 are displayed, where GO terms

are grouped into clusters and colored accordingly based on the overlap among gene sets (also obtained from ClueGO’s clustering functionality). For each GO-

term (each circle), the average interaction effect is plotted on the x axis, against the mean log2 fold change in gene expression levels in response to infection for

that term (y axis).



Figure S3. eQTL Are Enriched for Binding Sites of Actively Regulated TF Binding Sites, Related to Figure 3

(A) Comparison of the number of genes associated with an eQTL (top), reQTL (middle), and asQTL (bottom) at increasingly higher FDR cutoffs (x axis). (B)

Percentage of genes showing significant ASE based on different FDR cutoffs adopted for ASE and cis-eQTL mapping. The plots depict the percentage of genes

showing significant ASE (y axis) out of the total number of genes with cis-eQTL that pass FDR thresholds shown on the x axis. Three different FDR cutoffs are

studied for ASE statistical significance, while the eQTL FDR thresholds on the x axis cover a wide range from extremely significant (to the left of the x axis) to

extremely non-significant (to the right of the x axis). In particular, FDR criteria for selecting significant and non-significant cis regulatory variants are illustrated on

the x axis in pink and brown, respectively. (C) Plot contrasting the evidence for ASE (-log10 P values) in non-infected macrophages (y axis) and in macrophages

infected with Listeria (x axis), for genes where we identified cis-eQTL in both conditions (purple), genes for which cis-eQTL were only found in non-infected

macrophages (gray), and genes for which cis-eQTL were only found in Listeria-infected macrophages (yellow). (D) ATAC-seq eQTL enrichments (x axis) in

actively-regulated TF binding sites annotated by ATAC-seq footprinting. Error bars show 95% confidence intervals. Only significant enrichments are shown.

Binding sites were grouped into functionally-overlapping ‘‘TF clusters’’ using sequence similarity and co-localization in the genome.
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Figure S4. Contribution of cis Genetic Variation to Ancestry-Associated Transcriptional Variation, Related to Figure 4

(A) Enrichment of regulatory variants among pop-DE, pop-DR and genes that exhibit ancestry-associated differential isoform usage (pop-DIU). The enrichment

factors are shown on the x axis in a log2 scale. The bars around the estimated enrichments reflect the 95% confidence intervals around the estimates. For pop-DE

genes, enrichmentswere obtained from a logistic regressionmodel aimed at testing if pop-DE (FDR < 0.05) (as compared to non-pop-DE genes; FDR > 0.05) were

enriched among cis-eQTL, cis-reQTL or cis-asQTL. The same was done for pop-DR and genes showing differences in isoform usage between populations. (B)

Proportion of pop-DE, pop-DR and genes that exhibit ancestry-associated differential isoform usage that are associated with a cis-eQTL, cis-reQTL or cis-

asQTL, respectively (FDR < 0.05). Null expectations (based on the genome-wide proportion of genes associated with each QTL class) are shown in gray.
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Figure S5. Natural Selection Contributes to Ancestry-Associated Regulatory Differences, Related to Figure 5

(A) The top panel shows boxplots of mean Fst values in a window of different sizes (mentioned above the plots) around the TSS of all genes, pop-DE, pop-DR and

genes showing differences in isoform usage between populations. The bottom panel shows that proportion of genes in each of the above-mentioned categories

that have at least one SNP in the window with an Fst value above 0.6 (the 99th percentile of the genome-wide distribution). (B) Proportion of all SNPs, cis-eQTL,

cis-reQTL, and cis-asQTL identified at an FDR < 0.05 with an iHS value above the 99th percentile of the genome-wide distribution in the CEU (jiHSj > 2.70) and the

YRI (jiHSj > 2.68) populations. (C) Boxplot showing the distribution of absolute XP-EHH values (x axis) among all cis SNPs tested (blue), the group of SNPs

impacting one ormore transcriptional phenotypes (i.e., cis-eQTL, cis-reQTL or cis-asQTL; pink), and SNPs impacting one ormore transcriptional phenotypes that

show an elevated iHS values (yellow). The right panel shows the proportion of SNPs (y axis) belonging to each of the groups described above that have an XP-EHH

value above the 95th percentile of the genome-wide distribution. For all comparisons, QTL with an elevated iHS values show significantly higher XP-EHH values

(p < 1x10�10) as compared to all SNPs or cis-regulatory variants.
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SUMMARY

Spotted fever group (SFG) rickettsiae are human
pathogens that infect cells in the vasculature. They
disseminate through host tissues by a process of
cell-to-cell spread that involves protrusion forma-
tion, engulfment, and vacuolar escape. Other bacte-
rial pathogens rely on actin-based motility to provide
a physical force for spread. Here, we show that
SFG species Rickettsia parkeri typically lack actin
tails during spread and instead manipulate host
intercellular tension and mechanotransduction to
promote spread. Using transposon mutagenesis,
we identified surface cell antigen 4 (Sca4) as a
secreted effector of spread that specifically pro-
motes protrusion engulfment. Sca4 interacts with
the cell-adhesion protein vinculin and blocks asso-
ciation with vinculin’s binding partner, a-catenin.
Using traction and monolayer stress microscopy,
we show that Sca4 reduces vinculin-dependent me-
chanotransduction at cell-cell junctions. Our results
suggest that Sca4 relieves intercellular tension to
promote protrusion engulfment, which represents a
distinctive strategy for manipulating cytoskeletal
force generation to enable spread.

INTRODUCTION

Many intracellular bacterial pathogens that reside in the cytosol

have evolved mechanisms to spread through host tissues while

remaining within cells, enabling access to cytosolic nutrients and

evasion of the immune response (Ray et al., 2009). Cell-to-cell

spread has been extensively studied for pathogens such as Lis-

teria monocytogenes and Shigella flexneri. However, less well-

studied intracytosolic bacteria also undergo spread, including

the spotted fever group (SFG) of Rickettsia spp. These obligate

intracellular bacteria are transmitted to humans via arthropod

vectors, and spread likely contributes to the vascular and epithe-

lial damage associated with spotted fever disease (Walker and

Ismail, 2008). Nonetheless, in comparison with other pathogens,

we know very little about the pathways and underlying mecha-

nisms by which SFG rickettsiae spread.

Previous studies of L. monocytogenes and S. flexneri have re-

vealed key steps of cell-to-cell spread. First, intracytosolic bac-

teria hijack host actin and use the force from actin polymerization

to drive movement and form actin comet tails (Bernardini et al.,

1989; Tilney and Portnoy, 1989). Next, motile bacteria propel

themselves into the donor cell plasma membrane and form

long protrusions into the recipient cell (Dragoi and Agaisse,

2015; Kadurugamuwa et al., 1991; Robbins et al., 1999; Tilney

and Portnoy, 1989). Eventually, a bacterial protrusion is engulfed

into a double-membrane vesicle in the recipient cell, which is fol-

lowed by lysis of the vesicle and escape of the bacterium into the

recipient cell cytosol (Kuehl et al., 2015; Ray et al., 2009). SFG

rickettsiae also undergo actin-based motility (Heinzen, 2003)

and form protrusions into recipient cells (Gouin et al., 1999).

However, the model SFG Rickettsia species R. parkeri uses

distinct mechanisms of actin-based motility compared with

other pathogens (Haglund et al., 2010; Reed et al., 2014), sug-

gesting their mechanisms of spread may also be different.

During spread, bacteria interact directly with the host plasma

membrane at intercellular junctions. These junctions contain

protein complexes and signaling platforms that can be usurped

by pathogens. For example, S. flexneri target tricellular junctions

via the host tight junction protein tricellulin to promote protrusion

formation (Fukumatsu et al., 2012). S. flexneri protrusion dy-

namics are also regulated by localized tyrosine kinase signaling

and phospholipid production (Kuehl et al., 2015). In contrast, the

L. monocytogenes effector protein InlC promotes protrusion

formation by inhibiting the host adaptor protein Tuba and the

actin regulatory protein N-WASP (Rajabian et al., 2009). These

differences highlight the complexity of this process and suggest

that distinct pathways of spread have evolved for different

pathogens.

Intercellular junctions also serve as sites for generating cell-

cell tension. At adherens junctions, E-cadherin receptors are

linked to the underlying actomyosin network through protein

complexes that respond to and transmit forces to regulate cell

shape, structure, and function (Lecuit and Yap, 2015). When
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Figure 1. R. parkeri Exhibit a Morphologically Distinct Method of Cell-to-Cell Spread
(A) Live-cell imaging snapshots of the three steps of spread for R. parkeri or L. monocytogenes (red, TRTF; green, bacterium).

(B–D) Quantification of spread parameters from live-cell imaging showing (B) maximum protrusion length, (C) time spent in protrusion before engulfment, and (D)

time spent in vesicle before escape to the cytosol.

(E) Images of cells infected with Rp-2xTagBFP or Lm-TagBFP. Host membrane stained with anti-b-catenin (green) and F-actin stained with phalloidin (red). Arrow

indicates protrusions shown at right. Scale bar represents 5 mm (merge image) or 1 mm (protrusion image).

(F) Percentage of bacteria in protrusions.

(G) Percentage of bacterial protrusions with different F-actin phenotypes. Values represent mean ± SEM.

(legend continued on next page)
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tension is applied to E-cadherin, a-catenin is stretched to

expose cryptic binding sites for proteins such as vinculin (Buck-

ley et al., 2014; Yonemura et al., 2010). Vinculin recruitment rein-

forces reciprocal, actin-mediated pulling forces at junctions by

facilitating additional connections to the actomyosin network

and increasing cell stiffness (Huveneers and de Rooij, 2013).

Tension at cell-cell junctions likely represents a key barrier to

be overcome by bacteria during spread. Previous work sug-

gested that the forces from actin-based motility were sufficient

to overcome cell-cell tension (Monack and Theriot, 2001).

Alternatively, bacteria may directly manipulate host subcellular

tension forces to promote spread, as has been suggested for

L. monocytogenes InlC (Rajabian et al., 2009).

To better understand general and pathogen-specific features

of cell-to-cell spread, we investigated spread parameters

and molecular mechanisms for R. parkeri. We found that

R. parkeri spread occurs with distinct physical and kinetic fea-

tures when compared with L. monocytogenes. Moreover, most

R. parkeri lack actin tails when in protrusions, in contrast with

L. monocytogenes, suggesting R. parkeri may not rely on

actin-based motility for protrusion dynamics. Instead, we found

that the rickettsial protein surface cell antigen 4 (Sca4) promotes

efficient protrusion engulfment by reducing vinculin-dependent

tension at E-cadherin-mediated adhesion sites. Our results sug-

gest that R. parkeri evolved a strategy to promote spread that

may not rely on the force generated by actin-based motility

and instead depends on weakening intercellular tension.

RESULTS

R. parkeri Utilize a Distinctive Strategy of Cell-to-Cell
Spread
Although previous studies have investigated the parameters of

L. monocytogenes and S. flexneri spread (Bernardini et al.,

1989; Dragoi and Agaisse, 2015; Gouin et al., 1999; Kaduruga-

muwa et al., 1991; Robbins et al., 1999; Tilney and Portnoy,

1989), little was known for R. parkeri. Therefore, we compared

the spread parameters of GFP-expressing R. parkeri and

L. monocytogenes (Rp-GFP and Lm-GFP) using live imaging of

infected A549 cells, which form flat, adherent monolayers

amenable to live-cell imaging. To visualize individual spread

events, A549 cells stably expressing a red plasma membrane

marker (TagRFP-T-Farnesyl; TRTF) were mixed with unlabeled

A549 cells and grown to confluency before infection. We

observed each stage of spread, including protrusion formation,

protrusion engulfment, and bacterial escape into the cytosol

(Figure 1A; Movies S1 and S2). We discovered that Rp-GFP

generated significantly shorter protrusions than Lm-GFP (Fig-

ures 1A and 1B; short protrusions were also seen in HMEC-1

cells; data not shown). Moreover, Rp-GFP protrusions resolved

into vesicles faster than Lm-GFP protrusions (Figure 1C).

Vesicle-escape kinetics were the same for both bacteria (Fig-

ure 1D). These morphological and kinetic differences suggested

that each pathogen may have evolved different molecular mech-

anisms for regulating protrusion dynamics.

L. monocytogenes relies on the force generated by actin-

based motility to initiate and elongate protrusions (Talman

et al., 2014). SFG Rickettsia mutants defective in actin-based

motility also spread less efficiently (Kleba et al., 2010; Reed

et al., 2014), suggesting motility is critical for this process.

Thus it was surprising that in A549 cells infected with R. parkeri

(Rp-2xTagBFP) and L. monocytogenes (Lm-TagBFP), only 8%

of Rp-2xTagBFP in protrusions had polar actin or actin tails,

whereas 82% of Lm-TagBFP had polar actin or actin tails (Fig-

ures 1E–1G; note the small difference in protrusion frequency

in Figure 1F). The results with R. parkeri were confirmed using

live-cell imaging of A549 cells co-expressing TRTF and Lifeact-

mWasabi (to visualize actin). In these experiments, actin tails

were clearly seen associated withmotileR. parkeri in the cytosol,

but tails were lost once bacteria reached the cell edge and re-

mained absent during protrusion formation and engulfment (Fig-

ure 1H; Movie S3). Thus, while actin-based motility may be

necessary for R. parkeri to move to the host cell membrane,

it may not be needed for initiating or elongating protrusions

(Figures 1I and 1J). This highlights important differences in

spread mechanisms between these bacterial species and sug-

gests other rickettsial factors could be required for protrusion

dynamics.

A Mutation in R. parkeri sca4 Causes a Defect in Plaque
and Infectious Focus Size
Because no rickettsial genes were known to specifically regulate

spread, we sought to better understand the molecular mecha-

nisms of spread by identifying R. parkeri mutants with defects

in this process. We used amariner-based transposon mutagen-

esis system (Liu et al., 2007) to generate R. parkeri small-plaque

mutants. Onemutant contained a transposon (tn) insertion within

the sca4 gene (sca4::tn) (Figure 2A), resulting in a truncation of

Sca4 at residue 652 (Figure 2B) and a small-plaque phenotype

(Figures 2D and S1A). We generated an antibody against Sca4

and confirmed the sca4::tn mutant does not express full-length

protein but instead weakly expresses an apparent truncation

product (Figure 2C). The Sca4 amino acid sequence includes

two antigenic repeat regions of unknown function (Sears et al.,

2012) and two vinculin-binding sites (VBSs) at residues 408–

426 (VBS-N) and 813–831 (VBS-C) (Figure 2B). The VBSs are

conserved in most Rickettsia spp. (Gillespie et al., 2015) and in

R. rickettsii Sca4 were shown to bind to vinculin (Park et al.,

2011a). Although Sca4 was hypothesized to be a secreted

effector and a major immunogen (Gillespie et al., 2015; Sears

et al., 2012; Uchiyama, 1997), its function in infection was

unknown.

(H) Live-cell imaging snapshots of Rp-2xTagBFP spread. Arrow indicates a bacterium spreading into an unlabeled recipient cell (red, TRTF; green, Lifeact-

mWasabi; blue, bacterium).

(I and J) Infectious life cycles of (I) L. monocytogenes and (J) R. parkeri illustrating differences in the presence or absence of actin tails in protrusions and the

organization of actin filaments in tails (actin tail, purple; bacterium, green).

For (A) and (H), time is shown as minutes:seconds, and scale bar represents 5 mm. Data in (B)–(D) and (F) are presented as mean ± SD; **p < 0.01, ***p < 0.001

(unpaired t test). Rp, R. parkeri; Lm, L. monocytogenes. See also Movies S1, S2, and S3.
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The small plaques formed by the sca4::tn mutant could be

caused by defects in the infectious life cycle independent of

spread (e.g., growth, motility). However, when compared with

wild-type (WT) bacteria, the sca4::tnmutant had similar growth ki-

netics (Figure S1B), invasion efficiency (Figures S1C and S1D),

frequency of actin tails, and rate of actin-based motility (Figures

S1E and S1F). These data pointed to a role for Sca4 in spread.

To directly measure spread, host cell monolayers were in-

fected at a low multiplicity of infection (MOI), and extracellular

bacteria were killed with gentamicin. Foci of infection formed,

and the number of infected cells per focus was measured to

quantify spread efficiency (Reed et al., 2014). In this infectious

focus assay, the sca4::tn mutant generated smaller foci than

WT in A549 (Figures 2E and 2F), HMEC-1, and U2OS cells (Fig-

ures S1G and S1H). To confirm that this phenotype is caused by

sca4 disruption, we complemented the sca4::tnmutant by trans-

forming R. parkeri with a plasmid (pSca4) containing the sca4

genomic region (nt 652,261–655,741 of the R. parkeri chromo-

some) (Figure 2A). This plasmid was sufficient to mediate full-

length Sca4 expression in the sca4::tnmutant (Figure 2C). More-

over, mutant bacteria containing this plasmid (sca4::tn + pSca4)

exhibited similar infectious focus sizes compared to WT in A549

cells (Figure 2F). Taken together, these results indicate Sca4

specifically enhances R. parkeri spread in a variety of cell types.

Sca4 Promotes Efficient Resolution of Protrusions
during Spread
To determine the step of spread at which Sca4 acts (protrusion

formation, protrusion engulfment and/or vesicle escape), live-

cell imaging was performed as described above (Figure 1A) to

A B

C E

D F G H

Figure 2. Transposon Mutagenesis of R. parkeri sca4 Leads to a Defect in Cell-to-Cell Spread
(A) R. parkeri chromosome region containing the sca4 gene (red arrowhead, tn insertion; bracket, region used for complementation).

(B) Sca4 protein schematic indicating the VBSs, predicted antigenic repeats (R) and tn insertion at residue 652 (red arrowhead).

(C) Western blot of purified R. parkeri strains, WT (Rp-GFP), sca4::tn, and sca4::tn + pSca4 (pRAM18dSGA-Sca4) (OmpA, loading control).

(D) Plaque areas in cell monolayers infected with WT and sca4::tn R. parkeri.

(E) Images of infectious foci formed by WT (Rp-GFP) and sca4::tn strains (red, b-catenin; green, R. parkeri; blue, DAPI). Scale bar, 10 mm.

(F) Infectious focus sizes formed by WT (Rp-GFP), sca4::tn, and sca4::tn + pSca4 strains.

(G) Average time each bacterium spent in a protrusion before resolution into a vesicle (WT data are from Figure 1C).

(H) Percentage of bacteria within a protrusion.

Data in (D) and (F)–(H) represent mean ± SEM; ***p < 0.001 ****p < 0.0001 relative to WT (unpaired t test).

See also Figure S1.
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compare WT and sca4::tn spread dynamics. Interestingly, the

sca4::tn mutant displayed a kinetic defect in protrusion engulf-

ment, spending over twice as much time in a protrusion

(�23 min) compared with WT (�10 min) before resolving into a

double-membrane vesicle (Figure 2G). No differences between

sca4::tn and WT were observed in the other stages of spread

(not shown), suggesting Sca4 is specifically required for efficient

protrusion engulfment. Given the apparent importance of Sca4 in

protrusion engulfment, we also predicted that more sca4::tn

mutant bacteria would be found within protrusions at a fixed

time point. In agreement with this prediction, the sca4::tn

mutant was found in protrusions at twice the frequency of WT

(Figure 2H). This phenotype was also rescued in the sca4::tn +

pSca4 strain (Figure 2H). These findings indicate Sca4 acts

in spread by specifically enhancing protrusion engulfment

efficiency.

Sca4 Is a Secreted Effector
Sca4 orthologs are thought to be secreted from bacteria (Gilles-

pie et al., 2015), which would be consistent with a direct role

in promoting spread by targeting host proteins. To determine

if Sca4 is secreted from R. parkeri, we generated strains of

R. parkeri stably expressing TEM1-Sca4 fusions for use in a

b-lactamase reporter assay (Figures 3A–3C). Secretion is de-

tected after cleavage of the fluorescence resonance energy

transfer (FRET) sensor CCF4/AM in the host cytosol, resulting

in a shift from green to blue fluorescence (Charpentier and Os-

wald, 2004). Infection of host cells with R. parkeri expressing

full-length TEM1 (positive control) showed robust secretion

and CCF4/AM cleavage (Figures 3A and 3C). Deleting the

N-terminal secretion signal from TEM1 (TEM1*, negative control)

abolished secretion (Figures 3A and 3C). Importantly, a TEM1*-

Sca4 fusion was secreted as shown by abundant CCF4/AM

cleavage (Figures 3A and 3C). This strongly suggests R. parkeri

secrete Sca4 into the host cell.

Analysis with SignalP 4.0 software (Petersen et al., 2011) re-

vealed R. parkeri Sca4 lacks a classical N-terminal Sec or Tat

signal sequence. Secretion may thus be directed by an alterna-

tive secretion system, such as the type I secretion system (T1SS)

or the type IV secretion system (T4SS) (Gillespie et al., 2015).

Although T1SS and T4SS effectors lack strong consensus signal

sequences, such sequences are often at the C terminus (Cam-

bronne and Roy, 2006; Delepelaire, 2004). Consequently, we

tested whether the C-terminal 20 aa of Sca4 are necessary

and/or sufficient for secretion. TEM1*-Sca4 harboring a deletion

of this C-terminal sequence (TEM1*-Sca4D20) was not secreted

by R. parkeri, despite being expressed at similar levels as

TEM1*-Sca4 (Figures 3B and 3C). However, fusing this 20-aa

sequence to TEM1* was not sufficient for secretion (Figures 3B

and 3C). Thus, the C-terminal sequence is necessary, but not

sufficient, for secretion, and additional sequences also partici-

pate in this process.

To confirm whether endogenous Sca4 is secreted and deter-

mine where it localizes in the host cell, we used a differential

staining protocol to distinguish secreted proteins from those

residing in the bacterial cytosol (Campbell-Valois et al., 2014)

(Figure 3D). All WT bacteria displayed Sca4 staining in the bac-

terial cytosol, whereas only 8% ± 4% of WT bacteria were asso-

ciated with secreted Sca4 (Figure 3D; bottom 2 rows). The

sca4::tn mutant displayed a significantly weaker Sca4 signal in

the bacterial cytosol (data not shown) and a much lower fraction

was associated with secreted Sca4 (0.6% ± 0.5%), confirming

the specificity of the Sca4 antibody. Most of the secreted Sca4

signal was not associated with bacteria but rather appeared as

puncta throughout the host cell cytosol, with no clear pattern

emerging (Figure 3E). These puncta were absent when cells

were infected with the sca4::tnmutant (Figure 3E). These results

confirmed that R. parkeri secretes Sca4 and further suggested

Sca4 may target a host protein to promote spread.

Sca4 Inhibits Vinculin to Promote Spread
The presence of two VBSs in Sca4 and the known role for vincu-

lin at cell-cell junctions suggested that Sca4might target vinculin

to promote spread. The VBSs in R. parkeri Sca4 are nearly iden-

tical to the corresponding sequences in R. rickettsii Sca4 and

share significant similarity with VBS sequences inmammalian ta-

lin-1 or S. flexneri IpaA2 (Figure 4A). Although R. rickettsii Sca4

binds to the vinculin head (Vh1) domain (residues 1–258) (Park

et al., 2011a), the role of this interaction during infection was

not reported. To test the functional importance of the

Sca4:vinculin interaction, we designed point mutations in both

VBSs based on the crystal structure of R. rickettsii Sca4 (Park

et al., 2011a) and known VBS mutants from talin-1 (Gingras

et al., 2005) or IpaA2 (Izard et al., 2006; Park et al., 2011b). We

then tested whether the VBS-NC* mutant (L415A, S416E,

Y814I, and V820E) disrupted vinculin binding using a co-

immunoprecipitation (co-IP) assay with exogenously expressed

vinculin head region (1–836 aa) in HEK293T cells. We found

that WT Sca4 interacted with HA-vinculin 1–836 aa, whereas

the VBS-NC* mutant did not (Figure 4B). This confirmed that

WT R. parkeri Sca4 binds to vinculin and that binding requires

the VBSs.

To test whether the Sca4:vinculin interaction was necessary to

promote spread, we expressed FLAG-tagged WT or VBS-NC*

Sca4 in the sca4::tn mutant using the pRAM18dSGA plasmid

and quantified spread via the infectious focus assay. The VBS-

NC* mutant did not rescue the spread defect for the sca4::tn

mutant, despite being expressed at equivalent levels to WT

FLAG-Sca4 (Figures 4C and 4D). Thus, Sca4 must bind to vincu-

lin to promote spread.

Based on our data, it was unclear whether vinculin was a pos-

itive or negative regulator of spread. We reasoned that if vinculin

were a positive regulator, Sca4 would likely activate vinculin. In

contrast, if vinculin were a negative regulator, Sca4 would inhibit

vinculin to promote spread. We tested this by RNAi-mediated

silencing of vinculin expression to see whether loss of vinculin in-

hibited WT spread (supporting an activating role) or rescued the

spread defect of the sca4::tn mutant (supporting an inhibitory

role). Consistent with the latter pathway, we found that RNAi-

mediated silencing of vinculin by two different small interfering

RNAs (siRNAs) rescued the sca4::tn mutant spread defect but

did not affect WT spread (Figures 4E and 4F). The lack of an ef-

fect onWT spread is expected if Sca4 inhibits vinculin activity, as

a loss of vinculin expression would not further improve spread.

Overall, our findings suggest secreted Sca4 binds to vinculin

and inhibits its activity to promote spread.

674 Cell 167, 670–683, October 20, 2016



A D

B C

E

Figure 3. Sca4 Is Secreted from R. parkeri

(A) Merged images of cells infected with R. parkeri expressing TEM1, TEM1* and TEM1*-Sca4 and treated with CCF4/AM. (Blue, cleaved CCF4/AM; green,

uncleaved CCF4/AM). Scale bar, 20 mm.

(legend continued on next page)
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Sca4 Acts In trans to Target Vinculin in the Donor Cell
We next examined whether Sca4 targets vinculin in the donor or

recipient cell using a mixed-cell infectious focus assay (Figures

5A and 5B). In this assay, the levels of vinculin and Sca4 expres-

sion were altered independently in donor or recipient A549 cells

using RNAi-mediated silencing of vinculin or lentiviral-mediated

stable expression of Sca4 (via FCW2-P2AT-Ires-Sca4) (Fig-

ure S2E). Spread was quantified as the percentage of bacteria

found in recipient cells. Silencing vinculin expression in the donor

cells rescued the spread defect of the sca4::tn mutant (Fig-

ure 5C), whereas silencing vinculin expression in the recipient

cells had no effect on spread of WT or sca4::tn mutant bacteria

(Figure 5C). We also observed that exogenous stable expression

of Sca4 in the donor cell trans-complemented the spread defect

of the sca4::tnmutant, whereas Sca4 expression in the recipient

cell did not (Figure 5D). This evidence strongly suggests Sca4 in-

hibits vinculin activity in the donor cell.

Because Sca4 and vinculin act in the donor cell to promote

protrusion engulfment, we initially hypothesized Sca4 might be

secreted when bacteria are in protrusions. However, we did

not observe specific localization of Sca4 in protrusions and

instead saw puncta throughout the cytosol of infected cells (Fig-

ure 3E). This suggested secreted Sca4 might diffuse to its site of

action. To test this hypothesis, we sought to trans-complement

(B) Western blot of TEM1 fusions expressed in purified R. parkeri strains. Lane 1, two TEM1 bands represent uncleaved and processed species.

(C) TEM1 assay response ratio (blue:green). Data are presented as mean ± SD; ***p < 0.001 relative to uninfected, which is set to 1 (one-way ANOVA).

(D) Images of individual bacteria after infection of A549 cells showing non-secreted (top row) or secreted Sca4 (bottom 2 rows). Scale bar, 1 mm.

(E) Images of secreted Sca4 in cells infected withWT, sca4::tn or sca2::tn. Maximum intensity projections are shown. Scale bar, 10 mm. Arrows indicate Sca4 that

is localized near a bacterium.

A B C

D E F

Figure 4. Sca4 Targets Vinculin to Promote Spread

(A) Sequence alignments of the indicated VBSs (black, identical residues; gray, similar residues). VBS-NC* mutant amino acid substitutions are indicated in red.

(B) Co-IP between FLAG-tagged Sca4 (WT and VBS-NC*) and the 1-836 aa truncation of vinculin. IP, immunoprecipitate; IB, immunoblot.

(C) Western blot showing expression levels of Sca4 in indicated purified R. parkeri strains.

(D) Infectious focus size formed by WT (Rp-GFP), sca4::tn, sca4::tn + pFl-Sca4 (pRAM18dSGA-Sca4pr-FLAG-Sca4) and sca4::tn + pFl-Sca4 VBS-NC* strains.

Values are mean ± SEM; ****p < 0.0001 relative to WT (unpaired t test).

(E) Infectious focus size after reverse transfection with control siRNA (nontarget, NT) or vinculin-specific siRNAs (siVCL #1, #2) and infection with WT (Rp-GFP) or

sca4::tn. Values are mean ± SEM; ****p < 0.0001 relative to WT + NT (unpaired t test).

(F) Western blot of A549 lysates from (E) (GAPDH, loading control). Space in blots indicates deletion of irrelevant lane.
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Figure 5. Sca4 Acts In trans to Target Vinculin in the Donor Cell

(A) Mixed-cell assay schematic, as described in STAR Methods.

(B) Images of infectious foci detected in the mixed-cell assay showing A549-TRT (soluble TagRFP-T, red), R. parkeri (green) and b-catenin (blue). Scale bar,

10 mm.

(C) Mixed-cell assay results showing percentage of bacteria that spread to recipient cells in a focus. Donor or recipient cells were reverse transfected with

control siRNA (NT) or siVCL #1 and infected with WT (Rp-GFP) or sca4::tn. Values are mean ± SEM; **p < 0.01 relative to WT + NT in each set (one-way

ANOVA).

(D) Mixed-cell assay results as in (C), except indicated donors or recipients were transduced with FCW2-P2AT (control) or FCW2-P2AT-Ires-Sca4 (Sca4).

***p < 0.001 relative to WT + P2AT in each set (one-way ANOVA).

(E and F) Mixed-cell assay as in (A) and (B) except the donor cell was infected with WT (Rp-GFP), sca4::tn, or a mixture of sca4::tn and sca2::tn. (E) Image

of an infectious focus co-infected with sca2::tn (bright green, open arrow) and sca4::tn (dim green, solid arrow) and counterstained for Rickettsia (blue) and

(legend continued on next page)
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the sca4::tn mutant phenotype by co-infecting cells with a

sca2::tnmutant strain, which secretes Sca4 (Figure 3E) but is un-

able to move to the cell surface and spread due to an inability to

form late actin tails (Reed et al., 2014). To distinguish between

sca2::tn and sca4::tn strains, the sca2::tn mutant was trans-

formed with pRAM18dSGA-OmpApr-GFPuv, causing it to fluo-

resce more brightly than untransformed, dimmer sca4::tn bacte-

ria (Figure 5E). Donor A549-TRT cells were infected with WT or

sca4::tn strains, or co-infected with sca4::tn and sca2::tn, and

then used in the mixed-cell infectious focus assay. Strikingly,

co-infection with the sca2::tn mutant was sufficient to trans-

complement the spread defect of the sca4::tnmutant, as dimmer

sca4::tn bacteria were seen in recipient cells (Figures 5E and 5F).

These data suggest Sca4 is secreted into the donor cell cytosol

where it diffuses to inhibit vinculin at cell-cell junctions and pro-

mote spread.

Sca4Disrupts Donor Cell Adherens JunctionComplexes
to Relieve Tension and Promote Spread
We next investigated how Sca4 inhibits vinculin function. At ad-

herens junctions, vinculin is recruited by a-catenin, where it par-

ticipates in actin-mediated reciprocal pulling forces to stabilize

b-catenin (red). Scale bar, 10 mm. Inset, expanded view of donor cell region indicated by solid arrow (inset scale bar, 5 mm). (F) Percentage of bacteria that spread

for WT (Rp-GFP), sca4::tn, or sca4::tn in the presence of sca2::tn. No spreadwas detected for sca2::tn. Values are mean ± SEM; *p < 0.05 relative toWT (one-way

ANOVA).

See also Figure S2.

A C

B

Figure 6. Sca4 Disrupts Donor Cell Adhe-

rens Junction Complexes to Relieve Ten-

sion and Promote Spread

(A) Competition co-IP assay between vinculin (HA-

vinc 1-836aa), myc-a-catenin, and FLAG-Sca4.

(B) Model of Sca4 inhibition of vinculin function. In

uninfected cells, vinculin and a-catenin promote

junction stability via reciprocal actin-mediated

pulling forces. Sca4 disrupts the interaction be-

tween vinculin and a-catenin, thus reducing donor

cell actomyosin tension and increasing membrane

flexibility to improve spread efficiency.

(C) Infectious focus size after 20-hr blebbistatin

(6.25 mm to 25 mM) or DMSO (control) treatment.

Values are mean ± SEM; **p < 0.01 relative toWT +

DMSO (unpaired t test).

junctions (Huveneers and de Rooij,

2013). Notably, a-catenin binds to the

Vh1 domain of vinculin (Weiss et al.,

1998), which is the same region targeted

by Sca4 (Park et al., 2011a). This sug-

gested that Sca4 might inhibit vinculin

function by competing with a-catenin

for vinculin association. We tested this

using a co-IP assay and detected a

robust interaction between myc-tagged

a-catenin and HA-tagged vinculin 1-836

(Figure 6A). However, when FLAG-

tagged Sca4 was co-expressed at

increasing levels, there was a dose-dependent inhibition of

the vinculin:a-catenin interaction (Figure 6A). Importantly, high

concentrations of the Sca4-VBS-NC* mutant did not displace

vinculin (Figure 6A), illustrating that this competition required

Sca4:vinculin binding. Sca4 was not isolated in co-IPs with

myc-a-catenin, suggesting these two proteins do not interact.

Our data support a model wherein Sca4 binds vinculin and

competes with vinculin-binding partners such as a-catenin to

inhibit vinculin function. This may weaken interactions between

adherens junction complexes and the actomyosin network

in the donor cell and reduce intercellular tension to make

Rickettsia spread more efficient (Figure 6B).

If Sca4 reduces tension by interfering with the actomyosin

network, then inhibition of myosin-II activity should rescue the

sca4::tnmutant spread defect. To test this, wemeasured spread

efficiency with the infectious focus assay in the presence

of blebbistatin, a myosin-II inhibitor. Blebbistatin treatment fully

rescued the spread defect of the sca4::tn mutant but did not

affect spread of WT bacteria (Figure 6C), suggesting that

reducing actomyosin contractility is necessary for efficient

spread and that Sca4 may function by reducing intercellular

tension.
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Figure 7. Sca4 Modulates E-Cadherin Forces in a Vinculin-Dependent Manner

TFM results for individual cells adherent to polyacrylamide gels coated with E-cadherin-Fc (A and B) or collagen I (C and D).

(A and C) Instantaneous maps showing the magnitude of traction stresses (color indicates stress values in Pa). Cell outlines in white.

(legend continued on next page)
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Sca4 Reduces Intercellular Tension in a Vinculin-
Dependent Manner
To further test if Sca4 affects intercellular tension, we directly

measured the forces at cell-cell contacts mediated by E-cad-

herin. We stably expressed Sca4 and Sca4-VBS-NC* proteins

in U2OS cells (via FCW2-P2AT-Ires-Sca4 or FCW2-P2AT-Ires-

Sca4-VBS-NC*; control, FCW2-P2AT) and confirmed Sca4

was expressed and partially colocalized with F-actin and vincu-

lin (Figure S2A–S2D), as was shown for R. rickettsii Sca4 (Park

et al., 2011a). We then performed traction force microscopy

(TFM) with cells adherent to polyacrylamide gels coated with

E-cadherin-Fc chimeras to mimic cell-cell junctions (Barry

et al., 2014). In TFM, the gel on which cells adhere is embedded

with fluorescent beads. When cells tug on and deform the gel,

they cause bead displacements, which are then used to calcu-

late strain energy (mechanical work) generated by the cells

using an in-house Fourier TFM method (Bastounis et al., 2011;

del Álamo et al., 2007). Cells overexpressing Sca4 exerted

reduced traction stresses compared with control cells, as

shown by instantaneous maps illustrating the magnitude of trac-

tion stresses (Figure 7A). The time-averaged strain energy was

then calculated for multiple cells across several experiments.

Sca4-expressing cells generated reduced strain energy

compared to control cells (Figure 7B), suggesting Sca4 disabled

force transduction at E-cadherin sites. Importantly, expression

of the VBS-NC* mutant did not reduce traction stresses or strain

energy (Figures 7A and 7B). Thus, Sca4 reduces force transduc-

tion at E-cadherin sites, and this is dependent on its ability to

interact with vinculin.

Vinculin is also a critical regulator of force transduction at focal

adhesions (Atherton et al., 2016; Peng et al., 2011). We therefore

tested whether Sca4 could manipulate cell-extracellular matrix

(ECM) forces using TFM of single cells adhered to collagen

I-coated gels. Surprisingly, overexpression of Sca4 or Sca4-

VBS-NC* did not reduce cell-ECM traction stresses or strain

energy (Figures 7C and 7D). This suggests Sca4 does notmanip-

ulate cell-ECM adhesions but directly targets cell-cell junctions

(Figure 7E).

Cells within a tissue are mechanically linked to one another

and to the underlying ECM through adhesion complexes and

the cytoskeleton (Figure 7E). This creates considerable biome-

chanical crosstalk that regulates cell shape, structure, and func-

tion (Weber et al., 2011). We reasoned that the Sca4-mediated

force reduction observed for single cells adherent to E-cadherin

would translate to reduced tension between cells in amonolayer.

Tomeasure this, we performed TFMwith monolayers adhered to

collagen I-coated gels and calculated tension using monolayer

stress microscopy (MSM) (Banerjee et al., 2015; Tambe et al.,

2013). MSM assumes a balance of forces mediated by the

biomechanical crosstalk in cells and uses traction stresses ex-

erted at cell-ECM contact sites to calculate tension throughout

the monolayer. Using this method, a significant reduction in

monolayer tension was observed for Sca4-expressing cells

compared to controls (Figures 7F and 7G). In contrast, the

Sca4-VBS-NC* mutant did not reduce monolayer tension (Fig-

ures 7F and 7G), suggesting Sca4’s effect on monolayer tension

requires its ability to bind to vinculin. Overall, our data support a

model in which Sca4 targets vinculin in the donor cell to directly

modulate intercellular tension forces, but not cell-ECM forces, to

facilitate efficient spread.

DISCUSSION

Cell-to-cell spread is critical for bacterial dissemination

throughout host tissues and avoidance of immune detection.

For pathogens that undergo actin-based motility, it was

assumed that forces frommotility are harnessed to drive spread.

We report the unexpected discovery that R. parkeri instead uses

the secreted effector Sca4 to modulate protrusion engulfment

by manipulating vinculin-dependent intercellular tension. This

challenges long-held views of the role of motility in spread and

reveals mechanisms for force manipulation to enable cell-to-

cell bacterial transfer.

Despite the general importance of spread in pathogenicity,

we know little about the comparative parameters and molec-

ular mechanisms of spread for different bacterial species.

We discovered that, in comparison with L. monocytogenes,

R. parkeri generate shorter protrusions that resolve more quickly

into vesicles in recipient cells. Notably, the vast majority of

R. parkeri in protrusions were not associated with actin tails.

Thus, unlike L. monocytogenes (Kuehl et al., 2015; Talman

et al., 2014), R. parkeri may not harness the pushing forces

derived from actin assembly to distend the host membrane.

This suggests that R. parkeri uses alternate mechanisms to pro-

mote protrusion dynamics.

The fact that R. parkeri and L. monocytogenes exhibit distinct

spread parameters indicates these pathogens orchestrate the

process of spread to a greater extent than previously appreci-

ated, likely through the contribution of bacterial factors. In

agreement with this, we identified Sca4 as a protein from SFG

rickettsia that promotes spread. The sca4::tn mutant displayed

a specific and significant delay in protrusion resolution, which

is noteworthy because only one other bacterial factor, the

L. monocytogenes metalloprotease Mpl (Alvarez and Agaisse,

2016), was recently proposed to regulate protrusion resolution.

Although a mutant in the S. flexneri T3SS is defective in

(B and D) Time-averaged strain energy (nN mm) from individual cells.

(E) Model depicting how biomechanical crosstalk allowsmeasurements of traction stresses at cell-ECM junctions to be converted to tension. Cells adhere to a gel

containing green fluorescent beads in upper layer. Actin cables (red) connect E-cadherin (orange) and integrin (blue) adhesions. Sca4 specifically targets cell-cell

junctions.

(F) MSM results for cell monolayers adherent to gels coated with collagen I. Images show the distribution of tension (right) and cells as seen by phase contrast

(left).

(G) Time-averaged monolayer tension (nN mm�1) calculated for multiple regions within the monolayer.

For box plots in (B), (D), and (G), boxes outline the 25th and 75th percentiles, midlines denote medians, and whiskers show minimum and maximum values.

*p < 0.05, **p < 0.01, ****p < 0.0001 (Mann-Whitney rank sum t test). See also Figure S2.
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protrusion resolution, a specific bacterial secreted factor that

acts in this process has not been identified (Kuehl et al., 2014).

If Sca4 directly modulates spread, it should be secreted from

bacteria to target host cell factors. We provide direct and quan-

titative evidence that Sca4 is secreted from bacteria and that its

function in spread is restricted to the donor cell. Interestingly,

Sca4 may diffuse to its site of action, a notion that is supported

by the ability of co-infected bacteria to provide Sca4 and pro-

mote spread of the sca4::tn mutant. Therefore, we hypothesize

Sca4 may exert global effects on the donor cell that are not

restricted to the local environment of the protrusion.

R. rickettsii Sca4 was proposed to activate vinculin by disrupt-

ing its autoinhibitory conformation (Park et al., 2011a), suggest-

ing that vinculin might promote spread. R. parkeri Sca4 also in-

teracts with vinculin. However, we discovered that vinculin

limits spread, and R. parkeri Sca4 is needed to repress this inhi-

bition. This suggests that Sca4 may regulate the conformational

switch in vinculin, but this may lead to inhibition rather than acti-

vation of vinculin function in cells.

Sca4 binds to the same vinculin site as a-catenin (Park et al.,

2011a; Weiss et al., 1998), and Sca4 competes with a-catenin

for vinculin binding. Although this competition might displace

vinculin from adherens junctions, the localization of vinculin to

cell-cell or cell-ECM junctions was not dramatically reduced in

the presence of exogenously expressed Sca4. This suggests

that Sca4 exerts a subtler effect on vinculin function. In devel-

oping focal adhesions, specific protein components and interac-

tions are spatially segregated at the nanoscale level to regulate

vinculin function (Case et al., 2015). Although it is unclear if a

similar level of regulation exists in adherens junctions, we spec-

ulate that Sca4 might fine-tune vinculin activity to promote bac-

terial spread without displacing vinculin or destroying junction

and tissue integrity.

Cadherin junctions under tension recruit vinculin to promote

actin remodeling, which leads to junction stabilization and cell

stiffening (Huveneers and de Rooij, 2013). We show that

reducing actomyosin contractility rescues the spread defect of

the sca4::tn mutant and Sca4 expression decreases vinculin-

dependent mechanotransduction at E-cadherin junctions. Inter-

estingly, Sca4 does not reduce integrin-mediated traction

forces, suggesting Sca4 specifically modulates intercellular ten-

sion and could be a valuable tool for dissecting vinculin function

at cadherin junctions. Taken together with our data supporting a

role for Sca4 and vinculin in the donor cell, we propose that Sca4

relieves intercellular tension by disrupting donor cell interactions

between vinculin and a-catenin. This ultimately weakens the in-

teractions between cadherin complexes and the actomyosin

network in the donor cell. To satisfy equilibrium of forces be-

tween donor and recipient cells, the resulting difference in acto-

myosin tension is compensated for by an increase in membrane

curvature that enhances protrusion engulfment efficiency by

facilitating closure of the protrusion into a vesicle.

It is interesting that R. parkeri Sca4 is not required for protru-

sion initiation, but reduces tension to promote protrusion engulf-

ment. This suggests that other rickettsial factors are needed to

promote protrusion formation. In contrast, L. monocytogenes

InlC is proposed to reduce tension to promote protrusion initia-

tion (Rajabian et al., 2009), and the force from actin-based

motility may be sufficient to promote engulfment. Thus, these

pathogens have evolved different strategies to manipulate the

cellular force generating machinery to form and resolve protru-

sions during spread.

Our discovery of a rickettsial effector that specifically regu-

lates one step of spread underscores the notion that this multi-

step process is mediated by the coordinated action of multiple

bacterial effectors. Studying how these factors target host

pathways will reveal important interactions that regulate patho-

genesis. Previous work has highlighted that bacteria engage

different classes of host proteins during spread, including cyto-

skeletal regulators (Tuba, N-WASP, Arp2/3, Ezrin, diaphanous-

related formins, myosin II, myosin X, and MLCK), signaling

(PIK3C2A and STK11), and cell adhesion proteins (E-cadherin,

tricellulin, and connexin 26) (Kuehl et al., 2015). However, how

these are targeted by each pathogen is still poorly understood.

Thus, continued investigation of the bacterial effectors and

host targets that mediate spread will enhance our understanding

of this crucial mechanism of virulence and reveal cellular path-

ways that are exploited by pathogens during infection.
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Mouse anti-OmpA 13-3 Ted Hackstadt N/A

Rabbit anit-Sca4 This paper N/A

Mouse anti-HA Covance Research Products Cat# MMS-101P

Mouse anti-myc Santa Cruz Cat# sc-40; RRID: AB_627268

Rabbit anti-Flag Cell Signaling Cat# 2368S; RRID: AB_10694612

Rabbit anti-Flag Sigma Cat# F7425; RRID: AB_439687

Mouse anti-Flag (M2) Sigma Cat# F1804; RRID: AB_262044

Mouse anti-beta catenin BD Biosciences Cat# 610153; RRID: AB_397554

Mouse anti-vinculin Sigma Cat# V4505; RRID: AB_477617

Mouse anti-beta lactamase Abcam Cat# ab12251; RRID: AB_298974
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Rabbit anti-human IgG (Fcg-fragment specific) Jackson ImmunoResearch Cat# 309-001-008; RRID:AB_2339623
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Experimental Models: Cell Lines
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A549-TRTF + FCW2IB-Lifeact-mWasabi This study N/A

A549 + FCW2IB-Lifeact-2xTagBFP This study N/A

A549 + FCW2-P2AT This study N/A

A549 + FCW2-P2AT-Ires-Sca4 This study N/A

U2OS + FCW2-P2AT This study N/A

U2OS + FCW2-P2AT-Ires-Sca4 This study N/A

U2OS + FCW2-P2AT-Ires-Sca4 VBS-NC* This study N/A

Experimental Models: Organisms/Strains

R. parkeri Portsmouth strain Chris Paddock N/A

L. monocytogenes: Lm-GFP Daniel Portnoy (Shen and

Higgins, 2005)

N/A

L. monocytogenes: Lm-TagBFP (DPL-7742) This study N/A

R. parkeri: Rp-GFP This study N/A

R. parkeri: Rp-2xTagBFP This study N/A

R. parkeri: sca4::tn This study N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact Matthew Welch, welch@

berkeley.edu (M.D.W.).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
Mammalian cell lines (Vero, HEK293T, A549 andU2OS) were obtained from the University of California, Berkeley tissue culture facility

and grown at 37�C in 5% CO2. Vero cells (monkey, kidney epithelial) were maintained in DMEM (Invitrogen) containing 5% fetal

bovine serum (FBS). HEK293T (human, embryonic kidney), A549 (human, lung epithelial), and U2OS (human, osteosarcoma)

cells were maintained in DMEM containing 10% FBS. HMEC-1 (human, microvascular endothelial) cells were maintained in

MCDB 131 (Invitrogen) with 10% FBS (Hyclone), 2 mM L-glutamine (GIBCO), 10 ng/ml epidermal growth factor (BD Biosciences),

and 1 mg/ml hydrocortisone (Sigma).

A549 cells stably expressing a farnesylated TagRFP-T fluorophore (A549-TRTF) to mark the plasma membrane were generated

using retroviral transduction. Briefly, the 20 amino acid (aa) farnesylation signal from c-HA-Ras (from pEGFP-F Clontech

vector) was fused to the C terminus of TagRFP-T, then cloned into pCLIP2B, a murine Moloney leukemia virus derived from pCLIP

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R. parkeri: sca4::tn + pRAM18dSGA+Sca4 (pSca4) This study N/A

R. parkeri: Rp-pRAM18dRA-TEM1 This study N/A

R. parkeri: Rp-pRAM18dRA-TEM1* This study N/A

R. parkeri: Rp-pRAM18dRA-TEM1*-Sca4 This study N/A

R. parkeri: Rp-pRAM18dRA-TEM1*-Sca4D20 This study N/A

R. parkeri: Rp-pRAM18dRA-TEM1*-Sca4-SS This study N/A

Recombinant DNA

FCW2-P2AT This study N/A

FCW2-P2AT-Ires Sca4 (WT/VBS-NC*) This study N/A

FCW2IB-Lifeact-mWasabi This study N/A

FCW2IB-Lifeact-3xTagBFP This study N/A

pCLIP2B-TagRFP-T-farnesyl This study N/A

pCLIP2B-TagRFP-T This study N/A

pRAM18dSGA-Sca4 This study N/A

pMW1650 David Wood (Liu et al., 2007) N/A

pRAM18dRA-2xTagBFP This study N/A

pRAM18dRGA+OmpApr-GFPuv This study N/A

pSMT3-Sca4 This study N/A

acat 1-906 (CTNNA1) Addgene Cat# 24194

MGC human VCL cDNA Thermo Fisher Scientific Clone ID 4520338

Sequence-Based Reagents

Silencer Select siVCL #1 (UUCGAAUUUUGAUUGAAGCag) Ambion Cat# s14763

Silencer Select siVCL #2 (UCCUAAGUAAGAUACGAGCag) Ambion Cat# s14764

Silencer Select Negative Control No. 1 (non-target siRNA: NTsi) Ambion Cat# 4390843

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

MicroManager Open Imaging https://www.micro-manager.org/

MATLAB MathWorks http://www.mathworks.com/products/

matlab/?requestedDomain=www.

mathworks.com

GraphPad Prism v6 GraphPad http://www.graphpad.com/

scientific-software/prism/
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(Pomerantz et al., 2002). pCLIP2B-TagRFP-T-F virus particles were packaged by transfecting HEK293T cells in 24-well plates as pre-

viously described (Lamason et al., 2010), using plasmids kindly provided by Dr. Joel Pomerantz (Johns Hopkins University School of

Medicine). Cells were selected with 1.5 mg/ml puromycin and sorted for maximum fluorescence using a Cytopeia INFLUX Sorter (UC

Berkeley Flow Cytometry Facility). A549 cells stably expressing a soluble TagRFP-T fluorophore (A549-TRT) were generated as

above, except the farnesyl sequence was removed resulting in diffuse TagRFP-T localization (pCLIP2B-TagRFP-T).

To visualize F-actin in A549 cells, the lentiviral vector FCW2IB-Lifeact-3xTagBFP was constructed. First, the Ubiquitin C promoter

from FUW2 (Lamason et al., 2010) (kindly provided by Dr. Joel Pomerantz) was replaced with the CMV promoter from pEGFPN1

(Clontech), and an IRES-blastS cassette was added. Next, a fusion between Lifeact and 3 copies of TagBFP (Evrogen) were inserted

upstream of the IRES. FCW2IB-Lifeact-mWasabi was made similarly except a single copy of mWasabi was fused to Lifeact. Viral

particles were packaged by transfecting HEK293Ts plated 24 hr previously at 9x104 cells/well (0.5 ml/well, 24-well plate), via calcium

phosphate with 95 ng pMDL-RRE, 95 ng pCMV-VSVg, 95 ng RSV-Rev and 95 ng FCW2IB-Lifeact-3xTagBFP (or mWasabi). Approx-

imately 22 hr after transfection, the media was replaced with 300 ml fresh media. After an additional 21 hr, the supernatant was

collected from each well, cell debris was cleared by filtration through a 0.45 mm syringe filter, and the viral supernatant was added

to A549 cells (for Lifeact-2xTagBFP) or A549-TRTF cells (for Lifeact-mWasabi). Fresh media was added 24 hpi, and at 48 hpi, cells

were resuspended in fresh media containing 12 mg/ml blasticidin.

For stable expression of Sca4 in A549 and U2OS cells, the lentivirus FCW2-P2AT-Ires-Sca4 was constructed. The sca4 sequence

was codon-optimized for expression in human cells and synthesized (GeneArt/Life Technologies) before cloning. The VBS-NC* mu-

tations were introduced via site-directed mutagenesis. To minimize excessive overexpression of Sca4, the sca4 sequence was

cloned downstream of an IRES, and a fusion between puro, the self-cleaving peptide 2A and TagRFP-T was inserted upstream of

the IRES. This allowed the 3 proteins to be expressed as separate polypeptides. For control cells, the FCW2-P2AT vector was

made without the IRES-Sca4 region. Viral particles were packaged by transfecting HEK293Ts, plated 24 hr previously at 5x105

cells/well (2 ml/well, 6-well plate), via calcium phosphate with 400 ng pMDL-RRE, 400 ng pCMV-VSVg, 400 ng RSV-Rev and

800 ng lentiviral vector. Approximately 22 hr after transfection, the media was replaced with 1.5 ml fresh media. After an additional

21 hr the supernatant was collected, cell debris was cleared by filtration through a 0.45 mm syringe filter, and viral supernatant was

added to A549 or U2OS cells. Fresh media was added 24 hpi, and 48 hpi cells were resuspended in fresh media containing 1.5 mg/ml

puromycin. Cells were sorted using a Cytopeia INFLUX Sorter (UC Berkeley Flow Cytometry Facility).

Bacterial Plasmids and Strains Used in this Study
R. parkeri Portsmouth strain was a gift from Dr. Chris Paddock (Centers for Disease Control and Prevention). GFP-expressing

L. monocytogenes (Shen and Higgins, 2005) and TagBFP-expressing L. monocytogenes (Lm-TagBFP) were kindly provided by

Dr. Daniel Portnoy (UC Berkeley). To generate the TagBFP-expressing L. monocytogenes (Lm-TagBFP), codon optimized TagBFP

DNA was fused to a constitutive promoter Phyper derived from GFP-pPL3 plasmid (Gründling et al., 2004) using splicing by overlap

extension PCR. The PCR product was cloned into the pPL2 plasmid to generate Phyper -TagBFP-pPL2. The resulting plasmid was

introduced intoListeriamonocytogenes10403sstrain togenerateconstitutiveTagBFPexpressingL.monocytogenes strainDPL-7742.

To make the sca4 complementation plasmid (pRAM18dSGA-Sca4), nucleotides 652,261 - 655,741 (GenBank/NCBI accession

NC_017044.1) were amplified from R. parkeri genomic DNA and cloned into pRAM18dSGA[MCS]. This region includes a predicted

promoter (determined using SoftBerry, BPROM prediction of bacterial promoters (Solovyev and Salamov, 2011)) and several pre-

dicted transcriptional terminators (determined using WebGeSTer DB (Mitra et al., 2011).

The vinculin binding site mutations of sca4 were introduced via site-directed mutagenesis to produce Sca4 VBS-NC* (L415A,

S416E, Y814I, V820E). For Figures 4C and 4D, Flag-tagged versions of WT sca4 and the sca4 VBS-NC* mutant in pRAM18dSGA

were made by fusing the Sca4 promoter (nt 652,261 – 652,548), an NdeI site and a Flag sequence to the 50 end of the sca4 gene

(nt 652,555-655,623). The ompA transcriptional terminator from pMW1650 was added to the 30 end. The Flag sequence was codon

optimized for expression inRickettsia conorii (50- GAT TAT AAAGATGATGAT AAA�30) using the JCat online codon optimization tool

(Grote et al., 2005).

To generate brighter versions of the single GFP copy pRAM18dRGA[MCS] (Burkhardt et al., 2011) and pRAM18dSGA[MCS] plas-

mids (kindly provided by Dr. Ulrike Munderloh, University of Minnesota), a second copy of the ompA promoter +GFPuv cassette was

amplified from pMW1650 and cloned into each respective multi-cloning site (MCS). This modification increased bacteria brightness

at least 4 fold (data not shown). Rp-GFP refers to wild-type (WT) R. parkeri transformed with pRAM18dRGA+OmpApr-GFPuv. The

pRAM18dSGA+OmpApr-GFPuv plasmid was stably introduced into the sca2::tn strain (Reed et al., 2014), as detailed below.

To make 2xTagBFP-expressing R. parkeri, the TagBFP sequence was first codon-optimized via JCat for R. conorii expression

(Grote et al., 2005). The ompA promoter was fused to TagBFP followed by the ompA transcriptional terminator. To increase bright-

ness, two TagBFP cassettes were cloned into the MCS of pRAM18dRA[MCS] (a derivative of pRAM18dRGA lacking the GFP

cassette) to make pRAM18dRA-2xTagBFP. Rp-2xTagBFP refers to WT R. parkeri transformed with pRAM18dRA-2xTagBFP.

To generate the beta-lactamase TEM1 fusion constructs for Figure 3, the full-length beta-lactamase (bla) gene sequence

was codon optimized via JCat for R. conorii expression (Grote et al., 2005), synthesized by Integrated DNA Technologies and cloned

into theMCS of pRAM18dRA. The ompA promoter from pMW1650 was used to drive expression of all TEM1 constructs. To generate
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the negative control TEM1 construct (TEM1*), the first 23 amino acids (aa) were deleted to prevent constitutive secretion (Charpentier

and Oswald, 2004). TEM1* was then fused to the N terminus of Sca4, Sca4D20 (deletion of last 20aa) and Sca4-SS (fusion between

TEM1* and last 20aa of Sca4).

All pRAM-containing R. parkeri strains were generated using small-scale electroporations described below, except the final,

washed bacterial pellets were resuspended in 100 ml cold 250 mM sucrose, mixed with 10 mg plasmid DNA, and electroporated

at 2.5 kV, 200 ohms, 25 mF, 5 ms in a 0.2 cm cuvette, using a Gene Pulser Xcell (Bio-Rad). Transformants were selected with either

200 ng/ml rifampicin or 50 mg/ml spectinomycin and purified via 30% MD-76R solution.

METHOD DETAILS

Purification of R. parkeri Strains
Media was aspirated from confluent flasks of Vero cells, and cells were infected with R. parkeri resuspended in serum free DMEM

(2 ml per T175 cm2 flask with �1-5x106 plaque forming units (pfu) per flask). Flasks were infected for 30 min at 37�C with rocking.

33 ml DMEM with 2% FBS was then added to the flask before being moved to a 33�C incubator. Plaques began to form 3-5 days

post infection, and infected cells were scraped and collected at 4-7 days post infection when 80%–90% of cells showed a rounded

up phenotype (indicative of infection). Scraped cells were centrifuged at 12,000 x g for 30 min at 4�C. Pelleted cells were then resus-

pended in K-36 Buffer (0.05M KH2PO4, 0.05M K2HPO4, 0.1M KCl, 0.015M NaCl, pH 7) and transferred to a glass Dounce homoge-

nizer.Rickettsiaewere released from infected cells by repeated douncing (40-60 strokes). The dounced solution was then centrifuged

at 200 x g for 5 min at 4�C to pellet host cell debris. The supernatant containing R. parkeri was overlaid on a 30% MD-76R (Merry

X-Ray) solution. Gradients were then centrifuged at 18,000 rpm in an SW-28 ultracentrifuge swinging bucket rotor for 30 min at

4�C to separate remaining host cells debris from the bacteria. Bacterial pellets were resuspended in brain heart infusion (BHI) media

(Difco) and stored at �80�C.
Titers were determined for R. parkeri stocks via plaque assays. The media from confluent Vero cells in 6-well plates was aspirated,

and 100 ml/well of R. parkeri diluted in BHI was added. Plates were rocked for 30 min at 37�C, and each well was then overlaid with

4 ml/well DMEM with 2% FBS and 0.5% agarose. Plaques were counted 4-6 dpi to determine pfu/ml. To measure plaque size, an

overlay of neutral red solution (final 0.01% per well; Sigma) diluted in PBS + 0.5% agarose was added at about 4 dpi and incubated

about 6 hr to overnight until plaques were clearly visible. Images were taken on an Alpha Innotech Gel Imager, and plaque area was

measured in ImageJ.

Growth curves in Vero cells were done as described previously (Reed et al., 2014). Briefly, QPCR was used to measure Rickettsia

genome equivalents using primers to the 17 kDa antigen gene (Grasperge et al., 2012), relative to a standard curve of 17 kDa gene

DNA. Results from each strain were normalized to the 1 hpi time point, and fold change calculated.

Transposon Mutagenesis Screen in R. parkeri

The pMW1650 mariner-based Himar1 transposon mutagenesis system (a gift from Dr. David Wood, University of South Alabama)

was used to generate small plaque mutants. The transposon cassette contains the R. prowazekii arr-2 rifampin resistance gene

and a gene coding for a green fluorescent protein (GFPuv) (Liu et al., 2007). To isolate small plaque mutants, a small-scale electro-

poration protocol was designed. First, a T75 cm2 flask of confluent Vero cells was infected with WT R. parkeri. Three days post infec-

tion, Vero cells were at least 90% rounded up and were scraped from the flask. Infected cells were spun down for 5min at 1800 x g at

4�C and resuspended in 3-6 ml K-36 buffer. To mechanically disrupt infected cells and release the bacteria within, cells were either

passed through a 27.5 gauge syringe needle 10 times or vortexed (�2900 rpm, Vortex Genie 2) in a 15 ml conical tube containing 2 g

of 1 mm glass beads with two 30 s pulses with 30 s incubations in ice after each pulse. This bead disruption procedure was adopted

for a majority of the screen. Host cell debris was pelleted for 5 min at 200 x g at 4�C. The supernatant containing R. parkeriwas trans-

ferred to 1.5ml Eppendorf microcentrifuge tubes and spun down for 2min at 9000 x g at 4�C. The bacterial pellets were washed three

times in cold 250 mM sucrose. Washed bacterial pellets were resuspended in 50 ml cold 250 mM sucrose, mixed with 1 mg of the

pMW1650 plasmid, placed in a 0.1 cm cuvette, and electroporated at 1.8 kV, 200 ohms, 25 mF, 5 ms using a Gene Pulser Xcell

(Bio-Rad). Bacteria were immediately recovered in 1.2 ml BHI. To infect Vero cells in 6-well plates, media was removed from

each well, and cells were washed with 1x PBS. 100 ml of electroporated bacteria was added per well, and plates were placed in a

humidified chamber and rocked for 30 min at 37�C. An overlay of DMEM with 5% FBS and 0.5% agarose was added to each

well. Infected cells were incubated at 33�C, 5% CO2 for 24 hr at which point a second overlay was added containing rifampicin (final

concentration 200 ng/ml; Sigma) to select for transformants. After 5 d, plaques were visible by eye in the cell monolayer, and smaller

plaques relative to neighboring plaques were selected for further analysis.

To isolate and amplify the mutants for mapping, small plaques were picked, resuspended in 200 ml of BHI and used to infect Vero

cells in 6-well plates. Media was aspirated from Vero cells, and the isolated plaque resuspension was used to infect the cells at 37�C
for 30 min with rocking. Then 3 ml DMEMwith 2% FBS and 200 ng/ml rifampicin was added to each well, and infections progressed

until monolayers were fully infected. Infected cells were isolated as described above usingmechanical disruption, except the bacteria

were immediately resuspended in BHI without a sucrose wash and stored at �80�C.
To map the transposon insertion sites, semi-random nested PCR was done as previously described (Reed et al., 2014).

Genomic locations were determined using BLAST against the R. parkeri strain Portsmouth genome (GenBank/NCBI accession
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GenBank: NC_017044.1). Mapped small plaque mutants were further purified via a second round of plaque purification before final

expansion and purification via the 30% MD-76R solution protocol described above. Isolation of sca2::tn was previously described

(Reed et al., 2014), and the pRAM18dSGA+OmpApr-GFPuv plasmid was stably introduced into this strain, as detailed above.

Sca4 Protein Purification, Sca4 Antibody Production, and Sca4 Immunoblotting
Full-length sca4 was PCR-amplified from the pRAMdSGA+Sca4 plasmid and cloned into a version of the pSMT3 expression vector

(Winger et al., 2008) containing a 6xHis tag upstream of the SUMO tag. 6xHis-SUMO-Sca4 was expressed in E. coli BL21 (DE3) T1R,

and protein expression was inducedwith 0.5mM IPTG at 30�Covernight. Pelleted cells were resuspended in 20mMTris pH 8, 50mM

KCl, 10% Glycerol, and protease inhibitors (PMSF; leupeptin, pepstatin, chymostatin [EMD Millipore]) and stored at �80�C. Cells
were thawed, sonicated at 4�C (3 3 30 s pulses, 60% power), and lysates were cleared by centrifugation at 12,000 x g at 4�C for

30 min. Ni-NTA resin (QIAGEN) was equilibrated in wash buffer (50 mM NaH2PO4, 300 mM NaCl, 5 mM Imidazole pH 8), and the su-

pernatant was batch bound at room temperature for 5 min. The resin was washed in wash buffer and eluted with 50 mM NaH2PO4,

300 mM NaCl, 500 mM Imidazole pH 8. 1 mM DTT was added to the elution, and the SUMO tag was cleaved via ULP1 overnight at

4�Cwhile dialyzing into 20 mM Tris pH 8, 150 mMNaCl, 1 mMDTT. Dialyzed, cleaved protein was then concentrated and purified via

gel filtration chromatography on a Superdex 200 10/300 GL column (GE Healthcare) into 20 mM Tris pH 8, 150 mMNaCl, 1 mMDTT.

Pooled peak fractions were diluted for a final buffer composition of 20 mM Tris pH 8, 50 mM NaCl, 1 mM DTT and further purified via

anion exchange on a HiTrap Q column (GE Healthcare). Final storage buffer for collected fractions was 20 mM Tris pH 8, 375 mM

NaCl, 1 mM DTT, and all proteins were concentrated and stored at �80�C.
To generate antibodies against Sca4, the purified Sca4 protein was sent to Pocono Rabbit Farm and Laboratory (Canadensis, PA)

where a 91-day custom antibody protocol was performed. To affinity purify Sca4 specific antibodies from serum, the purified Sca4

protein was first dialyzed into Ligand Coupling Buffer (200 mM NaHCO3 pH 8.3, 500 mM NaCl) and then coupled onto NHS-ester

Sepharose 4 Fast Flow resin (GE Healthcare). The resin was incubated with serum for 1 hr at room temperature with rotation, and

low pH buffer (100 mM Glycine, pH 2.5) was used to elute antibody from the resin. Eluted fractions were neutralized with 1M Tris

pH 8.8 and dialyzed into 1x PBS overnight at 4�C. Affinity purified antibodies were then concentrated and stored at �80�C.
For immunoblotting of endogenous Sca4, purified bacteria were boiled in 3 x SDS loading buffer (150 mM Tris pH 6.8, 6% SDS,

0.3% Bromophenol Blue, 30%Glycerol, 15% 2-mercaptoethanol) for 10 min, then resolved on an 8% SDS-PAGE gel, transferred to

PVDF and developed with affinity purified rabbit anti-Sca4 and mouse anti-OmpA 13-3 (kindly provided by Dr. Ted Hackstadt).

For immunoblotting of Sca4 expression in the U2OS and A549 lines, cells were harvested in immunoprecipitation (IP) lysis buffer

(50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 10% Glycerol, 1% Igepal), incubated 10 min on ice, and lysates cleared of debris by

centrifugation at 16,100 x g at 4�C. Lysates were analyzed via western blot as described above except mouse anti-GAPDH was

used to detect endogenous GAPDH (loading control).

Co-immunoprecipitation Assays
The sca4 sequencewas codon-optimized for human expression, synthesized byGeneArt (Life Technologies) to include anN-terminal

FLAG tag and cloned into pcDNA3. The a-catenin sequence was amplified from acat 1-906 (Addgene plasmid #24194 containing the

CTNNA1 gene), and an N-terminal myc tag was cloned into pcDNA3 (kindly provided by Dr. Joel Pomerantz, Johns Hopkins Univer-

sity School of Medicine). Vinculin residues 1-836 were amplified from MGC human VCL cDNA (Clone ID 4520338; Thermo Fisher

Scientific) and cloned into pcDNA3 along with a N-terminal HA tag.

Co-immunoprecipitation assays were done as described previously (Lamason et al., 2010). Briefly, 40 hr after transfection of

HEK293T cells via calcium phosphate, cells were harvested in 500 ml IP lysis buffer and incubated 10 min on ice. Debris was cleared

by centrifugation at 16,100 x g at 4�C. Lysates were pre-cleared by incubating with 7 ml bed volume protein G sepharose (Amersham)

twice for 30 min at 4�C with rotation. An aliquot was removed for input analysis, and the remaining lysate was incubated with 1 mg IP

antibody (mouse anti-myc (Santa Cruz sc-40) or rabbit anti-Flag (Sigma F7425)) for 1.5 hr at 4�C with rotation. Protein G sepharose

(7 ml bed volume) pre-blocked with 1% human insulin was added to samples and incubated 1 hr at 4�Cwith rotation. The beads were

then washed with rotation for 43 5 min at 4�Cwith IP lysis buffer before being boiled in the presence of SDS loading buffer. IPs were

analyzed by Western blot with mouse anti-HA (Covance MMS-101P), mouse anti-myc (Santa Cruz sc-40), rabbit anti-Flag (Cell

Signaling 2368S), rabbit anti-Sca4 (unpurified serum) and M2 anti-FLAG (Sigma F1804).

Bacterial Infections
Due to the longer doubling time for rickettsiae (�8-12 hr versus % 40 min for L. monocytogenes) and the longer time required to

initiate spread, R. parkeri spread was imaged at least 26 hpi, whereas L. monocytogenes spread was imaged at 4 hpi. Additionally,

infections were typically carried out at 33�C (R. parkeri) and 37�C (for L. monocytogenes) to match physiological conditions.

To measure infectious focus size, 2.25x105 (A549/U2OS) or 2x105 (HMEC-1) cells were plated onto 12 mm coverslips in 24-well

plates. 24 hr later, monolayers were infected at an MOI of 0.005-0.05, plates were centrifuged at 200 x g for 5 min at 25�C and incu-

bated at 33�C for 1 hr. Samples were washed 3 times with PBS before adding complete media with 50 mg/ml gentamicin. Infection

progressed for 28 hr (minimum time needed for optimal R. parkeri spread) at 33�C until fixation and staining. To quantify spread, 10-

20 individual foci were imaged, and the number of infected cells per focus was calculated.
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For invasion assays withR. parkeri, 0.75x105 A549 cells or 2x105 HMEC-1 cells were plated on 12mmcoverslips 48 or 36 hr prior to

infection respectively. Culture medium was removed and replaced with 0.5 ml 4�C medium, and R. parkeri at an MOI of 6 (A549) or

MOI of 3 (HMEC-1) was added to each sample. Infected cells were centrifuged at 200 x g for 5 min at 4�C, 0.5 ml of 37�Cmedia was

added to each well, and samples were immediately placed in a 37�C incubator. Infected coverslips were fixed at specific time points

and then stained.

Tomeasure the percentage ofR. parkeriwith actin tails, 2.25x105 A549 cells were plated on 12mmcoverslips and infected the next

daywith Rp-GFP or sca4::tn (MOI 0.5-0.8). Infected cells were incubated at 33�C for 24 hr and fixed and stained for F-actin. Five fields

of view were collected, each containing 90-200 bacteria, and the average percent of bacteria with long tails (> 1 bacterial length) was

determined.

To measure the velocities of motile R. parkeri, 2x105 A549 cells stably expressing Lifeact-3xTagBFP were plated in 20 mmMatTek

glass bottom dishes, incubated for 24 hr and infected with Rp-GFP or sca4::tn (MOI 3-4). Bacteria were added directly to cells, and

dishes were incubated at 33�C for 28 hr before live cell imaging was done in a 33�C environmental chamber with a Nikon Ti Eclipse.

For imaging purposes cell culture medium was replaced with Ringer’s Buffer (155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2,

2 mMNaH2PO4, 50 mM HEPES, 10 mMGlucose) with 10% FBS, 1:100 oxyrase and 10 mM succinate, and samples were imaged at

33�C at 5 s intervals for 5 min. To calculate actin-tail mediated velocities, the manual tracking plugin in ImageJ was used to track

movement over 11 consecutive frames (6 tracks were collected for Rp-GFP and 15 tracks for sca4::tn).

Live cell imaging of spread was done by infecting confluent monolayers of mixed A549 cells. For Rp-GFP and sca4::tn infections, a

mix of A549-TRTF and A549 cells at a 1:4 ratio was plated in 20mmMatTek dishes (7x105 cells/dish) 24 hr before infection. Rp-GFP or

sca4::tn were added directly to cells (MOI 1.5-2), and infections were carried out at 33�C for at least 26 hr before imaging. For Rp-

2xTagBFP imaging, the same procedure was followed except A549 co-expressing TRTF and Lifeact-mWasabi were mixed with un-

labeled A549 cells. For experiments using Lm-GFP, themix of A549-TRTF andA549 cells were plated as above 48 hr before infection.

Lm-GFPwere added directly to cells (�MOI 0.5), and infections were carried out at 37�C for at least 4 hr before imaging. Infected cells

were prepared as above using Ringer’s buffer and imaged in an environmental chamber at 33�C (R. parkeri) or 37�C (Lm-GFP). Im-

ages were captured on a Nikon Ti Eclipsemicroscope with a Yokogawa CSU-XI spinning disc confocal, 60X (1.4 NA) Plan Apo objec-

tive, a Clara Interline CCD Camera and MetaMorph software. Z-stacks were captured at 30 s or 1 min intervals for less than 2 hr.

Individual spread events were then observed, and their kinetics and morphology were recorded. Maximum protrusion length refers

to the longest protrusion length observed before resolution into the double-membrane vesicle. Images were processed using ImageJ

and assembled in Adobe Illustrator.

To measure the percent of bacteria with or without actin in protrusions for Figures 1E–1G, 2.25x105 A549 cells were plated on

12 mm coverslips and infected 24 hr later with an MOI of 3 (Rp-2xTagBFP) or MOI 0.3 (Lm TagBFP). Plates were spun down for

5 min at 200 x g at 25�C and moved to 33�C (Rp-2xTagBFP) or 37�C (Lm-TagBFP) incubators. Infections progressed for 28 hr

(Rp-2xTagBFP) or 4.5 hr (Lm-TagBFP). Samples were fixed with 4% paraformaldehyde in 1x PBS (PFA/1x PBS) and stained for

b-catenin and phalloidin. Five to ten fields of view were captured (each containing �50-300 bacteria), and the average percent of

bacteria in protrusions and the percent of bacterial protrusions with associated actin were calculated from two independent assays.

Actin tails are defined by an F-actin signal at one bacterial pole > 1 bacterial length, while polar actin represents actin associated with

one pole of the bacterium that does not form a tail.

To measure the percent of bacteria in protrusions for Figures 2H and 2.25x105 A549+TagRFP-T-F cells were plated on 12 mm cov-

erslips.Cells were infected 24 hr later with anMOI of 0.5-0.8. Plateswere spundown for 5min at 200 x g at 25�Cand subsequently incu-

bated at 33�C for 33 hr before fixation with 4% PFA/1x PBS and immunofluorescence staining of b-catenin to detect protrusions. Ten

fields of view were captured (each containing �150-300 bacteria), and the average percent of bacteria in protrusions was calculated.

For mixed cell spread assays (Figure 5D and 5F), 1.5x104 donor cells were plated in 96-well plates (Falcon), and 2x105 recipient

cells were plated in 24-well plates (Falcon). 24 hr after plating, donors were infected at an MOI of 4 for Figures 5C and 5D, and for

Figure 5F, at an MOI of 10 for sca2::tn and an MOI of 4 for WT and sca4::tn. Plates were centrifuged at 200 x g for 5 min at 25�C
and incubated at 33�C for 1 hr. All samples were then washed once with PBS, lifted with 37�C 1x citric saline (135 mM KCl,

15 mM sodium citrate) to preserve cell surface receptors, recovered in complete media and washed twice in complete media to re-

move residual citric saline. Donors were resuspended in 100 ml and recipients resuspended in 400 ml complete media + 10 mg/ml

gentamicin. Cells were then mixed at a ratio of 1:120 (1.7 ml donors plus 198 ml recipients) and plated in a square well, 96-well glass

bottomMatriPlate (Brooks Life Science Systems). Plateswere placed in a humidified secondary container in the incubator to promote

even cell distribution, and infection was allowed to progress at 33�C for 31 hr until fixation and staining. Stained samples were over-

laid with 50% sterile glycerol in 1x PBS and imaged directly in the plates. To quantify spread, 10-20 individual foci were imaged, and

the percentage of bacteria per focus that had spread to recipient cells was calculated.

For Figure 5C, the same procedure was followed as described above except 1.5x104 donor cells/well and 9x104 recipient cells per

well were reverse transfected with 5 nM siRNA and Lipofectamine RNAiMAX (Thermo Fisher) 2 days before infection.

In assays where host vinculin expression was reduced, the following Silencer Select siRNAs (Ambion) were used: siVCL #1

(s14763; target sequence: UUCGAAUUUUGAUUGAAGCag) and siVCL #2 (s14764; target sequence: UCCUAAGUAAGAUACGA

GCag). The non-target siRNA (NTsi) was Silencer Select Negative Control No. 1 (4390843). To determine the extent of knockdown,

cells were first lysed in IP lysis buffer on ice for 10min, then the cell debris was cleared via centrifugation at 16,100 x g 4�C for 10 min.

Lysates were analyzed by Western blotting using mouse anti-vinculin (Sigma V4505) and mouse anti-GAPDH (AM4300, Ambion).
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For myosin-II inhibition experiments, infectious focus assays were performed as described above except at 7-8 hpi, DMSO only

(final 0.9% to match final DMSO percentage in blebbistatin treated samples) or 6.25-25 mM blebbistatin (Calbiochem #203389

InSolution Blebbistatin, Racemic) was added to infected cells and incubated for an additional 20 hr at 33�C. To quantify spread,

10 individual foci were imaged, and the number of infected cells/focus was calculated.

Immunofluorescence Microscopy
For infectious focus assays, cells were fixed in 4% PFA in 1x PBS for 10 min at room temperature. To quench residual PFA, samples

were incubated for 10 min in 0.1 M glycine in 1x PBS and permeabilized in 0.05% Triton X-100 (Tx100) in 1x PBS. Samples were then

blocked in 2% BSA in 1x PBS and incubated with primary and secondary antibodies diluted in blocking buffer, each for 1 hr at room

temperature. The host plasma membrane was detected with mouse anti-b-catenin (BD Biosciences, 610153), R. parkeri were de-

tected using rabbit anti-Rickettsia I7205 (Dr. Ted Hackstadt, NIH/NIAID Rocky Mountain Laboratories) and nuclei were stained

with DAPI. Coverslips for this experiment and the assays described below were mounted in Prolong mounting media (Invitrogen).

For Figure 2H, the same procedure was followed except DAPI was omitted.

For invasion assays, differential staining was done as previously described to distinguish extracellular and intracellular bacteria

(Reed et al., 2012).

To quantify actin tail frequency in Figure S1E, samples were fixed in 4% PFA/1x PBS for 10 min at room temperature. To quench

residual PFA, samples were incubated for 5 min in 0.1 M glycine in 1x PBS and permeabilized in 0.05% Tx100 in 1x PBS. Samples

were stained with Alexa-568 phalloidin (Life Technologies) and imaged with the Nikon Ti Eclipse and a 100x objective. In Figures 1E–

1G, sampleswere fixed and imaged as above, except F-actin and host plasmamembranewere labeledwith Alexa-488 phalloidin and

mouse anti-b-catenin (BD Biosciences, 610153), respectively.

To detect endogenous Sca4 secretion in Figure 3E, cells were fixed in 4% PFA/1x PBS for 10 min at room temperature. To quench

residual PFA, samples were incubated for 10 min in 0.1 M glycine in 1x PBS and permeabilized in 0.05% Tx100 in 1x PBS. Samples

were blocked in blocking buffer (2%BSA, 10%Normal Goat Serum, and 1x PBS). The primary antibodywas diluted in blocking buffer

and incubation was carried out in a humidified chamber for 3 hr at 37�C. The secondary antibodies were diluted in 10% NGS in 1x

PBS and incubated for 1 hr at room temperature. Sca4 was detected using the affinity-purified rabbit anti-Sca4, R. parkeri were

stained using mouse anti-Rickettsia 14-13 (kindly provided by Dr. Ted Hackstadt), and nuclei were stained with DAPI.

Secreted versus non-secreted Sca4 in Figure 3Dwas detected using a differential staining protocol adapted fromCampbell-Valois

et al. (2014). After fixation, quenching, and permeabilizing as above, infected cells were blocked with blocking buffer for 30 min at

room temperature, then stainedwithmouse anti-Rickettsia (14-13) and affinity purified rabbit anti-Sca4 for 3 hr at 37�C in a humidified

chamber. After secondary antibody staining at room temperature for 1 hr, samples were fixed for 5 min, quenched with 0.1 M glycine

in 1x PBS for 5 min, and incubated for 20 min at 37�C in lysozyme reaction buffer (0.8x PBS, 50 mM Glucose, 5 mM EDTA, 5 mg/ml

Lysozyme, 0.1% Tx-100). Total Sca4 was then detected by staining again with affinity-purified rabbit anti-Sca4 for 3 hr at 37�C in a

humidified chamber and a 1 hr room temperature secondary antibody incubation.

To detect Sca4 localization in the stable U2OS lines in Figure S2, cells were fixed and stained for Sca4 as in Figure 3E, but Alexa

488-phalloidin (Life Technologies) and mouse anti-vinculin (Sigma V4505) were used to visualize F-Actin and vinculin with Sca4.

Images were captured on a Nikon Ti Eclipse microscope with a Yokogawa CSU-XI spinning disc confocal, 60X and 100X (1.4 NA)

Plan Apo objectives, a Clara Interline CCD Camera andMetaMorph software. Images were processed using ImageJ and assembled

in Adobe Illustrator.

TEM1 Secretion Assays
A549 cells were plated in a 96-well plate (Corning CellStar) at 1x104 cells/well 48 hr before infection. Cells were infected at anMOI of 2

by adding bacteria to wells and centrifuging plates at 200 x g for 5 min at 25�C. Plates were then incubated at 33�C for 48 hr before

beta-lactamase activity was detected. To detect beta-lactamase activity with the LiveBLAzer FRET – B/G Loading kit (Invitrogen),

infected or uninfected A549 cells were first washed with serum free DMEM after which CCF4/AM substrate was added at a final con-

centration of 2 mM in serum-free DMEM with 6 mM probenecid and 1x alternate substrate loading solution (Invitrogen). Cells were

incubated for 90 min at room temperature in the dark, washed one time in PBS, and then imaged in PBS. Cleaved and uncleaved

CCF4/AM fluorescence was detected with a plate reader (TECAN infinite F200 Pro; Blue - ex400/em460 and Green - ex405/

em535 filters). Average response ratio was calculated by subtracting the background from both channels. Corrected values were

then used to determine the blue to green ratio. Fluorescent images were also captured on an Olympus IX71 microscope equipped

with a 20x LUCPlanFLN (0.45 NA) objective, a CoolSNAP HQ camera (Photometrics) and DAPI and FITC filter sets.

For immunoblotting of TEM1-fusions, purified bacteria were boiled in 3 x SDS loading buffer (150 mM Tris pH 6.8, 6% SDS, 0.3%

Bromophenol Blue, 30% Glycerol, 15% 2-mercaptoethanol) for 10 min and analyzed via western blot using mouse anti-beta lacta-

mase (Abcam ab12251) and mouse anti-OmpA 13-3 (kindly provided by Dr. Ted Hackstadt).

Traction Force Microscopy
Single cell TFM assays were performed as previously described (Bastounis et al., 2014). Briefly, two layered polyacrylamide gels, the

upper of which contained 0.04% carboxylate-modified yellow latex beads 0.1 mm in diameter (FluoSpheres; Molecular Probes) were

prepared and activated via SulfoSanpah (22589; Thermo Fischer Scientific) as previously described (Bastounis et al., 2014), except
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gels were attached to 24-well glass bottom plates (MatTek) and their Young’s modulus was �5 kPa (final concentrations of acryl-

amide and Bis-acrylamide: 5% and 0.15%, respectively). Activated gels were coated with recombinant human E-cadherin/Fc

chimera (Creative BioMart) or collagen I (Sigma-Aldrich, C3867) to allow adherence of the stable U2OS cell lines transduced with

FCW2-P2AT (control), FCW2-P2AT-Ires-Sca4, or FWC2-P2AT-Ires-Sca4 VBS-NC*.

To measure traction forces mediated by E-cadherin, activated gels were first coated with 0.2 mg/ml rabbit anti-human IgG (Fcg-

fragment specific; Jackson ImmunoResearch) and incubated overnight at 4�C. Gels were washed with PBS the next day to remove

unbound antibody and incubated for 3 hr at 4�C with 50 mg/ml recombinant human E-cadherin/Fc chimera (Creative BioMart). Gels

were then washed with PBS, blocked for 30 min at room temperature with 1%BSA/PBS, washed again with PBS, and equilibrated in

DMEM + 10% FBS for 30 min at 37�C prior to adding cells. Cells were lifted via 1x citric saline to preserve cadherins as above. Final

washed cell pellets were resuspended in 1x PBS with 20 mg/ml integrin blocking antibodies (anti-integrin b1 (Millipore MAB1987Z;

PC410) and anti-integrin alphaVbeta3 (Millipore MAB1976Z; LM609)) and incubated for 30 min at 37�C before adding cells to E-cad-

herin coated dishes. Approximately 2.5-5x105 cells were used per dish to achieve single cell attachment, and cells were allowed to

adhere for 3 hr at 37�C before imaging.

To measure cell-ECM traction forces, 0.25 mg/ml collagen I (Sigma-Aldrich, C3867) was added directly to activated gels and incu-

bated overnight at 4�C. Approximately 0.125-0.25x105 cells were used for single cell measurements while 4x105 cells were used for

monolayer studies. Cells were lifted via 1x citric saline as above and seeded 6-8 hr prior to imaging.

Multi-channel time-lapse sequences of fluorescence (to image the beads) and phase contrast images (to image the cells) were

acquired using an inverted Nikon Diaphot 200 with a CCD camera (Andor Technologies) using a 40X Plan Fluor NA 0.60 objective

and the MicroManager software package. The microscope was surrounded by a cage incubator (Haison) maintained at 37�C and

5% CO2. Images were acquired every 5 min for 4 to 12 hr. Subsequently, at each time interval we measured the 2D deformation

of the substrate at each point using an image correlation technique similar to particle image velocimetry (Gui and Wereley, 2002).

We calculate the local deformation vector by performing image correlation between each image and an undeformed reference image

whichwe acquired by adding 10%SDS at the end of each recording to detach the cells from the gels.We used interrogation windows

of 32x16 pixels (window size x window spacing) for cells forming a monolayer, 32x8 pixels for single cells on collagen-coated gels,

and 16x8 pixels for single cells on E-cadherin-coated gels.

For single cell experiments, we used a custom algorithm using MATLAB (MathWorks) to automatically identify the contour of the

cells from the phase contrast images (del Álamo et al., 2007). We calculated the 2D traction stresses single cells exert to the gel as

described elsewhere (del Álamo et al., 2007). We calculated the strain energy (Us) as the mechanical work done by the cell to deform

its gel:Us =
1
2

R
s t
!ðz= hÞ: u!ðz= hÞds, where u! is themeasured displacement vector field on the free surface of the gel, t! is the traction

stress field and
R
sðÞds represents a surface integral.

For cell monolayer experiments, traction stresses were measured as described above and monolayer tension was calculated from

the traction stresses as previously described (Banerjee et al., 2015). Specifically, we solved the equations of mechanical equilibrium

for a thin elastic plate subject to the reaction forces created by the polyacrylamide gel on the monolayer, which are opposite to the

measured traction stresses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters and significance are reported in the Figures and the Figure Legends. Data are determined to be statistically

significant when p < 0.05 by an unpaired Student’s T-Test, a one-way ANOVA, or Mann-Whitney rank sum t test, where indicated.

As such, asterisks denote statistical significance as: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001, compared to indicated

controls. For graphs depicted as box plots, boxes outline the 25th and 75th percentiles, midlines denotemedians, andwhiskers show

minimum and maximum values. All other graphical representations are described in the figure legends. Statistical analysis was per-

formed in GraphPad PRISM 6.
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Supplemental Figures

Figure S1. The sca4::tn Mutant Is Defective in Spread, but Not Invasion, Motility, or Intracellular Growth, Related to Figure 2

(A) Images of neutral red-stained plaques in Vero cell monolayers. (B) Growth curve of WT (Rp-GFP) and sca4::tn mutant bacteria in Vero cells as measured by

R. parkeri genome equivalents. Data is normalized to the 1 hpi time point for each set, and data are shown as the mean ± SD from duplicate samples. (C, D)

Invasion efficiency of WT (Rp-GFP) and sca4::tn into (C) HMEC-1 or (D) A549 cells. Data are mean ± SD. (E) Quantification of bacteria with long actin tails (> 1

bacterial length) at 28 hpi for WT (Rp-GFP) and sca4::tn mutant R. parkeri in A549 cells. F-actin visualized using phalloidin. Data are mean ± SEM. (F) Velocity of

bacterial actin-based motility in A549 cells stably expressing the F-actin marker (Lifeact-3xTagBFP) at 28 hpi for individual WT (Rp-GFP) and sca4::tn mutant

bacteria. Data are mean ± SEM. (G, H) Infectious focus size in (G) HMEC-1 and (H) U2OS monolayers infected with WT (Rp-GFP) and sca4::tn. Data are mean ±

SEM (unpaired t test: *p < 0.05, **p < 0.01, ****p < 0.0001).



Figure S2. Expression and Localization of Sca4 in Human Cells, Related to Figures 5 and 7

U2OS cells were stably transducedwith control lentiviral construct P2AT (control; FCW2-P2AT), lentiviral constructs expressing Sca4 (FCW2-P2AT-Ires-Sca4) or

the VBS-NC* mutant (FCW2-P2AT-Ires-Sca4-VBS-NC*), stained for (A) Sca4 (purple) and F-actin (green) or (B, C) Sca4 (purple) and vinculin (green), and imaged

via confocal microscopy. Similar staining patterns were also seen in A549 cells (not shown). (A) Z-slice showing partial colocalization between F-actin and Sca4.

Scale bar, 10 mm. (B) Z-slice corresponding to the apical region of a cell monolayer, with vinculin localized to adherens junctions. Scale bar, 10 mm. (C) Z-slice

corresponding to the basal cell surface, highlighting focal adhesions labeled by vinculin. Note partial colocalization between Sca4 and vinculin. Scale bar, 10 mm.

(D, E) Western blots of cell lysates collected from indicated stable (D) U2OS or (E) A549 lines. GAPDH used as loading control. Antibodies used shown at left, and

arrow indicates predicted Sca4 band at �112 kDa.
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SUMMARY

Monkeypox (MPXV) and cowpox (CPXV) are emerging
agents that causeseverehuman infectionsonan inter-
mittentbasis, andvariola virus (VARV)haspotential for
use as an agent of bioterror. Vaccinia immuneglobulin
(VIG) has been used therapeutically to treat severe
orthopoxvirus infections but is in short supply. We
generated a large panel of orthopoxvirus-specific hu-
man monoclonal antibodies (Abs) from immune sub-
jects to investigate the molecular basis of broadly
neutralizing antibody responses for diverse orthopox-
viruses. Detailed analysis revealed the principal
neutralizing antibody specificities that are cross-reac-
tive for VACV, CPXV, MPXV, and VARV and that are
determinants of protection in murine challenge
models. Optimal protection following respiratory or
systemic infection required a mixture of Abs that tar-
geted several membrane proteins, including proteins
on enveloped and mature virion forms of virus. This
work reveals orthopoxvirus targets for human Abs
that mediate cross-protective immunity and identifies
newcandidateAbtherapeuticmixtures to replaceVIG.

INTRODUCTION

Naturally occurring members of the Orthopoxvirus genus, cow-

pox virus (CPXV), monkeypox virus (MPXV), and variola virus

(VARV), cause severe infections in humans. VARV exclusively

causes human infections, with an estimated 300–500 million

deaths during the 20th century before the initiation of the global

smallpox vaccination campaign (Smith and McFadden, 2002).

MPXV and CPXV are emerging zoonotic infections with a

sporadic occurrence worldwide (McCollum et al., 2015; Reed

et al., 2004; Vorou et al., 2008). There is no licensed specific

treatment for these infections, and the onlymethod of prevention

is vaccination using vaccinia virus (VACV). Vaccination against

smallpox was discontinued in the late 1970s, leaving a large

proportion of the current human population vulnerable to ortho-

poxviruses. The fear that smallpox could potentially re-emerge

following a bioterror or biowarfare action (Smith and McFadden,

2002), the sporadic outbreaks of zoonotic MPXV and CPXV, and

the increasing prevalence of immunocompromised individuals

who cannot be vaccinated safely (Kemper et al., 2002), has stim-

ulated renewed interest in research on orthopoxvirus protective

immunity and treatment.

Orthopoxviruses have a large and complex proteome contain-

ing over 200 proteins. During infection, the virus exists in two

antigenically distinct forms, designated mature virions (MV) or

enveloped virions (EV), which contain �25 or 6 surface proteins,

respectively (Moss, 2011). MPXV and VARV are select agents

and subject to the U.S. select agent regulation 42 CFR part 73.

Various orthopoxvirus species sharemany genetic and antigenic

features (Hughes et al., 2010; Ichihashi and Oie, 1988; Stanford

et al., 2007), and an infection with an orthopoxvirus of any one

species may confer substantial protection against infection

with the other orthopoxviruses (McConnell et al., 1964). Vaccina-

tion with VACV protects against disease caused by VARV,

MPXV, or CPXV (Hammarlund et al., 2005). The immunologic

mechanisms underlying cross-protection by immunization with

VACV likely are diverse, but include neutralizing antibodies

(Moss, 2011). A critical role for antibodies (Abs) in orthopoxvirus

immunity was suggested by historical cases in which passive

transfer of serum from VARV- or VACV-immune subjects
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protected exposed individuals against smallpox (Kempe et al.,

1961). Recent studies in non-human primate or murine models

of experimental infection showed that polyclonal Abs are neces-

sary and sufficient for protection against lethal challenge with

MPXV or VACV (Belyakov et al., 2003; Edghill-Smith et al.,

2005). The level of neutralizing activity in immune serum is

thought to be the best laboratory predictor of protective immu-

nity to orthopoxvirus infections in humans (Mack et al., 1972).

Human vaccinia immune globulin (VIG) has been used for the

prevention and treatment of some smallpox and vaccine-related

complications with limited success (Wittek, 2006); Food and

Drug Administration (FDA) indications only address use for com-

plications following vaccinia inoculation. The level of efficacy is

uncertain due to lot-to-lot variation in potency and a lack of un-

derstanding of the molecular determinants of protection.

Percutaneous inoculation with VACV elicits a broad and het-

erogeneous serum Ab response that targets a large number of

antigenic determinants of VACV (Davies et al., 2005a, 2007).

The viral inhibitory activity of serum from immune subjects with

cross-neutralizing activity to VACV, MPXV, and VARV likely is

composed of Abs to diverse specificities (Hughes et al., 2012;

Kennedy et al., 2011). Abs in VIG recognize many antigen tar-

gets, including surface proteins of both EV and MV virion

forms of VACV (Davies et al., 2005a). Study of polyclonal Abs

in orthopoxvirus-immune sera of rabbits revealed the pattern

of recognition for each orthopoxvirus was unique, but also sug-

gested that different orthopoxvirus species shared common

neutralizing determinants (Baxby, 1982). Studies in murine infec-

tion models identified targets for neutralizing and protective

mouse monoclonal Abs (mAbs), which included the MV surface

proteins A27, L1, H3, D8, A28, A13, A17, and the EV surface pro-

teins B5 and A33 (Moss, 2011). Protection of mice against sys-

temic and respiratory infection with murine Abs required clones

specific to antigens of both MV and EV forms of VACV (Lustig

et al., 2005). These studies suggest complex patterns of recog-

nition by Abs protecting against infection and disease in experi-

mental animal models, but the molecular basis for neutralization

and cross-reactive orthopoxvirus immunity in humans is poorly

understood. Moreover, the principal mAb specificities that are

necessary and sufficient for protective immunity to orthopox-

viruses in the human B cell response remain unknown.

Here, we report the isolation of large numbers of naturally

occurring human mAbs from the blood cells of human subjects

with a history of prior orthopoxvirus vaccination or infection.

We used these mAbs to determine the basis for potent neutral-

izing Ab activity and breadth of cross-reactivity to VACV,

CPXV, MPXV, and VARV. The data reveal Ab specificities

contributing to optimal levels of cross-neutralizing potency. We

also identified antibody activities in in vitro assays that serve

as correlates of protection for the extent of in vivo protection

observed in small animal models of lethal infection. The studies

show that the critical features of Ab-mediated protection against

orthopoxvirus infection include the need for a mix of Abs that

recognizes both EV and MV forms of virion particles, a mixture

of Abs to diverse proteins on each of those particle forms, and

the presence of complement. The studies also suggest novel

potent and broadly neutralizing candidate mixtures of mAbs for

therapeutic use in humans to replace VIG.

RESULTS

Orthopoxvirus Infection in Humans Elicits a Complex B
Cell Response Encoding Large Numbers of Clones
Reactive with Antigens from Diverse Orthopoxvirus

Species
We obtained peripheral bloodmononuclear cells (PBMCs) from a

donor who had recovered from a naturally occurringMPXV infec-

tionor fromotherwise healthysubjectspreviously immunizedwith

oneof threedifferent vaccine formulations (TableS1), IMVAMUNE

(live attenuatedmodified vaccinia Ankara virus), Dryvax (a freeze-

dried calf lymph produced vaccinia virus), or ACAM2000 (Vero

cell culture produced vaccinia virus) (Verardi et al., 2012). To iden-

tify orthopoxvirus-specific B cell cultures, PBMCs were trans-

formed with Epstein-Barr virus, and the supernatants from the

resulting lymphoblastoid cell lines were screened by ELISA for

binding to orthopoxvirus antigens. Hybridomas secreting human

antigen-specificmAbswere generated fromB cell lines secreting

virus-specific antibodies, as previously described (Crowe, 2009).

Because orthopoxviruses have somany protein components, we

used complementary screening approaches to identify orthopox-

virus-specific mAbs. In one approach, we assessed hybridoma

cell line supernatants for reactivity to each of 12 recombinant

VACV protein antigens designated A21, A27, A28, A33, B5, D8,

F9, J5, H2, H3, L1, and L5. The A33 and B5 proteins are surface

antigens on the EV form of virus, while the remaining ten proteins

are surface antigens on MV particles. In addition, we also

screened for mAbs that bind to inactivated lysates of VACV-,

CPXV-, or MPXV-infected cell monolayer cultures.

A total of 89clonedhybridomacell lines secreting humanmAbs

was isolated, including 44 lines from vaccinees and 45 from the

donor with a history of MPXV infection (Table S1). The 89 mAbs

were independent clones that displayed a high degree of

sequence diversity, including a unique HCDR3 sequence for

each mAb (Table S2). Thirty-two mAbs in the panel bound in

ELISA to inactivated VACV-infected cell lysates only and thus

their protein antigen specificity was uncertain initially. Binding

of these mAbs was reassessed using VACV protein antigen mi-

croarrays, which revealed additional mAbs specific to D8, H3

A21, A25, H5, and I1 VACV proteins. Therefore, the mAb panel

contained Abs to at least 12 antigens: D8, B5, A33, H3, L1,

A27, I1, A25, F9, A28, A21, and H5 (Figure 1A). The majority (62

of 89 [70%]) of purifiedmAbs reacted to one of six VACV antigens

that were reported previously as major targets for neutralizing

Abs in mice or humans (Moss, 2011), specifically A27, H3, D8,

L1, B5, and A33. Sixteen percent (14 of 89) of mAbs in the panel

reactedwithVACV-infected cell lysatebut notwith a recombinant

protein antigen, therefore they remain of unknown specificity

(Figure 1A). MAbs that targeted the antigens VACV D8 and B5

were over-represented in the panel (35 of 75 mAbs) accounting

for 47% of mAbs with known antigen specificity. Further analysis

revealed several competition-binding groups amongAbspecific-

ities that bind to H3 or D8 antigens (Figure S1), indicating the

presence of mAbs to several antigenic sites on these antigens.

We next assessed the cross-reactivity of individual VACV-

reactive mAbs to CPXV, MPXV, or VARV by testing binding to

CPXV-, MPXV-, or VARV-infected cell lysates or to recombinant

VARV protein antigens that are orthologs of the identified VACV
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targets. A large fraction (45 of 73 [62%]) of mAbs that bound to

VACV antigens in virus-infected cell lysate (Figure 1B) bound in

a cross-reactive manner to the virus-infected lysates of all four

Orthopoxvirus species tested, and the majority (70 of 73 [96%])

of mAbs cross-reacted with at least two orthopoxviruses (Fig-

ure 1C; Table S3). Remarkably, a large fraction (47 of 71 tested

[66%]) of the mAbs with an established protein antigen speci-

ficity for VACV cross-reacted with the orthologous VARV

antigens (Figure 1D; Table S3). The mAbs bound to recombinant

antigens and/or infected cell lysates in a concentration-depen-

dent manner (Figure S2 and data not shown), and the majority

of them possessed half maximal effective concentration (EC50)

binding values of 1 mg/mL or lower, confirming their antigen-spe-

cific binding phenotype (Table S4). Therefore, the majority of

mAbs in the panel exhibited binding patterns that suggested

the potential to neutralize several Orthopoxvirus species that

are infectious for humans.

The Majority of Human Neutralizing mAbs Recognized
One of Six Antigens and Exhibited Cross-Neutralization
for Several Orthopoxvirus Species
We next tested the mAbs in virus neutralization assays using MV

or EV forms of VACV, CPXV, or MPXV. Neutralization potency of

mAbs was assessed based on the half maximal inhibitory con-

centration (IC50) and the maximum of neutralization effect

(Emax) values. More than half (48 of 89 [54%]) of the mAbs

possessed neutralizing activity (Emax R 50%) at 100 mg/mL or

lower concentration for at least one orthopoxvirus; 16 or 32

mAbs neutralized the EV or MV form of VACV, respectively

A

B D

C
Figure 1. Panel of Orthopoxvirus-Specific

Human MAbs

A panel of 89 human mAbs was generated based

on reactivity to VACV-infected cell lysate or to

VACV protein antigens. Individual mAbs were as-

sessed for cross reactivity using CPXV,MPXV, and

VARV-infected cell lysates or antigens.

(A) Antigen specificity of purified mAbs. Reactivity

of Abs of unknown antigen specificity that bound

to inactivated VACV-infected cell lysate only is

designated as ‘‘VACV lysate only.’’

(B) Representation of mAbs in the panel from (A)

that bound only to VACV-infected cell lysate, re-

combinant VACV proteins, or both, VACV infected

cell lysate and recombinant VACV proteins. See

also Tables S3 and S4.

(C) Cross-reactivity of mAbs that bound to

VACV lysates from (B) to VACV-, CPXV-, MPXV-, or

VARV-infected cell lysates. See also Figure S2.

(D) Cross-reactivity of mAbs that bound to VACV

antigens from (B) to the respective 12 ortholog

proteins of VARV. Four mAbs with low expression

were not tested.

See also Tables S1 and S2.

(Figure 2A). Of note, neutralizing activity

for the majority of these Abs required

complement (Table S5). Most (46 of 48

[98%]) of the neutralizing mAbs recog-

nized one of six proteins, D8, L1, B5

A33, A27, or H3 (Figure 2B). Two remaining mAbs were from

the subject with prior wild-type MPXV infection and recognized

I1 or an undetermined MPXV antigen (Table S5).

A majority (38 of 48 [79%]) of neutralizing mAbs cross-neutral-

ized at least twoOrthopoxvirus species (mainly VACV and CPXV)

and 12 of 48 (25%) mAbs neutralized three orthopoxviruses—

VACV, CPXV, and MPXV (Figure 2C). Regardless of their antigen

specificity, the neutralizingmAbs variedwidely in their neutraliza-

tion potency. IC50 values of individual mAbs ranged from �0.02

to 100 mg/mL, and Emax values varied from 50% (the designated

cut-off threshold to identify potent neutralizing clones) to 99.5%

(Figure 2D; Table S5). Most of the neutralizing mAbs reduced

plaque number only by �60%–80% at the highest tested con-

centration, regardless of antigen or form of virus targeted. The

neutralizing activity of MV-targeted anti-D8, L1, A27, or H3,

and EV-targeted anti-B5 mAbs were similar for VACV and

CPXV, and two of six VACV and MPXV-neutralizing anti-A33

mAbs neutralized CPXV. None of the anti-D8 or anti-B5 mAbs

neutralized MPXV, despite the ability of these mAbs to bind the

corresponding MPXV ortholog protein (Tables S4 and S5). In

contrast, the broadest cross-neutralizing activity (neutralization

of VACV, CPXV, and MPXV), was detected in mAbs directed to

A33, L1, A27, or H3 antigens (Figure 2D). Cross-neutralizing

mAbs were isolated from most orthopoxvirus-immune subjects

(Table S5). Together, our data indicate that mAbs induced by

VACV immunization or MPXV infection that recognize any of six

neutralizing determinants can inhibit several Orthopoxvirus spe-

cies and also suggest that the broadest cross-neutralization is

mediated predominantly by four Ab specificities.
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Mixtures of Diverse mAb Specificities Possess Superior
Cross-Neutralizing Activity for VACV, CPXV, MPXV,
and VARV
We next designed two mixtures of mAbs, designated MIX6 and

MIX4, containing diverse specificities with high neutralizing (low

IC50 and high Emax values) and cross-neutralizing activities

to both MV and EV forms of virus (Figure 2D; Table S5). MIX6

contained single neutralizing mAbs directed to each of six an-

tigens that targeted by neutralizing mAbs—MV proteins D8,

A27, H3, and L1, and EV proteins B5 and A33. MIX4 was similar

to MIX6, containing mAbs to A27, L1, B5, and A33, but lacked

anti-D8 and H3 mAbs (Table S6) that were found to be non-

protective in the lower respiratory tract infection model

(detailed below). Both mixtures included four mAbs that ex-

hibited similar binding for VACV proteins and the correspond-

ing VARV protein orthologs (Figure S2). The neutralizing activ-

ity of MIX6 and MIX4 for VACV were higher than that of

individual mAbs or VIGIV (Figure 3A). Moreover, MIX6 and

MIX4 cross-neutralized VACV, CPXV, MPXV, and VARV more

potently than did VIGIV in EV and MV neutralization assays

(Figures 3B and S3; VARV could only be tested in the MV

assay, without complement). Therefore, neutralization and

cross-neutralization are more efficiently achieved with mix-

tures of diverse mAbs specificities than with individual potently

neutralizing mAbs.

Superior In Vivo Protection against VACV Infection Was
Achieved by Administration of aMixture of HumanmAbs
that Targeted Multiple Viral Antigens
We next evaluated the protective capacity of MIX6. Single-dose

treatment with MIX6 one day before lethal intranasal (IN) chal-

A

B D

C Figure 2. Neutralizing and Cross-Neutral-

izing Potency of Human MAbs

Individual mAbs were assessed for neutralization

using MV or EV forms of VACV, CPXV, or MPXV.

(A) Representation of individual mAbs within the

panel that neutralized at least one of three Ortho-

poxvirus species. See also Table S5.

(B) Relative abundance (shown in colors and with

percent on the top of each bar) and number of

VACV-neutralizing mAbs for each antigen speci-

ficity from (A). Anti-I1 and unknown specificity

mAbs neutralized MPXV only.

(C) Cross-neutralization of VACV, CPXV, or MPXV

by individual mAbs from (A).

(D) Cross-neutralizing potency of individual

neutralizing mAbs from (A). Each symbol repre-

sents the mean ± SD of triplicate Emax values of

individual mAbs. Antibodies later tested for

protection in vivo (detailed below) are indicated

in red.

lenge of C57BL/6 mice with VACV pro-

vided complete protection against weight

loss and mortality (Figure 4A). Mock-

treated mice experienced severe illness

and succumbed by day 7 post-inocula-

tion (p.i.). The protection was associated

with a profound (�106-fold) reduction of viral load in the lungs

on day 7 p.i., when compared to the mock-treated group (Fig-

ure 4B). Notably, the level of protection provided by MIX6 was

comparable to, if not higher than, that provided by prior immuni-

zation with a sub-lethal dose of VACV. In contrast, pre-treatment

with VIGIV did not protect mice under the challenge condi-

tions used. These mice were unable to control VACV replica-

tion in the lungs and succumbed by day 7 p.i., similarly to the

mock-treated group (Figure 4B). These data indicate a high

prophylactic potency of MIX6 for prevention of respiratory tract

infection.

To further characterize the protective efficacy of MIX6, we

tested it in a lethal model of systemic VACV dissemination using

severe combined immunodeficiency (SCID) mice that lack adap-

tive immune responses but retain a functional complement

system (Bosma and Carroll, 1991). Initially, we assessed the pro-

phylactic effect of MIX6 given to mice by the intraperitoneal (i.p.)

route 1 day prior to lethal i.p. virus challenge. Remarkably, sin-

gle-dose pre-treatment with MIX6 provided sterilizing immunity

in this model (Figure 4C). Mice pre-treated with a human mAb

of irrelevant specificity succumbed to the disease by day 20

p.i., when the group of animals pre-treated with MIX6 was

completely protected from death and any signs of disease.

Clearance of human mAbs from animal blood rendered healthy

mice susceptible to VACV re-infection (Figures 4C and 4D),

demonstrating that the sterilizing immunity observed during

primary VACV infection wasmediated solely by the administered

MIX6.

In summary, these findings demonstrate the high prophylactic

potency of MIX6 for prevention of respiratory and systemically

disseminated VACV infections.
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Four Principal Antibody Specificities Participated in
Protection against Respiratory VACV Challenge when
Used in Mixture
We next determined the contribution of individual mAbs within

MIX6 by assessing the protective capacity of single mAbs or their

mixtures (Table S6). Both of the EV-targeted antibodies, anti-A33

and -B5, protected B6 mice from death and severe weight loss

when administered alone or as a mixture (MIX6(DMV)) 1 day

before IN VACV challenge. In contrast, none of the MV-targeted

mAbs, or their mixture (MIX6(DEV)), protected mice in the same

conditions (Figures 5A and S4). A possible explanation for this

result was that the VACV challenge conditions used in this model

are quite stringent and likely do not allow detection of moderate

levels of protection by somemAbs. The other possibility was that

the selected mAb clones may bind to non-protective epitopes

of their antigens. To investigate further, we assessed protection

using a less severe upper airways infection mouse model (Fig-

ure S5A). These conditions resulted in milder disease and less

mortality. In addition, anti-D8 and H3 mAbs were tested as mix-

tures of five or three different epitope specificities that incorpo-

rated mAbs from different competition-binding groups for D8

or H3 antigens, respectively. These single antigen-specific

mixtures thus recognized diverse epitopes in D8 or H3 antigen.

In this less stringent challenge setting, anti-A27 mAbs prevented

mortality and severe weight loss, showing these mAbs may

contribute to the protective efficiency by MIX6. Anti-L1 mAbs

and mixtures of anti-D8 or anti-H3 mAbs still were not protective

(Figure S5A). Therefore, these monotherapy studies suggested

three protective human mAbs specificities in this model—anti-

B5, anti-A33, and anti-A27.

It was possible that some of the six Ab specificities contributed

to protection inmixtures only in a cooperative manner that would

not be detected by monotherapy studies. To detect such activ-

ity, we designed mixtures that were variants of the MIX6 that

each lacked one mAb specificity (Table S6). Each of the MIX6

A

B

Figure 3. Mixtures of Four or Six MAbs

Possess High Cross-Neutralizing Activity

for VACV, CPXV, MPXV, and VARV

Neutralizing activity of mAbs or VIGIV was as-

sessed using MV- and EV-neutralization assays.

MIX6 included anti-L1, anti-H3, anti-A27, anti-D8,

anti-B5, and anti-A33mAbs.MIX4 included anti-L1,

anti-A27, anti-B5, and anti-A33 mAbs.

(A) VACV neutralization by individual mAbs or their

mixtures, compared with VIGIV. MAb mixtures

designations are listed in Table S6.

(B) Cross-neutralizing activity of MIX4, MIX6 and

VIGIV for VACV, CPXV, MPXV, or VARV (only the

MV form was tested for VARV). Data represent

one of two independent experiments, shown as

mean ± SD of assay triplicates.

See also Figure S3.

variant mixtures lacking one of the mAbs

was protective, although mixtures lacking

anti-L1, anti-A27, anti-A33, and anti-B5

were less efficient in protection against

weight loss than MIX6 (Figure 5B).

Removal of the protective MV-targeted anti-A27 mAb from

MIX6 did not affect the outcome of challenge substantially. How-

ever, exclusion of the MV-targeted anti-L1 mAb from MIX6

resulted in detectable weight loss upon infection, which was

comparable to that seen when mice were pre-treated with

Mix6 lacking either of the most potent EV-targeted mAbs (anti-

A33 or anti-B5) identified in the monotherapy studies (Figures

5A and 5B). Moreover, MIX4 containing anti-L1, anti-A27, anti-

B5, and anti-A33mAbs conferred a level of protection equivalent

to that of MIX6 (Figure 5C). Therefore, the mAbs inMIX4 appear to

cooperate in achieving their protective effect.

One possible explanation for the diminished protection

observed when a mAb mixture lacked a single MV- or EV-tar-

geted mAb specificity was the decrease in total amount of

mAb per treatment. Therefore, we next examined whether the

lack of one mAb specificity in protective MIX4 could be compen-

sated by using a mixture containing the same total amount of Ab

by adding an equivalent amount of one of the retained mAb

specificities targeting the same virion form. Themonotherapy re-

sults suggested higher potency of anti-A33 and anti-A27 mAbs

when compared to the EV- or MV-specific anti-B5 and anti-

A27 mAbs (Figures 5A and S5A). Therefore, groups of mice

were treated before VACV challenge with a variant of MIX4 that

contained a 2-fold higher amount of the anti-A27 or anti-A33

mAb and lacked anti-L1 (designated as MIX4(DL1)), or anti-B5

(designated as MIX4(DB5)) mAb, respectively. An excess of

anti-A27 or anti-A33 mAb did not restore the initial activity of

MIX4 in absence of mAbs with anti-L1 or anti-B5 specificities,

although the effect was minor under the challenge conditions

used (Figure 5C). However, in more stringent challenge condi-

tions, mice pre-treated with MIX4 exhibited significantly higher

resistance to the disease and recovered faster compared to

mice that received the MIX4 (DB5) containing a 2-fold higher

amount of anti-A33 mAb (Figure S5B). This finding suggested

MIX4 as a potent therapeutic mixture. Together, these results
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showed that four principal mAb specificities in MIX4 contributed

to, and were required for, efficient protection against lethal res-

piratory tract VACV infection in the mouse model.

Therapeutic Effect ofMIX6whenGivenUp to 3Days after
Infection by the Respiratory Route
We next determined how long after respiratory infection MIX6

would exhibit a therapeutic effect, when treatment was delayed.

For these studies, mice were immunized passively with MIX6 one

day before or on the day of virus challenge, or 1, 2 or 3 days after

virus challenge (Figure 6). As expected, the treatment was most

efficient when administered before disease onset. Mice given

MIX6 showed significant protection from weight loss if the treat-

ment was given 1 day before, on the day of challenge or 1 day

after infection. When the treatment was delayed until day 3,

the time point when untreated animals developed disease due

to profound virus burden in the lungs (data not shown), we

observed protection from death, but only partial protection

from weight loss (Figure 6). These data demonstrated that MIX6

mediated a therapeutic effect evenwhen treatment was delayed,

especially against lethality.

Diverse Human Ab Specificities Participate in
Protection against Systemic VACV Infection
The experiments described above showed that a single dose of

MIX6 given prior to systemic inoculation with a lethal dose of

VACV conferred sterilizing protective immunity in SCID mice,

which lack adaptive immunity (Figure 4C). Using this model,

we next assessed the efficacy of monotherapy with individual

mAbs, MIX6, or VIGIV that were given to mice 1 day after inocu-

A

B D

C Figure 4. MIX6 Provides Superior Protection

against Lethal VACV Infection In Vivo

Groups of C57BL/6 or BALB/c SCID mice repre-

senting, respectively, lower respiratory tract (A) or

systemic dissemination (C) infection models, were

inoculated i.p. with 1.2 mg of MIX6 or with 5 mg of

VIGIV, or 1.2 mg of an irrelevant anti-dengue virus

neutralizing mAb. The next day (d0) mice were

challenged with a lethal dose of VACV and moni-

tored for protection.

(A) Protection from respiratory VACV infection that

was mediated by MIX6, VIGIV, or vaccination with

live VACV 3 weeks prior with a sub-lethal dose of

VACV.

(B) VACV titers assessed in the lungs of infected

mice from (A) on day 7 p.i., shown as mean ± SEM;

data represent one of two independent experi-

ments with n = 5–10 mice per group. Dotted line

indicates limit of detection (LOD) for the assay.

(C) Protection from systemically disseminated

lethal VACV infection that was mediated by MIX6.

(D) Human mAb concentration in blood of treated

mice from (C) at different times after treatment,

shown as mean concentration ± SEM. One of two

independent experiments, n = 3–5 mice per group.

lation with a lethal dose of VACV (Fig-

ure 7). Similar to the respiratory challenge

study, anti-H3 or anti-D8 mAbs were

used as mixtures of several epitope specificities. Each of the

Abs tested, including those identified as non-protective in respi-

ratory tract infection, delayed morbidity and mortality in mice

when compared to the animals in themock-treated group.More-

over, delayed treatment with MIX6 conferred sterilizing immunity

to inoculated mice, which all survived and lacked signs of

illness for >155 days after VACV inoculation (Figures 7A and

7B). Together, these results demonstrated a high therapeutic

potency of MIX6 and showed that diverse mAbs specificities

may contribute to protection against systemically disseminated

VACV infection.

DISCUSSION

In this study, we elucidated the breadth and specificity of human

cross-neutralizing mAbs against the clinically relevant ortho-

poxviruses VACV, CPXV, MPXV, and VARV. In addition, we

identified the principal protective specificities for human mAbs

and demonstrated that superior protection in mouse challenge

models could be achieved with a defined mAb mixture that

targeted a limited number of orthopoxvirus protein antigens.

Studying protective antibody-mediated immunity for ortho-

poxvirus infections has been challenging because of the lack

of clonal human Abs representing the naturally occurring human

B cell response to orthopoxvirus infection or immunization. In the

current work, using a cohort of orthopoxvirus-immune subjects,

we showed that orthopoxvirus infection elicits a complex B cell

response encoding large numbers of clones reactive to antigens

from diverse orthopoxvirus species. Further analysis of indi-

vidual clones revealed the importance of six major neutralizing
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A

B

C

Figure 5. Human mAb Specificities that Contribute to Protection against Lethal Respiratory VACV Infection

C57BL/6 mice were inoculated i.p. 1 day prior to VACV challenge with 0.2 mg of individual mAbs or one of several mixtures designed to de-convolute protective

mAbs specificities within MIX6. The next day (d0), mice were challenged IN with VACV and monitored for protection.

(A) Protective capacity of individual mAbs of MIX6. Anti-D8 and -H3 specificities were inoculated as amixture of three to fivemAbs to those proteins from different

competition-binding groups.

(B) Protective capacity of mixtures that were based on Mix6 but had removal of a mAb for a single specificity, either L1, A27, D8, H3, A33, or B5.

(legend continued on next page)
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mAb specificities that targeted both MV (anti-H3, anti-A27, anti-

D8, and anti-L1) and EV (anti-B5 and anti-A33) infectious

forms of orthopoxvirus and required complement for optimal

activity. The presence of complement enhanced the inhibitory

activity of mAbs targeting most neutralizing determinants, sug-

gesting a major component of complement-dependent mecha-

nisms underlying the protection in vivo mediated by neutralizing

Abs elicited in response to orthopoxvirus infection.

In studies of human mAbs to other viruses, such as HIV, influ-

enza, or dengue virus, we have found that the percentage of

neutralizing mAbs among the total number of mAbs induced

by infection or vaccination varies according to the agent. For

example, typically <1% of the mAbs induced by dengue virus

infection neutralize virus (Smith et al., 2012), whereas a large pro-

portion of influenza-specific mAbs neutralize (Thornburg et al.,

2013). For orthopoxviruses, we found here that a high fraction

of the mAbs from our panel (54%) possessed neutralizing

activity. Given the high level of sequence homology among the

surface proteins from VACV, CPXV, MPXV, and VARV (89%–

100%), such a robust and diverse neutralizing Ab response likely

explains the efficient cross-protection induced by VACV immuni-

zation against heterologous orthopoxvirus infections. Our finding

that a large fraction of orthopoxvirus-specific mAbs of the panel

exhibited cross-binding and/or cross-neutralizing activity for

VACV, CPXV, MPXV, and VARV further substantiates this model.

The broadest cross-neutralization was achieved by mAbs tar-

geting four antigens in the MV or EV forms of VACV, namely

A33, A27, L1, and H3 (or the ortholog proteins in the other three

viruses), thus identifying the principal determinants of Ab-medi-

ated cross-protective immunity to orthopoxviruses.

Information about the protective potential of human Abs has

been limited mostly to the study of varying lots of VIGIV, which

has been used with partial success for post-exposure treatment

and for management of some severe adverse reactions to small-

pox vaccination (Wittek, 2006). Multiple antigen specificities

appear to contribute to neutralization of the MV form of VACV

by VIGIV or immune serum IgG (Benhnia et al., 2008; Moss,

2011). Abs to B5 were thought responsible for much of the

neutralization activity against VACV EV forms of virus (Bell et al.,

2004). Animal studies suggested that protection is not readily

achieved by administration of a single neutralizing mAb and

requires bothEV- andMV-targetedmAbs (Lustig et al., 2005). Re-

constituting (or improving) the protective activity of VIGIV with

mAbs has been attempted empirically, using a mixture of anti-

H3 and anti-B5 mAbs (McCausland et al., 2010), or a complex

mixture of 26 human mAbs directed to 14 antigens (Lantto

et al., 2011; Zaitseva et al., 2011). Our data suggest that amixture

containing mAbs of only two specificities (anti-H3 and anti-B5)

likelywould fail to cross-protect efficiently, becausewe observed

that anti-B5 mAbs fail to neutralize the EV form of MPXV. In

contrast, the previous mixture of 26 mAbs likely includes redun-

dant or noncontributory mAbs, because this composition con-

tains a number ofmAbs that are directed to antigenic specificities

without an apparent role in cross-neutralization or protection.

To make a potent neutralizing and protective human Ab mixture

by rational design that recognizes the four major orthopoxvirus

threats to humans, we combined potent cross-neutralizing hu-

man mAbs targeting six major orthopoxvirus antigenic proteins:

the MV antigens H3, A27, D8, and L1 and the EV antigens B5

and A33. Remarkably, MIX6 or its derivative MIX4 cross-neutral-

ized all four clinically relevant orthopoxviruses, including live

VARV, andexhibitedsuperiority compared to conventional VIGIV.

Orthopoxviruses transmit by several routes of infection and

cause diverse clinical syndromes in humans (Smith and McFad-

den, 2002), which can be modeled in part using different animal

models (Chapman et al., 2010). We sought here to compare the

prophylactic and treatment efficiency of human mAbs and their

mixtures in several well-established VACV lethal challenge mu-

rine models using either mild or severe respiratory tract infection

or, alternatively, systemic inoculation resulting in disseminated

infection (Belyakov et al., 2003; Flexner et al., 1987; Wyatt

et al., 2004). The resulting data revealed that the contribution of

individual specificities to protection varied depending on the

route of virus inoculation. Four specificities (anti-A33, anti-B5,

anti-L1, and anti-A27), contributed significantly to protection

against respiratory tract infection, while in contrast, all six tested

specificities contributed to protection in the model of systemic

infection. Moreover, we observed that the major contribution to

protection in both models was provided by EV-targeted anti-B5

and anti-A33 human mAbs, consistent with previous studies of

mousemAbs (Lustig et al., 2005). Thus, cross-protection against

all clinically important orthopoxviruses is most likely achieved

(C) Protective capacity of mixtures based on MIX4, MIX4 lacking anti-L1 mAb but with a 2-fold excess of anti-A27 mAb, or MIX4 lacking anti-B5 mAb but with a

2-fold excess of anti-A33 mAb. Data shown indicate mean ± SEM from one of two independent experiments using five to ten mice per group. mAb mixtures

designations are listed in Table S6.

See also Figures S4 and S5.

Figure 6. Efficient Post-exposure Treatment Effect Mediated by

MIX6 MAbs

C57BL/6 mice were inoculated i.p. with 1.2 mg of MIX6 on the day before (d-1),

or on the day of (d0), or day 1 to day 3 (d1–d3) after lethal IN challenge with

VACV. The control group included mice pre-treated one day before challenge

with 1.2 mg of an anti-dengue virus mAb. The body weight loss kinetics are

shown for 14 days around the time of infection and treatment. Data are pre-

sented as mean ± SEM, using five to ten mice per group. Percent indicate

survival based on endpoint criteria for euthanasia.
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when incorporating both EV-neutralizing anti-B5 and anti-A33

mAbs, which may compensate for some species cross-neutrali-

zation deficiencies of the other.MIX6 andMIX4 exhibited superior-

ity in protection against VACV compared to VIGIV, suggesting

novel efficient mixtures of mAbs for therapeutic use in humans.

In summary, the findings presented here reveal the fundamental

mechanisms underlying efficient cross-protective antibody-

mediated immunity to orthopoxviruses in humans.

Limitations, Caveats, and Open Questions
Using naturally occurring human mAbs isolated by hybridoma

technology, this study revealed six principal cross-neutralizing

human mAb specificities for VACV, CPXV, MPXV, and VARV.

We next showed that these Ab specificities that are necessary

and sufficient determinants of protection in murine challenge

models. This work suggests that a mixture of these Abs could

mediate cross-protective immunity to orthopoxviruses. As with

most studies, there are several limitations of this work that we

would like to point out.

The antibody discovery platform used likely allowed us to

identify mAbs only from themost frequent classes of B cell mem-

ory clones that occur in human peripheral blood. Therefore, less

frequent clones could be missing from our analysis.

It remains unknown to what extent the B cell memory

repertoire in the blood that we have studied corresponds

to the antigen-reactive antibody protein repertoire in the

serum that is secreted by long-lived plasma cells in the

bone marrow. Future proteomics studies using emerging

technologies might be able to address this question.

Future development for use in humans of individual

mAbs or mixtures described here against VACV, CPXV,

and MPXV or VARV should include studies of larger animal

models, such as non-human primates.
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Further information and requests for reagents may be directed to, and be fulfilled by the corresponding author: James E. Crowe,

Jr. (james.crowe@vanderbilt.edu). Materials described in this paper are available for distribution under the Uniform Biological Mate-

rial Transfer Agreement, a master agreement that was developed by the NIH to simplify transfers of biological research materials.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Donors
PBMCs were obtained from subjects vaccinated with Dryvax (Wyeth), IMVAMUNE (Bavarian Nordic), or ACAM2000 (Acambis). The

VRC 201 study was approved by the NIAID IRB under the intramural number 02-I-0316. The ClinicalTrials.gov number was

NCT00046397. One sample was obtained from a U.S. survivor of naturally acquired MPXV infection (Lewis et al., 2007). The studies

were approved by the Institutional Review Boards of Vanderbilt University Medical Center, Oregon Health Sciences University, and

the National Institute of Allergy and Infectious Diseases.

Mice
C57BL/6 and CBy.Smn.CB17PRKdc SCID/J (BALB/c SCID) mice were purchased from Jackson Laboratories (Bar Harbor). BALB/c

SCID mice received Laboratory Autoclavable Rodent Diet #5010 (LabDiet). Breeding, maintenance and experimentation complied

with Institutional Animal Care and Use Committee regulations.

Cell Lines and Viruses
VACV Dryvax (NIH, Lot# 4008284), VACVWestern Reserve (VACV-WR; ATCC VR-119) and CPXV Brighton Red (BEI Resources, NR-

88) were propagated and titered in monolayer cultures of BSC-40 cells (ATCC CRL-2761). MPXV Zaire was propagated in BSC-40

cells and titered on Vero cells (ATCC CCL-81). Bangladesh 1974 Solaiman strain of VARV was propagated in monolayer cultures of

Vero E6 cells (ATCC CRL-1586). VACV and CPXV were manipulated under BSL-2 conditions by vaccinated personnel. MPXV was

manipulated under BSL-2 conditions with BSL-3 precautions by vaccinated personnel. All experiments with live VARVwere reviewed

and approved by the World Health Organization Advisory Committee on Variola Virus Research (WHO ACVVR). Experiments with

VARV were conducted in accordance with WHO ACVVR guidelines and within a biosafety level 4 laboratory.

Antigens
Recombinant VACV proteins A27, A33, L1, B5, A28, L5, A21, H2, F9, J5, and VARV proteins I2, A31.5, A36, M1, B6, A31 were pro-

duced using a baculovirus expression system or purchased from BEI Resources. Truncated monomeric D8 protein was kindly pro-

vided by Dr. D. M. Zajonc and Dr. Y. Xiang. Recombinant VACV H3 protein was kindly provided by Dr. Crotty. DNA encoding the

MPXV ortholog of the A27 VACV protein was purchased from BEI Resources. H3 and D8 protein orthologs of VARV were produced

after WHO approval, as described previously (Davies et al., 2005b; Matho et al., 2012). Cell lysates infected with VACV (NYCBOH),

CPXV, MPXV were prepared and inactivated as described previously (Amanna et al., 2012). For preparation of VARV-infected cell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Vero cells ATCC Cat# CCL-81

Vero E6 cells ATCC Cat# CRL-1586

Experimental Models: Viruses

VACV Dryvax NIH Cat# 4008284

VACV Western Reserve (WR) ATCC Cat# VR-119

CPXV Brighton Red BEI Resources Cat# NR-88

Monkeypox virus Zaire 79 Dr. Mark Slifka Laboratory N/A

VARV Bangladesh 1974 Solaiman strain Centers for Disease Control and Prevention N/A

Software and Algorithms

IMGT, the international ImMunoGeneTics

information system

(Ruiz et al., 2000) http://www.imgt.org

Prism 5.0 software GraphPad http://www.graphpad.com

GenePix Pro 5.0 software Molecular Devices https://www.moleculardevices.com

Other

Orthopoxvirus-specific human mAbs This paper Table S2
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lysate, RK-13 cells were inoculated with VARV at the CDC at an MOI of 1 and incubated for 48 hrs at 55.5�C. Harvested cells were

resuspended in 1 mM Tris buffer, lysed by two freeze/thaw cycles, followed by sonication three times at 160 watts for 1 min. VARV

was inactivated by gamma irradiation using three times the kill dose on dry ice, where one kill dose equals 4.43 106 rads. A VACV-WR

protein array was acquired from Antigen Discovery. The VARV protein microarray was prepared as described previously (Davies

et al., 2005b).

METHOD DETAILS

Generation of Human Hybridomas
Human hybridomas were generated as described previously (Crowe, 2009). Briefly, cryopreserved samples were transformed with

Epstein-Barr virus. Cultures were incubated in 384-well culture plates for 10 days and then expanded using cell culture medium con-

taining irradiated heterologous human PBMCs (Nashville Red Cross). Plates were screened for VACV recombinant antigen- or VACV-

infectedcell lysate-specific antibody secreting cell lines usingELISA.Cells fromwellswith supernatants containingAbs that reacted to

antigen or infected cell lysate were fused with HMMA2.5myeloma cells using an established electrofusion technique (Yu et al., 2008).

ELISA
For screening ELISA, plates were coated with antigen at 1 mg/mL, or 1:400 dilution of a lysate in PBS. After blocking, plates were

incubated with culture supernatants followed by incubation with anti-human IgG conjugated with alkaline phosphatase (Meridian,

Life Science) or HRP (BD Pharmingen). Plates were developed and supernatants were counted as VACV-reactive or recombinant

protein antigen-reactive if their absorbance was 2.5-fold above the background from wells containing medium or coated with unin-

fected cell lysate, respectively. For binding kinetics and cross-reactivity assays, purified mAbs were assessed at concentrations

ranging from 100 mg/mL to 20 pg/mL, in triplicate. EC50 values were determined using Prism 5.0 software (GraphPad) after log trans-

formation of antibody concentration using sigmoidal dose-response nonlinear fit analysis with R2 values greater than 0.85, as

described previously (Thornburg et al., 2013). Binding of purified mAbs to VARV-infected cell lysate was determined at a single dilu-

tion of 100 mg/mL, in triplicate.

Protein Arrays and mAb Target Analysis
The Orthopoxvirus (VACV strain WR) protein array was acquired from Antigen Discovery (ADI). The VARV protein microarray was

fabricated in a similar manner as described previously (Davies et al., 2005b). Briefly, individual open reading frames encoded by

the viral genomewere amplified and cloned into T7 expression vectors by homologous recombination. Proteins were produced using

an Escherichia coli-based cell-free coupled transcription/translation reactions (RTS 100 kits; 5 Prime, Gaithersburg, USA) according

to themanufacturer’s instructions. Proteins were printed without further purification on nitrocellulose-coated glass slides (Whatman).

Protein expression wasmonitored using hemagglutinin or His tags present on the protein termini; quantification of the amount of pro-

tein spotted was not possible. No-DNA control spots containing the reaction mixture but lacking template DNA were included

throughout the array to correct for background binding to E. coli proteins found in the transcription-translation mixture.

MAbs were probed on the VACV strain WR or VARV protein arrays at dilutions between 1:25 and 1:100, according to the manu-

facturer’s instructions and reagents (ADI). Briefly, arrays were probed with antibody overnight at 4�C, then with biotin-conjugated

goat anti-human antibodies for 1 hr at RT, then with a streptavidin-conjugated fluorophore for 1 hr at RT. Arrays were scanned using

a GenePix 4100A scanner (Molecular Devices) with laser setting at 100% and photomultiplier (PMT) gain of 400. Image analysis was

performed with GenePix Pro 5.0 software (Molecular Devices). Spot intensity was calculated as the median spot value minus local

spot background. A secondary correction for background binding to E. coli proteins in the reaction mixture was done by subtracting

an average of the no-DNA spots from the background-corrected spot value. Since mAb affinity, protein sequence conservation, and

protein expression levels vary, a simple evaluation for highest fluorescent intensity, and a correlation between the two chips, if

needed, was used to identify protein targets.

Biolayer Interferometry Analysis
Experiments were performed on an Octet RED biosensor instrument (Pall ForteBio; Menlo Park) essentially as described previously

(Smith et al., 2014). For competition-binding studies, mAb-antigen complexes were tested for the ability to bind a second mAb in

sandwich assay. Briefly, biosensors were pre-wetted in running buffer containing DPBS, 0.1% BSA, and 0.05% Tween-20. Primary

humanmAbs were loaded onto Protein G biosensor tips (ForteBio) at a concentration of 105 mg/mL. After biosensors were incubated

with recombinant protein solutions of D8 or H3 at concentration 90 mg/mL. Following by secondary humanmAbswere loaded at con-

centration 105 mg/mL.

The extent of antibody-antigen association was determined aswavelength shift in nm and calculated as a percentage after normal-

ization, where 0% was the wavelength shift in nm for self-blocking control and 100% was the maximal wavelength shift in nm.

Experiments were performed in duplicate. Antibodies were considered to be members of the same competition-binding group if

they competed for binding to antigen and exhibited a similar blocking pattern to other antibodies in the panel.
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mAb Isotype and Gene Sequence Analysis
The isotype and subclass of secreted antibodies were determined using murine anti-human IgG1-IgG4 antibodies followed by sec-

ondary anti-mouse HRP-conjugated antibody (Southern Biotech). Nucleotide sequences of variable gene segments were deter-

mined by Sanger sequencing from cloned cDNA generated by reverse transcription PCR of mRNA, using variable gene-specific

primers designed to amplify antibody genes from all gene families (Weitkamp et al., 2003). Identity of the gene segments and muta-

tions from the germline sequences were determined by alignment using the ImMunoGeneTics database (http://www.imgt.org) (Ruiz

et al., 2000).

mAb Production and Purification
Hybridoma cells secreting VACV-specific mAbs were grown in serum-free medium (GIBCO). MAbs were purified from culture super-

natants using HiTrap MabSelect Sure or HiTrap Protein G columns (GE Healthcare).

Virus Neutralization Assays
Neutralizing activity of mAbs was determined using MV or EV forms of VACV strain NYCBOH, CPXV, or MPXV, or MV of VARV in a

plaque reduction neutralization (PRNT) assay. Neutralization of VACV, CPXV, and MPXV MV particles, and MPXV EV particles was

performed using 10% guinea pig complement (Rockland Inc.). Neutralization of VACV EV was performed using 10% baby rabbit

complement (Cedarlane), and neutralization of VARVMVwas performedwithout complement. For EV neutralizationMVwas depleted

with blocking mAbs MPXV-26 and VACV-301, both at 20 mg/mL. For VACV and CPXV neutralization, 0.125 mL HBSS with 1% BSA

containing 100 PFU of virus was incubated with 0.125 mL of serial two-fold dilutions of mAb for 60 min at 37�C and then applied to

BSC-40 cell culture monolayers. Plates were incubated for 2 hrs, after which 0.5 mL of Opti-MEM I (Gibco) with 10% fetal calf serum

was added. Plates then were incubated 24-48 hrs at 37�C, and plaques were visualized with crystal violet containing 3.7% formal-

dehyde. For MPXV neutralization 32-50 PFU of virus was incubated with serial two-fold dilutions of mAb for two hours at 37�C and

then applied to Vero cell culture monolayers in 6 well plates. After a one-hour incubation, the cells were overlaid with 0.5% agarose in

EMEMwith 2.5% FBS, 20 mM glutamine and antibiotics and incubated for 4 days at 37�C, in 5% CO2, to allow for plaque formation.

The agarose was removed and the monolayer was stained with 0.1% crystal violet in PBS containing 0.2% formaldehyde. Neutral-

ization was performed in the presence of complement for all viruses except VARVMV. All experiments with live VARV were reviewed

and approved by the World Health Organization Advisory Committee on Variola Virus Research (WHO ACVVR). Experiments with

VARV were conducted in accordance with WHO ACVVR guidelines within a biosafety level 4 laboratory. Vero E6 cells were plated

at 13 106 cells/well, in DMEM supplemented with 10% FBS, and incubated at 37�Cwith 6%CO2 for 48 hrs. Antibodies were diluted

in RPMI supplemented with 2% low IgG FBS (Gibco). All antibodies underwent 18 two-fold serial dilutions starting at 75 mg/mL while

VIGIV started at 0.15mg/mL. Variola virus strain Solaimen (VARV_BSH74_sol) was diluted to 150PFU/mL and sonicated in a cup horn

sonicator set at 40% for 1.5 min in an ice bath. The viral inoculum was added to each antibody dilution tube and then incubated

rocking at 35.5�C and 6% CO2 overnight. Plates were inoculated in duplicate and incubated for 1 hr at 35.5�C and 6% CO2 before

addition 1 mL of fresh medium. Plates were incubated further at 35.5�C and 6% CO2 for five days and then fixed with crystal violet

stain. Emax was determined as a maximum of neutralization mAb effect (%); IC50 and Emax values were determined using Prism 5.0

software (GraphPad) after log transformation of antibody concentration using a 3-parameter nonlinear fit analysis of antibody log10
concentration versus response with R2 values greater than 0.85, as described previously (Thornburg et al., 2013).

In Vivo Protection Study
To test the effect of mAbs on respiratory tract infection, six- to eight-week old male C57BL/6 mice were injected i.p. with 100-200 mg

of individual mAbs or designated mixtures of mAbs (100-200 mg of eachmAb), or 5 mg of VIGIV (BEI Resources). Human anti-dengue

virus mAb served asmock-vaccinated control. In ABSL-2 facilities, ketamine-xylazine anesthetized mice were inoculated IN with 105

PFU VACV-WR in 50 mL, or in some experiments in 10 ml of PBS. In some experiments, mice were inoculated with 106 PFU VACV. For

virus titer determination, lungs from individual mice were homogenized and plated on confluent BSC-40 cell monolayer cultures. To

test the effect of mAbs on disseminated VACV infection, eight- to ten-week old female BALB/c SCID mice were given Abs i.p. either

prior to or after VACV inoculation, as detailed in the text. For lethal challenge, mice were inoculated i.p. with 105 PFU VACV-WR in

100 ml PBS. Mice were weighed and monitored daily for morbidity, and those losing over 30% of initial body weight were euthanized,

per IACUC requirements.

QUANTIFICATION AND STATISTICAL ANALYSIS

The descriptive statistics mean ± SEM or mean ± SD were determined for continuous variables as noted. Comparisons were

performed using Wilcoxon rank sum test or the post hoc group comparisons in ANOVA; all tests were two-tailed and unpaired.

Survival curves were estimated using the Kaplan Meier method and curves compared using the log rank test with subjects

right censored, if they survived until the end of the study. * -p < 0.05; ** - was used to reject a ‘‘null hypothesis.’’ * = p < 0.05;

** = p < 0.01; *** - = p < 0.001; ns – non-significant. Statistical analyses were performed using Prism v5.0 (GraphPad).
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Supplemental Figures

Figure S1. Human Anti-D8 and Anti-H3 MAbs Targeted Diverse Epitopes of the Major VACV Surface Antigens, Related to Figure 1
Anti-D8 and anti-H3mAbs from our panel were assessed for competitive binding to D8 andH3 proteins by biolayer interferometry. MAbs were judged to compete

for the same site if maximum binding of second antibody was reduced to% 39% of its un-competed binding (shown in black boxes). The mAbs were considered

non-competing if maximum binding of second mAb was R 61% of its un-competed binding (shown in white boxes). Gray boxes indicate an intermediate

phenotype (competition resulted in between 40% and 60% of un-competed binding). Blue, yellow, cyan, green, and red dashed lines indicate designated

competition groups. Antibodies that were selected for in vivo protection studies shown in red color. Two anti-H3 mAbs, MPXV-72 and MPXV-1, did not bind to

antigen in biolayer interferometry and were distinguished as separate group from other anti-H3 mAbs.



Figure S2. Cross-Reactivity of Human MAbs to Orthopoxviruses, Related to Figure 1

Cross-reactivity of individual mAbs to different orthopoxviruses were assessed by ELISA using infected cell lysates or purified recombinant protein antigens.

(A) Examples of mAbs within the panel that exhibited cross-reactivity to VACV, CPXV, MPXV, and VARV-infected cell lysates. Reactivity to VARV-infected cell

lysate was measured at single mAb dilution as detailed in Table S3, ND indicates not determined.

(B) Examples of four mAbs within the panel that exhibited cross-reactivity to VACV and VARV protein antigen orthologs. These four mAbs were included in mAb

mixtures MIX4 and MIX6, which later were assessed for protective capacity in vivo. Data represent one of two independent experiments, shown as mean ± SD of

assay triplicates.



Figure S3. Cross-Neutralizing Activity of Human mAb Mixtures, Related to Figure 3

Cross-neutralizing activity of MIX6, MIX4, or VIGIV was assessed using MV-and EV-neutralization assays for VACV, CPXV, MPXV and VARV (MV form only for

VARV). Data represent one of two independent experiments, shown as mean ± SD of assay triplicates.



Figure S4. Protection against of Lethal Respiratory VACV Infection Is Mediated Principally by EV-Targeted MAbs, Related to Figure 5

Groups of C57BL/6 mice were inoculated IP with 1.2 mg of MIX6, or with 0.8 mg of MIX6 lacking two anti-EV mAbs (designated as Mix6(DEV)), or 0.4 mg of MIX6

lacking four anti-MV mAbs (designated as MIX6(DMV)), or 1.2 mg of an irrelevant anti-dengue virus neutralizing mAb. The next day (d0) mice were challenged by

the IN route with a lethal dose of VACV and monitored for protection.

(A) Protection from respiratory VACV infection that was mediated by MIX6(DEV).

(B) Protection from respiratory VACV infection that was mediated by MIX6(DMV); Data represent one of two independent experiments with n = 5-10 mice per

group. Percent (%) indicates survival by day 7.



Figure S5. Human mAb Specificities that Participate in Protection against Lethal Respiratory VACV Infection, Related to Figure 5

(A) C57BL/6 mice were inoculated i.p. one day prior to VACV challenge with 0.2 mg of individual anti-D8, -H3, -A27, or –L1 mAbs. The next day (day 0), mice were

anesthetized and challenged IN with VACV under conditions promoting less severe upper airway infection (23 105 pfu VACV in 10 ml of PBS) and monitored for

protection. Previously reported protective mouse anti-B5 mAb B126 and anti-H3 #41 (Benhnia et al., 2009; McCausland et al., 2010) served as control treatment

for protection.

(B) C57BL/6 mice received 400 mg of mAbs in the mixture designated as MIX4(DB5) (200 mg of anti-A33, 100 mg of anti-A27, and anti-L1) and was challenged with

10-fold higher (106 pfu) dose of VACV next day. Mice were monitored for protection and survival. Body weight is shown only for animals that survived. Percent

figures near each curve indicate survival by day 7 based on endpoint criteria for euthanasia. Data showedmean ± SEM from one of two independent experiments

using 5 to 10 mice per group.
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SUMMARY

Heritability and genome stability are shaped by
meiotic recombination, which is initiated via hun-
dreds of DNA double-strand breaks (DSBs). The
distribution of DSBs throughout the genome is
not random, but mechanisms molding this land-
scape remain poorly understood. Here, we exploit
genome-wide maps of mouse DSBs at unprece-
dented nucleotide resolution to uncover previously
invisible spatial features of recombination. At fine
scale, we reveal a stereotyped hotspot structure—
DSBs occur within narrow zones between methyl-
ated nucleosomes—and identify relationships
between SPO11, chromatin, and the histone methyl-
transferase PRDM9. At large scale, DSB formation
is suppressed on non-homologous portions of the
sex chromosomes via the DSB-responsive kinase
ATM, which also shapes the autosomal DSB land-
scape at multiple size scales. We also provide a
genome-wide analysis of exonucleolytic DSB resec-
tion lengths and elucidate spatial relationships be-
tween DSBs and recombination products. Our re-
sults paint a comprehensive picture of features
governing successive steps in mammalian meiotic
recombination.

INTRODUCTION

Meiotic recombination promotes pairing and segregation of

homologous chromosomes and disrupts linkage relationships,

thus ensuring faithful genome transmission and increasing ge-

netic diversity (de Massy, 2013; Hunter, 2015). The double-

strand breaks (DSBs) that initiate recombination are distributed

non-randomly in most species (reviewed in Baudat et al.,

2013). The shape of this ‘‘DSB landscape’’ governs inheritance

and genome evolution but also influences the risk of mutations

and genome rearrangements (Kim et al., 2016). The factors

shaping this landscape remain poorly understood.

In budding yeast, DSB distributions are molded by many fac-

tors working in a hierarchical and combinatorial fashion over size

scales ranging from single base pairs (bp) to whole chromo-

somes (Pan et al., 2011). For example, DSBs form preferentially

in small (�150–200 bp) ‘‘hotspots,’’ which in this organism are

principally in nucleosome-depleted regions (NDRs) in pro-

moters. However, hotspots are just one organizational level

among many: DSB frequencies also vary substantially between

large chromosomal domains and between different chromo-

somes (Pan et al., 2011; Thacker et al., 2014).

Similar principlesmay operate inmammals, butmost attention

has focused on hotspots and how the histone methyltransferase

PRDM9 specifies hotspot locations via its sequence-specific

DNA binding (e.g., Brick et al., 2012; Smagulova et al., 2016;

Davies et al., 2016). This hotspot-centric view leaves largely

unexplored the possible hierarchies of factors working on

different size scales. Also, current DSBmaps lack spatial resolu-

tion needed to reveal fine-scale structure within hotspots. We

leverage a key feature of how DSBs form to explore these under-

studied aspects.

SPO11 makes DSBs through a topoisomerase-like reaction

linking a SPO11 molecule to each 50 DNA end (Figure 1A). DNA

nicks nearby release SPO11 covalently bound to short oligo-

nucleotides (SPO11 oligos), and 50 / 30 exonucleolytic resec-

tion generates single-stranded DNA (ssDNA) that is bound by

strand-exchange proteins DMC1 and RAD51 and engages in

homology search (Hunter, 2015). DSB repair is templated from

homologous DNA and is completed as a crossover (reciprocal

exchange) or a noncrossover. Either outcome can be accompa-

nied by gene conversion (non-reciprocal transfer of sequence

polymorphisms).

Meiotic DSBs were mapped genome-wide in men and male

mice by deep-sequencing DMC1-bound ssDNA (Brick et al.,

2012; Pratto et al., 2014). This ssDNA sequencing (SSDS) pro-

vides insight into the shape and evolution of the mammalian

DSB landscape (e.g., Pratto et al., 2014; Smagulova et al.,
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2016; Davies et al., 2016). However, although SSDS can be used

to estimate DSB hotspot midpoints, it does not directly report at

high resolution where DSBs occur because resection spreads a

kilobase (kb) or more on each side of a DSB. Moreover, midpoint

positions alone shed little light on DSB distributions at sub-kb

scales. To overcome these limitations, we sequenced mouse

SPO11 oligos to provide nucleotide-resolution DSB maps with

low background and high dynamic range. These maps uncover

previously invisible relationships between DSB formation and

PRDM9, identify factors on various size scales that influence

DSB formation and repair, reveal spatial relationships between

DSBs and downstream events, and elucidate the contribution

of ATM.

RESULTS AND DISCUSSION

Nucleotide-Resolution Map of Meiotic DSBs
We purified SPO11 oligos from testes of C57BL/6J (B6) mice

(Figure 1B). A mock-purified sample had little or no signal, indi-

cating negligible non-specific contamination. We ligated adap-

tors to the oligos, amplified them, then sequenced and mapped

reads to the mouse genome (Figure S1A; Table S1). Read
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Figure 1. Nucleotide-Resolution Map of Meiotic DSBs in Wild-Type Mice

(A) Early steps in recombination and the protein-DNA complexes (SPO11 oligos and ssDNA bound by DMC1 and RAD51) used to generate genome-wide

recombination initiation maps.

(B) SPO11 oligos immunoprecipitated (IP) from B6 mouse spermatocytes, deproteinized, 30-end-labeled, and resolved in a denaturing 15% polyacrylamide gel.

Anti-SPO11 antibody was omitted from the mock IP processed in parallel.

(C) Length distribution of SPO11 oligos that map uniquely or to multiple sites. Oligos appear longer on gels (B) because of nucleotides added for labeling and

amino acid(s) left after SPO11 proteolysis.

(D) SPO11-oligo map (smoothed with a 1,001-bp Hann filter) compared to positions of four known crossover hotspots (A1–A4) (Table S2A).

(E) SPO11 oligos and SSDS coverage (Brick et al., 2012) in a 3,001-bp window around hotspot A3. SSDS coverage at each position was normalized to the total

strand-specific coverage in the genome and multiplied by 106. See also Figure S1C.

(F) In SSDS hotspots (n = 18,294), SPO11-oligo counts correlated strongly (Pearson’s r) with SSDS tag counts. One SPO11-oligo read was added to permit

plotting of hotspots with no oligos.

(G) Distribution of SPO11 oligos (51-bp Hann filter) and SSDS coverage around centers of SSDS hotspots.

See also Figure S1.
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lengths matched the bimodal distribution of oligo sizes (Lange

et al., 2011) (Figures 1B and 1C).

SPO11 oligos mapped in clusters as expected for DSB hot-

spots (Figures 1D and 1E), and these clusters matched known

recombination hotspots. For example, four crossover hotspots

identified in pedigrees (Kelmenson et al., 2005) contained

SPO11-oligo clusters (Figure 1D; Table S2A), and clusters ac-

counted for 15 of 16 crossover hotspots defined by analysis

of sperm DNA from hybrids of B6 with other strains (Figures

1E and S1B; Table S2B). (In the unaccounted crossover hot-

spot, recombination likely initiates on the non-B6 chromo-

some.) The SPO11-oligo map also agreed with SSDS hotspots

(Brick et al., 2012): SPO11-oligo counts correlated well with

SSDS counts genome wide (Figure 1F; sex chromosomes are

discussed below) and SPO11 oligos were enriched near

SSDS hotspot centers (Figures 1E, 1G, and S1C). Thus,

SPO11 oligos faithfully capture the genome-wide meiotic DSB

distribution.

Of >69 million mapped reads, 67.2% mapped uniquely (Fig-

ure 1C). Multi-mapped reads were more prevalent in mice

(32.8%; Figure 1C) than in Saccharomyces cerevisiae (1.8%)

(Pan et al., 2011). This is attributable to more repeated se-

quences in mouse and to the �300-fold larger mouse genome

increasing the probability that a read from an otherwise unique

position fortuitously aligns to multiple places. Note that multi-

mappers were especially abundant among reads <20 nucleo-

tides (nt) (Figure 1C) and were enriched in hotspots (Figures

S1D–S1F). Unless stated otherwise, analyses below focus on

uniquely mapped reads, but the same conclusions were reached

if multi-mapped reads were included.

Fine-Scale Anatomy of Mouse DSB Hotspots
Detailed understanding of mouse hotspots cannot be extrapo-

lated from yeast. While most budding yeast hotspots share

nucleosome depletion and relatively narrow width, individual

hotspots often differ substantially from average, and patterns

are not conserved in Schizosaccharomyces pombe (Pan et al.,

2011; Fowler et al., 2014). Furthermore, the mechanism of hot-

spot specification via PRDM9 in mouse is unlike that in yeasts.

Previous data lacked the resolution needed for a close-up view

of mouse hotspot structure, but SPO11-oligo mapping sur-

mounts this barrier.

We defined SPO11-oligo hotspots using an established algo-

rithm (Pan et al., 2011): regions exceeding an arbitrary threshold

were identified in the smoothed SPO11-oligo map, then hotspot

coordinates were defined in each region as the 50-most and

30-most positions with reads (see STAR Methods for details).

We varied thresholds from 103 to 503 over the genome average

of 0.000377 reads per million (RPM) per base pair (Figure 2A;

Table S3), but for analyses below we focused on the most strin-

gent definition (503). For the 13,960 hotspots at this cutoff, 91%

overlapped an SSDS hotspot (Figure 2A) and SPO11-oligo

counts correlated well with SSDS coverage (Figure 2B). Of the

minority of SSDS hotspots not in our list, many were weak sites

below our threshold (Figures S2A and S2B). Some may overlap

repetitive regions sampled better by the longer reads of SSDS.

We conclude that SPO11-oligo hotspots are bona fide DSB

hotspots.

With the parameters used, median SPO11-oligo hotspot width

was 143 bp, and the vast majority (99.8%) were under the 2,001-

bp width assigned to most SSDS hotspots (Brick et al., 2012)

(Figure 2C). This difference derives from greater spatial precision

when defining DSB positions using SPO11 oligos (Figures S2C

and S2D). This greater precision uncovered spikes in the aver-

aged SSDS coverage immediately adjacent to the bulk of

SPO11 oligos (Figure 2D), likely from a systematic bias in

SSDS (see section on DSB resection). SPO11 oligos clustered

more narrowly when averaged around hotspot centers defined

by our algorithm than around SSDS hotspot centers (Figures

1G and 2D).

The averaged SPO11-oligo profile displayed a narrow primary

peak at hotspot centers that dwarfed secondary peaks 277 bp to

either side (Figures 2D and S2E). The same pattern was seen if

only multi-mappers were used (Figure S2F), so this substructure

is not caused by mapping biases. Most hotspots are well repre-

sented by the average (Figure 2E), albeit with substantial diver-

sity (Figure S1B). This structure explains the sub-groups when

hotspots are arrayed by width as in Figure 2C: hotspot bound-

aries tend to occur at discrete distances frommidpoints depend-

ing on whether there are two, one, or no secondary peaks strong

enough to exceed the threshold. The stereotyped structure of

mouse hotspots is thus a determinant of hotspot widths, but

also contributes to the arbitrariness of hotspot definitions. The

central cluster accounts for the vast majority of hotspot-associ-

ated oligos (Figure S2G), with 48.2%of uniquely mapped SPO11

oligos originating from 0.1% of the genome (%95 bp from hot-

spot centers). Hotspot substructure differs markedly in mouse

andS. cerevisiae, althoughmedian hotspot widths end up similar

(189 bp in yeast) (Pan et al., 2011) because secondary peaks

offset the more compact central cluster in mouse (Figure S2H).

S. pombe hotspots are much wider (median 965 bp) (Fowler

et al., 2014).

We conclude that mouse hotspots, to a remarkable degree,

share structural features that shape the DSB distribution. As

discussed next, chromatin is likely a key element. Importantly,

however, 40.4% of uniquely mapped oligos fell outside clear

hotspots. Furthermore, when rank-ordered by heat, hotspots

formed a smooth continuum over three orders of magnitude (Fig-

ure 2F). Similarly smooth continua occur in yeasts (Pan et al.,

2011; Fowler et al., 2014). The lack of a clear break in these dis-

tributions shows that the cutoff is arbitrary between sites that are

or are not hotspots, illustrating limitations of a purely hotspot-

centric view.

H3K4 Trimethylation and PRDM9 Binding
H3K4 trimethylation (H3K4me3) and DSBs are targeted near

sites recognized by the polymorphic zinc-finger DNA binding

domain of PRDM9 (de Massy, 2013). However, lack of direct,

high-resolution information about DSB positions has left it un-

clear how PRDM9 binding and H3K4me3 relate spatially to

SPO11 activity.

H3K4me3

Conflicting proposals posit that DSB hotspot centers coincide

with peaks in nucleosome occupancy (Smagulova et al., 2011)

or are located instead between nucleosomes (Baker et al.,

2014). To resolve this issue, we re-examined a map of
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H3K4me3 nucleosomes specific for PRDM9B6 (Baker et al.,

2014). SPO11-oligo and H3K4me3 profiles were divided by the

mean signal in a 5,001-bpwindow around each hotspot’s center,

then the locally normalized profiles were averaged among hot-

spots. This normalization keeps the hottest sites from domi-

nating the average and allows focus on spatial patterns separate

from differences between hotspots in DSB frequency or total

H3K4me3.

The primary SPO11-oligo peak precisely straddled a valley be-

tween oscillating H3K4me3 peaks, with secondary SPO11-oligo

peaks nestled into neighboring valleys (Figures 3A and S3A). It

was speculated that every hotspot has a symmetric array of

methylated nucleosomes (Baker et al., 2014), but this is incor-

rect: although all hotspots centers were depleted of H3K4me3,

andmethylated nucleosomes, when seen, lay in similar positions

at most hotspots, the H3K4me3 signal ranged on a continuum of

left–right asymmetry (Figure 3B). This asymmetry (not related to

PRDM9 motif orientation; see below) predicted only weakly

concordant asymmetry for SPO11 oligos (Figures 3C and S3B).

A simple interpretation is that most hotspots have a central

NDR with positioned, methylated nucleosomes on one or both

sides, and SPO11 usually cleaves in the NDR but can also cut

less frequently in flanking linkers. The preference of mouse

SPO11 for non-nucleosomal DNA is similar to budding yeast

but different from fission yeast (Pan et al., 2011; Fowler et al.,

2014). Methylation apparently plays only a modest role in

shaping DSB distributions within hotspots beyond the influence

of nucleosome occupancy per se.

PRDM9

Independent approaches identified nearly identical motifs in

SSDS hotspots and near PRDM9B6 H3K4me3 peaks (Brick

et al., 2012; Baker et al., 2014, 2015), and we found the same

12-bp motif enriched precisely in SPO11-oligo hotspot centers

(Figures 3D, S3C, and S3D; Table S4). This motif matches part

of the 36-bp predicted PRDM9B6 binding sequence (Brick

et al., 2012; Baker et al., 2015) (Figure S3D).

Molecular events during DSB targeting by PRDM9 are un-

known. A ‘‘hit-and-run’’ possibility is that PRDM9 binds DNA,
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Figure 2. DSB Hotspots Revealed by the SPO11-Oligo Map

(A) Hotspot calling at various thresholds above genome average. Venn diagram shows overlap of SSDS hotspots with the most stringently defined SPO11-oligo

hotspots.

(B) Good correlation (Pearson’s r) between SPO11-oligo counts and SSDS tag counts in 2,001-bp windows around SPO11-oligo hotspot centers.

(C) Read counts versus widths of SPO11-oligo hotspots.

(D) Distribution of SPO11 oligos (51-bp Hann filter) and SSDS coverage around SPO11-oligo hotspot centers. Note different y-axis scale for SPO11 oligos

compared to Figure 1G. See also Figure S2E.

(E) Heat map of SPO11 oligos (5-bp bins) around hotspot centers, ordered by total read count. Most hotspots display a strong central cluster flanked by weaker

peaks on one or both sides.

(F) Hotspot intensities vary over a smooth continuum.

See also Figure S2.
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methylates a nearby nucleosome(s), then departs before SPO11

cuts. Alternatively, PRDM9 may remain bound and occlude

SPO11 access. These models make different predictions about

DSB arrayal around PRDM9 sites, sowe examined SPO11 oligos

near PRDM9 motifs.

On average, SPO11 oligos formed three asymmetric peaks

near the motifs (Figure 3E). K-means clustering divided motif in-

stances into three classes: one with a SPO11-oligo peak to the

left (class 1), one with a peak within the motif (class 2), and one

with SPO11 oligos spread more evenly (Figures 3F and 3G). All

three classes had similar average H3K4me3 (Figure 3G) and

similar H3K4me3 asymmetry (Figure S3E), reinforcing the

conclusion that histone methylation plays little role in shaping

fine-scale DSB distributions in hotspots. On average, hotspots

with class 2 instances of the motif had modestly fewer SPO11

oligos and less H3K4me3, but the values overlapped extensively

with the other classes (Figures 3H and 3I). PRDM9 might have

lower affinity for class 2 instances of the motif, but sequences

were indistinguishable between the classes (Figure S3F) so the

cause of a putative affinity difference is unclear.

Many SPO11 oligos mapped in the 36-bp PRDM9 binding site

in all classes. We infer that PRDM9 often does not block SPO11

access to DNA, consistent with a hit-and-run model or with

SPO11 displacing PRDM9 or cutting PRDM9-bound DNA.

Because motif orientation can sometimes predict local DSB

asymmetry without related H3K4me3 asymmetry, PRDM9might

still be DNA-bound and able to influence SPO11 position when

DNA is cleaved. Different hotspots may be more or less prone

to a particular mode of PRDM9–SPO11 interaction.

Further Implications

Our findings provide insight into roles of PRDM9 and chromatin

structure. The lack of correlation between motif direction and

H3K4me3 (a)symmetry implies that, while the PRDM9 zinc finger

domain is tethered to DNA in an orientation dictated by themotif,

the methyltransferase domain enjoys substantial freedom in ac-

cessing nucleosomes nearby (Figure 3J). This could arise via

conformational flexibility between domains, PRDM9 multimeri-

zation (Baker et al., 2015), and/or DNA-binding dynamics. The

source of frequent H3K4me3 asymmetry is unclear. It might

reflect nucleosome availability and/or the influence of as yet un-

known local factors that bias PRDM9 conformational states. A

non-exclusive possibility is that asymmetry reflects H3K4me3

map biases, for example if methylated nucleosomes do not

fully protect DNA from MNase or are difficult to liberate as

mononucleosomes.

How does PRDM9 influence chromatin structure and DSBs? It

was proposed that PRDM9 induces chromatin remodeling

(Baker et al., 2014). The stereotyped position of H3K4me3 nucle-

osomes agrees with this hypothesis (Figure 3B), but is equally

consistent with PRDM9 binding only the subset of chromosomes

that already have a compatible nucleosome pattern. Note that

the disposition of unmethylated nucleosomes is unknown:

H3K4me3 chromatin immunoprecipitation (ChIP) is an affirma-

tive signal of PRDM9 activity, but population-average measures

of total nucleosomes merge signal from PRDM9-bound and -un-

bound chromosomes.

We favor that PRDM9 chromatin modification provides a land-

mark to attract SPO11 to locations at sub-kilobase scale (de

Massy, 2013), but that other features including nucleosome oc-

cupancy (but not H3K4me3) and PRDM9 itself then shape the

DSB distribution within the hotspot. Fine-scale relationships be-

tween PRDM9 binding and DSBs could only have been identified

by nucleotide-resolution DSB maps.

PRDM9-dependent H3K4me3 is an imperfect predictor of hot-

spot heat, accounting for only �40% of the variation in SPO11-

oligo count (Figure 3K). Although this correlation is substantial—

especially compared with budding yeast, where H3K4me3 levels

do not predict hotspot heat (Tischfield and Keeney, 2012)—the

data highlight the importance of other factors that may work

combinatorially and on different size scales to determine

whether a DSB will form at a site where PRDM9 has acted.

Chromosome-Scale Patterns
Smaller chromosomes tended to yield more SPO11 oligos per

Mb, as SPO11-oligo density showed a weak negative correlation

with chromosome size (Figure 4A; Table S5). A similar but

stronger pattern is seen in budding yeast (Pan et al., 2011).

There, differential DSB formation reflects chromosome size per

se and is caused by negative feedback in which DSB formation

is inhibited once chromosomes successfully engage their

homologs (Thacker et al., 2014; Lam and Keeney, 2015). Smaller

chromosomesmay tend to take longer to engage their homologs

and thus continue to make DSBs longer on average (Keeney

et al., 2014). Mice display similar negative feedback driven by

displacement of pro-DSB factors upon formation of synaptone-

mal complex (Wojtasz et al., 2009; Kauppi et al., 2013). Although

the negative correlation between chromosome size and SPO11-

oligo density was weak, it suggests that the mouse DSB land-

scape is shaped by this regulatory system.

Mousechromosomesizealsocorrelatesnegativelywithdensity

of the crossover marker MLH1 (Froenicke et al., 2002) (Figure 4B;

Table S5). This correlation had a steeper slope than the SPO11-

oligo pattern, so the ratio of crossovers to SPO11 oligoswas itself

negatively correlated with chromosome size (Figure 4C). We infer

that chromosome size-associated control of crossing over is as-

serted inat least twostages:smaller chromosomes tend to receive

a higher density of DSBs, and a DSB is more likely to become a

crossover on a smaller chromosome. The latter mechanism plays

a larger role, unlike in budding yeast where DSB number control is

the dominant mechanism (Pan et al., 2011).

Sex Chromosomes

The X and Y chromosomes share homology only in a small (<1

Mb) segment, the pseudoautosomal region (PAR). For accurate

sex chromosome segregation in males, the PAR must form

DSBs at higher frequency than typical autosome segments

(Kauppi et al., 2011). Indeed, SPO11-oligo density in the PAR

was �110-fold higher than genome average (Figure 4A).

Assuming �200–300 DSBs per spermatocyte (e.g., Kauppi

et al., 2013), SPO11-oligo density matches an average of 1.5–

2.2 PAR DSBs. Consistent with PAR DSBs also being more likely

to acquire a crossover fate (Kauppi et al., 2011), the �570-fold

higher crossover density in the PAR compared with genome

average translates to an �5-fold higher yield of crossovers per

DSB (Figures 4B and 4C). The non-PAR parts of the sex chromo-

somes also experience DSBs, but at lower densities than auto-

somes (Figure 4A) (see section on ATM).
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Figure 3. Spatial Relationships between PRDM9 Binding, H3K4me3, and DSBs

(A) SPO11 oligosmap primarily betweenmethylated nucleosomes. Data were locally normalized by dividing the signal at each base pair by the mean signal within

each 2,001-bp window, then were averaged across hotspots. The SPO11-oligo profile was smoothed with a 51-bp Hann filter. See also Figure S3A.

(B) H3K4me3 is often highly asymmetric around hotspots. Heat maps (data in 5-bp bins) were ordered according to H3K4me3 asymmetry. Data were locally

normalized, so color-coding reflects the local spatial pattern, not relative signal strength between hotspots.

(C) Similar SPO11-oligo patterns between hotspots with opposite H3K4me3 asymmetry. Each panel showsmean of locally normalized profiles (51-bp Hann filter

for SPO11-oligo data) across the 20% of hotspots with the most asymmetric H3K4me3 patterns (left > right in top panel; right > left in bottom panel). See also

Figure S3B.

(D) The hotspot-enriched 12-bp motif and its disposition within the larger PRDM9B6 binding site.

(E) Asymmetric average profile of SPO11 oligos (15-bp Hann filter) around motif midpoints (n = 9,060).

(F) SPO11-oligo spatial classes from k-means clustering.

(G) H3K4me3 patterns are similar despite different SPO11-oligo patterns (15-bp Hann filter) between the motif classes from (F).

(legend continued on next page)
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Sex-chromosome hotspots had a higher ratio of SSDS to

SPO11 oligos than autosomes (Figures 1F, 2B, and S4A). The

population-average amount of DMC1-bound ssDNA reflects

DSB number and the lifespan of relevant recombination interme-

diates. SPO11 oligos have a long lifespan relative to prophase I,

so whole-testis SPO11-oligo levels are proportional to DSB

numbers and are insensitive to lifespan variation (Lange et al.,

2011). Thus, elevated SSDS signal for sex-chromosome hot-

spots is readily explained if DSBs have a longer lifespan in

non-PAR sex-chromosome regions because of delayed repair

(Figure S4B), as proposed for human spermatocytes (Pratto

et al., 2014). Unexpectedly, however, SSDS was disproportion-

ately more elevated in stronger sex-chromosome hotspots

than in weaker ones (Figures 1F and 2B). We propose that all

DSBs on sex chromosomes have an extended lifespan because

they persist until constraints against sister-chromatid recombi-

nation are relaxed in mid-to-late pachynema, but that DSB life-

span is even further extended in stronger hotspots because

these tend to break earlier (Figure S4B). In this model, intrinsi-

cally weaker hotspots account for much of the prolonged DSB

formation accompanying sex-chromosome asynapsis (Kauppi

et al., 2013).

DSB Resection
Little is known about the exonucleolytic resection that prepares

DSBs for recombination. In S. cerevisiae, comprehensive anal-

ysis of one side of an artificial DSB hotspot, HIS4LEU2, docu-

mented resection ranging �350 to �1,550 nt with a mean of

�800 nt (Zakharyevich et al., 2010), and recent genome-wide

analysis yielded similar measurements (Mimitou et al., 2016).

There is no similar information in other organisms. We used

SPO11-oligo and SSDS data to explore resection in mouse.

Strand-specific SSDS coverage around SPO11-oligo hot-

spots tapered off sharply <1 kb from hotspot centers, falling to

undetectable levels typically by �1.5–2 kb (Figures 2D and 5A).

This indicates average resection of �0.75–1 kb.

To obtain amore precise estimate, we combined SPO11-oligo

and SSDS data to derive a resection profile R, which is the prob-

ability of single-strandedness a given distance from a DSB (Fig-

ure 5B; see the STAR Methods and Figure S5 for further details).

The amount of ssDNA at a genomic position is a function of how

many DSBs are nearby, how far away they are, and the likelihood

that resection reaches the position in question (Figure 5B).

For the bottom strand to be single-stranded, resection comes

from DSBs on the left, and vice versa for the top strand (Figures

S5A and S5B). Thus, we modeled strand-specific SSDS

coverage at each genomic position as a multinomial equation

combining the DSB distribution (SPO11 oligos) with the resec-

tion profile R (Figures 5B and S5B). We estimated R by solving

these multinomial equations simultaneously for both strands at

all positions around hotspots (Figure 5B, bottom). The spike in

SSDS coverage adjacent to SPO11-oligos (Figure 2E) was disre-

garded because it probably reflects artifactual preference for

sequencing of DSB-proximal ssDNA (Figures S5C–S5F). The

resection length distribution is the first derivative of 1 – R

(Figure 5C).

(H and I) Similar SPO11-oligo counts (H) and H3K4me3 tag counts (I) for hotspots in each of the three PRDM9 motif classes. Counts are for 1,001-bp windows

around hotspot centers. Boxplots are as defined in Figure S2A legend. In (I), a value of 1 was added to each hotspot to permit plotting of hotspots with no

H3K4me3 tags.

(J) Schematic of modular PRDM9 DNA binding and histone methylation activities. ZnF, zinc-finger domain; MTase, methyltransferase domain.

(K) H3K4me3 is an imperfect predictor of DSB frequency. SPO11 oligos and H3K4me3 tag counts were summed in the 1,001-bp around hotspot centers. One

H3K4me3 tag was added to each hotspot to permit plotting of hotspots with no H3K4me3 tags. Eight outliers (H3K4me3 > 104) are not shown.

See also Figure S3.
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Figure 4. Large-Scale Patterns of DSB Formation and Recombination

(A and B) Per unit length, smaller autosomes incur more DSBs (A) and crossovers (B, centimorgans [cM]; data from Froenicke et al., 2002). SPO11-oligo density

was exceptionally low in the non-PAR segments of the sex chromosomes, but very high in the PAR. The crossover rate in the PAR was set at 50 cM.

(C) The greater crossover density on smaller autosomes is explained only in part by the higher SPO11-oligo density.

See also Figure S4 and Table S5.
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Resection lengths (per DSB end) ranged 300–1,800 nt (mean =

894 nt, median = 870 nt; Figure 5C), remarkably similar in scale to

yeast (Zakharyevich et al., 2010; Mimitou et al., 2016). This pre-

dicts a total of �350–530 kb of ssDNA per meiosis assuming

200–300 DSBs. This analysis yields average resection behavior;

individual hotspots may differ significantly, but exploring site-

specific variation is precluded by bias in SSDS caused by a

ssDNA enrichment step requiring foldback annealing (Figures

1E, 5B, and S5D). Resection lengths are almost certainly under-

estimated because SSDS relies on repeats for foldback anneal-

ing and because DMC1 likely binds only a portion of ssDNA.

We note the following implications. First, the wide distribution

of resection lengths (Figure 5C) means that there is substantial

heterogeneity between individual DSBs—even at the same hot-

spot—in amount of ssDNA available for homology search and

strand exchange. It is tempting to speculate that stochastic dif-

ferences in resection length may influence recombination

outcome or kinetics of DSB repair. Second, the resection ma-

chinery must traverse multiple nucleosomes given the frequent

occurrence of positioned nucleosomes next to hotspots (Figures

3A and 3B). Chromatin thus has ample opportunity to shape

resection (Mimitou et al., 2016). Third, total resection at

each DSB (0.6–3.6 kb total for both sides; 1.8 kb on average) is

almost always far longer than gene conversion tracts, unlike

budding yeast despite similar resection length distribution

(next section).

Spatial Relationship between DSBs, Resection, and
Recombination Products
Current models often depict gene conversion tracts centered on

and including the DSB site (reviewed in Hunter, 2015) (Figure 6A).

However, few direct spatial comparisons between DSBs and

gene conversion tracts test these models. In yeast, studies often

focused on a few sequence polymorphisms engineered at hot-

spots (e.g., Jessop et al., 2005). Low polymorphism density ob-

scures the extent of gene conversion, and DSB locations were

not always well known. Genome-wide studies of crosses of

divergent strains mapped recombination at greater spatial preci-

sion because of higher polymorphism density (e.g., Mancera

et al., 2008; Martini et al., 2011). However, DSB distributions

are unknown, and limited numbers of meioses were analyzed

so few recombination events were observed at any locus. In

mouse and human, spatial distributions of crossovers and

noncrossover gene conversions are known at numerous hot-

spots from typing of sperm or oocyte DNA (e.g., Cole et al.,

2014), but until now precise locations of DSBs were not known.

SPO11 oligos, along with SSDS and published sperm typing

data, afforded an unprecedented look at spatial relationships be-

tween successive steps in recombination.

Figures 6B and S6 compare data for fifteen crossover hot-

spots (Table S2B). We also computed average profiles (Fig-

ure 6C) using eight particularly informative loci chosen on the

basis of adequate polymorphism density, presence of a single

SPO11-oligo hotspot, and availability of recombination data

from mice with the same Prdm9 allele as B6. The average cap-

tures well the features of individual hotspots.

Several patterns emerge. First, 80% of crossover breakpoints

fell within a zone <1 kb wide centered on the DSB hotspots’ cen-

ters (Figures 6C and 6D). This extends results of mouse tetrad

analysis, in which crossover-associated gene conversions at

the A3 hotspot averaged 626 bp and often traversed the hotspot

center (Cole et al., 2014).

Second, noncrossovers did not cluster close to DSB positions

but instead spread across much of the resection zone (Figures

6C and 6D) (Cole et al., 2014). Noncrossover gene conversions

are typically very short, often just a single polymorphism (e.g.,

Cole et al., 2014). Thus, we infer that there is often a stretch of

non-converted polymorphisms between the DSB and the posi-

tion of a gene conversion, and most noncrossovers are asym-

metrically disposed relative to the DSB, as in budding yeast (Jes-

sop et al., 2005). Displacement of noncrossover gene conversion

tracts from DSB sites is consistent with re-synthesis of resected

DNA proceeding initially via invasion and copying of the sister

chromatid, followed by template switch to the homolog and

further synthesis (Oh et al., 2007; Martini et al., 2011; Cole

et al., 2014). Alternatively, spatial bias in mismatch repair could

preferentially restore heteroduplex DNA near the DSB to the

original sequence but convert heteroduplex DNA further away

to the allelic sequence (Radford et al., 2007; Martini et al.,

2011; Cole et al., 2014), although some studies in S. cerevisiae

argue against this model (Kirkpatrick et al., 1998).

A B

C

Figure 5. Analysis of DSB Resection

(A) General resection trends. Heat map shows locally normalized Crick-strand

SSDS coverage (10-bp bins) relative to centers of SPO11-oligo hotspots that

overlap SSDS hotspots and that have no other hotspot within 5 kb. Hotspots

were ordered by distance from 1,005 bp left of the center to the point right of

the center where cumulative SSDS signal was 90% of total.

(B) Combining SPO11-oligo and SSDS data to estimate the length distribution

of resection tracts genome-wide. The ssDNA coverage at a given position is a

function of the nearby DSB distribution and the per-DSB resection profile R.

(C) Estimated resection tract length distribution.

See also Figure S5.
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Third, nearly all recombination events were entirely within the

extent of SSDS coverage (Figures 6C and 6D). Thus, despite

similar resection lengths in yeast and mouse, crossover and

noncrossover gene conversion tract lengths are much shorter

in mice: �500 bp (crossovers) and <100 bp (noncrossovers)

for mice (Cole et al., 2014, and references therein), versus me-

dians of 2 kb (crossovers) and 1.8 kb (noncrossovers) in yeast

(Mancera et al., 2008). This suggests species-specific differ-

ences in meiotic recombination pathways.

ATM Shapes the DSB Landscape at Multiple Levels
ATM kinase is activated by DNA damage to trigger checkpoint

signaling and promote DSB repair. Spermatocytes lacking

ATM produce >10-fold more SPO11 oligos because of a
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(B) Spatial relationships between DSBs (SPO11 oligos), resection (SSDS, normalized coverage; data from Brick et al., 2012), and recombination products at

hotspot A3 (Cole et al., 2010). Gray filled areas show density of crossover breakpoints (cM/Mb) detected by allele-specific PCR on sperm DNA using forward

primers specific for the B6 haplotype and reverse primers for the DBA haplotype (‘‘B6 to DBA’’) or vice versa (‘‘DBA to B6’’). Blue bars show noncrossover gene

conversion frequencies for individual polymorphisms from the B6 allele to DBA. Noncrossovers usually involve conversion of only a single polymorphism. In the

bottom graph, ticks denote tested polymorphisms. See Figure S6 for other hotspots.

(C andD)Multi-hotspot composite. Data were locally normalized by dividing by themean of values in the 5001-bpwindow encompassing each hotspot, thenwere

averaged across eight hotspots (three for noncrossovers). See the STARMethods for details about hotspots chosen for the composite. In (D), resection endpoints

were based on the estimated genome-wide average.

See also Figure S6.

Cell 167, 695–708, October 20, 2016 703



S
P

O
11

-o
lig

o 
re

ad
 c

ou
nt

 (
R

P
M

+
1)

A

SPO11-oligo read count (RPM+1)

Atm null 1
103

102

10
A

tm
 n

ul
l 2

Atm wt

1

103

102

10

A
tm

 h
et

1

103

102

10

1 102 10310

B
6

r =0.97r =0.94

1
1 102 10310

r =0.83

B

Threshold (fold over genome average) 

0

20

60

50403020100
N

um
be

r 
of

 h
ot

sp
ot

s 
(×

10
00

)

40

C

0.02 RPM

0–2000 2000
Position relative to SPO11-oligo

hotspot centers (bp)

Atm null 1

Atm wt

 H
ot

sp
ot

 s
tr

en
gt

h 
in

A
tm

 n
ul

l 1
 (

R
P

M
+

1)

1

10

102

103
New hotspots in Atm null 1

12,667

Atm wt
n=13,978

Atm null 1
n=21,636

1:10

10:1

102:1

103:1

SPO11-oligo read count in
Atm wt (RPM+1)

1:102

1:1

1 10 103102

D

R
at

io
 o

f S
P

O
11

-o
lig

o 
co

un
ts

in
 A

tm
 n

ul
l 1

:A
tm

 w
t

E

M
ea

n 
of

 lo
ca

lly
 n

or
m

al
iz

ed
S

P
O

11
 o

lig
os

 (
sm

oo
th

ed
)

F

C
or

re
la

tio
n 

be
tw

ee
n 

ne
ig

hb
or

in
g

se
gm

en
ts

 fo
r 

lo
g-

fo
ld

 c
ha

ng
e 

(P
ea

rs
on

’s
 r

)
Position relative to Atm wt

hotspot centers (bp)

0–1000 1000
0

2

–0.1

0

0.1

0.2

0.3

0.5

0 10 20 30 40
Distance between 1-Mb
sampling windows (Mb)

0.4

Atm null 1
Atm wt

R
at

io
 o

f S
P

O
11

-o
lig

o 
de

ns
iti

es
in

 A
tm

 n
ul

l 1
:A

tm
 w

t

H

10:1

50:1

1:1

5:1

G

C
or

re
la

tio
n 

be
tw

ee
n 

D
S

B
 d

en
si

ty
in

 w
ild

-t
yp

e 
an

d 
th

e 
lo

g-
fo

ld
 c

ha
ng

e
in

 A
tm

 n
ul

l (
P

ea
rs

on
’s

 r
)

S
P

O
11

-o
lig

o 
de

ns
ity

 (
R

P
M

/M
b)

I

100

300

400

500

200

22,100

22,200

Chromosome size (Mb)
2001000

PAR

r =–0.59 (autosomes)
p <0.01

chr1

non-PAR chrY

chr19

non-PAR chrX

PAR

non-PAR chrY

non-PAR chrX

autosomes

–1.0

–0.8

–0.6

–0.4

–0.2

0.2

0 10 20 30 40
Window size (Mb)

0

r=0.94

r=0.0 8383

r=0.97

B6

Atm null 2
Atm null 1
Atm het
Atm wt

Figure 7. DSB Patterns in the Absence of ATM

(A) Reproducibility of SPO11-oligo maps. SPO11-oligo read counts were summed in 1,001-bp windows.

(B) Atm null spermatocytes display more hotspots than ATM-proficient spermatocytes. Data for B6 are reproduced from Figure 2A.

(C) New hotspots in Atm null are weak hotspots that also yield small numbers of DSBs in wild-type. Boxplot is as defined in Figure S2A legend; SPO11-oligo

profiles were smoothed with a 51-bp Hann filter.

(D) In ATM-deficient spermatocytes, weaker hotspots increasemore than stronger hotspots. Each point represents a 1,001-bp window around a hotspot called in

theAtmwtmap (one outlier is not shown). The dashed horizontal linemarks the 11.3-fold increase inwhole-testis SPO11-oligo levels inAtm null mice (Lange et al.,

2011).

(E) Wider average SPO11-oligo distribution around hotspots in the absence of ATM. SPO11-oligo profiles were smoothed with a 51-bp Hann filter.

(F) Local domains of correlated behavior. Each point compares the log-fold change in SPO11-oligo density in 1-Mb segments on autosomes to the log-fold

change in neighboring segments the indicated distance away. Shaded area denotes estimated 95% confidence intervals for data randomized within-

chromosome.

(G) Domains that are relatively DSB-poor in wild-type tend to be more strongly suppressed by ATM. Each point compares the log-fold change in SPO11-oligo

density in Atm null to the SPO11-oligo density in Atm wt when autosomes are segmented into non-overlapping windows of the indicated size.

(legend continued on next page)
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conserved negative feedback circuit in which DSB-activated

ATM inhibits further cleavage by SPO11 (Lange et al., 2011; Gar-

cia et al., 2015). How does this feedback affect the DSB land-

scape? One possibility is a ‘‘rising tide raises all boats’’ scenario,

in which additional DSBs have the same distribution as in normal

meiosis. However, because ATM is activated near DSBs, we

proposed that this feedback is spatially patterned, in turn pre-

dicting that the DSB distribution is altered in Atm–/– meiocytes

(Lange et al., 2011; Keeney et al., 2014). Indeed, yeast Tel1

(ATM ortholog) suppresses formation of clustered DSBs (Garcia

et al., 2015). To distinguish between thesemodels, we generated

SPO11-oligo maps from Atm–/– mice (‘‘Atm null’’). Controls were

ATM-proficient animals (Atm+/+ [‘‘Atm wt’’] and Atm+/– [‘‘Atm

het’’]) from the same breeding colony, which is a mixed back-

ground of 129/Sv (129) and B6. These strains carry the same

Prdm9 allele.

Replicate maps fromAtm null mice agreedwell and theAtmwt

and Atm het maps also matched well, affirming reproducibility

(Figure 7A). The Atm wt map also agreed with the B6 map, but

less well than withAtm het (Figure 7A). Sequence differences be-

tween the strains likely affect strengths of subsets of PRDM9

binding sites (Figure S7A) (Smagulova et al., 2016). SPO11 oligos

are longer on average in Atm null spermatocytes (Lange et al.,

2011), also reflected in read lengths (Figure S7B).

More hotspots were identified in ATM-deficient samples at all

thresholds tested, whereas ATM-proficient samples yielded

similar numbers of hotspots that overlapped extensively be-

tween maps (Figures 7B and S7C; Table S3). Hotspots called

only in the Atm null maps were much weaker on average than

hotspots also seen in ATM-proficient mice (Figure 7C). More-

over, sites of ‘‘new’’ hotspots tended to haveweak SPO11-oligo

clusters in Atm wt (Figure 7C) and were enriched for a similar

15-bp motif (Figure S3D; Table S4). Thus, new hotspots are

not a qualitatively distinct class, but instead are simply weak

SPO11 targets that rise above the arbitrary threshold when

ATM is absent. Of note, new Spo11-oligo hotspots did not

emerge in S. cerevisiae in the absence of the ATM ortholog

Tel1 (Mohibullah and Keeney, 2016). This difference may indi-

cate qualitatively different functions for Tel1/ATM in yeast

versus mice, or may simply reflect that ATM is quantitatively a

more important controller of DSB activity in mice than in yeast,

where Tel1 absence increases Spo11-oligo complexes only

2-fold.

Because hotspots were called in RPM-normalized data rela-

tive to each sample’s genome average, the selective increase

in numbers of weaker hotspots implies that strong andweak hot-

spots respond differently to ATM deficiency. Indeed, if we ac-

count for increased SPO11 oligos from Atm null spermatocytes

by scaling the Atm null map by 11.3 (the average increase in

SPO11-oligo complexes) (Lange et al., 2011), nearly all hotspots

experienced more DSBs in the absence of ATM, but weaker

hotspots increased more (Figure 7D). These patterns are not

an artifact of better mapping efficiency of longer SPO11 oligos:

When we truncated Atm null reads in silico to match the length

distribution in Atm wt and regenerated the SPO11-oligo map

(Figure S7D), Atm null still yielded more hotspots because of

preferential strengthening of weak hotspots (Figures S7E–S7G;

Table S6).

We further asked how SPO11-oligo distributions were altered

at different size scales. Hotspots in Atm null had a similar

average profile as wild-type, with a narrow primary peak and

weaker secondary peaks, but hotspots tended to be wider and

the secondary peaks accounted for a greater fraction of

SPO11 oligos (Figure 7E). ATM deficiency may alter local chro-

matin structure before DSBs form, making SPO11 less con-

strained toward hotspot centers. Or ATM may prevent SPO11

from breaking the same chromatid more than once, as in yeast

(Garcia et al., 2015); if so, our results suggest that extra DSBs

sometimes spill into a wider zone around the PRDM9 binding

site. Population average SPO11-oligo measurement cannot

distinguish between these possibilities, but we favor the multi-

ple-DSB model given the yeast precedent.

To test if ATM also shapes the DSB landscape at larger size

scales, we asked if neighboring regions on the same chromo-

some respond to ATM absence in a correlated manner. We

calculated log-fold change in SPO11-oligo density in 1-Mb seg-

ments, then assessed the correlation of all segments with their

neighboring segments located 1–40 Mb away. The change in

SPO11-oligo density within a given genomic region was

strongly correlated with the change in regions close by; correla-

tion strength decayed with distance and reached background

levels (no correlation) by �15–20 Mb (Figure 7F). We further

found a strong negative correlation between change in Atm

null and local density of SPO11 oligos in wild-type, for window

sizes up to at least 40 Mb (Figure 7G). Thus, megabase-scale

domains that are normally DSB-poor experience a dispropor-

tionately large increase in DSB formation in the absence of

ATM. This finding explains the inverse relationship between

the SPO11-oligo increase in Atm null and hotspot strength

when individual hotspots were considered on a genome-wide

scale (Figure 7D). More importantly, the results demonstrate a

major role for ATM in shaping large-scale features of the DSB

landscape in wild-type. We speculate that differential sensitivity

to ATM-mediated DSB control may reflect underlying variation

in density of ATM phospho-targets, e.g., HORMAD1 (Wojtasz

et al., 2009).

All autosomes responded similarly to the absence of ATM (Fig-

ure 7H), so SPO11-oligo density remained negatively correlated

with chromosome size (Figure 7I). This finding is consistent with

the hypothesis that negative feedback control of DSB formation

via ATM and homolog engagement are distinct pathways

(Keeney et al., 2014).

The PAR behaved similarly to autosomes, but the non-PAR

sex chromosome portions increased disproportionately (�1.6-

fold more than genome average on X and �2.9-fold on Y; Fig-

ure 7H). As a result, SPO11-oligo density on the X chromosome

(H) In the absence of ATM, DSB densities increase more on the non-PAR segments of the sex chromosomes than on autosomes or the PAR.

(I) In Atm null spermatocytes, SPO11-oligo density remains negatively correlated with chromosome size, and the X chromosome more closely matches

expectation from its size.

See also Figure S7.
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more closely matched expectation from chromosome size (Fig-

ure 7I). One possibility is that DNA can be insulated from the DSB

machinery by the sex body, a heterochromatic domain encom-

passing the non-PAR sex chromosomes and that requires

ATM for its formation (Bellani et al., 2005). Alternatively, the

same ATM-dependent negative feedback operating on auto-

somes may be stronger on sex chromosomes. Regardless of

mechanism, these findings reveal an unexpected role for ATM

in suppressing DSB formation on the non-PAR portions of the

X and Y chromosomes.

Conclusions
SPO11-oligomaps provide a comprehensive look at themeiotic

DSB landscape in male mice. We find common threads running

through DSB patterning processes in different species, but also

striking differences. One difference is that fine-scale hotspot

structure is more homogeneous in mouse than in either budding

or fission yeast, reflecting in part a more consistent chromatin

structure for mouse hotspots caused by PRDM9-provoked

chromatin remodeling and/or by PRDM9 selecting from a pre-

existing state. A consequence of this stereotyped structure is

that many DSBs arise from what are essentially point sources,

somewhat more so than in budding yeast (Pan et al., 2011)

and much more so than in fission yeast (Fowler et al., 2014). A

practical implication is that constrained DSB locations facilitate

comparisons to downstream events. Another implication is that

hotspots are a more prominent component of the DSB land-

scape in mice.

Nonetheless, hotspots are just one organizational level

among many. More than a third of DSBs apparently occur

outside of hotspots, and even in hotspots H3K4me3 signal

(a proxy for PRDM9 activity) explains only 40% of the variation

in DSB frequency. Beyond the hotspot scale, we find differ-

ences between sub-chromosomal domains, variation between

autosomes correlated with chromosome length, and excep-

tionally high PAR DSB activity. Because hotspots with similar

H3K4me3 show a different likelihood of DSB formation in

different larger domains, we infer that features defining the

domains are more apical than hotspot-level determinants in

the hierarchy of landscape architects. These findings and

others (Davies et al., 2016) thus support the hypothesis that

a hierarchical combination of factors shapes the DSB land-

scape in mouse. This is an important common thread between

species.

Another common thread is the role of regulatory mechanisms.

DSB landscape architects can be divided into two broad cate-

gories: intrinsic (or proactive) factors such as chromosome

structures, the DSB machinery, or histone modifications; and

extrinsic (or reactive) factors layered on top, such as feedback

circuits described above (Keeney et al., 2014; Cooper et al.,

2016). Our findings support this hypothesis by demonstrating

that ATM not only controls DSB numbers but also molds the

DSB landscape. Furthermore, DSB regulators interact in com-

plex, combinatorial ways. Specifically, DSB formation is actively

suppressed on non-homologous parts of the X and Y chromo-

somes, and we show an unexpected role (whether direct or

indirect) for ATM in this process. But DSBs also continue to

form longer on unsynapsed regions including on the X and Y

chromosomes (Kauppi et al., 2013), thus the final number and

distribution of DSBs on the sex chromosomes are shaped by a

balance between antagonistic regulatory systems. Understand-

ing complex interplay between the factors shaping the DSB

terrain is an important challenge, and SPO11-oligo mapping

will be a valuable resource.
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KEY RESOURCES TABLE

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by, the corresponding author Scott Keeney at

Memorial Sloan Kettering Cancer Center (s-keeney@ski.mskcc.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6J (B6) mice at 2–3 months of age were purchased from The Jackson Laboratory and were dissected upon delivery. The Atm

mutation was described previously (Barlow et al., 1996) and was bred onto a mixed 129/B6 background. A single breeding

pair of Atm+/– mice with this mixed background was used to establish the colony. Offspring of Atm+/– 3 Atm+/– breeding pairs

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-mSPO11: Spo11-180 MSKCC Antibody and Bioresource Core

Facility

N/A

Chemicals, Peptides, and Recombinant Proteins

EDTA-free protease inhibitor cocktail Sigma-Aldrich Cat#11873580001

Protein A–agarose beads Sigma-Aldrich Cat#11134515001

Proteinase K Fisher Scientific Cat#BP1700-500

Terminal deoxynucleotidyl transferase ThermoFisher Scientific Cat#EP0161

T4 RNA ligase 2 Gift from Stewart Shuman N/A

Klenow DNA polymerase New England BioLabs Cat#M0210S

Taq DNA polymerase ThermoFisher Scientific Cat#10342020

Deposited Data

Raw and processed SPO11-oligo data This paper GEO: GSE84689

Mouse genome assembly GRCm38/mm10 N/A http://genome.ucsc.edu

SSDS data (data were remapped to mm10) Brick et al., 2012 GEO: GSM869781 and GSM869782

H3K4me3 data (data were remapped to mm10) Baker et al., 2014 GEO: GSM1273023 and GSM1273024

Mouse polymorphism database N/A http://www.informatics.jax.org

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory RRID:IMSR_JAX:000664

Mouse: Atmtm1Awb (used to generate mice

on a mixed 129/B6 background)

The Jackson Laboratory RRID:IMSR_JAX:002753

Software and Algorithms

SPO11-oligo mapping source code This paper https://github.com/soccin/Spo11_v3

SHRiMP Rumble et al., 2009 http://compbio.cs.toronto.edu/shrimp

CSEM Chung et al., 2011 http://deweylab.biostat.wisc.edu/csem/

LiftOver N/A http://genome.ucsc.edu/cgi-bin/hgLiftOver

BWA Li and Durbin, 2009 http://bio-bwa.sourceforge.net/bwa.shtml

BEDTools N/A http://bedtools.readthedocs.io/en/latest/

index.html

R (versions 3.2.0 to 3.3.0) N/A http://www.r-project.org

MEME-ChIP Machanick and Bailey, 2011 http://meme-suite.org/tools/meme-chip

MAST Bailey and Gribskov, 1998 http://meme-suite.org/tools/mast
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were maintained on regular rodent chow with continuous access to food and water until dissection at 2–3 months of age. Experi-

ments conformed to regulatory standards and were approved by the Memorial Sloan Kettering Cancer Center Institutional Animal

Care and Use Committee.

METHOD DETAILS

Purification of Mouse SPO11 Oligos
We purified SPO11 oligos from adult mouse testes by adapting previously described methods in which we isolate SPO11 oligos by

immunoprecipitation then deproteinize the oligos (Pan et al., 2011; Lange et al., 2011), as detailed here. Mouse testes were dissected

at 2–3 months of age, decapsulated and stored at –80�C until use. We prepared testis lysates and immunoprecipitated SPO11-oligo

complexes using reagent volumes indicated in the table below, withminormodifications by sample. BecauseAtm–/– testes produce >

10-fold more SPO11 oligos than ATM-proficient testes (Lange et al., 2011), fewer mice and smaller reagent volumes were required to

generate the Atm null maps.

For each experiment, testes were Dounce-homogenized in lysis buffer (1% Triton X-100, 400 mM NaCl, 25 mM HEPES-NaOH at

pH 7.4, 5 mM EDTA) containing EDTA-free protease inhibitors, then extracts were cleared by centrifugation at > 300,000 g for 1 hr.

The supernatant was incubated with protein A–agarose beads for mock IP1 (5 hr at 4�C with mixing by end-over-end rotation). The

supernatant was transferred to a fresh tube and mock IP1 beads were stored at 4�C. The supernatant was incubated with anti-

mSPO11 monoclonal antibody Spo11-180 at 4�C for 1 hr with mixing by end-over-end rotation, then protein A–agarose beads

were added for a further 3 hr of mixing. The supernatant was transferred to a fresh tube and SPO11 IP1 beads were stored at

4�C. To maximally extract SPO11-oligo complexes, the supernatant was re-immunopreciptated (SPO11 re-IP1) with anti-

mSPO11 antibody at 4�C for 1 hr followed by addition of protein A–agarose beads andmixing overnight. SPO11 IP1 and re-IP1 beads

were consolidated during washing steps in which the mock IP1 beads and the combined SPO11 IP1 beads were washed five times

with IP buffer (1% Triton X-100, 150 mM NaCl, 15 mM Tris-HCl at pH 8.0). Immunoprecipitates were eluted with Laemmli sample

buffer and diluted 6-fold in IP buffer. Eluates were subjected to a second round of immunoprecipitation (SPO11 IP2 and mock

IP2) with or without anti-mSPO11 antibody at 4�C for 1 hr, followed by the addition of protein A–agarose beads and end-over-end

mixing overnight.

SPO11 IP2 andmock IP2 beadswerewashed five timeswith IP buffer and oncewith Proteinase K buffer lacking SDS (100mMTris-

HCl, pH 7.4, 1 mM EDTA, 1 mM CaCl2). Beads were then resuspended with 100 mg purified Proteinase K in Proteinase K buffer

(100 mM Tris-HCl, pH 7.4, 1 mM EDTA, 0.5% SDS, 1 mM CaCl2) and incubated overnight at 50�C on a ThermoMixer (Eppendorf)

at 300 rpm. The supernatant was collected using a Spin-X filter (Corning) and ethanol precipitated with 0.3 volume of 9 M ammonium

acetate, 10 mg of DNA-free glycogen and 2.5 volumes of 100% ethanol. SPO11 oligos were quantified by radiolabeling with terminal

deoxynucleotidyl transferase and [a-32P] GTP and comparing to a known quantity of a similarly labeled 25-nt synthetic oligo (Pan

et al., 2011).

ATM-proficient samples ATM-deficient samples

B6 Atm wt Atm het Atm null 1 Atm null 2

number of mice 200 100 100 15 15

volume of lysis buffer (mL) 80 24 60 4 4

mock IP1

volume of beads (mL) 1000 500 1000 150 150

SPO11 IP1

amount of antibody (mg) 600 300 600 100 100

volume of beads (mL) 800 400 800 100 100

SPO11 re-IP1

amount of antibody (mg) 300 300 300 50 50

volume of beads (mL) 500 250 500 50 100

mock IP2

volume of beads (mL) 300 300 300 150 150

SPO11 IP2

amount of antibody (mg) 400 200 400 100 100

volume of beads (mL) 300 300 300 150 150
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Library Preparation, Sequencing, and Mapping
HiSeq libraries were prepared from one third to one half (R100 fmol) of purified SPO11 oligos, essentially as described (Thacker et al.,

2014). Briefly, purified SPO11 oligos were tailed on their 30 ends with GTP and terminal deoxynucleotidyl transferase, then tailed oli-

gos were ligated to a dsDNA adaptor with a 30-CCCC overhang using T4 RNA ligase 2. The reverse complement of each SPO11 oligo

was synthesized by KlenowDNApolymerase, then purified on denaturing PAGE, tailedwithGTP, ligated to a second dsDNA adaptor,

amplified by low numbers of PCR cycles using Taq DNA polymerase, and sequenced (Illumina HiSeq). Sequencing was performed

using Illumina HiSeq (23 75-bp paired-end reads) in the Integrated Genomics Operation at Memorial Sloan Kettering Cancer Center.

Adaptor sequences were removed in silico and SPO11-oligo reads were mapped to mouse genome assembly GRCm38/mm10 by

the Bioinformatics Core Facility at Memorial Sloan Kettering Cancer Center. Previously described pipelines for mapping S. cerevisiae

and S. pombe oligos (Thacker et al., 2014; Fowler et al., 2014) were customized for themouse genome. A full copy of the source code

is available online at https://github.com/soccin/Spo11_v3. In brief, adaptor sequences were removed from both the 50 and 30 ends,
then reads weremapped to themouse genome using gmapper-ls (2_1_1b) from the SHRiMPmapping package (Rumble et al., 2009).

The specific mapping parameters used were -N 18 -U -g -1000 -q -1000 -m 10 -i -20 -h 100 -r 50% -n 1 -o 100001 -Q -E --sam-

unaligned --strata. After mapping, the reads were separated into unique and multiple mapping sets. Multi-mapped reads were

distributed in two ways:

1) Imputation: We used the CSEMmethod (Chung et al., 2011; Fowler et al., 2014), which imputes the likely fractional occupancy

of multi-mapped reads using an Expectation-Maximization method that uses the local density of uniquely mapping reads at

each multi-mapped position. Version 2.4 of CSEM was used and called as follows: csem-2.4/run-csem --bam -p 12 --no-ex-

tending-reads --upper-bound 1000.

2) Normalization: Each multi-mapped read was fractionally divided equally among its mapped positions.

Genome Size
The mappable genome size of 2,652,767,201 bp was calculated by subtracting the 78,088,274-bp sum of gaps from the total size of

2,730,855,475 bp (http://genome.ucsc.edu). The PAR has been estimated to be �700 kb in length (Perry et al., 2001). Our PAR an-

alyses (Figure 4) are based on the combined mappable size of 176,007 bp (161,532 bp for the X chromosome and 14,475 for the Y

chromosome). PAR boundaries were set at position 169,969,767 on the X chromosome and position 90,830,223 on the Y chromo-

some. Oligos mapping to either the X- or Y-assigned PAR sequences were summed to estimate PAR totals.

SSDS and H3K4me3 Datasets
We combined SSDS data from GEO accession numbers GEO: GSM869781 and GEO: GSM869782 (anti-DMC1 B6 sample 1 and

anti-DMC1B6 sample 2 fromGEO: GSE35498), kindly remapped tomm10 by Kevin Brick and R. Daniel Camerini-Otero. SSDS reads

were converted to strand-specific coveragemaps. For each strand, the coverage at each position was normalized to the total strand-

specific coverage in the genome and multiplied by 106.

For comparison with our SPO11-oligo map, we converted the sequence coordinates for published SSDS hotspots (Brick et al.,

2012) to mm10 using the UCSC Genome Browser LiftOver tool (http://genome.ucsc.edu/cgi-bin/hgLiftOver). (All but 10 out of

18,313 hotspots were successfully converted.) Additionally, we removed nine hotspots that localized to chrM, chr4_GL456216_ran-

dom (an unplaced contig on chr4) or chrUn_GL456370 (an unassigned contig) because the remapped SSDS reads did not include

these elements. We defined SSDS hotspot centers as the midpoints between start and end coordinates. We determined the SSDS

hotspot tag count for the remapped datasets using the coverageBed algorithm in the BEDTools suite version 2.25.0.

H3K4me3 data (Baker et al., 2014) from GEO accession numbers GEO: GSM1273023 and GEO: GSM1273024 (B6_H3K4me3_

ChIP_sample_1 and B6_H3K4me3_ChIP_sample_2 from GEO: GSE52628) were remapped to mm10 using the BWA package (Li

and Durbin, 2009). Data were filtered to retain only uniquely mapping reads, which were then converted to coveragemaps. Coverage

maps for the two datasets were subsequently combined.

Analysis of Hotspots
We defined DSB hotspots as SPO11-oligo clusters that met cutoffs for six thresholds for oligo density over the genome average of

0.000377 RPM/bp, which was determined using the mappable genome size of 2,652,767,201 bp. Hotspot calls were made based on

a previously described algorithm (Pan et al., 2011). For each chromosome, the raw SPO11-oligo map was smoothed with a 201-bp

Hann window, and regions where the smoothed profile met or exceeded a given threshold were identified. Within each such region,

hotspot coordinates (‘‘Start’’ and ‘‘End’’ in Tables S3 and S6) were defined as the 50-most and 30-most positions with mapped reads.

For each hotspot, the SPO11-oligo read count (as RPM) was summed from Start to End positions (‘‘Hits’’ in Tables S3 and S6). The

hotspot center was defined as the position of the smoothed peak in the SPO11-oligo density between Start and End; and the hotspot

median was defined as the position of the weightedmean in SPO11-oligo density from Start to End. Hotspots with widths of less than

25 bp or with a strand bias greater than 100:1 were discarded. Hotspots separated by an edge-to-edge distance less than 1000 bp

were merged and hotspot data were recalculated.
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Prior to comparing SPO11-oligo read counts and SSDS tag counts around SPO11-oligo hotspots, we censored 17 SPO11-oligo

hotspots: two neighboring hotspots on chromosome 2 because of a substantial spike in SSDS signal likely due to a mapping artifact,

and 15 hotspots on unplaced or unassigned contigs. Thus, the comparisons shown in Figures 2 and S2 are for the remaining 13,943

SPO11-oligo hotspots. SSDS tag counts for these SPO11-oligo hotspots were determined for the center position ± 1000 bp using the

coverageBed algorithm in the BEDTools suite. To compare H3K4me3 signal and SPO11 oligos around all 13,960 SPO11-oligo hot-

spots, we determined H3K4me3 tag counts (using the coverageBed algorithm in the BEDTools suite) and SPO11-oligo read counts in

a 1001-bp window around each hotspot center.

S. cerevisiae Spo11-oligo data (Mohibullah and Keeney, 2016) were used for comparing average profiles around hotspots.

PRDM9 Motif Analysis
We searched for enrichment of DNA sequence motifs within hotspots using the MEME suite of tools version 4.11.0 (http://

meme-suite.org). We supplied MEME-ChIP (Machanick and Bailey, 2011) with the genome sequences ± 1000 bp from the center

positions of all 13,960 hotspots. Default parameters for MEME-ChIP were used, except that we required a minimum of 11 bp and

a maximum of 15 bp. The most significant motifs included some or all of the 12-bp motif that we denoted as the primary motif, which

matched part of a putative 36-bp PRDM9B6 binding site identified by independent approaches (Figure S3D) (Brick et al., 2012; Baker

et al., 2014, 2015; Davies et al., 2016). Similar motifs were identified when we limited the searched genome space to 1) Start to End of

all hotspots, or 2) the center position ± 100 bp of all hotspots (data not shown).

Because the 12-bp primary motif is highly enriched immediately around hotspot centers (Figure S3C), we limited the search

space for calling instances of the motif to hotspot centers ± 100 bp. We queried these 13,960 201-bp sequences using MAST (Bailey

and Gribskov, 1998) with the ‘‘-hit_list’’ parameter, which identified 9865 instances of the motif distributed among 9060 hotspots

(Table S4A).

When we searched by MEME-ChIP the remaining 4900 hotpots for enrichment of other motifs, we identified a 15-bp sequence

that substantially overlaps the primary motif (Figure S3D). Querying the central 201 bp of these 4900 hotspots using MAST identified

1622 instances of this secondary motif distributed among 1534 hotspots (Table S4B). We observed essentially identical SPO11-oligo

patterns around the secondary motif as around the primary motif (data not shown).

When we searched for enrichment of DNA sequence motifs in the 8969 new hotspots arising in the Atm null 1 map, we identified a

15-bp sequence that substantially overlaps the primary motif (Figure S3D). In querying the central 201 bp of these hotspots using

MAST, we found 5763 instances of this motif distributed among 5218 hotspots (Table S4C) and essentially identical SPO11-oligo

patterns as around the primary motif (data not shown).

We used k-means clustering to group hotspot-associated instances of the motif by local SPO11-oligo pattern. The SPO11-oligo

map in the 501 bp surrounding eachmotif midpoint was smoothedwith a 15-bp Hann window, the smoothed pattern was normalized

across the window, and the normalized signals were clustered. When a queried region (hotspot centers ± 100 bp) contained more

than one motif, the central-most instance was selected for plotting (Figures 3F and 3G). Highly similar results were obtained when

we analyzed all instances of the motif or only motifs from regions containing a single instance of the motif, as well as the secondary

motif and motifs in new Atm null 1 hotspots (data not shown).

Chromosome-Scale Patterns
Chromosome-scale analyses were performed after combining uniquely mapping and imputed multi-mapped reads. SPO11-oligo

and crossover densities in the PAR were calculated with the combined PAR size of 176,007 bp (see above). When we set the

PAR size to 700 kb (Perry et al., 2001), densities were �28-fold and �143-fold higher than their respective genome averages.

This translated to a similar �5-fold higher yield of crossovers per DSB. When plotting ratios of SSDS tag counts to SPO11-oligo

read counts in SSDS hotspots, all sex-chromosome hotspots were within non-PAR segments of the X and Y chromosomes.

Analysis of DSB Resection Tract Lengths
Estimating a Global Average Resection Profile by Combining SSDS Coverage with SPO11-Oligo Data

SPO11 oligos are a measure of the genome-wide distribution of DSBs, i.e., resection start sites. SSDS measures DMC1-bound

ssDNA, encompassing some or all of the ssDNA revealed by resection. Both measures are population averages, so they do not

directly reveal the lengths of individual resection tracts. Note, however, that the amount of ssDNA at a given genomic position is

a function of how often a DSB forms near that position, how far such DSBs are away, and the likelihood that resection of each of these

DSBswill reach the position in question (Figures 5B, S5A, and S5B). The steady-state amount of ssDNA as a function of distance from

the DSBwill also be influenced by the speed of resection if this is slow compared to the lifespan of resected DSBs, because in such a

scenario partially resected DSBswould contribute to the population average. However, DSBs in yeast are resected extremely rapidly,

such that they appear to be fully resected as soon as they are detectable (Zakharyevich et al., 2010). Here we assume the same is true

for mouse meiosis, in which case we can safely ignore resection speed as a contributing factor. We sought to estimate a genome-

wide average profile of resection lengths by combining the strand-specific SSDS coverage at each genomic position with information

about the DSB distribution (SPO11 oligos), using the following approach.

Let S be the SPO11-oligo distribution in 10-bp bins: S = {s1, s2,., si}. Thus, si is the empirical estimate of the DSB frequency within

genomic bin i. (We used binned data tomake the analysis computationally tractable.) Similarly, letC be the binned SSDS coverage on
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the Crick (bottom) strand, C = {c1, c2,., ci}, and letW be the binned SSDS coverage on theWatson (top) strand,W = {w1,w2,.,wi}.

Thus, ci andwi are empirical estimates of howmuch ssDNA is present within bin i. Let E be an error function encompassing all sources

of error in measuring true DSB and ssDNA distributions for each strand, E = {εc1, εc2, ., εci, εw1, εw2, ., εwi}.

Let R be the distribution model for the genome-average resection profile, R = {r0, r1, ., r250}, where rk is the probability that

resection will extend > 10k nucleotides from the DSB. We empirically chose 2.5 kb (i.e., max k = 250) as the resection limit based

on examination of the spread of SSDS signal around SPO11-oligo hotspots (Figure 5A). R can also be viewed as the probability

of single-strandedness, i.e., rk is also the probability that the DNA % 10k nt from a DSB will be single stranded.

Wewished to estimateR from the SPO11-oligo and SSDS data. The ssDNA present at a given base in the genome is the sum of the

resection tracts that overlap that base. For the Crick strand to be single stranded, resection must come from DSBs located to the left

(Figures S5A and S5B), thus C can be described as a series of linear equations combining S, R, and E:

ci =

 
X250

k = 0

si�k,rk

!

+ εci

Conversely, for the Watson strand to be single stranded, resection must come from DSBs located to the right, so the equations

describing W take the form:

wi =

 
X250

k = 0

si + k,rk

!

+ εwi

We therefore have two equations (one for each strand) for every 10-bp bin at position i across the genome. To simplify further cal-

culations and to ensure that the analysis focused on informative loci, we selected a subset of SPO11-oligo hotspots (11,804; 84% of

hotspots) by the following criteria: 1) The SPO11-oligo hotspot must overlap an SSDS hotspot, to exclude uninformative loci (e.g.,

hotspots with SPO11-oligo signal but no SSDS signal). 2) The SPO11-oligo hotspot must not have a neighboring SPO11-oligo or

SSDS hotspot within 5 kb of its peak position, to correctly attribute SSDS signal to the specified hotspot. We set values of si, ci,

andwi as 0 if the position iwas > 2.5 kb away from the peak of one of the selected hotspots. Values of si, ci, andwiwere locally normal-

ized across eachwindow so that SPO11-oligo and SSDS data are equally comparable at each hotspot, and each hotspot contributes

equally to the SPO11-oligo and SSDS spatial patterns without regard to hotspot heat.

The number of non-trivial equations (i.e., not of the form 0 = 0) is > 1.2 3 107 (11,804 hotspots considered 3 501 10-bp bins

centered on each hotspot 3 2 strands). We computed a best fit solution (minimizing the sum of absolute errors) to this system of

equations for R using the Moore–Penrose pseudoinverse. The initial solution (R0) is shown in the left graph in Figure S5C. Because

the empirical data are measured in different types of units (coverage for SSDS, tag counts for SPO11 oligos), the calculated value of

R0 has somewhat arbitrary units. To convertR0 to the desired probability distribution (R), we set themaximum to 1 and theminimum to

0, after removing the end bias introduced by the SSDSmapping method (see the next section for details) (Figure S5C, middle graph).

We then smoothed R using logistic regression and determined the underlying distribution of resection tract lengths as the first de-

rivative of 1 – R (Figures S5C, right graph, and 5C).

Accommodating Elements of Bias in the SSDS Map

Individual hotspots show a general trend where SSDS coverage extends up to somewhat over 1 kb from hotspot centers (Figure 5A).

However, we note two distinct elements of bias in the SSDS profiles. First, individual hotspots displayed a strong peaks-and-valleys

appearance for SSDS coverage that was not as expected if reads were derived randomly from ssDNA emanating out from the DSB

sites (see Figure 1E as an example). To further illustrate, we plotted a heat map of the locally normalized Crick-strand SSDS coverage

around SPO11-oligo hotspots ordered by the distance to the point with maximal signal (Figure S5D). This analysis reveals a tendency

for individual hotspots to display a significant peak in SSDS coverage whose distance from the site of most DSBs varies continuously

out to nearly 1 kb. We infer from this pattern that some ssDNA segments are preferentially sequenced over others, most likely in a

sequence-dependent manner. The SSDSmethod relies on foldback annealing to provide specificity for ssDNA (Khil et al., 2012; Brick

et al., 2012). It is likely that this requirement for appropriately spaced sites of microcomplementarity imposes much of the observed

non-randomness in the SSDS coverage. It is also possible that non-random binding by DMC1 and/or other technical biases in PCR

amplification and deep sequencing contribute. We accommodate this type of bias by averaging genome-wide, because the spatial

distribution of sequence-dependent bias is different for different hotspots and thus largely cancels out when averaging across the

genome (Figure S5D). Note, however, that this issue largely precludes detailed analysis of individual loci.

Second, when SSDS signal was averaged across all hotspots, we observed a strong spike in coverage immediately adjacent to

SPO11-oligo hotspot centers (Figures 2E and S5D). At least some degree of hotspot-proximal enrichment was seen even in cases

where the highest peak of SSDS coverage lay further away from the hotspot center (see quantiles 3 and 4 in the graphs of Fig-

ure S5Dii). It is likely that this ‘‘end effect’’ is an artifact caused by non-random ssDNA fragmentation. In SSDS, sequenced ssDNA

ranged from 50 to 200 nt (Khil et al., 2012; Brick et al., 2012). At an early step of the protocol, immunoprecipitated DMC1-bound

ssDNA is sheared by sonication. Note that a ssDNA fragment of sequenceable length can be recovered from the 30 end of the re-

sected strand with just a single break from sonication, but sequenceable fragments from segments further from the DSB require

two breaks from sonication (Figure S5E). This feature creates a bias in favor of DSB-proximal segments of ssDNA at DSBs.
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To evaluate whether such an effect would be sufficient to account for the observed enrichment of SSDS coverage near hotspots,

we simulated the isolation and sequencing of ssDNA in the length range targeted by the SSDS protocol. To do so, we randomly sub-

divided one million hypothetical ssDNAs with breaks spaced on average 100 nt apart. This results in a population of ‘‘ssDNA frag-

ments’’ that span either from the original ssDNA end (i.e., the DSB site) to a ‘‘sonication’’ site, or from one sonication site to the

next. Because fragments were size selected during SSDS (long fragments appear to have been excluded) (Khil et al., 2012; Brick

et al., 2012), we sampled with replacement from the population of ssDNA fragments to match the length distribution of published

SSDS reads. We then evaluated the coverage provided by this sample relative to the DSB ends of the original ssDNAs. The results

show strong enrichment for the 100–150 nt adjacent to the DSB site (Figure S5F), indicating that this recovery bias is sufficient to

account for the elevated SSDS coverage we observe.

To accommodate the bias from this end effect, we made the straightforward assumption that ssDNA coverage should be maximal

within a plateau extending for some distance from DSB sites, with the length of the plateau representing the minimal resection tract

length. In this scenario, the sonication end effect yields extra coverage above this plateau, and thus artificially inflates values ofR (the

resection profile) close to the DSB (Figure S5C, left graph), so we manually removed the end-effect spike by determining the

maximum SSDS coverage to the right of the peak, then applying that value to all positions back to the DSB site (Figure S5C, middle

graph).

In principle, an alternative explanation for the DSB-proximal enrichment of SSDS coverage could be that there are two distinct

types of DSBs: one that gives rise to short resection tracts and another that is resected to longer lengths. There is no evidence

for such distinct resection classes in yeast (Zakharyevich et al., 2010), and our simulations indicate that sonication bias alone is suf-

ficient to explain the observed patterns, so we consider this explanation unlikely.

Crossover and Noncrossover Data
To compare the SPO11-oligo maps with recombination maps, we determined the mm10 coordinates for all DNA sequence polymor-

phisms used to define crossovers and noncrossovers (Kauppi et al., 2007; Bois, 2007; Wu et al., 2010; Getun et al., 2010; Cole et al.,

2010; Getun et al., 2012; de Boer et al., 2015). Data underlying published B6 3 DBA crossover maps were kindly provided by Irina

Getun and Philippe Bois.

To examine average patterns of recombination around hotspots analyzed by sperm typing, we narrowed down the 16 recombina-

tion hotspots using three criteria. First, to focus our analysis on recombination hotspots that had been defined with adequate reso-

lution, we included only those with a substantial number of polymorphisms between B6 and DBA or between B6 and A/J. Second, to

exclude recombination data that could have arisen from nearby neighboring hotspots, we required recombination hotspots to bewell

separated from adjacent hotspots. Third, to eliminate recombination hotspots in whichmost DSBswere formed on the non-B6 allele,

we included only those loci that were also called as hotspots by SPO11-oligomapping. These criteria narrowed the 16 recombination

hotspots down to eight informative loci: three on chromosome 1 (A3, central and distal), which have been analyzed for both cross-

overs and noncrossovers (Cole et al., 2010; de Boer et al., 2015) and five on chromosome 19 (H22, HS23.9, HS59.5, HS61.1 and

HS61.2), which have been assessed only for crossovers (Bois, 2007; Wu et al., 2010; Getun et al., 2012).

Shortening of Read Lengths in Atm Null Maps
Because longer reads are more likely to map uniquely, we tested whether better mapping efficiency in Atm null could account for the

observed differences with wild-type. For each of the two Atm null datasets, we randomly selected 5% of the reads, shortened their 30

ends to generate an overall length distribution matching that of randomly selected 5% of the Atmwt reads, and remapped the trans-

formed reads (Figure S7D). All previous observations for Atm null were recapitulated. Chromosome-scale analyses were conducted

with uniquely mapping reads only.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using R versions 3.2.0 to 3.3.0 (http://www.r-project.org). Statistical parameters and tests are

reported in the Figures and corresponding Figure Legends. In cases where outliers were removed for plotting purposes, none of

the data points were removed from the statistical analysis.

DATA AND SOFTWARE AVAILABILITY

Data Resources
Raw and processed data files for the five SPO11-oligo maps have been deposited in the NCBI GEO under accession number GEO:

GSE84689. A copy of source code used for mapping SPO11 oligos is available at https://github.com/soccin/Spo11_v3.

e6 Cell 167, 695–708.e1–e6, October 20, 2016

http://www.r-project.org
https://github.com/soccin/Spo11_v3
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Figure S1. Features and Validation of the SPO11-Oligo Map, Related to Figure 1

(A) Specificity of PCR amplification of SPO11 oligos ligated to HiSeq adaptors, shown for sample Atm null 1. PCR was templated with adaptor-ligated SPO11

oligos or with samples processed from mock immunoprecipitates (IP). Amplification products were separated by native PAGE. Vertical bar indicates expected

range of SPO11-oligo amplicons; asterisk indicates adaptor dimers.

(B) SPO11 oligos in known crossover hotspots. From published reports we compiled 16 crossover hotspots characterized by fine-scale analysis of recombinant

products in sperm isolated from F1 progeny of crosses betweenB6 and either A/J, C3H/HeJ (‘‘C3H’’) or DBA/2J (‘‘DBA’’) (Kauppi et al., 2007; Bois, 2007;Wu et al.,

2010; Getun et al., 2010; Cole et al., 2010; Getun et al., 2012; de Boer et al., 2015). All 16 hotspots displayed evidence of PRDM9B6-dependent crossover

formation. See Table S2B for detailed information. In 15 of these crossover hotspots (all except HS18.2), SPO11 oligos were enriched within the region en-

compassed by the coordinates of the recombination site. InHS18.2, most crossovers in the B63DBA F1 hybrids are presumably initiated from DSBs on the DBA

haplotype. HS44.2 encompasses two SPO11-oligo clusters that are merged by our algorithm into one SPO11-oligo hotspot on account of their proximity. Each

plot shows a 5001-bp region centered on themidpoint between the start and end coordinates of the crossover hotspot (defined by outermost polymorphisms that

encompass all crossover events in the cited references). SPO11 oligos were smoothed with a 201-bp Hann filter.

(C) Individual maps of SPO11 oligos and of SSDS coverage on the top (Watson) strand and bottom (Crick) strand (Brick et al., 2012) in a 3001-bp window around

hotspot A3.

(D) We employed two strategies to assign positions for multi-mapped reads. In one, we reasoned that a multi-mapped SPO11 oligo is more likely to have

originated from the position that also had a greater number of neighboring unique reads. Thus, we fractionally distributed eachmulti-mapped read in proportion to

the local density of unique reads, using an iterative imputation strategy similar to ones used previously to analyze ChIP-seq data and to map S. pombe Rec12

oligos (STARMethods) (Chung et al., 2011; Fowler et al., 2014). In the second strategy, we normalized by dividing each read evenly among its mapped positions.

SPO11-oligo maps shown are for three 501-bp regions that share high sequence identity, centered on the genome positions indicated. Whereas the normalized

maps of multi-mapped reads are very similar, the imputedmaps are different becausemulti-mapped reads are assigned using the relative local density of unique

reads. Each map is plotted as RPM of the total 69.4 million reads mapping to the nuclear genome.

(E) Fine-scale patterns of unique reads and multi-mapped reads are similar at hotspot A3. Each map is plotted as RPM based on the total 69.4 million reads that

mapped to the nuclear genome. This is in contrast to other figures (e.g., Figure 1E), in which only the 46.6 million uniquely mapped reads were considered. Totals

given are for the 3001-bp window around the SPO11-oligo hotspot center.

(F) Multi-mapped reads are enriched in hotspots in proportion to hotspot strength. In hotspots called using unique SPO11-oligo reads at 503 over genome

average, the normalized multi-mapped read counts showed good correlation with the counts of uniquely mapped reads (Pearson’s r). This finding supports the

conclusion that themajority ofmulti-mappers arise in similar proportion from the same genomic regions as do uniquemappers, justifying the use of the imputation

strategy outlined in panel D. For each hotspot, one read was added to unique and multi counts to include on the log scale those hotspots with < 1 normalized

multi-mapped read.
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Figure S2. Features of SPO11-Oligo Hotspots, Related to Figure 2

(A) SSDS hotspots with an overlapping SPO11-oligo hotspot are substantially stronger than those without an overlapping SPO11-oligo hotspot. In the box plots,

thick horizontal lines indicate medians, box edges show the 25th and 75th percentiles, and whiskers indicate lowest and highest values within 1.5-fold of the

interquartile range; outliers are not shown.

(B) Distribution of SPO11 oligos (smoothedwith a 51-bp Hann filter) and SSDS coverage around centers of SSDS hotspots with or without an overlapping SPO11-

oligo hotspot. Note that a small peak of SPO11 oligos was present even for the non-overlapping set of SSDS hotspots.

(C) Hotspot centers are definedmore precisely by SPO11-oligomapping. Panels show heatmaps ofWatson andCrick SSDS coverage around hotspot centers as

defined by SSDS (left panels) or by SPO11-oligo mapping (right panels). The normalized SSDS coverage across each 5010-bp windowwas binned in 10-bp bins.

Because locally normalized coverage was used, color-coding reflects spatial patterns within hotspots and not relative intensity between hotspots. Only the

12,694 hotspots called in both datasets are shown and are ordered in each plot by center-to-center distance between the alternative center definitions. The black

line in each plot indicates the center position of the matched hotspot as defined in the alternative dataset. The SPO11-oligo hotspot centers track more faithfully

with the switch betweenWatson andCrick SSDS coverage: compare the black lines to the boundary between red and blue SSDS signal (left and right panels), and

note that this boundary lines up vertically across all hotspots when aligned by the SPO11-oligo hotspot center definition (right panels).

(D) Reducing the precision of SPO11-oligo hotspot definitions recapitulates genome averages derived from SSDS hotspot center definitions. Resection uncovers

tracts of ssDNA that aremuch longer than the width of most DSB hotspots, and sequencing of DMC1-bound ssDNA by SSDS displaysmarked local biases. (Note

the strong peaks-and-valleys appearance of the SSDSmaps aroundA3 as an example; Figure 1E). These two features would be predicted to negatively affect the

precision in estimating DSB hotspot centers. In contrast, the 50 ends of SPO11 oligos are more directly and precisely tied to DSB positions per se, and SPO11

oligos derive from narrow zones. Thus, centers of SPO11-oligo hotspots are predicted to provide amore precise estimate of true DSBhotspot centers. To test this

conclusion, we artificially blurred the precision of SPO11-oligo hotspot centers and examined resulting average patterns in the SPO11-oligo and SSDS datasets.

We first determined, for overlapping SPO11-oligo and SSDS hotspots, the distribution of distances between the hotspot centers defined by the two methods

(range: �1676 to +1634 bp). We then sampled with replacement from that distribution to shift the location of each SPO11-oligo hotspot center in the 50 or 30

direction. The simulation was run 1000 times. As expected, when we plotted SPO11 oligos (smoothed with a 51-bp Hann filter) and SSDS coverage around these

blurred centers, we reconstituted the average patterns observed around SSDS hotspot centers (compare with Figure 1G). We conclude that the SPO11-oligo

map more accurately reflects the fine-scale distribution of recombination initiation in mice.

(E) Distribution of SPO11 oligos (51-bp Hann filter) and SSDS coverage around SPO11-oligo hotspot centers. Data are the same as in Figure 2D, but zoomed into

the lower range of SPO11-oligo values to focus on secondary peaks.

(F) The average patterns of unique reads, imputed multi-mapped reads, and normalized multi-mapped reads around the centers of SPO11-oligo hotspots are

similar. Each map was plotted as RPM of the total 69.4 million reads mapped to the nuclear genome and was smoothed with a 51-bp Hann filter.

(G) Cumulative fraction, by distance from hotspot centers, of SPO11 oligos around all hotspots. Of the 29.4million SPO11-oligo reads thatmappedwithin 2500 bp

of hotspot centers, 76.9% were within 100 bp of hotspot centers and 93.9% within 500 bp.

(H) Comparison of average SPO11-oligo profiles aroundmouse and S. cerevisiae hotspots. The profile from each species is scaled to yield matched areas under

the curves for the regions shown. Note that the average for budding yeast hotspots is less compact than the central peak for mouse, as indicated by the lower

height and greater width for yeast. In both species, hotspot substructure appears to be strongly shaped by the underlying chromatin structure. This substructure

shows more variation between hotspots in budding yeast because the NDRs in gene promoters that are targeted by Spo11 show more variation from one to

another.
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Figure S3. H3K4me3 and PRDM9 Binding, Related to Figure 3

(A) Mean locally normalized SPO11-oligo and H3K4me3 profiles. Data are the same as in Figure 3A, but zoomed to focus on the lower range of values for SPO11

oligos.

(B) Mean locally normalized SPO11-oligo and H3K4me3 profiles for subsets of hotspots. Top: 20% highest left-over-right (L > R) asymmetry; Bottom: 20%

highest right-over-left (R > L) asymmetry (n = 2,792 for each group). Data are the same as in Figure 3C, but zoomed to focus on the lower range of values for SPO11

oligos. On average, the distribution of SPO11 oligos in secondary peaks to the left versus the right displays weak asymmetry in the same direction as H3K4me3

asymmetry. However, even at hotspots with strongly asymmetric H3K4me3, significant secondary peaks of SPO11 oligos can occur on the side that has low or no

H3K4me3 signal.

(C) Enrichment of the 12-bpmotif (see Figure 3D) coincides precisely with the central peak of SPO11 oligos. SPO11 oligos andmotif density were each smoothed

with a 51-bp Hann filter.

(D) The 12-bp motif enriched in SPO11-oligo hotspots is similar to motifs enriched in SSDS hotspots or in PRDM9B6-dependent H3K4me3 peaks and matches

part of a larger 36-bp sequence to which PRDM9B6 is predicted to bind (Brick et al., 2012; Baker et al., 2014, 2015; Davies et al., 2016). In the subset of hotspots

lacking this ‘‘primary’’ 12-bp motif, a ‘‘secondary’’ 15-bp motif that largely overlaps the primary motif was enriched. A 15-bp motif largely overlapping the primary

motif was also enriched in new hotspots arising in Atm null 1. See STAR Methods.

(E) Asymmetry in H3K4me3 signal is present in all three classes of PRDM9 binding sites. Shown for each of the three classes of PRDM9motifs (from Figure 3F) are

heat maps of H3K4me3 (left) and SPO11-oligo (right) signal around motif centers, ordered within each class according to asymmetry in local H3K4me3 pattern.

Normalized SPO11-oligo values across each 1005-bp window were binned in 5-bp bins. k-means clustering of SPO11-oligo spatial patterns was carried out on

SPO11-oligo profiles in 501-bp windows centered on motif occurrences and smoothed with a 15-bp Hann filter.

(F) The three PRDM9 motif classes have indistinguishable sequences. Sequence logos for 101-bp windows around motif midpoints are shown.
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Figure S4. Effects of Differences between Sex Chromosomes and Autosomes with Respect to Timing of DSB Formation and the Lifespan of

Resected DSBs, Related to Figure 4

(A) The ratio of SSDS tag counts to SPO11-oligo counts is substantially higher for SSDS hotspots on sex chromosomes than on autosomes. One SSDS tag count

and one SPO11-oligo read count were added to each hotspot. Boxplots are as defined in Figure S2A. The p value is from a Wilcoxon rank-sum test.

(B) Model for the relative timing of DSB formation and the persistence of SPO11-oligo complexes and DMC1-bound ssDNA. The lifespan of SPO11-oligo

complexes is known to be long relative to the length of meiotic prophase (Lange et al., 2011), so differences in the timing of DSB formation cause little net

difference in lifespan of SPO11-oligo complexes. Whole-testis SPO11-oligo levels are thus expected to represent total DSB numbers well. In contrast, the

average lifespan of DMC1-bound ssDNA is much shorter relative to prophase I, because it disappears as recombination progresses. However, this lifespan can

differ markedly depending on the chromosomal context. On autosomes, RAD51 and DMC1 foci first begin to appear in leptonema and disappear progressively

over the course of zygonema and early pachynema, but on the non-PAR portions of the sex chromosomes RAD51 and DMC1 foci are present at later stages of

prophase I (Moens et al., 1997). The late-persisting foci eventually disappear in mid-to-late prophase, presumably via sister-chromatid or intra-chromatid

recombination. Note also that DSBs form over longer periods on unsynapsed chromosome segments (including on the X chromosome) because a regulatory

circuit inhibits DSB formation where synaptonemal complex has formed (Kauppi et al., 2013). As depicted schematically in the figure, these temporal consid-

erations can explain why SSDS signal relative to SPO11-oligo density is higher for hotspots on the sex chromosomes than on autosomes, and why this

discrepancy is more extreme for stronger hotspots if these tend to be the ones that experience the earliest DSBs.



(legend on next page)



Figure S5. Estimating Resection Tract Lengths Using SPO11 Oligos and SSDS Coverage, Related to Figure 5

We compared the SPO11-oligo map with the SSDSmap to estimate the distribution of resection tract lengths. All plots in this figure display data from a subset of

11,804 SPO11-oligo hotspots chosen on the basis of overlap with an SSDS hotspot and sufficient distance (> 5 kb) from neighboring hotspots. See STAR

Methods for further details on hotspot selection, modeling, and validation.

(A) Example of a DSB hotspot and the spatial relationship between resected DSBs, SPO11 oligos, and strand-specific SSDS coverage. This panel shows the

same hotspot depicted in Figure 5B, but in greater detail. (Hotspot is on chromosome 3, with center at position 107,616,828.) Note that SSDS coverage on the

Crick strand arises from 50/30 exonucleolytic resection moving to the right away from the DSB, whereas coverage on the Watson strand arises from resection

moving leftward. Notice also the marked spikiness in the SSDS coverage, which is not predicted for random sampling of ssDNA from a population of resected

DSBs. This spikiness likely reflects biases in SSDS library preparation from the sonication end effect and from the need for microcomplementarity for foldback

annealing of ssDNA (see panels D, E, and F).

(B) Approach for modeling ssDNA coverage as a function of the distribution of DSBs and the resection profileR. At a given genomic position i, ssDNA on the Crick

strand can arise from aDSB at that position that was resected for a distance of at least 1 nt, or from aDSB 1 bp to the left that was resected at least 2 nt, and so on.

We can therefore model the population-average ssDNA distribution at position i as the sum of DSBs located x bp to the left times the probability of each DSB

being resected more than x nt, for values of x from 0 to the end of the chromosome. For practical purposes, however, we only consider plausible resection

distances, i.e.,% 2.5 kb from the DSB. We also include a term to account for all sources of error in measuring the DSB distribution (empirically, the SPO11-oligo

distribution) and ssDNA amount (empirically, SSDS coverage). The same logic applies to modeling ssDNA on the Watson strand, except that resection comes

from DSBs located to the right of the genomic position in question.

(C) Deriving an estimate of resection tract lengths. The graph on the left shows the best-fit solution to the series of > 1.23 107 multinomial equations of the form

shown in panel B (see STARMethods). This is an initial estimate (R0 ) of the resection profile R. This distribution has somewhat arbitrary units because of difference

in measurement types for SPO11 oligos and SSDS. More importantly, R0 contains a pronounced peak at short distances that is not expected for the true ssDNA

coverage profile around DSBs. This peak can be accounted for as a sequencing bias in favor of recovery of DSB-proximal ssDNA fragments (see panels E and F).

To correct for this bias, we made the simple assumption that ssDNA coverage should be maximal within a plateau extending from the DSB site. We manually set

this plateau by recording themaximum value that was obtained to the right of the artifact peak (dashed line in right panel), and extending this value back to the left.

We also set themaximum to 1 to convert the arbitrary units ofR0 to the desired probability distributionR. The graph in themiddle shows the empirical estimate ofR

and the superimposed logistic regression smoothing. The graph on the right shows the underlying distribution of resection tract lengths, calculated as the first

derivative of 1 – R.

(D) Spikiness in the SSDS map. (i) When SPO11-oligo hotspots were ordered by the position of maximal mean normalized signal (binned by 10 bp) across each

hotspot, spikes of signal along the resection tract segments were apparent. These spikes are also readily apparent in SSDS coverage maps around individual

hotspots (Figures 1E, S5A, and S6). (ii) When these hotspots were divided into four groups based on the position of maximal signal relative to hotspot center, all of

the group averages displayed a hotspot-proximal peak overlapping or in addition to the peak from the maximal signal that was the basis of the grouping. These

plots demonstrate that certain segments are preferentially sequenced over others. Furthermore, there appear to be two distinct components to this bias: a DSB-

proximal preference (addressed in the next panels) that is shared by all hotspots, and a preference for particular segments that are positioned at variable dis-

tances away from the hotspot midpoint. The latter bias is likely caused by a requirement for foldback annealing during enrichment for ssDNA during SSDS library

preparation.

(E) Sonication as a cause of preferential recovery of DSB-proximal ssDNA fragments.

(F) Simulations establish that a sonication end effect is sufficient to explain the DSB-proximal spike in SSDS coverage. To evaluate sonication as the source of the

end effect, we simulated the isolation and sequencing of ssDNA by the published SSDS protocol (see STAR Methods for details). The plot shows, for positions

relative to DSB ends, the frequencies of ssDNA recovered by our simulation. This analysis demonstrates that the 100–150 bp adjacent to the DSB site are

expected to be preferentially sequenced by SSDS solely as a consequence of sonication bias.
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Figure S6. Spatial Relationships between Sequential Steps in Meiotic Recombination at Known Recombination Hotspots, Related to

Figure 6

SPO11 oligos (this study) and strand-specific normalized SSDS coverage (Brick et al., 2012) are shown in comparison to maps of crossover breakpoints and

noncrossover gene conversions for 15 of the 16 crossover hotspots shown in Figure S1B. (HS9 is not shown because detailed crossover data were not available.)

For crossovers, the orientations of allele-specific primers used to amplify recombinant molecules from sperm DNA are indicated as described in the legend to

Figure 6B. In the top graph for each hotspot, the horizontal red bar denotes the location of the SPO11-oligo hotspot called at 503 over genome average. In the

bottom graph for each hotspot, ticks denote tested DNA sequence polymorphisms. Data for A3 are reproduced from Figure 6B to facilitate side-by-side

comparison with the other hotspots. Noncrossover data were available only for the three hotspots depicted at the top. Plots are centered on SPO11-oligo hotspot

center, except for HS18.2, where the plot is centered on the middle of the crossover breakpoint distribution. The 5001-bp window around HS59.4 does not

encompass all crossovers, which extended on the left side to a polymorphism 427 bp away. Note that the y-axes vary to accommodate the wide range of values

among the hotspots. See Table S2B and STAR Methods for additional information.



Read alignment length (nt) 
0 604020

D

F
ra

ct
io

n 
of

 to
ta

l r
ea

ds
 (

%
) 

in
:

A
tm

 w
t

A
tm

 n
ul

l 1

20

0

20

combined
unique
multi

combined
unique
multi

E

Threshold (fold over genome average) 

0

20

60

50403020100

N
um

be
r 

of
 h

ot
sp

ot
s 

(×
10

00
)

40

F

0.02 RPM

0–2000 2000
Position relative to SPO11-oligo

hotspot centers (bp)

Atm null 1

Atm wt

 H
ot

sp
ot

 s
tr

en
gt

h 
in

A
tm

 n
ul

l 1
 (

R
P

M
+

1)

1

10

102

103
New hotspots in Atm null 1

11,801

Atm wt
n=12,604

Atm null 1
n=21,512

G

1:10

10:1

102:1

103:1

SPO11-oligo read count in
Atm wt (RPM+1)

1:102

1:1

1 10 103102R
at

io
 o

f S
P

O
11

-o
lig

o 
co

un
ts

in
 A

tm
 n

ul
l 1

:A
tm

 w
t

B

Read alignment length (nt) 

2.5

F
ra

ct
io

n 
of

 to
ta

l r
ea

ds
 (

%
)

0

5.0

7.5

0 604020

combined
unique
multi

Unique (78.4%)

Multi (21.6%)

C

Atm null 1

728

1858

2017
612

93343

10189

37

36

4450

130 99

38

91

44

295813

12

422

800

39

718

14
937

5326

427

695

10,699

B6

Atm null 2

Atm het

Atm wt

A
T
C

G
G
C
A

G
A
T

A

G
T

A
G
C

G
A
C
T

T
A
G

A

G
T
C

C
T

T
A
G

G
A
T
C

A
T
C

5.489 5.490
0

10

0

10

S
P

O
11

 o
lig

os
in

 B
6 

(R
P

M
)

S
P

O
11

 o
lig

os
in

 A
tm

 w
t (

R
P

M
)

500 bp

G T CG G T TCG TG C
AG T CG T TCG TG C

B6 sequence
129 sequence

12-bp motif

Position on chromosome 18 (Mb)

A

Atm null 2
Atm null 1
Atm wt

Figure S7. ATM Controls the Distribution of Meiotic DSBs, Related to Figure 7

(A) Example of a SPO11-oligo hotspot where disparate strengths in B6 and Atmwt may be due to a sequence polymorphism in the 12-bp PRDM9motif. (Hotspot

is on chromosome 18, with center at position 5,489,367 in B6 and 5,489,365 in Atm wt.) The Atm wt map is from mice with a mixed background of 129 and B6,

strains that share the same Prdm9 allele. At this hotspot, PRDM9 may not bind as efficiently to the 129 chromosome.

(B) Length distribution of SPO11 oligos from Atm null (sample 1) that mapped uniquely or to multiple sites in the genome.

(C) Overlap of hotspot calls from the five SPO11-oligo maps generated for this study.

(D) Length distribution of SPO11 oligos after trimming in silico. Sequence reads were randomly sampled from Atm wt and Atm null (5% of the reads from each),

then the Atm null reads were trimmed from their 30 ends to match the length distribution from Atmwt. Both samples were then re-mapped to the mouse genome,

and the resulting maps were evaluated for the spatial patterns discussed in this study. Distributions of the lengths of aligned reads are shown for unique mappers

and multi-mappers for Atm wt and Atm null sample 1.

(E) Datasets from Atm null animals still yielded more hotspots than from Atm wt after read length trimming. Compare with Figure 7B.

(F) After read length trimming, new hotspots inAtm null still correspond to weak hotspots that also yield small numbers of DSBs in wild-type. Boxplot is as defined

in Figure S2A legend; SPO11-oligo profiles were smoothed with a 51-bp Hann filter. Compare with Figure 7C.

(G) After read length trimming, weaker hotspots are still disproportionately increased in ATM-deficient spermatocytes. Compare with Figure 7D.
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SUMMARY

Chromatin remodelers regulate genes by organizing
nucleosomes around promoters, but their individual
contributions are obfuscated by the complex in vivo
milieu of factor redundancy and indirect effects.
Genome-wide reconstitution of promoter nucleo-
some organization with purified proteins resolves
this problem and is therefore a critical goal. Here,
we reconstitute four stages of nucleosome architec-
ture using purified components: yeast genomic DNA,
histones, sequence-specific Abf1/Reb1, and remod-
elers RSC, ISW2, INO80, and ISW1a. We identify
direct, specific, and sufficient contributions that
in vivo observations validate. First, RSC clears pro-
moters by translating poly(dA:dT) into directional
nucleosome removal. Second, partial redundancy is
recapitulated where INO80 alone, or ISW2 at Abf1/
Reb1sites, positions +1 nucleosomes. Third, INO80
and ISW2 each align downstream nucleosomal ar-
rays. Fourth, ISW1a tightens the spacing to canonical
repeat lengths. Such a minimal set of rules and
proteins establishes core mechanisms by which
promoter chromatin architecture arises through a
blend of redundancy and specialization.

INTRODUCTION

Nucleosomes are the fundamental repeating unit of chromatin

(Kornberg and Lorch, 1999). The precise positioning and unique

composition of nucleosomes at transcriptional start sites (TSSs)

regulate gene expression (Jiang and Pugh, 2009b). Immediately

upstream of these +1 nucleosomes, relative to the direction of

transcription, often resides a nucleosome-free promoter region

(NFR). Downstream, genic nucleosomes align to the +1 nucleo-

somewith regular spacing to form arrays. In metazoans, the TSS

of active genes resides �30–50 bp upstream of the +1 nucleo-

some edge (Schones et al., 2008), whereas, in single-celled or-

ganisms like yeast, the TSS resides just inside the nucleosome

border (Tsankov et al., 2010). Dysregulation of chromatin is com-

mon in cancer cells (Wang et al., 2007), and understanding the

processes (i.e., a ‘‘parts list’’ and instructions) by which nucleo-

somes become organized into chromatin may provide insights

into oncogenic mis-regulation of genes.

As with all massive cellular structures, a reasonable assump-

tion is that proper nucleosome positioning across entire ge-

nomes arises from inordinately complex cellular processes.

Indeed, no successful attempt has been made to reconstitute

physiological nucleosome positions on a genomic scale with

pure proteins. Nonetheless, many cellular structures and pro-

cesses, like ribosomes, metabolic pathways, or DNA replication,

are able to self-organize from their constituents thusmaking their

in vitro reconstitution possible. This allows individual assembly

stages to be dissected, defined, and the role of individual factors

deciphered. Current approaches involving in vivo removal or

inactivation of one or a few nucleosome-related activities (e.g.,

chromatin remodeling enzymes) via genetic manipulation (Badis

et al., 2008; Ganguli et al., 2014; Gkikopoulos et al., 2011; Hartley

andMadhani, 2009; Ocampo et al., 2016; Parnell et al., 2008; van

Bakel et al., 2013; Whitehouse et al., 2007; Yen et al., 2012) have

proven insightful for identifying factors involved, their contribu-

tion, and their genomic binding locations. Critically, however,

direct versus indirect roles are not readily apparent due to the

ever-present complex milieu of cellular proteins and cannot

identify the minimal set of components and core mechanisms

that directly establish the primary structure of chromatin.

Here, we take a biochemical approach toward reconstituting

and understanding the basic pattern of physiological nucleo-

some positioning, simultaneously at >4,000 genes from budding

yeast (Saccharomyces cerevisiae), using purified proteins.

Importantly, our findings are validated by recapitulation of known

in vivo effects involving mutants, but we go beyond in vivo

approaches as we demonstrate which remodeler contributions

are direct, sufficient, and specific. We consolidate our observa-

tions into four biochemically identifiable architectural building

stages regarding nucleosome organization at the 50 ends of

genes and identify theminimal sets of factors required to achieve

each stage: (1) NFR formation, (2) +1 positioning, (3) downstream

array alignment, and (4) physiological spacing. This provides a

base framework by which the primary structure of chromatin

self-organizes through the interplay of DNA sequence, histones,
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Figure 1. Purified Remodelers Reconstitute Genome-wide NFR/+1/Array Nucleosomal Organizations in Remodeler-Depleted Extract

(A) Nucleosome dyad density along genes (4,118 rows) as detected by MNase-(anti-H3-ChIP)-seq were color-coded (yellow, black, and blue represent high,

medium, and low tag density, respectively) and each gene aligned at in vivo-defined +1 nucleosome dyads. In all graphs, rows were sorted based on

decreasing +1-to-NFR tag ratio in graph 2 (as indicated by the triangles). Throughout all figures, graph number/letter represents a dataset ID that is particular to

each figure and its supplemental figure. ‘‘Native’’ denotes chromatin isolated from cells, then crosslinked in vitro so as to provide a ‘‘gold’’ standard of what can be

achieved in vitro. Graph 2 shows the in vivo starting pattern consisting solely of histones assembled onto genomic DNA plasmid libraries by salt gradient dialysis

(SGD). Throughout all figures, whole-cell extracts (colored boxes with genotype in white lettering) and/or purified proteins (individual colored lettering for single

samples or framed colored boxes with black lettering for multiple samples) were added to SGD chromatin as indicated. Purified remodelers weremostly added at

amolar ratio of one remodeler per ten nucleosomes with the remodeler concentration estimated according to ATPase units and comparison with a standard SWI/

SNF preparation. Remodeler concentrations higher or lower than this 1:10molar ratio are symbolized by proportionally wider or more narrow boxes, respectively.

The exact composition of each sample for all figures is given in Table S3.

(legend continued on next page)
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organizing factors, and ATP-dependent chromatin remodelers,

upon which other processes like transcription may work.

RESULTS

The success of in vitro reconstitution critically hinges on how

closely the result matches its in vivo counterpart. A variety of

metrics describes the extent to which reconstituted nucleo-

some organization across a genome coincides with the in vivo

positions. These include NFR width and depth, nucleosome

dyad location and fuzziness, and distance between adjacent

nucleosomes (spacing). This, coupled to the combinatorial

reconstitution with up to six factors (including remodelers and

nucleosome organizing factors [called general regulatory fac-

tors or GRFs]; Fourel et al., 2002), presents a multi-dimensional

graphical challenge wherein a separate representation of each

of these metric risks losing contextual relationships with other

linked metrics. Therefore, our analysis was conducted with

three levels of abstraction: (1) heat maps of individual genes

aligned by a native feature whose reconstitution was being

examined and sorted by the relevant metric in the reference

situation (e.g., intrinsic positioning by salt gradient dialysis),

thereby preserving contextual relationships of metrics but being

less quantitative; (2) an averaged profile, which provides a

simpler more quantitative view, while preserving some context;

and (3) a quantitative assessment of individual metrics (Tables

S1 and S2), but lacking in context, and so must be interpreted

with caution.

Purified Remodelers Reconstitute Genome-wide
Nucleosome Organization
During salt gradient dialysis (SGD) of purified histones and

genomic DNA, nucleosomes will assemble across genes at

intrinsically preferred positions. Some will be positioned at their

proper physiological locations, but most will not (graphs 1 versus

2 in Figure 1A showing individual genes, Figure 1B showing gene

averages, Figure 1C and Table S1 showing quantitated positions

relative to Native, and Table S2 showing +1 nucleosome posi-

tioning strength that is the reciprocal of fuzziness) (Kaplan

et al., 2009; Zhang et al., 2009; Zhang et al., 2011). Less assem-

bly occurs within promoters, which partially mimics the NFRs

seen in vivo. As previously demonstrated (Zhang et al., 2011),

addition of ATP and a crude whole-cell extract having essentially

a complex and undefined mixture of proteins, reconstitutes on a

genomic scale the basic pattern of canonically positioned

NFRs, +1 nucleosomes, and arrays mainly downstream of +1

(Figures 1A and 1B, graph 3). The +1 position was reconstituted

to within 5 bp of the native position for essentially all (N = 4,118)

measured genes (Figure 1C) and with high precision (i.e., posi-

tioning strength at least as well as seen for Native, Table S2).

However, there was some imprecision in the downstream arrays.

To gain confidence that proper chromatin organization could

be reconstituted on a genome-wide scale with purified histones,

DNA, and individual active chromatin remodelers (Figure S1;

Table S3), we first performed reconstitutions in extracts from

isw1D isw2D chd1D cells missing a large number of remodeler

ATPases, i.e., they lacked four (ISW1a, ISW1b, ISW2, and

Chd1) of the major chromatin-remodeling complexes in yeast

(Flaus et al., 2006). We then added back purified remodelers. In-

asmuch as different remodelers have distinct remodeling activ-

ities (Bartholomew, 2014), the relative amounts added were

based on ATPase activity units, which all remodelers have in

common. Similar to the respective in vivo phenotype (Gkikopou-

los et al., 2011; Ocampo et al., 2016), this mutant extract failed to

form well-aligned arrays (Figures 1A and 1B, graphs 3 versus 4),

although NFRs and +1 nucleosomes were largely reconstituted

but with somewhat less accuracy (peak position, Figure 1C;

Table S1) and precision (positioning strength, Table S2). Thus,

formation of the NFR and +1 nucleosome is biochemically sepa-

rable from array formation/alignment and the former can be

achieved in extracts without ISW1/2/Chd1 remodelers.

Importantly, adding back purified ISW2 improved the accu-

racy and precision of +1 reconstitution (Figures 1A–1C, graphs

4 versus 9a, and S2A, graphs 4 versus 9a, b; Tables S1 and

S2). ISW1a also had an effect (Figures 1A–1C, graphs 8a,

and S2A, graphs 8a, b) but to a lesser extent (based on rela-

tive +1 peak height in Figures 1B and S2A and positioning

strength in Table S2). Additionally, more regularly spaced nu-

cleosomes were aligned just downstream of the +1 nucleo-

some, akin to wild-type extracts (Figures 1A and 1B, graphs

8a versus 3, and S2A, graphs 8a, b). Strikingly, each remodeler

generated a different, characteristic inter-nucleosomal repeat

length: equivalent to Native (�170 bp) for ISW1a, but up to

30 bp longer for ISW2 (Table S1), which is approximately the

lower limit of what ISW2 requires for sliding nucleosomes and

is consistent with previous observations (Kagalwala et al.,

2004; Tsukiyama et al., 1999; Vary et al., 2003). When ISW1a

was added together with ISW2 or other remodelers, ISW1a

dominated in a concentration-dependent manner, thereby

creating more properly spaced nucleosomes to the extent

seen with ISW1a added alone (Figures 1A and 1B, graph 10a,

S2A, graphs 10a, b, S2B, graphs 10c–g, and S2C, graphs

11-13). The dominance of ISW1a may be explained by its utili-

zation of shorter linkers compared to ISW2 (Gangaraju and

Bartholomew, 2007a; Kagalwala et al., 2004) (i.e., ISW1a may

create short linkers that are poorer substrates for ISW2). That

ISW1a generated tighter spacing than ISW2 from the same

batch of chromatin is consistent with the ‘‘clamping activity’’

of ISWI type remodelers (Lieleg et al., 2015) (i.e., these remod-

elers set a certain constant linker length independent of nucle-

osome density rather than equalize linker lengths according to

nucleosome density).

(B) Composite plots of data shown in (A), where the graphs were vertically separated but scaled identically. Grey dashed lines demarcate dyad peaks in the Native

dataset.

(C) Distances of the +1, +2, and +3 nucleosome peak positions relative to the respective Native positions for the traces in (B). Transparent hatched

bars show values that were not meaningful due to high nucleosome fuzziness. N/A, not applicable due to absence of peak. ‘‘0’’ denotes that the distance was

zero bp.

See also Figures S1 and S2 and Tables S1, S2, and S3.
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Figure 2. RSC Creates Physiological NFRs Using Strand-Specific Poly(dT)/(dA) Tracts

(A) See Figure 1A description but no extract was added. Graph 2: distribution of poly(dT) and poly(dA) tracts R6 bp in green and red, respectively. See also

Figure S3C. Data for Native sample as in Figure 1A.

(B) Average NFRwidth difference between Native and SGDwithout or with the indicated remodelers. Bars show averages of ‘‘n’’ replicates, symbols show values

of individual datasets. Data of one replicate for each sample as in (A).

(C) Composite nucleosome dyad distributions for SGD reconstituted without or with RSC (green and dark gray, respectively) relative to the midpoints of unique

poly(dT) (left) or poly(dA) (right). These elements were defined as being R6 bp and occurring on the sense strand within NFRs. Only those TSS that had either

(legend continued on next page)
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Addition of purified RSC (that presumably was not depleted in

the isw1D isw2D chd1D extract), Chd1 or ISW1b, did not recon-

stitute aligned arrays (Figures 1A and 1B, graphs 4 versus 5–7),

despite these remodelers being active (Figures S1B and S1C).

This is consistent with RSC and ISW1b having nonexistent or

weak nucleosome spacing activity in vitro (Gangaraju and Bar-

tholomew, 2007a, 2007b; Tsukiyama et al., 1999). RSC also

antagonized +1 positioning by the mutant extract (Figures 1A

and 1B, graphs 4 versus 5; Tables S1 and S2), which fits in vivo

observations (Parnell et al., 2015). The remodeling activities

of both ISW1b (Smolle et al., 2012) and Chd1 (Lee et al., 2012;

Park et al., 2014; Simic et al., 2003) have been linked to transcrip-

tion, which was not reconstituted here, and may be mainly rele-

vant in vivo for re-establishing nucleosomal arrays in the wake of

RNA polymerase.

We conclude that in vivo-like basic nucleosome organization

can be reconstituted across much of the 50 ends of yeast genes

using purified remodelers in the context of a deficient crude

extract. Remarkably, the distinct genome-wide nucleosome

organizing activities in building NFR/+1/array patterns become

evident for ISW1a and ISW2.

RSC Recognizes the Directionality of Poly(dA:dT) to
Make NFRs
We next moved to reconstitutions with purified components

only. First, we examined the impact of individual purified remod-

elers on intrinsic genome-wide nucleosome organization in

the absence of crude extracts. With the notable exception of

INO80, which we address further below, none of the remodelers

created +1 nucleosomes or even +1 aligned arrays on their own

(Figure 2A, graphs 4–9). However, all remodelers widened the

intrinsically weak NFR, with RSC generating NFRs of at least

physiological average widths (Figures 2B and S3A). Surprisingly,

this was not accompanied by canonical �1/+1 nucleosome

positioning, which defines NFRwidths (Figure 2A, graph 5; Table

S2). Thus, RSC on its own clears nucleosomes out of the NFR

without the accuracy expected of canonical �1/+1 nucleosome

positioning. This indicates that NFR clearance is biochemically

distinct from canonical�1/+1 nucleosome positioning and array

generation/alignment.

How does RSC on its own specifically target promoters (Lorch

et al., 2011) to create NFRs? The Rsc3/30 subunits of the RSC

complex may impart sequence-specific DNA binding (Badis

et al., 2008), but we did not observe enhanced NFR formation

at their cognate CGCGCGG motifs located within promoters

(Figure S3B). Another possibility is that poly(dA:dT) tracts pre-

sent in promoters partially destabilize nucleosomes, directly or

indirectly, as has been widely demonstrated in vivo (Hartley

and Madhani, 2009; Iyer and Struhl, 1995; Kaplan et al., 2009;

Segal and Widom, 2009; Sekinger et al., 2005; Struhl and Segal,

2013; Zhang et al., 2009). RSC might sample all nucleosomes

but more effectively remove promoter nucleosomes because

they are intrinsically unstable. Alternatively, nucleosome insta-

bility might play a minimal role in NFR formation in vivo, but

instead poly(dA:dT) might directly activate RSC to displace nu-

cleosomes (Kubik et al., 2015; Lorch et al., 2014). Because

RSC translocates along one DNA strand in the 30-50 direction
(Saha et al., 2005), poly(dA) or poly(dT) on one strand could

represent distinct directional signals for nucleosome removal

by RSC. This concept has not been previously considered for

RSC but could be tested now in the context of our data. Indeed,

RSC led to greater nucleosome displacement (i.e., sliding or

eviction) 50 of poly(dA) compared to its 30 side (and vice versa

for poly(dT)) by �30 bp (Figure 2C). Asymmetric NFR widening

did not occur with other remodelers, and only to a much lesser

degree with SWI/SNF, which is highly related to RSC (Flaus

et al., 2006) (Figure S3A). This suggests a mechanism whereby

RSC, but not other remodelers, translates poly(dA:dT) orienta-

tion into directional displacement of nucleosomes (Figure 2D).

Consequently, the canonical or average location of poly(dT)

would be �30 bp upstream of poly(dA) when genes are aligned

at their +1 nucleosomes (Figures 2A, graph 2, and S3C), as

has been observed in vivo but has not been previously linked

to directional action of RSC (de Boer and Hughes, 2014; Wu

and Li, 2010).

As shown below, RSC may also be guided by GRFs like Abf1

and Reb1 (Hartley andMadhani, 2009; Kubik et al., 2015), whose

binding sites occur on average at the same distance from +1 nu-

cleosomes as poly(dT) elements (Figure S3C). So NFR formation

need not involve poly(dA:dT) elements but can also be driven

by DNA binding factors like GRFs, which may explain NFR for-

mation in vivo on heterologous DNA regions without poly(dA:dT)

(Hughes et al., 2012). Collectively, we suggest that RSC creates

NFRs by recognizing poly(dA:dT) sequence elements and/or

GRF-bound sites that make up organizing centers.

INO80 on Its Own Properly Positions +1 Nucleosomes
Because RSC and SWI/SNF did not position +1 nucleosomes at

canonical locations (Figure 2A, graphs 4 and 5), the positioning

observed near +1 with isw1D isw2D chd1D extracts alone (Fig-

ures 1A–1C, graph 4; Tables S1 and S2) may involve another re-

modeler present in the extract. As the INO80 complex was the

only major chromatin remodeler with sliding activity remaining,

we examined its ability to position +1 on its own. Strikingly,

INO80 produced a highly accurate and robust �1/NFR/+1 orga-

nization at most genes in the complete absence of other factors

besides DNA and histones (and residual bovine serum albumin

[BSA] from the SGD protocol) (Figures 2A, graph 10, 2B, 3A,

and 3B, graph 4; Tables S1 and S2). This is remarkable because

out of �10 Mbp of yeast genomic DNA, INO80 selected the

physiologically proper �1/+1 positions for nucleosome place-

ment at most genes, in addition to excluding nucleosomes

frommost NFRs. As discussed below, these are the most critical

chromatin structures at yeast genes and a global role of INO80

poly(dT) or poly(dA) but not both on the sense strand were selected. Each trace corresponds to a merge of three replicates, the same as in (A). See also

Figure S3A.

(D) Illustration emphasizing the orientation and relative position of poly(dT) and poly(dA) tracts upstream of TSSs. See also Figure S3C. Directional removal of

nucleosomes by RSC is illustrated with long black arrows relative to the short gray arrows.

See also Figures S1 and S3B and Tables S1, S2, and S3.
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there concurs with its presence at >90%of all +1 nucleosomes in

yeast (Yen et al., 2013). Importantly, the accuracy (0 bp differ-

ence in peak location compared to Native, Table S1) and also

somewhat the precision (Table S2) of the reconstitution were

similar to what is observed in vivo. In a control experiment, these

effects were not observed with INO80 lacking its critical Arp8

A

B

C

D

E

Figure 3. INO80 Alone Positions +1 Nucleosomes, Potentially through a Combination of DNA Sequence and Shape Features

(A) See Figure 2A description. Rows (4,127) were sorted based on increasing effectiveness of +1 positioning by INO80 relative to SGD, i.e., ratio of tags in a 60-bp

window centered on +1 dyad locations (defined in vivo) between reactions containing and lacking INO80 (graphs 4 versus 2, indicated by linked triangles). Graph 7

shows corresponding NPS correlation scores (Ioshikhes et al., 2006) of 4,071 genes. Red and green reflect positive and negative correlations, respectively. Data

for the Native sample as in Figure 1A. Data for samples 2 and 4 as in Figure 2A. See also Figure S4D and S4E.

(B) Composite plots of data in (A).

(C) Composite plots of data shown in graphs 2, 4, and 7 in (A), separated into quartiles Q1–Q4 based on (A) sorting. In (C) and (D), the 147 bp region covered by

in vivo +1 nucleosomes is shaded.

(D) Composite plot of intrinsic local DNA helical twist calculated for Q1–Q4, based onDNA sequence (Zhou et al., 2013). See also FiguresS4A–S4C, S4F, andS4G.

(E) Model of how INO80 might position +1 nucleosomes by using DNA sequence (e.g., AA dinucleotides constituting NPSs) and shape (e.g., over-/under-twist)

features. The illustrated untwisting of DNA by INO80 is exaggerated for emphasis.

See also Figure S1 and Tables S1, S2 and S3.
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subunit (Figures 3A and 3B, graph 3; Tables S1 and S2), and

were largely unaffected by addition of other remodelers (Figures

3A and 3B, graphs 4 versus 5 and 6; Tables S1 and S2). Thus,

INO80 is the only remodeler that we are aware of with an innate

ability to position most +1 and �1 nucleosomes at their in vivo

canonical location.

How does INO80 on its own position +1 nucleosomes at spe-

cific sequences? Because MEME analysis failed to detect a

DNA motif enriched near +1, beyond promoter-associated poly

(dA:dT), we examined DNA shape properties. As rather different

DNA sequences may adopt similar DNA shapes, shared shape

properties are different from classical consensus motifs. Genes

were sorted by their fold enhancement of in vivo-like +1 posi-

tioning imparted by INO80 over the SGD chromatin (i.e., ratio of

values in graph 4 to graph 2 in Figure 3A as a measure of

‘‘INO80 effectiveness’’ in +1 positioning). This helps distinguish

if +1 nucleosomes were properly positioned mainly by INO80 or

mainly by SGD or by a combination of both. Such sorted genes

were sectioned into quartiles (Q1–Q4). Consequently, Q1 gener-

ally represents intrinsically positioned +1 nucleosomes that were

scattered by INO80, whereas Q4 represents intrinsically scat-

tered nucleosomes that became positioned by INO80. Q2 and

Q3were intermediate.Wefirst examinednucleosomepositioning

sequences (NPSs) within these quartiles. NPSs have strand-spe-

cific 10-bp periodicities of AA dinucleotides concentrated near

nucleosome 50 ends (Ioshikhes et al., 2006; Mavrich et al.,

2008). NPSs were overall enriched at +1 nucleosomes (Figures

3A, graph 7, and 3C, red traces). However, they were stronger

where intrinsic +1 positioning was generally the weakest and

INO80 effectiveness was the greatest (Figure 3C, Q4 red versus

black and violet traces). Thus, the NPSs in Q4 (and Q3) appeared

to be ineffective, on average, for intrinsic proper positioning in

SGD material, but became relevant with INO80 present.

We next examined DNA shape using shape analysis software

(Zhou et al., 2013). Q4 genes in the average +1 region were

calculated to be intrinsically (i.e., as free DNA) over-twisted rela-

tive to Q1–Q3 gene averages, all of which also trended directly

with INO80 effectiveness in +1 positioning (Figures 3D, green

Q4 trace, and S4A–S4C for other linked DNA properties). Spec-

ulatively, this intrinsic over-twist at the +1 nucleosome position in

Q4 might disfavor nucleosome formation (as seen in the NFRs of

all quartiles, Figure 3D) despite the presence of strong NPSs,

whereas the intrinsic twist at Q1 +1 might favor nucleosome

formation even with weaker NPSs (Figure 3C, black Q1 plot). If

INO80 slightly untwists +1 DNA, it might make the NPS more

(Q4) or less (Q1) effective (Figure 3E). This interpretation is based

on correlations, whichmay not reflect causation, andwe empha-

size the speculative nature of this hypothesis. Nonetheless, it of-

fers a conceptual framework to rationalize INO80’s innate ability

to properly position +1 nucleosomes without apparent sequence

specificity. Takenmore generally, we observed some positioning

of the +2 (and very weakly of +3) nucleosomes by INO80, albeit

with inappropriately wide spacing (Figures 3A and 3B, graphs 4,

S4D and S4E; Table S1). If genes were sorted according to the

INO80 effectiveness of either proper +2 or +3 positioning, the

intrinsic twist of the underlying DNA trended again with either

of these effectivenesses (Figures S4F and S4G). Conversely,

this average DNA shape trend between the quartiles was essen-

tially nonexistent for regions not sorted by INO80 effectiveness

(e.g., right side of Figure 3D).

INO80 alone increased the uniformity of +1/+2 spacing that

was wider than seen in vivo (Figures 2A, graph 10, 3A and 3B,

graphs 4). This confirms on a genome-wide scale that INO80

has spacing activity (Udugama et al., 2011), but generates non-

canonical repeat lengths (up to 205 bp, Table S1), and supports

the in vivo observation that INO80 mutants have narrower

spacing (Yen et al., 2012). The downstream spacing imparted

by INO80 was diminished upon addition of other purified re-

modelers including ISW1a (Figures 3A and 3B, graphs 4 versus

5 and 6; Table S1), indicating that remodelers interfere with

each other. However, addition of isw1D isw2D chd1D mutant

extract, which by itself did not create positioned arrays, restored

spacing (Figures 4A, graphs 4 versus 5a, and 4B, graphs 4 versus

5a, b; TableS1). As for the toowide spacing generatedby ISW2 in

the presence of the extract (Figures 1A and 1B, graphs 9a versus

10a; Table S1), the spacing generated by INO80 was also

narrowed to physiological repeat lengths upon further addition

of ISW1a (Figures 4A, graphs 4 versus 6a, and 4B, graphs 4

versus 6a, b; Tables S1 and S2). This suggests that an unknown

factor(s) remaining in the isw1D isw2D chd1D mutant extract

allows INO80 to make +1-aligned downstream arrays that can

be properly spaced by ISW1a. Combining INO80 and ISW1a in

a purified system lacking this factor did not generate physiolog-

ical spacing (Figures 4A, graph 6a, and 4B, graphs 6a, b versus

3A and 3B, graphs 5 and 6; Table S1). Collectively, these data

show that INO80 by itself creates a physiological �1/NFR/+1

architecture, against which it can uniformly pack downstream

nucleosomes. However, proper spacing requires additional

known (ISW1a) and unknown factors.

Gene-Specific GRFs and Remodelers Suffice to
Organize Nucleosomal Arrays
The canonical array development observed with the addition of

extracts, but not with remodelers alone, implicates the require-

ment of additional factors. We therefore purified and tested

Abf1 and Reb1 (Figure S1). These GRFs are implicated in global

nucleosome organization in vivo (Badis et al., 2008; Hartley and

Madhani, 2009; Kubik et al., 2015; Raisner et al., 2005; Tsankov

et al., 2010; van Bakel et al., 2013). Abf1 together with either

ISW2 or ISW1a (or both) selectively and properly positioned +1

nucleosomes at Abf1-bound genes (as defined in vivo in rich

media) and partially developed aligned nucleosome arrays hav-

ing remodeler-specific spacing (Figure 5A, graphs 9a–10a, and

11a, S5A, graphs 9a–11a, and S5B, graphs 9a–j, 10a–f, and

11a–f; Tables S1 and S2). Other genes (Figure 5B), other remod-

elers (Figure 5A, graphs 6–8a, S5A, graphs 6–8a, and S5B,

graphs 8a–c), or Abf1 alone (Figures 5A and S5A, graphs 5) on

average lacked equivalent effects (Tables S1 and S2). Thus, a

barrier like Abf1 is insufficient to organize nucleosomes on its

own, but requires specific—not just any—remodelers. Interest-

ingly, ISW1a and ISW2 generated well-positioned +1 nucleo-

somes on average �10 bp upstream of the expected native

location (Figure 5A, inset graphs 9a–11a; Table S1), which is a

repressive position over the TSS, as observed in vivo (Parnell

et al., 2015; Reja et al., 2015; Shivaswamy et al., 2008; White-

house et al., 2007). Thus, Abf1 and either ISW2 or to a lesser
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extent ISW1a (based on +1 peak height in Figure 5A, graphs 9a

versus 10a, and on +1 positioning strength in Table S2), suffice to

position +1 nucleosomes into a proper repressive position in a

gene-selective manner.

When RSC was included in the reaction with Abf1, ISW2, and

ISW1a (and also ISW1b and Chd1, which have yet to display

organizing activity in our assays and thus are presumed to be

largely neutral), nucleosomes at Abf1-bound genes were placed

at +1 in their canonical activating position and aligned intomainly

downstream arrays (Figure 5A, main and inset graphs 12a versus

9a, 10a, 11a, S5A, graph 12a, and S5B, graphs 12a, b). The ac-

curacy and precision at +1 for Abf1-bound genes was similar as

seen with Native chromatin (Tables S1 and S2). We surmise that

the additional NFR clearance provided by RSC (Figure 2), which

was even more pronounced in the presence of Abf1 (Figures 5A

and 5B, graphs 8a versus 3, S5A, graphs 8a versus 3, and S5B,

graphs 8a–c), contributed to ISW2 and ISW1a placing +1 into an

activating position. This concurs with in vivo observations (Par-

nell et al., 2015). As INO80 did not cooperate with ISW1a in the

purified system (Figures 3A and 3B, graphs 5 and 6) we did not

include INO80 in the reconstitutions with combinations of only

purified remodelers and GRFs.

We conclude that Abf1, RSC, ISW1a, and ISW2 suffice to pro-

duce in vivo-like nucleosome positioning that is relevant to gene

regulation. They do so by toggling the +1 nucleosome into

repressive and activating positions over the TSS, with RSC

and the ISWI remodelers playing opposing roles consistent

with in vivo findings (Parnell et al., 2015). When Reb1 was used

in place of Abf1, similar results were obtained, but at Reb1-

bound genes (Figure 6; Tables S1 and S2), including moving

the +1 position dependent on the relative concentrations of

ISW2/ISW1a versus RSC (Figures 6B, left, graphs 7a and 8a

versus 9a and 10a, and 6C, graphs 9a–c, 10a and 10b;

Table S1). Thus, more generally, remodelers, GRFs, DNA se-

quences, and histones suffice to provide gene specificity and

regulation for the basic pattern of nucleosome organization at

the 50 ends of genes.

DISCUSSION

Four-Stage Mechanism of Genomic Nucleosome
Organization
The key conclusion of this study is that combinations of purified

remodelers, GRFs, histones, and DNA sequences constitute a

sufficient minimal system to create the basic physiological

NFR/+1/array pattern at the 50 ends of yeast genes. This reso-

nates with in vivo-derived notions that remodelers are important

for nucleosome positioning (Badis et al., 2008; Ganguli et al.,

2014; Gkikopoulos et al., 2011; Hartley and Madhani, 2009;

Ocampo et al., 2016; Parnell et al., 2008; van Bakel et al.,

2013) via dynamic competition of different remodeling activities

(Ganguli et al., 2014; Ocampo et al., 2016; Parnell et al., 2015;

Yen et al., 2012), and now establishes their direct, specific,

and sufficient contributions.

Some of the in vitro patterns, especially the genic arrays, are

not as robust or extensive as seen with native chromatin and

thus implicate additional factors and/or technical limitations.

Nonetheless, we underscore the highly accurate reconstitution
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(A) See Figure 1A description. Data for samples Native, 2, 3, and 4 as in Figure 1A.

(B) Composite plots of data shown in (A) with independent replicates 5b and 6b.

See also Figure S1 and Tables S1, S2, and S3.
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of the core �1/NFR/+1 architectures. These are the functionally

most relevant features in vivo as there is no viablemutant known,

only conditional mutants (Badis et al., 2008; Ganguli et al., 2014;

Hartley and Madhani, 2009; Parnell et al., 2008; van Bakel et al.,

2013), where these features were substantially impaired for most

genes. In contrast, there are viable mutants with globally disrup-

ted genic arrays (Gkikopoulos et al., 2011; Lee et al., 2012;

Ocampo et al., 2016; van Bakel et al., 2013). For subsets of

genes, the exact +1 position in vivo may slightly change accord-

ing to gene expression state (activated or repressed) (Reja et al.,

2015; Shivaswamy et al., 2008) or in mutants (Parnell et al., 2015;

van Bakel et al., 2013; Whitehouse et al., 2007; Yen et al., 2012).

This range of +1 positions is reconstituted here by varying rela-

tive contributions of RSC versus ISW2/ISW1a but may also

involve transcription-linked mechanisms in vivo (Hughes et al.,

2012; Weiner et al., 2010).

Our observations distill into a four-stage framework for

conceptualizing how arrays become organized at the 50 ends
of genes (Figure 7). We imply mechanistic contributions but not

necessarily a temporal order. In stage 1, RSC translates the

directionality of poly(dA)/(dT) tracts (option 1) into directionally

biased nucleosome displacement. RSC may also use GRFs

bound at locations equivalent to those of poly(dA)/(dT) elements

(option 2) for NFR generation. Both options do not lead to canon-

ical positioning of flanking +1/�1 nucleosomes and indeed

may be rather disruptive. In agreement, ablation of RSC, Abf1,

-50
0 0

65
0

Distance to in vivo +1 nucleosome dyad / bp

0 100-10
0

10 bp

Top 25% Abf1 bound genes Bottom 25% Abf1 bound genes

5

2

6

7

8a

3

9a

10a

4

11a

12a

5

2

6

7

8a

3

9a

10a

4

11a

12a

-50
0 0

65
0

A

2
9a

10a
11a
12a

B

Distance to in vivo +1 nucleosome dyad / bp

SGD

Native

Chd1

ISW1b

R
S

C

ISW1a

A
bf1

A
bf1

A
bf1

A
bf1

IS
W

2

RSC, 
ISW1b, 
Chd1

IS
W

1a

SGD

Native

Chd1

ISW1b

R
S

C
ISW1a

A
bf1

A
bf1

A
bf1

A
bf1

IS
W

2
IS

W
1a RSC, 

ISW1b,
Chd1

Figure 5. Abf1 andCombinations of Remod-

elers Create Near-Canonical NFR/+1/Array

Organization at Abf1-Bound Genes

(A and B) Composite plots of indicated reconsti-

tution reactions. Data for samples Native, 3, and 4

are as in Figure 2A. For corresponding heat maps

see Figure S5A. Composites represent either the

top (A) or bottom (B) 25% of all genes sorted

by Abf1 ChIP-exo occupancy measured in vivo

in YPD media (see also graph 1, pink triangle, in

Figure S5A, and Figure S3C). The latter essentially

being unbound in vivo but potentially having some

promiscuous binding in vitro. Dashed graphs lack

Abf1. Inset shows a zoom-in of +1 nucleosomes

for selected graphs.

See also Figures S1 and S5B and Tables S1,

S2, and S3.

or Reb1 in vivo leads to NFR collapse

(Badis et al., 2008; Ganguli et al., 2014;

Hartley and Madhani, 2009; Parnell

et al., 2008; van Bakel et al., 2013). While

poly(dA)/(dT) appears to be a direct

effector of RSC, we do not exclude

additional direct effects on nucleosome

stability.

In stage 2, GRFs help set the register

of +1 by serving as a base or barrier uti-

lized by ISW2 and/or ISW1a (Li et al.,

2015; McKnight et al., 2016) (options 1

and 2). Although their contributions ap-

peared somewhat redundant, +1 posi-

tioning at GRFs was more pronounced for ISW2. This might

involve a ‘‘ruler’’ function (Yamada et al., 2011) to measure out

a precise distance against which the +1 nucleosome is packed

into a default repressive position over the TSS, as seen in our

data. In vivo studies support this notion (Whitehouse et al.,

2007; Yen et al., 2012, 2013). Concurrent with this basic process

is a dynamic interplay of multiple remodelers, including RSC

(Parnell et al., 2015), that positionally adjusts +1 into a TSS-

accessible activating position located on average 10–20 bp

further downstream. Controlling the balance between active

and repressive positions by varying the contribution of different

remodelers may help regulate gene expression (Reja et al.,

2015).

A third stage-2 option in the positioning of +1 nucleosomes

involves INO80 (option 3) acting alone (in principle), probably

after recognizing the adjacent NFR (Yen et al., 2013). In our

conceptual framework, INO80 then locally untwists DNA that

is otherwise over-twisted and thus less favorable for +1 forma-

tion, so that it now works in concert with other positioning se-

quences (NPSs) to properly position the +1 nucleosome. At the

other extreme, untwisting properly twisted DNA might delo-

calize +1, even counteracting otherwise intrinsically effective

NPSs. The proper placement of +1 and also �1 nucleosomes

by INO80 amounts to a third option also for NFR generation,

i.e., stage 1. Our finding that RSC and INO80 generate NFRs

and that INO80 also positions +1 nucleosomes may explain
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Figure 6. Reb1 and Combinations of Remodelers Create Proper NFR/+1 Organizations at Reb1-Bound Genes

(A) See Figure 2A description (also organized similarly to Figure S5A, except using Reb1 instead of Abf1). Rows (4,168) were sorted by Reb1 ChIP-exo occupancy

measured in vivo in YPD media (graph 1, red triangle, see also Figure S3C). Data for samples Native, 3, and 4 were the same as in Figure 2A.

(B) Composite plots of data in (A) for top (left) or bottom (right) 25% Reb1 bound genes. The latter essentially being unbound in vivo, but potentially having some

promiscuous binding in vitro. Dashed graphs lack Reb1.

(C) Samples with same number/letter as in (B) show same data, others independent replicates.

See also Figure S1 and Tables S1, S2, and S3.
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why these two features remained mostly unaffected in the isw1D

isw2D chd1D triple mutant, which retains these remodelers (Gki-

kopoulos et al., 2011; Ocampo et al., 2016). Redundancy in the

mechanisms for NFR formation also explains why RSC ablation

in vivo affects only approximately half of the NFRs (Hartley and

Madhani, 2009).

In stage 3, ISW2 and/or INO80 (options 1 and 2) may create

nucleosomal arrays aligned downstream to +1 with long linkers.

In stage 4, these linkers are recognized by ISW1a and turned into

short linkers of physiological lengths. This fits with the notion of

ISW1a being able to make short linkers (Gangaraju and Bartho-

lomew, 2007a), maybe due to a short ‘‘protein ruler’’ (Yamada

et al., 2011) domain. A dominant role of Isw1 in spacing concurs

with in vivo findings (Ocampo et al., 2016).

While transcription is not reconstituted in our systems and

thus is not likely to be required for establishing the ground

state organizational pattern, we fully expect that transcription

initiation and elongation modulates nucleosome positioning

(Hughes et al., 2012; Ocampo et al., 2016; Struhl and Segal,

2013; Weiner et al., 2010). For example, transcription may

bring remodelers, e.g., Chd1 and ISW1b (Lee et al., 2012;

Park et al., 2014; Simic et al., 2003; Smolle et al., 2012),

deeper into genes thus extending genic arrays much further

in the direction of transcription, which we do not reconstitute

here. Similarly, we do not address the impact of histone mod-

ifications or variants, which are likely to contribute in vivo, too,

but do not seem to be essential for generating the basic nucle-

osome organization.

We suggest that genome-utilizing processes like transcrip-

tion or replication act on a primarily self-organizing ground

state of remodeler-driven nucleosome positioning. This basic

nucleosome organization at the 50 ends of genes follows a

definable set of rules that are implemented through several op-

tions and essentially depend on direct and specific remodeler

contributions (Figure 7). This provides redundancy, robust-

ness, and a means to independently regulate NFRs, +1

nucleosome positioning, and spacing within arrays. Because

these remodelers are conserved across eukaryotic species,

these assembly stages are likely applicable in other biological

systems.
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Figure 7. Model Depicting the Proposed Four Basic Stages in

Nucleosome Organization at the 50 Ends of Genes

Brown numbers denote different options that may occur to varying degrees

at each gene. GRFs and DNA sequence are gene-specific and so impart

differing gene-selective utilization of remodelers and mechanisms. Nucle-

osomes are either depicted in black or gray signifying defined or fuzzy

positioning, respectively. Stage 1, NFRs are formed through directional

nucleosome displacement by RSC as guided by poly(dT)/poly(dA) tracts

and/or by GRF-mediated RSC action. GRF binding is to cognate sites (not

shown) rather than to poly(dT). INO80 may also generate NFRs (option

3, not depicted). Stage 2, the +1 nucleosome is set by ISW2 or ISW1a

in cooperation with GRFs and/or by INO80 recognizing unique DNA

sequence (NPS in yellow) and shape (helical twist in green) features at +1.

Stage 3, both ISW2 and INO80 generate nucleosomal arrays aligned

by the +1 nucleosome, but with non-canonically wide spacing. Stage 4,

ISW1a properly spaces these nucleosomes leading to physiological arrays.

At present, we make no assumption regarding the temporal order of

events.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-H3 antibody Abcam Abcam Cat# ab1791; RRID: AB_302613

Chemicals, Peptides, and Recombinant Proteins

3xFlag peptide Sigma-Aldrich F4799

BSA Biorad 500-0002

Ampure beads Beckman Coulter A63880

Proteinase K Roche 03115801001

E. coli tRNA Sigma-Aldrich 10109541001

RNaseA Roche 10109169001

MNase Sigma-Aldrich N3755-500UN

Formaldehyde Sigma-Aldrich F8775-500ML

Apyrase NEB M0398L

T4 DNA polymerase NEB M0203L

T4-PNK NEB M0201L

Klenow-exo NEB M0210L

USER Enzyme NEB M5505L

T4 Ligase NEB M0202L

T4 Ligase Buffer NEB B0202S

dNTPs NEB N0047S

Phusion Polymerase NEB M0530L

[g-32P]-ATP Perkin Elmer BLU502Z

Magna ChIP Protein A Magnetic Beads Millipore 16-661

Critical Commercial Assays

NEBNext Adaptor NEB E7335L and E750L

Qubit dsDNA HS Assay Kit life technologies Q32854

Freeze N Squeeze DNA Gel Extraction Bio-Rad 732-6166

Bradford assay Biorad 500-0002

Deposited Data

Sequence data This paper http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE72106

Experimental Models: Organisms/Strains

BY4741 EUROSCARF http://www.euroscarf.de/index.php?name=News

YTT227 Toshio Tsukiyama lab Tsukiyama et al., 1999

Ioc3-TAP = CY1875 Open Biosystems N/A

Ioc2-TAP = CY1874 Open Biosystems N/A

Chd1-TAP = CY1870 Open Biosystems N/A

Rsc2-TAP = CY1503 Open Biosystems N/A

Ino80-TAP = CY1868 Open Biosystems N/A

Isw2-2xFLAG = YTT480 Toshio Tsukiyama lab Tsukiyama et al., 1999

BL21 (DE3) Invitrogen N/A

BL21 (DE3) pLysS Invitrogen N/A

BL21 (DE3) cd+ Stratagene N/A

DH5a NEB N/A

OregonR Peter Becker lab FBsn0000276

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding author Philipp Korber

(pkorber@lmu.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The yeast strains used for whole-cell extract preparations were BY4741 (EUROSCARF) for wild-type and YTT227 (Tsukiyama et al.,

1999) for the isw1D isw2D chd1D mutant. The histones were prepared from Drosophila melanogaster strain OregonR. The YCp50

yeast genomic plasmid library was transformed into and prepared from Escherichia coli strain DH5a. The yeast remodelers were pu-

rified from the yeast strains CY1875 (Ioc3-TAP), CY1874 (Ioc2-TAP), CY1879 (Chd1-TAP), CY1503 (Rsc2-TAP), CY1868 (Ino80-TAP)

(all fromOpen Biosystems) and YTT480 (ISW2-2xFLAG, Tsukiyama et al., 1999). Abf1 and Reb1were purified from E. coliBL21 (DE3)

cd+ (Invitrogen), and recombinant Xenopus laevis histones from BL21 (DE3) with or without pLysS (Invitrogen).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

YCp50 yeast genomic plasmid library via Steen Holmberg lab Rose et al., 1987

601-25-mer Felix Müller-Planitz lab Mueller-Planitz et al., 2013

pProEx HTa A Addgene N/A

pProEx HTa A -Reb1 This work N/A

pProEx HTa A -Abf1 This work N/A

Xenopus histone H2A/pET Karolin Luger lab Luger et al., 1997

Xenopus histone H2B/pET

Xenopus histoen H3/pET

Xenopus histone H4/pET

Sequence-Based Reagents

primer Reb1for CCATGGCTTCAGGTC Eurofins N/A

primer Reb1rev CTCGAGTTAATTTTCTGTTTTC Eurofins N/A

primer Abf1 for CGAGGATCCCATGGACAAATTAGTCG Eurofins N/A

primer Abf1rev GTCTCGAGCTATTGACCTCTTAATTC Eurofins N/A

Software and Algorithms

BWA (version 0.6.2) Li and Durbin, 2009 http://bio-bwa.sourceforge.net/

BWA-MEM (version 0.7.9a) Li, 2013 http://bio-bwa.sourceforge.net/

GeneTrack Albert et al., 2008 https://github.com/ialbert/chipexo

Cluster 3.0 de Hoon et al., 2004 http://bonsai.hgc.jp/�mdehoon/software/cluster/

software.htm

Java TreeView 1.1.6r3 Saldanha, 2004 jtreeview.sourceforge.net

Other

Ni-NTA Agarose QIAGEN 30210

HiTrap Heparin HP column GE Healthcare 17-0406-01

HisTrap HP column GE Healthcare 17-5247-01

Superdex 200 10/300 column GE Healthcare 17-5175-01

IgG-Sepharose GE Healthcare 17-0969-01

TEV protease Invitrogen 12575

Calmodulin affinity resin Agilent Technology 214303-52

VIVASPIN concentrators Sartorius VS0601

TLC PEI Cellulose Millipore 1055790001

Q Sepharose GE Healthcare 17-0510-01

SP Sepharose GE Healthcare 17-1152-01

Superdex-200 GE Healthcare 17-1043-01

Cell 167, 709–721.e1–e7, October 20, 2016 e2

mailto:pkorber@lmu.de
http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/
https://github.com/ialbert/chipexo
http://bonsai.hgc.jp/%7Emdehoon/software/cluster/software.htm
http://bonsai.hgc.jp/%7Emdehoon/software/cluster/software.htm
http://bonsai.hgc.jp/%7Emdehoon/software/cluster/software.htm
http://jtreeview.sourceforge.net


METHOD DETAILS

Plasmid Library, Embryonic D. melanogaster Histones, Whole-Cell Extracts, and Salt Gradient Dialysis
For detailed procedures of the following see also (Krietenstein et al., 2012). The plasmid library was as in (Zhang et al., 2011), i.e.,

derived from a library originally described in (Rose et al., 1987) where it was prepared from 10-30 kb yeast genome fragments gener-

ated by limited Sau3A digestion and ligated into the BamHI site of plasmid YCp50. We expanded the library as described (Krieten-

stein et al., 2012) via electroporation transformation into E. coli DH5a, growing transformed cells first on plates and then in liquid

culture, and preparing plasmid DNA (QIAGEN Maxi kit). D. melanogaster histones were prepared from 12 hr OregonR embryos as

described (Krietenstein et al., 2012; Simon and Felsenfeld, 1979). Briefly, the embryos were dechorionated by hypochlorite and lysed

in 15 mM HEPES-KOH, pH 7.5, 10 mM KCl, 5 mM MgCL2, 0.1 mM EDTA, 0.5 mM EGTA, 17.5% (w/v) sucrose, 1 mM DTT, 0.2 mM

phenylmethylsulfonyl fluoride (PMSF), 1 mM sodiummetabisulfite in a homogenizator. Nuclei were separated by centrifugation, sus-

pended in 15 mM HEPES-KOH, pH 7.5, 10 mM KCl, 5 mMMgCL2, 0.05 mM EDTA, 0.25 mM EGTA, 1.2% (w/v) sucrose, 1 mM DTT,

0.1 mM PMSF and treated with CaCl2 (3 mM final concentration) and 74 UMNase and protease inhibitors (Complete, Roche Applied

Science) to mostly yield mononucleosomes. The mononucleosomes were bound to hydroxylapatite in 0.1 M potassium phosphate,

pH 7.2, 0.63MKCl, washed extensively with the same buffer and the histone octamers were eluted by 0.1 mMpotassium phosphate,

pH 7.2, 2 M KCl. Histone containing fractions were pooled, concentrated by ultrafiltration (10 kDa MWCO), supplemented with pro-

tease inhibitors (Complete, Roche Applied Science) and 5 mM DTT, and an equal volume of 87% (v/v) glycerol was added. The his-

tone batch used here and the corresponding full SGD assembly degreewere exactly the same as described (Krietenstein et al., 2012).

Briefly, 10 mg YCp50 yeast genomic plasmid library DNA were mixed with the amount of Drosophila embryo histones that yields 0.9x

of the highest assembly degree without precipitation and 20 mg BSA (fraction V, Roth) in high salt buffer (10 mM Tris-HCl, pH 7.6, 2 M

NaCl, 1 mM EDTA, 0.05% (w/v) IGEPAL CA630) in a dialysis mini chamber and a final volume of 100 ml. After placing the dialysis mini

chamber in 300 ml of high salt buffer plus 300 ml of b-mercaptoethanol, 3 l of low salt buffer (as high salt buffer but with only 50 mM

NaCl and 300 ml b-mercaptoethanol were added to the 3 l low salt buffer) were slowly added under stirring during the course of ca.

15 hr using a peristaltic pump. After this the sample in the dialysis mini chamber was dialysed against 1 l low salt buffer plus 300 ml

b-mercaptoethanol for 1-2 hr. The SGD chromatin was retrieved from the dialysis mini chamber, checked for DNA concentration by

NanoDrop 1000 spectrophotometer (Thermo Scientific) and used directly or after storage at 4�C in the reconstitution reactions.

Whole-cell extracts were prepared from logarithmically growing cells as described (Krietenstein et al., 2012; Wippo et al., 2011;

Zhang et al., 2011). Briefly, logarithmically growing yeast cells (wild-type strain was BY4741 and the isw1D isw2D chd1D mutant

was YTT227 (Tsukiyama et al., 1999)) were lysed under high salt conditions (200 mM HEPES-KOH, pH 7.5, 10 mM MgSO4, 20%

(v/v) glycerol, 1 MM EDTA, 390 mM (NH4)SO4, 1 mM DTT) by grinding in liquid nitrogen and fractionated by ultracentrifugation.

The soluble aquous phase was concentrated by ammonium sulfate precipitation (337 mg / ml lysate), dialyzed against 20 mM

HEPES-KOH, pH 7.5, 80 mM KCl, 10% glycerol, 1 mM EGTA, 5 mM DTT, 0.1 mM PMSF and stored at �80�C.

Purifications of Chromatin Remodeling Enzymes
Tandem affinity purification of ISW1a (Ioc3-TAP), ISW1b (Ioc2-TAP), Chd1 (Chd1-TAP), RSC (Rsc2-TAP), and INO80 (Ino80-TAP) was

performed as follows (see also (Smith et al., 2003)). Cultures were grown in YPD media, and harvested cells were lysed in buffer E

(20 mM HEPES-NaOH, pH 7.5, 350 mM NaCl, 10% glycerol, 0.1% Tween) and protease inhibitors (Leupeptin, Pepstatin, Aprotinin,

and PMSF) by grinding in the presence of liquid nitrogen. Lysates were clarified at 40,000 g at 4�C for 1 hr. Cleared lysates were incu-

bated with IgG-Sepharose (GE Healthcare) at 4�C for 2 hr. The sepharose was washed with buffer E, and the remodelers were eluted

by TEV protease (Invitrogen) cleavage. The elutions were incubated with calmodulin affinity resin (Agilent Technology) in buffer E plus

2 mM CaCl2 and eluted in buffer E plus 10 mM EGTA.

ISW2 (Isw2-2xFLAG) was purified as follows: Cleared lysate was incubated with Anti-FLAG M2 affinity gel (Sigma) at 4�C for 1 hr.

The gel waswashedwith buffer E, and the remodelers were elutedwith 0.1mg/ml 3X FLAGpeptide (Sigma). Buffer Ewas used during

the entire purification. Purified proteins were concentratedwith VIVASPIN concentrators (Sartorius) and dialyzed against buffer Ewith

1 mM DTT. Subunit compositions were confirmed by SDS-PAGE and mass spectrometry.

ATPase Assay of Chromatin Remodeling Enzymes
The ATPase activity of each remodeling enzymewas determined (see also (Smith and Peterson, 2005)) at 30�Cusing 100 mMATP and

0.2 mCi of [g-32P]-ATP (Perkin Elmer) in buffer A (10 mM Tris-HCl, pH 8.0, 70 mMNaCl, 5 mMMgCl2, 0.1 mg/ml BSA, and 1mMDTT).

0.1 mg/ml plasmid DNA was used as a substrate. Released phosphate was resolved from ATP by thin-layer chromatography PEI

Cellulose (Millipore) in 750 mM potassium phosphate, pH 3.5. Analysis of hydrolysis rates was performed using a Molecular Dy-

namics PhosphorImager and Image-Quant software (GE Healthcare). ATP-hydrolysis rates were determined over three linear time

points. The molar concentration of each remodeling enzyme preparation was estimated according to its ATPase units per volume

by comparison to a standard SWI/SNF preparation with known molar concentration and ATPase units per volume.

Purification of Recombinant GRFs
The coding sequences of Reb1 and Abf1 were amplified by PCR (primers: Reb1for CCATGGCTTCAGGTC, Reb1rev CTCGAGT

TAATTTTCTGTTTTC, Abf1 for CGAGGATCCCATGGACAAATTAGTCG, Abf1rev CGTCTCGAGCTATTGACCTCTTAATTC) from
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BY4741 genomic DNA and cloned into pProEx HTa A (Invitrogen) via NcoI/AvaI for Reb1 and via BamHI/HindIII for Abf1. This adds a

His6-TEV tag to the N terminus. Correct plasmid sequences were confirmed by Sanger sequencing. Expression plasmidswere trans-

formed into BL21 (DE3) cd+ cells (Stratagene). One liter LB medium with 600 mg/l ampicillin was inoculated with 20 ml of a logarith-

mically growing over-night culture. Cells were grown at 37�C (Infors shaker, 120 rpm, 50 mm offset) to an OD600 of 0.4-0.6 (Ultrospec

2000, Pharmacia), then induced by addition of IPTG (1 mM final concentration), incubated for 1-4 hr, collected by centrifugation

(Cryofuge 6000i, Heraeus), resuspended in 40 ml lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0) transferred

to a 50 ml tube, collected by centrifugation, and stored at �80�C. Pellets were resuspended in 10 ml lysis buffer per gram wet cell

pellet followed by lysozyme treatment (1 mg/ml final concentration) for 30 min on ice and subsequent sonication on ice (Branson so-

nifier 250D, 6 cycles of 10 s burst and 10 s break at 50% peak power). Cell extracts were cleared by centrifugation (20 min, 20,000 g,

SW34 rotor, Sorvall) and two filtration steps (45 and 20 mm, VWR).

Abf1 was purified by immobilized metal ion affinity chromatography (IMAC) using a 1 ml HisTrap HP column (GE, 17-5247-01) and

an ÄKTA purifier system (GE). After loading the extract derived from 1 l cell culture, the column was washed with three column vol-

umes of wash buffer (as lysis buffer but with 20 mM imidazole) and the protein eluted with elution buffer (as lysis buffer but with

250 mM imidazole). Abf1 containing fractions were determined by Coomassie SDS-PAGE, pooled and dialyzed over night against

1 l buffer C (20 mM Tris-HCl, pH 8.0, 0.25 M KCl, 1 mM EDTA, 10% glycerol), and applied to a HiTrap Heparin HP column (GE,

17-0406-01) pre-equilibrated with buffer C. After washing with three column volumes of buffer C, Abf1 was eluted with a gradient

of KCl concentration from 0.25 to 1 M in buffer C. Abf1 eluted at approximately 0.5 M KCl as detected by Coomassie SDS-PAGE.

Fractions containing Abf1 were pooled, dialyzed against E-buffer, snap frozen in liquid nitrogen and stored at�80�C. Final Abf1 con-

centration was 0.1 mg/ml as determined by Bradford assay with BSA as standard (Biorad, 500-0002).

Reb1 was purified via IMAC using about 1 ml Ni-NTA Agarose (QIAGEN, 30210) in a self-packed gravity flow column (Biorad, 737-

4711). After loading the extract derived from 1 l cell culture, the column was washed with 5 ml wash buffer and Reb1 was eluted with

2 ml elution buffer. Reb1 containing fractions were detected by Coomassie SDS-PAGE, pooled, and loaded onto an E-buffer equil-

ibrated 24 ml Superdex 200 10/300 column (GE, cat #17-5175-01). Fractions containing purest Reb1 (Coomassie SDS-PAGE) were

pooled, snap frozen in liquid nitrogen and stored at�80�C. The final Reb1 pool had a concentration of 1.32 mg/ml as determined by

Bradford as for Abf1.

Reconstitution Reactions
Purified factors and whole-cell extracts (mg extract protein according to BSA-calibrated Bradford assay (Biorad, 500-0002)) were

added to SGD chromatin (usually corresponding to 1 mg DNA reconstituted by SGD) as indicated in Table S3 and this reconstitution

reaction was incubated for 2 hr at 30�C. The nucleosome concentration per reconstitution reaction was estimated to be 92 nM ac-

cording to 1 mg DNA assembled by SGD at the full assembly degree (Krietenstein et al., 2012). Remodelers were usually used at a

molar ratio per nucleosome of 1:10 unless indicated otherwise (Table S3). Reconstitution reactions were usually in 100 ml and with the

following final buffer conditions: 1 mM Tris-HCl, pH 7.6, 2 mM HEPES-KOH, pH 7.5, 19.6 mM HEPES-NaOH, pH 7.5, 13% glycerol,

2.7 mM DTT, 3 mM MgCl2, 0.6 mM EGTA, 0.1 mM EDTA, 85.5 mM NaCl, 8 mM KCl, 0.005% Tween, 0.1 mM Na2 S2O5, 10 mM

(NH4)2SO4, 3 mM ATP, 30 mM creatine phosphate (Sigma), 20 ng/ml creatine kinase (Roche Applied Science).

MNase Treatment
For MNase-anti-H3-ChIP-seq, reconstitution reactions were stopped by cross-linking with 0.05% formaldehyde (Sigma-Aldrich,

F8775-500ML) for 15 min at 30�C followed by quenching with glycine (125 mM final concentration) at 30�C for 5 min and treatment

with 200mU apyrase (NEB, M0398L) for 30min. For MNase-seq, reconstitution reactions were stopped only by apyrase treatment at

30�C for 30 min. After supplementation with CaCl2 (1.5 mM final concentration) digestions with various MNase (Sigma Aldrich,

N3755-500UN) concentrations (Table S3) were at 30�C for 5 min and stopped with EDTA (10 mM final concentration). MNase diges-

tion degree was chosen to result in mainly mononucleosomal and some dinucleosomal products (see also (Weiner et al., 2010)).

Restriction Enzyme Accessibility Assay
KpnI accessibility assays were performed by spiking SGD chromatinized 601-25-mer designer array (still part of the circular plasmid

(2,659 bp backbone plus 4,937 bp 601-25-mer array)) into an aliquot of a reconstitution reaction (see also (Lieleg et al., 2015)). The

aliquot was split again into two aliquots and after addition of either 60 or 150 U KpnI (NEB) incubated for 2 hr at 30�C. After DNA pu-

rification by proteinase K digestion, phenol extraction and ethanol precipitation, secondary cleavage was with XbaI and EcoRI and

bands were detected by Southern blotting and hybridization with a probe spanning the ‘‘cut small’’ fragment, thus also recognizing

the ‘‘cut large’’ and ‘‘uncut’’ fragments (Figure S1B).

Nucleosome Sliding Assay
Nucleosome sliding assays were performed as in (Watanabe et al., 2015). Recombinant Xenopus histones were expressed from pET

based plasmids (Karolin Luger) in BL21 (DE3) pLysS Escherichia coli cells for histones H2A, H2B, and H3, and in BL21 (DE3) for H4.

Expressed histoneswere purified as inclusion bodies, solubilized in unfolding buffer (7Mguanidinium hydrochloride, 20mMTris-HCl,

pH 7.5, 10 mM DTT), and dialyzed against urea dialysis buffer (7 M urea, 10 mM Tris-HCl, pH 8.0, 0.1 M NaCl, 1 mM EDTA, 0.2 mM

PMSF, and 5 mM 2-mercaptoethanol). Samples were injected into tandemly connected Q Sepharose and SP Sepharose columns
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(GE Healthcare), washed with urea dialysis buffer, and eluted from SP Sepharose by a linear salt gradient (0.1 to 1 M NaCl). Histone

fractions were dialyzed against water plus 0.2 mM PMSF and 5 mM 2-mercaptoethanol, and lyophilized.

The four histones were mixed in equimolar ratios in unfolding buffer, dialyzed against refolding buffer (2 M NaCl, 10 mM Tris-HCl,

pH 7.5, 1 mM EDTA, and 5 mM 2-mercaptoethanol), and purified through a Superdex-200 column (GE Healthcare).

Nucleosomes were reconstituted by mixing octamers with a 245 bp 32P-labeled DNA fragment containing the 601 nucleosome-

positioning sequence at the fragment 50 end in 1:1 molar ratio in Hi buffer (2 M NaCl, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, and

5 mM 2-mercaptoethanol), and dialyzing against a linear salt gradient buffer from Hi buffer to Lo buffer (50 mM NaCl, 10 mM Tris-

HCl, pH 7.5, 1 mM EDTA, and 5 mM 2-mercaptoethanol) for 20 hr. Mononucleosomes (1 nM) were incubated with Chd1 at 0,

0.125, 0.25, 0.375, 0.5 nM and 2 mM ATP in buffer A for 15 min at 30�C. The reactions were quenched with 5% glycerol and

1 mg/ml salmon sperm DNA, incubated for 5 min at 30�C, and resolved on 5% Native-PAGE in 0.5 X TBE. Gels were dried, exposed

to film, and quantified by PhosphorImager analysis.

Preparation of Sequencing Libraries
MNase-anti-H3-ChIP-seq libraries were prepared as in (Wal and Pugh, 2012). MNase digested samples were brought to 500 ml with

NPS buffer (0.5 mM spermidine, 0.075% (v/v) IGEPAL, 50 mM NaCl, 10 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 1 mM CaCl2, 1x Roche

cOmplete EDTA-free (Roche diagnostics, 04693132001), sterile filtered) and 1.25 ml 20% SDS was added (final concentration

0.05%). 1 mg of anti-H3-antibody (Abcam, ab1791) was added per sample and incubated over night at 4�C rotating. 20 ml Magna

ChIP Protein A Magnetic Beads (Millipore, cat. # 16-661) were added and incubated for 1.5 hr at 4�C rotating. The bound nucleo-

somes were washed two times with 800 ml FA-lysis buffer (50 mM HEPES-KOH, pH 8, 150 mM NaCl, 2 mM EDTA, 1% Triton

X-100 (v/v), 0.1% sodium desoxycholate (w/v), 0.2x Roche cOmplete EDTA-free, sterile filtered) plus 0.025% SDS, resuspended

in 800 ml FA-lysis buffer plus 0.025% SDS and incubated rotating at RT for 15 min. The samples were washed once with 800 ml

FA-lysis buffer and once with 800 ml FA-high salt buffer (50 mM HEPES-KOH, pH 7.5, 1 M NaCl, 2 mM EDTA, 1% Triton X-100

(v/v), 1% sodium desoxycholate (w/v), 0.2x Roche cOmplete EDTA-free, sterile filtered), resuspended in 800 ml FA-high salt buffer

and incubated rotating at RT for 15 min. The beads were washed two times with 800 ml FA-wash buffer 3 (10 mM Tris-HCl,

pH 7.5, 25 mM LiCl, 2 mM EDTA, 1% Triton X-100 (v/v), 0.1% sodium desoxycholate (w/v), 0.2x Roche cOmplete EDTA-free, sterile

filtered), once with 10 mM Tris-HCl, pH 8 plus 0.2x Roche cOmplete EDTA-free and resupended in 500 ml H20 plus 0.2x Roche cOm-

plete EDTA-free. For sequencing library preparation, the beads were resuspended in 32 ml ddH2O, transferred to a fresh tube and

prepared essentially according to the NEBNext ChIP-seq Library Prep Reagent Set for Illumina protocol. Briefly, the purified DNA

was end-repaired with Klenow (1 U, M0210L, NEB), T4 DNA polymerase (3 U, M0203L, NEB), and T4-PNK (10 U, M0210L, NEB)

in 50 ml 1x ligation buffer (B0202S NEB) shaking at 20�C for 30 min. Blunted, bead bound nucleosomes were washed once with

800 ml FA-high salt buffer and once with 800 ml Tris-HCl, pH 8 plus 0.2x Roche cOmplete EDTA-free, resuspended in 50 ml A-tailing

reaction (5 U Klenow Fragment (30 to 50 exo-), M0210L, NEB, 1x NEBuffer 2, B7002S, NEB), and incubated shaking for 30min at 37�C.
Blunted, A-tailed, bead bound nucleosomes were washed once with 800 ml FA-high salt buffer, once with 800 ml Tris-HCl, pH 8 plus

0.2x Roche cOmplete EDTA-free, and resuspended in 20 ml ddH20. NEBNext Adaptor (0.05 mM final concentration, E7335L and

E750L, NEB) was ligated to A-tailed DNA with T4-Ligase (12 U, M0202L, NEB) in 30 ml 1x T4 Ligase reaction Buffer (B0202S,

NEB) shaking at 16�C overnight, then cleaved by addition of USER Enzyme (3 U, M5505L, NEB) for 15 min at 37�C. Blunted,
bead bound nucleosomes were washed once with 800 ml FA-high salt buffer, once with 800 ml Tris-HCl, pH 8, and resuspended

in 100 ml ddH2O. The blunted, A-tailed, Adaptor ligated, bead bound nucleosomal DNA was eluted from beads and amplified by

PCR in one step (NEBNext Index 1-16, 18-23, 25 or 27 Primer for Illumina (0.5 mM, E7335L and E750L, NEB) and NEBNext Universal

PCR Primer for Illumina (0.5 mM, E7335L and E750L, NEB), Phusion High-Fidelity DNA Polymerase (1 U, M0530L, NEB), and Deox-

ynucleotide (dNTP) Solution Mix (2.5 mM, N0047S, NEB) in a final volume of 50 ml Phusion HF Buffer (1x M0530L, NEB) with the

following protocol: 72�C for 20 min (reverse crosslinking), 95�C for 5 min (addition of 0.5 ml polymerase, hot start), 12 cycles (95�C
for 15 s, 65�C for 30 s, 72�C for 30 s) and paused. The dsDNA content of 1 ml PCR reaction was measured by Qubit dsDNA HS Assay

Kit (Q32851, Invitrogen). If DNA concentration was higher than 3 ng/ml, the reaction was incubated for final elongation for 5 min at

72�C. In rare cases of lower DNA concentrations, two additional amplification cycles were added and DNA concentration controlled

again by Qubit until resulting DNA concentration was > 3 ng/ml. Adaptor-ligated mono-nucleosomal DNA (supernatant, without

beads) was purified by 1.5% agarose gel electrophoresis in TAE buffer (40 mM Tris-HCl, pH 7.6, 20 mM acetic acid, 1 mM

EDTA). The DNA was extracted from agarose with Freeze N Squeeze DNA Gel Extraction Spin Columns (732-6166, Bio-Rad) and

purified by 2-propanol precipitation. The pellet was resuspended in 12 ml 0.1x TE buffer and measured with Qubit dsDNA HS Assay

Kit (Q32851, Invitrogen). Concentrations were calculated assuming a DNA fragment length of 272 bp (147 bpmononucleosomal DNA

and 122 bp sequencing adaptor) and diluted to 10 nM. For sequencing, 10 nM solutions were pooled according tomatch sequencing

lane requirements. Either the final pools or single samples were analyzed and quantified by BioAnalyzer (Agilent) or qPCR (using

standard Illumina protocol).

ForMNase-seqexperiments,MNasedigestedsampleswereheated to55�C,supplementedwithSDS (0.5% (w/v) final concentration),

glycogen (0.25mg/ml final concentration), and 200 mg ProteinaseK (BioLine or Roche) and incubated overnight. NaClO4was added to a

final concentration of 1 M and the volume adjusted to 250 ml with ddH2O. In case of samples without WCEs, E. coli tRNA (Sigma) was

added as carrier (2.1 mg/ml final concentration). DNA was phenol/chloroform purified, ethanol precipitated, resuspended in 100 ml TE

buffer (10mMTris-HCl, pH 8.0, 1mMEDTA), treatedwith 1 mgRNaseA (Roche, 10109169001) for 3 hr at 37�C, 2-propanol precipitated,
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resuspended in 32 ml ddH2O and prepared for sequencing essentially according to the NEBNext ChIP-seq Library Prep Reagent Set for

Illumina protocol. Briefly, the purified DNAwas end-repairedwith Klenow (1U,M0210L, NEB), T4DNA polymerase (3 U,M0203L, NEB),

and T4-PNK (10 U, M0210L, NEB), in 50 ml 1x ligation buffer (B0202S NEB) at 20�C for 30 min. DNA was purified with 50 ml AMPureXP

beads (BeckmanCoulter) and 75 ml NaCl-PEG solution (20%PEG-4000, 1.25MNaCl), washed and eluted according tomanufacturer’s

instructions. The DNA was resuspended in 50 ml A-tailing reaction (5 U Klenow Fragment (30 to 50 exo-), M0210L, NEB, 1x NEBuffer 2,

B7002S, NEB), incubated for 30min at 37�C, rebound to the AMPureXP beads by addition of 125 ml NaCl-PEG solution, washed, eluted

in 20 ml ddH20 and transferred without beads to a fresh tube. NEBNext Adaptor (0.05 mM final concentration, E7335L and E750L, NEB)

was ligated to A-tailed DNAwith T4-Ligase (12 U, M0202L, NEB) in 30 ml 1x T4 Ligase reaction Buffer (B0202S, NEB) at 16�C overnight,

then cleaved by addition of USER Enzyme (3 U, M5505L, NEB) for 15 min at 37�C. DNA was purified using 30 ml AMPureXP beads ac-

cording tomanufacturer’s instructions. DNAwas resuspended in 30 ml ddH2O and amplified by PCR (NEBNext Index 1-16, 18-23, 25 or

27 Primer for Illumina (0.5 mM, E7335L and E750L, NEB) and NEBNext Universal PCR Primer for Illumina (0.5 mM, E7335L and E750L,

NEB), Phusion High-Fidelity DNA Polymerase (1 U, M0530L, NEB), and Deoxynucleotide (dNTP) Solution Mix (2.5 mM, N0047S, NEB)

in a final volume of 50 ml Phusion HF Buffer (1x M0530L, NEB) with the following protocol: 98�C for 30 s, 12 cycles (98�C for 10 s,

65�C for 30 s, 72�C for 30 s) and paused. The dsDNA content of 1 ml PCR reaction was measured by Qubit dsDNA HS Assay Kit

(Q32851, Invitrogen). If DNA concentration was higher than 3 ng/ml, the reaction was incubated for final elongation for 5 min at 72�C.
In rare cases of lower DNA concentrations, two additional amplification cycles were added and DNA concentration controlled again

by Qubit until resulting DNA concentration was > 3 ng/ml. Adaptor-ligated mono-nucleosomal DNA was purified by 1.5% agarose gel

electrophoresis inTAEbuffer (40mMTris-HCl,pH7.6,20mMaceticacid, 1mMEDTA).TheDNAwasextracted fromagarosewithFreeze

NSqueezeDNAGel ExtractionSpinColumns (732-6166,Bio-Rad) andpurifiedby2-propanol precipitation. Thepelletwas resuspended

in 12 ml 0.1x TE buffer andmeasured with Qubit dsDNA HS Assay Kit (Q32851, Invitrogen). Concentrations were calculated assuming a

DNA fragment length of 272 bp (147 bpmononucleosomal DNA and 122 bp sequencing adaptor) and diluted to 10 nM. For sequencing,

10 nM solutions were pooled according tomatch sequencing lane requirements. Either the final pools or single samples were analyzed

and quantified by BioAnalyzer (Agilent) or qPCR (using standard Illumina protocol).

ChIP-Exo
ChIP-exo of Abf1-TAP bound in vivo was performed in duplicate as described (Rhee and Pugh, 2012). Briefly, cells were crosslinked

using formaldehyde and isolated chromatin was subjected to sonication and IgG sepharose immunoprecipitation. Immunoprecipi-

tated DNA was purified followed by ligation of sequencing adaptors and digestion by lambda exonuclease. The resulting DNA was

used for sequencing library preparation.

DNA Sequencing
Nucleosomal libraries were sequenced on either an Illumina Genome Analyzer IIx (LMU, single-end mode, 36 cycles), a HiSeq 1500

(LMU, single-end mode, 50 cycles), an Illumina HiSeq 2000 (PSU, single read mode, 40 cycles), or an Illumina NextSeq 500 (PSU,

paired-endmode,40cycles, but only usingRead1 for analysis after ascertaining that essentially the samepatternswereobservedusing

both reads). Sequences were mapped against the S. cerevisiae genome obtained from Saccharomyces Genome Database (www.

yeastgenome.org/download-data/sequence:S288C_reference_genome_R55-1-1_10-Nov-2006) using BWA (version 0.6.2) software

(Li and Durbin, 2009) for single-end and BWA-MEM (version 0.7.9a; arXiv:1303.3997v2 [q-bio.GN] ) for paired-end reads. Default set-

tings were used for mismatch allowed to find the alignment to the reference genome. Sequencing statistics are reported in Table S3.

Reference Datasets
In vivo +1 nucleosome dyad locations were reference points for most analyses and were from the MNase-anti-H4-ChIP-seq data of

in vivo formaldehyde-crosslinked cells (Zhang et al., 2011). Tags were shifted in the 30 direction by 73 bp. Peaks (consensus nucle-

osome dyads) were called using GeneTrack software (Albert et al., 2008) and +1 nucleosomes were assigned according to their loca-

tion in a +1 zone as defined in (Jiang and Pugh, 2009a). Native data were as in (Zhang et al., 2011).

Relevant to Figures 3A and 3C, NPS correlation data were retrieved from (Ioshikhes et al., 2006) but missing for 56 genes.

DNA shape features were calculated as in (Zhou et al., 2013). This distribution data were smoothed using a 20 nucleotide moving

average.

Relevant to Figure S5A, graph 1, and Figure 6A, graph 1, genes bound by Abf1 or Reb1 in vivo were required to have a cognate

recognition site and showAbf1 or Reb1 binding in ChIP-exo, respectively. ChIP-exo tag 50 endswere plotted and distributions binned

in 25 bp intervals and smoothed using a 2 bin moving average. Rows/genes within heat maps were sorted based on Abf1 or Reb1

in vivo occupancy located < 400 bp upstream of TSSs, which is where Abf1 and Reb1 are normally enriched.

Relevant to Figure 2A, graph 2, and Figure S3C, poly(dA) and poly(dT) tracts R 6 bp in length were defined as described (Chang

et al., 2012).

Relevant to Figures 2C and S3A, poly(dA:dT), poly(dT), and poly(dA) were defined to be at least 6 nucleotides: 50-TTTTTT-30 and
50-AAAAAA-30. Unique poly(dT) and poly(dA) tracts were selected to be < 200 bp upstream or between �200 and +80 bp, respec-

tively, of the corresponding TSS and on the sense strand. These limits were based on the average poly(dA:dT) distribution around all

TSSs. The RSC trace used RSC:nucleosome molar ratios of 1:10, 1:20, and 1:40.

Relevant to Figure S3B, Rsc3 binding motifs were as in (Badis et al., 2008) and selected to be within 500 bp upstream of TSSs.
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Data Processing
Data processingwas essentially done as in (Zhang et al., 2011). ForMNase-basedmaps, tag 50 endswere shifted in the 30 direction by
a fixed calculated distance for each dataset (Table S3) to reflect dyad locations, and strand information was removed. Ribosomal

proteins genes (3% of all genes) were excluded from the analysis since they organize their nucleosomes by a unique mechanism

(Reja et al., 2015) that was not reconstituted here. Dyad locations were plotted relative to in vivo-defined +1 nucleosomes over a

range of 500 bp upstream to 650 bp downstream. Distributions were binned in 25 bp intervals and smoothed using a 2-bin moving

average. Except for Figure 2A, graph 2, where distribution was binned in 5 bp intervals.

Where nucleosome dyad density (tag counts) was plotted as a heat map, the individual genes were first adjusted to set the sum of

squares for tag counts in each gene’s ± 1 kb region flanking the +1 nucleosome to 1 using normalized genes option in Cluster 3.0

software. This minimized the gene copy number variation present in the genomic plasmid library (due to differential amplification

when passed through E. coli). Thus, each gene contributed equally to heatmaps and also composite traces in later steps. Row values

were normalized to a mean of zero by centering genes to the mean in Cluster 3.0 software. Heat maps were generated using Java

TreeView 1.1.6r3 software obtained from jtreeview.sourceforge.net.

Where nucleosome dyad density was plotted as a composite plot, tag counts were normalized for area under each curve to be

equal when comparing datasets over an interval ± 1 kb from the +1 nucleosome dyad location. Distributions were binned in 5 bp

intervals and smoothed using a 9-bin moving average.

Unless specified otherwise, single representative datasets as opposed to averaged data are shown within each panel. The exper-

imental details of each sample shown in each graph and trace are given in Table S3.

Row Sorting
Relevant to Figure 1A, +1/NFR tag ratios for SGD sample were based on a merge of four SGD datasets and calculated using the

following limits. For +1: number of tag 50 ends located ± 30 bp from in vivo defined +1 nucleosome dyads; for NFR: number of

tag 50 ends located within a calculated in vivo NFR midpoint zone (108-188 bp upstream of the +1 dyad). In a very small fraction

of genes (rows) the sum of tags for the +1 and/or NFR regions was zero. If both values were zero, the row was removed. If only

one was zero, the sum was set to 1, which does not introduce a significant error as both zero and one are very small tag numbers,

but it spares the respective gene from dropping out of the analysis.

Relevant to Figure 2B, NFR widths were determined as follows. First, from composite plots aligned separately by the in vivo �1

and +1 nucleosome location (smoothed using a bin size of 5 and a step size of 9), the x axis values having a y axis local maximum

around�1 (±15 bp from�1 peak center), and +1 (±15 bp from +1 peak center) was determined, respectively. Second, the x axis value

having a local y axis minimum within the NFR region (105-145 bp downstream of �1 dyad for the �1 aligned plot or upstream of +1

dyad for the +1 aligned plot) was determined as the NFRminimum. The x axis values midway between the NFRminimum and the�1

or +1 maxima, respectively, defined the upstream and downstream borders of the NFR, respectively. The distance between these

borders represented the NFR width, and the difference between this and the Native NFR width was reported.

Relevant to Figure 3A, nucleosome dyad density levels within ± 30 bp from in vivo-defined +1 nucleosome dyadswere summed up,

and the ratios between the corresponding sums for the sample in graphs 4 (SGD + INO80) and for SGD (four independent replicates

were merged, one of them shown as graph 2) were determined and used for row sorting. A similar pattern was obtained for another

independent replicate of INO80.

QUANTIFICATION AND STATISTICAL ANALYSIS

Relevant to Table S1, +1, +2 and +3 nucleosome dyads were determined from composite plots aligned to in vivo +1 nucleosome

location (smoothed using a bin size of 5 and a step size of 9). The x axis values corresponding to a y axis local maximum around

Native +1, +2 and + 3 peak centers were determined and gave the +1, +2 and +3 nucleosome positions. Table S1 also reports

the distance between these +1, +2, +3 nucleosome positions relative to the respective Native positions as well as the distances

between +1/+2 and +2/+3 nucleosome peak centers.

Relevant to Table S2, +1 nucleosome positioning strength was determined by the formula ‘‘b1/(a1+a2).’’ ‘‘b1’’ represents the

summed up nucleosome dyad tag counts within ± 15 bp from in vivo-defined +1 nucleosome dyads. ‘‘a2’’ is same as b1 but at

an interval located 85 bp downstream of +1 nucleosome dyad (i.e, linker midpoint located midway between +1 and +2 nucleosome

dyads). ‘‘a1’’ is same as b1 but at an interval located 85 bp upstream of +1 nucleosome dyad (reflecting the predicted equivalent of an

upstream linker interval). Each heatmapwas split into quartiles (based upon the sort order of the respective heatmap in the respective

figure) and average +1 nucleosome positioning strength was reported for each quartile.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The accession number for the data reported in this paper is NCBI’s Gene Expression Omnibus: GSE72106.
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Supplemental Figures

A

B

C

Figure S1. Purity and Activity Controls for Purified Factors, Related to Figures 1, 2, 3, 4, 5, and 6

(A) Silver stained gels of chromatin remodelers purified from yeast, and yeast GRFs recombinantly expressed in and purified from E. coli.

(B) Restriction enzyme accessibility assay, demonstrating nucleosome remodeling activity of purified ISW1a, ISW1b, and RSC (each batch #2, Table S3) after two

hour incubation under standard reconstitution reaction conditions. The appearance of ‘‘cut large’’ and ‘‘cut small’’ bands demonstrates nucleosome remodeling

activity. This shows that the here tested remodeling enzymes did not lose activity nor lacked ATP at the standard endpoint of our reconstitution reactions. All

samples were electrophoresed in the same gel.

(C) Mononucleosome sliding assay demonstrated remodeling activity for purified Chd1 (batch #2). Sliding of mononucleosomes from an initial end to a more

centered position is detected by native gel electrophoresis.



Figure S2. ISW1a Generates Properly Spaced Nucleosomal Arrays Downstream of +1 Nucleosomes, Related to Figure 1

(A) See Figure 1B description. Samples with same number/letter as in Figure 1B show same data, others independent replicates.

(B) As in (A) but with ISW2 added at a remodeler per nucleosomes ratio of 1:30 and a titration of ISW1a (1:270, 1:90, 1:30, 1:10, 1:5 molar remodeler per nu-

cleosomes ratio). Data for samples 1, 2 and 4 are the same as in Figure 1B.

(C) See Figures 1A and 1B description. Data for samples 2, 3, 4, 8a, and Native are the same as in Figure 1A.



Figure S3. Symmetric NFR Widening by Purified Remodelers, Reconstitution over Rsc3 Motifs, and Orientation of GRF Sites, Poly(dT), and

Poly(dA) Tracts, Related to Figure 2

(A) Same as Figure 2C left, but for one replicate with each indicated remodeler. Data are the same as for Figure 2A.

(B) Composite nucleosome dyad distributions for SGD reconstituted without or with RSC compared to Native around Rsc3 CGCGCGG promoter motifs. Data are

the same as for Figure 2A. The lack of effect of the Rsc3 sites might be attributed to a relative depletion of Rsc3/30 in our RSC preparations (Figure S1A).

(C) Composite distributions relative to in vivo-defined +1 nucleosome dyads. y axis for sense-stranded poly(dT) (green) and poly(dA) frequencies on the right.

y axis for Abf1 ChIP-exo tag counts of 50 ends (pink, merged tag counts of two independent replicates) and Reb1 (red, (Rhee and Pugh, 2011)) in YPD media on

the left.



Figure S4. DNA Shape Features around In Vivo +1, +2, and +3 Nucleosome Positions, Related to Figure 3

(A–C) See Figure 3D description, but for minor groove width (A), propeller twist (B) and roll (C).

(D) Data as in Figure 3A, but rows (4,245) were sorted based on increasing effectiveness of +2 positioning by INO80 relative to SGD, i.e., ratio of tags in a 60 bp

window centered on in vivo +2 dyad locations (defined as in (Jiang and Pugh, 2009a)) between reactions containing and lacking INO80 (graphs 4 versus 2,

indicated by linked triangles).

(E) as (D), but rows (4,236) were sorted based on increasing effectiveness of +3 positioning by INO80. The +3 position was defined as 165 bp downstream of +2

position.

(F) and (G) as Figure 3D, but aligned at the +2 and +3 positions and gene sorting as in panels (D) and (E), respectively.



Figure S5. Abf1 and Combinations of Remodelers Create Near-Canonical NFR/+1/Array Organization at Abf1-Bound Genes, Related to
Figure 5

(A) Heat maps corresponding to graphs in Figures 5A and 5B but for all genes. See Figure 2A description, but in all graphs rows (4,168) were sorted by Abf1

occupancy measured in vivo by ChIP-exo (graph 1, pink triangle, see also Figure S3C).

(B) Samples with same number/letter as in Figure 5A or 5B show same data, others show independent replicates (see also Table S3).



Article

MOF Acetyl Transferase Regulates Transcription
and Respiration in Mitochondria

Graphical Abstract

Highlights

d MOF, KANSL1, andKANSL3 show nuclear andmitochondrial

localization

d MOF binds mtDNA, and its loss affects mitochondrial gene

expression

d MOF catalytic activity is required to rescue transcriptional

and respiratory defects

d Mof knockout shows mitochondrial deterioration in

cardiomyocytes and cardiac failure

Authors

Aindrila Chatterjee, Janine Seyfferth,

Jacopo Lucci, ..., Nikolaus Pfanner,

Thomas Becker, Asifa Akhtar

Correspondence
akhtar@ie-freiburg.mpg.de

In Brief

A histone acetyl transferase regulates

mitochondrial gene expression.

Chatterjee et al., 2016, Cell 167, 722–738
October 20, 2016 ª 2016 Elsevier Inc.
http://dx.doi.org/10.1016/j.cell.2016.09.052

mailto:akhtar@ie-freiburg.mpg.de
http://dx.doi.org/10.1016/j.cell.2016.09.052
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2016.09.052&domain=pdf


Article

MOF Acetyl Transferase Regulates Transcription
and Respiration in Mitochondria
Aindrila Chatterjee,1,2 Janine Seyfferth,1 Jacopo Lucci,1 Ralf Gilsbach,4 Sebastian Preissl,4 Lena Böttinger,3
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SUMMARY

A functional crosstalk between epigenetic regulators
and metabolic control could provide a mechanism to
adapt cellular responses to environmental cues. We
report that the well-known nuclear MYST family
acetyl transferase MOF and a subset of its non-spe-
cific lethal complex partners reside in mitochondria.
MOF regulates oxidative phosphorylation by control-
ling expression of respiratory genes from both nu-
clear and mtDNA in aerobically respiring cells. MOF
binds mtDNA, and this binding is dependent on
KANSL3. The mitochondrial pool of MOF, but not a
catalytically deficient mutant, rescues respiratory
and mtDNA transcriptional defects triggered by the
absence of MOF.Mof conditional knockout has cata-
strophic consequences for tissues with high-energy
consumption, triggering hypertrophic cardiomyopa-
thy and cardiac failure in murine hearts; cardiomyo-
cytes show severe mitochondrial degeneration and
deregulation of mitochondrial nutrient metabolism
and oxidative phosphorylation pathways. Thus,
MOF is a dual-transcriptional regulator of nuclear
and mitochondrial genomes connecting epigenetics
and metabolism.

INTRODUCTION

Cells use compartmentalization for functional segregation ofma-

jor metabolic processes. This relies on an orchestrated commu-

nication between the nucleus and cytoplasm. A key metabolic

hub in the cytoplasm is the mitochondrion, a unique organelle

with genetic contributions from two (nuclear and mitochondrial)

genomes. The mammalian mtDNA is circular and is compacted

into nucleoids. Transcription of the mtDNA is governed by a

dedicated nuclear-encoded machinery, which includes a RNA

polymerase (POLRMT) and is assisted by transcription initiation

factors TFB1M and TFB2M (Shutt and Shadel, 2010). TFAM,

a major nucleoid component, is also critical for mtDNA trans-

cription and replication. Recently, a number of nuclear trans-

cription factors (e.g., STAT3, CREB, NF-kB, and MEF2D) have

been reported to localize in mitochondria. Such ‘‘bi-organellar’’

transcription factors are often involved in mtDNA (gene) ex-

pression, electron transport chain activity, and apoptosis

(Szczepanek et al., 2012). However, their possible roles in the co-

ordinated function of the nucleus and mitochondria remain

largely unknown.

Interestingly, mitochondria can also influence nuclear tran-

scription by supplying metabolites (such as SAM, Acetyl-CoA,

and ATP) that facilitate epigenetic alterations of chromatin struc-

ture/dynamics. Reversible histone acetylation is a prominent

epigenetic modification playing diverse roles in several cellular

processes. In particular, acetylation of lysine 16 of histone H4

(H4K16ac) is important for chromatin de-compaction and tran-

scriptional activation (Shogren-Knaak et al., 2006; Kalashnikova

et al., 2013). MOF (males absent on the first; also known as

MYST1 or KAT8) is the major lysine acetyl transferase (KAT)

responsible for deposition of H4K16ac in flies and mammals

(Gu et al., 1998; Hilfiker et al., 1997; Taipale et al., 2005). It re-

sides in distinct, evolutionarily conserved transcription regulato-

ry complexes, namely theMSL (male specific lethal) and the NSL

(non-specific lethal) complexes. They dictate MOF’s enzymatic

activity and target selection (Cai et al., 2010; Mendjan et al.,

2006; Raja et al., 2010). In flies, MOF-MSL complex is involved

in regulation of X-chromosomal genes (Conrad and Akhtar,

2011; Lucchesi and Kuroda, 2015). However, association with

KANSLs (members of the NSL complex) radically broadens

MOFs regulatory spectrum to target constitutively active genes

located on all chromosomes, a function that is remarkably

conserved from flies to mammals (Chelmicki et al., 2014; Feller

et al., 2012; Lam et al., 2012; Ravens et al., 2014).

Despite broad chromatin binding, many of the MOF-targeted

genes remain unaffected upon MOF depletion (Chelmicki et al.,
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Figure 1. MOF, KANSL1, and KANSL3 Show Nuclear and Mitochondrial Localization

(A–C) HeLa cells stained with antibodies (green) against (A) MOF, (B) KANSL3, and (C) KANSL1 along with MitoTracker (red) for mitochondria and DAPI (blue) for

nucleus. The cells are co-stained with anti-Tubulin (white). See also Figures S1A, S1B, and S2A–S2C.

(legend continued on next page)
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2014). In fact, MOF can adopt different roles in different contexts

(Chen et al., 2014; Kapoor-Vazirani et al., 2008; Li et al., 2009;

Sykes et al., 2006), which imply hidden nuances to MOF’s mo-

lecular functions and an inherent sensitivity to its environment.

So, when a classically nuclear KAT like MOF is associated with

an array of complex metabolic processes like cell division (Tai-

pale et al., 2005), DNA-damage repair (Gupta et al., 2005), and

autophagy (Füllgrabe et al., 2013), it has to be sensitive to cellular

cues. The question is how. The most direct way of MOF’s rapid

response to different information cues would require its intraor-

ganellar mobility between the nucleus and the metabolic

signaling hubs in cytoplasm. This has been previously demon-

strated for deacetylases, which play a regulatory role in cellular

homeostasis by localizing in different cellular compartments

(Backs et al., 2006; Di Giorgio and Brancolini, 2016). However,

a ‘‘non-nuclear’’ function of MOF has not been described to

date.

In this study, we investigated a possible role of MOF beyond

nuclear gene transcription. We detect a significant pool of

MOF, as well as members of the NSL complex, KANSL1 and

KANSL3, in the mitochondria. Gene-expression analysis of

MOF-depleted cells revealed that MOF regulates expression of

genes involved in oxidative phosphorylation (OXPHOS) in aero-

bically respiring cells. Depletion of MOF/KANSL1 causes signif-

icant downregulation of mitochondrial DNA (mtDNA) transcrip-

tion and subsequent translation, leading to impaired cellular

respiration. Importantly, mitochondrial transcriptional and respi-

ratory defects can be rescued by a mitochondrially tethered

MOF, but not its catalytic mutant (E350Q), indicating that

MOF’s enzymatic activity is important for mitochondrial function.

We demonstrate the relevance of MOF-mediated mitochondrial

regulation in vivo by generating a conditional MOF knockout

mouse in heart and skeletal muscle. Thesemice die of acute car-

diomyopathy within 3 weeks of birth and show mitochondrial

degeneration. Thus, we provide an unprecedented role of MOF

acetyl transferase in mitochondrial transcription regulation. By

regulating transcription in two cellular compartments, MOF

could play an important role in coordinating epigenetic regula-

tion and metabolic control.

RESULTS

MOF, KANSL1, and KANSL3 Are Localized in
Mitochondria
We reviewed the sub-cellular distribution of MOF and two

KANSL complex members (KANSL1 and KANSL3) by confocal

microscopy in HeLa cells and found a significant population

of all three proteins in the cytoplasm, in addition to their well-

documented nuclear locale. The cytoplasmic signals were remi-

niscent of typical organelle staining. To verify this, we co-labeled

cells for MOF/KANSL1/KANSL3 along with MitoTracker (which

labels mitochondria) and microtubules, two organelles known

to form distinct tubular networks in cells. All three proteins

showed definitive mitochondrial localization (Figures 1A–1C).

MOF and KANSL3 showed homogenous nuclear distribution

and the non-nuclear signal largely localized to mitochondria.

Interestingly, the signals were punctate and not uniform (Figures

1A and 1B), similar to the staining pattern of certain mito-

chondrial proteins. KANSL1, however, exhibited homogenous

mitochondrial staining (Figure 1C). We further confirmed mito-

chondrial localization of the proteins using multi-color 3D high-

resolution structured illumination microscopy (HR-SIM) and

biochemical fractionations (Figures S1A–S1C). Antibody speci-

ficity was verified by knockdown studies (Figures S1D, S1E,

and S2A–S2C). Interrogation of sub-mitochondrial localization

of the KANSL proteins by proteinase K protection assay revealed

that KANSL3 was restricted to the inner mitochondrial mem-

brane/matrix (Figure 1D), but MOF showed dual localization at

the outer membrane, as well as mitochondrial matrix/inner mem-

brane (Figure 1D, see Discussion). Taken together, these results

establish that, in addition to the nucleus, MOF and KANSL3

reside in mitochondria.

KANSL Proteins Possess Mitochondrial-Targeting
Signals
Proteins residing in mitochondria frequently contain mitochon-

drial-targeting sequences (MTS) (Omura, 1998). We thus investi-

gated amino acid sequences of core human NSL members (see

STAR Methods) and found putative MTS in KANSL3 and

KANSL2 (Figure 1E). To test their functionality, import assays

were performed on isolated yeast mitochondria with in-vitro

transcribed KANSL3 and KANSL2. Due to technical difficulties

of in vitro synthesis of the 878-aa-long KANSL3 protein, we

worked with its truncated version, starting from the putative

MTS. Remarkably, we found that radiolabeled KANSL3 deriva-

tive (205–878 aa) and full-length KANSL2 were imported into iso-

lated mitochondria by several criteria (Figures 1F and 1G). First,

the proteins were transported to a protease-protected location.

Second, the import occurred in a membrane-potential-depen-

dent manner, which is a hallmark of protein transport to themito-

chondrial inner membrane and matrix. Third, removal of the

predicted MTS abolished import of KANSL3 (238–878 aa) and

KANSL2 (41–492) (Figures 1F and 1G). Finally, the import of

[35S] KANSL3 (205–878 aa) was reduced in mitochondria lacking

a major preprotein receptor of the translocase of the outer mito-

chondrial membrane, TOM20 (Figure S3A).

(D) Proteinase K (Prot. K) protection assay of HeLa cell mitochondria. Extent of digestion was determined by blotting for key intra-mitochondrial proteins (HSP60,

CYT-C, TOM20). IMM, inner mitochondrial membrane; IMS, inter-membrane space; OMM, outer mitochondrial membrane. Triangles, specific protein. Cross,

isoform/post-translationally modified version of the protein. See also Figures S1C–S1E.

(E) Representative diagram of MOF, KANSL3, KANSL1, and KANSL2 with major domains/features (predicted) that are important for mitochondrial localization.

(F and G) Import assays were performed using in vitro synthesized (F) [35S] KANSL3 with (205–878)/without (238–878) putative mitochondrial targeting signal

(MTS) and (G) [35S] KANSL2 with (1–492)/without (41–492) putative MTS into yeast mitochondria. Samples were treated with +Prot. K and assays were performed

with both polarized (+DJ) and depolarized (�DJ) mitochondria.�Prot. K, control (50% intensity in G). The mutant derivatives of respective proteins are denoted

in red. See also Figure S3A.

(H) Immunofluorescence images of MOF-sfGFP cell lines with WT (wtNLS1) or mutated nuclear localization (DNLS1) signals. MitoTracker was used to stain

mitochondria. A schematic representation of human MOF protein containing the predicted nuclear localization signals, NLS1 and NLS2, is shown below.
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We could not find a canonical MTS in MOF. However, we

could identify a strong nuclear localization signal- NLS1 in

MOF (see STARMethods; Figure 1H, cartoon). We hypothesized

that, in the absence of a strong nuclear bias, a cryptic MTS of

MOF (if present) would drive its enrichment in mitochondria.

We tested this hypothesis by studying intracellular distribution

of MOF-sfGFP (superfolder green fluorescent protein; stable

cell lines) with wild-type (WT) or mutated NLS1 (DNLS1).

Remarkably, MOF(DNLS1)-sfGFP largely localized to mitochon-

dria, in sharp contrast to the nuclear bias of MOF(wtNLS1)-

sfGFP (Figure 1H). Therefore, in the absence of NLS1, the

localization of MOF is swapped from the WT scenario with a

newfound bias for the mitochondria over the nucleus, indicating

that the presence of buried mitochondrial-targeting information.

Taken together, these data demonstrate that MOF, KANSL2,

andKANSL3 are bona fide residents ofmitochondria and contain

mitochondrial-targeting information.

MOF Depletion Affects OXPHOS Gene Expression in
Aerobically Respiring Cells
MOF/KANSLs are well-known transcription regulators in the nu-

cleus. Their presence in mitochondria makes it plausible that

they may regulate mitochondrial gene expression. In glucose-

supplemented media, cells use aerobic glycolysis for energy.

However, if grown in galactose, cells switch to mitochondria-

based OXPHOS for ATP synthesis and effectively increase their

sensitivity to mitochondrial insults (Robinson et al., 1992). We

reasoned that, in case the cellular respiratory strategy is under

MOF control, its knockdown might trigger media-dependent

alterations in transcriptional regulation of mitochondria. We

therefore adapted HeLa cells to glucose/galactose media

before performing transcriptome analysis on MOF-depleted

cells (Figure 2A).

We observed a large overlap in the number of deregulated

genes in two media sets (Figure 2A, right, marked as I). Of the

commonly affected genes, a majority showed similar expres-

sion trends (Figure 2B, scatterplot, gray dots) with few divergent

genes (Figure 2B, scatterplot, green dots). Interestingly,

OXPHOS genes were downregulated in galactose and remained

unaffected in glucose (Figure 2B, left heat map). Analysis of

genes selectively deregulated in galactose media (Figure 2A, II

from Euler plot) revealed that two of the most significantly

affected pathways were OXPHOS (p = 2.24E�10) andmitochon-

drial dysfunction (p = 3.55E�09) (Figure 2C, in red). In contrast,

similar analysis performed on genes affected exclusively in

glucose did not reveal similar findings (Figure S3B). Importantly,

the possibility of an inherent transcriptional bias was ruled

out, since there was no significant difference in mitochondrial

RNA levels between siSCRAM controls of the two media

(Figure 2D).

So far, we had scored a clear defect in mitochondrial OXPHOS

in galactosemedia. To understand the full impact of MOF knock-

down (galactose) on mitochondrial respiration, we generated

network maps (see STAR Methods) of critical mitochondrial reg-

ulatory pathways, like mitochondrial biogenesis, organization,

morphology, mass, quantity/size, and mtDNA replication (Fig-

ure 2E). We found that—although some key genes, like TFAM,

PRDX3, and CAV2 were mildly downregulated—they did not

result in significant inhibition (high-confidence prediction) of

any of the analyzed pathways. We could predict upregulation

of mitochondrial biogenesis and mass, which might be more of

a cause than a consequence of OXPHOS gene deregulation.

Thus, evaluation (gene expression) of vital pathways influencing

mitochondrial respiration did not account for the downregulation

of OXPHOS genes, implying a more direct impact of MOF on

their transcription.

The OXPHOS machinery is a unique amalgamation of com-

ponents from two different genomes. While most of its constitu-

ent proteins are transcribed from nucleus, few (13) core enzy-

matic modules are supplemented by the mtDNA. Since our

Figure 2. MOF-Depleted Cells Show Reduced OXPHOS Transcription and Mitochondrial Respiration

(A) Cartoon representation of RNA-seq strategy used onMOF depleted cells. Euler plots represent genes deregulated either specifically in galactose (II, yellow) or

glucose (III, blue) or both (I) media conditions.

(B) Central scatterplot shows genes commonly deregulated in both glucose and galactose media ((I), from Figure 2A), represented in scatterplot at center (log2

transformed). Genes showing opposing trends in twomedia sets are highlighted in green, with trends shown in flanking heat maps. Canonical pathways affected

in each dataset are shown in boxes below respective heat maps.

(C) Bubble plot presents top 15 pathways specifically affected in galactose media (II, from Figure 2A). y axis shows Z score of enrichment, and the x axis indicates

the ratio of representation of genes of a particular pathway. Bubble size is directly proportional to the significance of discovery (�log10 p value). Mitochondria-

associated pathways are highlighted in red. See also Figure S3B.

(D) Violin plots representing log10 reads per kilobase million (RPKM) value of expression of all mitochondrial and oxidative phosphorylation (OXPHOS) genes in

glucose (blue) and galactose (yellow) media. Scramble controls from the two media sets were overlaid for analysis.

(E) Analysis of protein networks associated with mitochondrial health in siMOF (galactose) samples. The analyzed mitochondrial pathways are involved in its

organization, mass, DNA replication, morphology, biogenesis, quantity, and size.

(F and G) Relative mtDNA transcript levels along with key nuclear encoded mitochondrial regulatory factors in control (siSCRAM, white) and (F) siMOF (red)/(G)

siKANSL1 (blue)-treated cells in galactose media. Data represent mean ± SD of three biological replicates. See also Figures S3C–S3F.

(H) Relative mtDNA levels in control (siSCRAM, gray), siMOF (red hollow bar), and siKANSL1 (blue hollow bar) after normalization to nuclear DNA (nDNA) levels.

MT1–3 represent three primers mapping to distinct regions on the mtDNA. Data represent mean ± SD of three biological replicates.

(I) Scatterplot representation of mitochondrial membrane potential calculated from JC-1-staining of siSCRAM (green), siMOF (red), and siKANSL1 (blue) cells.

Data represent mean ± SEM of five biological replicates. Unpaired t test, ***p < 0.005. See also Figure S3G.

(J) Left, bioenergetic profiling of siSCRAM (black), siMOF (red), and siKANSL1 (blue) treated cells using Seahorse XFe96 analyzer. O, Oligomycin; F,

Carbonylcyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP); R+A, Rotenone and Antimycin A. Right, basal and ATP-linked oxygen-consumption rate (OCR)

was calculated. Mann-Whitney U test, ***p < 0.0001. Data represent mean ± SEM; n = 14–20 per sample.

(K) Coupling efficiency and respiratory control ratio were determined from respiratory curve. Data represent mean ±SEM; n = 14–20 per sample. Mann-Whitney U

test, p value mentioned in figure. See also Figure S4A.
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RNA-sequencing (RNA-seq) strategy was based on poly-A

enrichment, we were unable to enrich for all mtDNA-transcribed

mRNAs (MT-mRNAs). Therefore, we performed qRT-PCR to

study MT-mRNA levels after MOF depletion in glucose and

galactose media. Consistent with RNA-seq data, mtDNA genes

were globally downregulated in siMOF galactose (Figure 2F) and

remained unaffected in siMOF glucose (data not shown).

Furthermore, siMOF cells showed no significant change in levels

of key mitochondrial regulatory factors like POLRMT, TFAM, or

MTPAP and only a slight decrease in MTERF and NRF1 levels

(Figure 2F), a fact corroborating with siMOF-galactose RNA-

seq data. We also observed a comparable global downregula-

tion of mtDNA transcripts levels in KANSL1 (representative

NSL member)-depleted cells (Figure 2G). Notably, we could

exclude the possibility that altered mtDNA contents affect tran-

scription levels in siMOF and siKANSL1 samples (Figure 2H).

Taken together, these data show that MOF directly regulates

expression of OXPHOS genes of both nuclear and mtDNA.

Next, we assessed the impact of MOF/KANSL1 loss on

mitochondrial translation. Blue native electrophoresis showed

reduced formation of respiratory supercomplexes in MOF- and

KANSL1-depleted cells (Figure S3C). In vitro translation assays

with freshly isolated mitochondria from siMOF and siKANSL1

samples (galactose) revealed reduced mitochondrial poly-

peptide synthesis (Figure S3D). Steady-state levels of nuclear-

encoded OXPHOS subunits/regulators remained largely unaf-

fected (Figures S3E and S3F).

Loss of MOF and KANSL1 Leads to Impaired
Mitochondrial Respiration and Reduced MT-RNA
Synthesis
To assess the functional impact of MOF/KANSL1 loss on

mitochondria, we first evaluated the overall fitness of the organ-

elle by scrutinizing its membrane potential in galactose. siMOF/

siKANSL1 samples showed significant membrane depolariza-

tion (Figures 2I and S3G), a strong indicator of mitochondrial

dysfunction. In light of OXPHOS gene deregulation, it was highly

likely that the electron transport chain was impaired. We thus

performed in vivo cellular respirometry assay using the Seahorse

XF96e flux analyzer on HeLa cells. When comparing the respira-

tion profiles of siSCRAM control with siMOF/siKANSL1 cells, we

observed reduced respiration in the knockdown cells. Appro-

priate drug sensitivity implies that individual complexes are still

functional, albeit with lowered efficiency (Figure 2J). Basal, as

well as ATP-linked, respirations were significantly reduced in

the knockdown samples, but there was no difference in respira-

tory coupling efficiency or the respiratory control ratio between

control and knockdown cells (Figure 2K). Incidentally, these

phenotypes were observable also in glucose conditions (data

not shown). siMOF cells did not show any significant defect in

the major fuel-consumption pattern (Figure S4A), dismissing

flawed nutrient utilization as a trigger for observed defects. In

conclusion, depletion of MOF/KANSL1 reduces mitochondrial

respiration.

Steady-state RNA levels are a reflection of two antagonistic

processes: RNA synthesis and decay. Hence, reduced MT-

mRNA levels of siMOF/siKANSL1 samples might be due to

impaired RNA synthesis and/or increased turnover. To distin-

guish between the two, we labeled nascent RNA with 5-ethynyl

uridine (EU) to monitor the dynamics of RNA synthesis and turn-

over in MOF/KANSL1 depleted cells (Figures 3A and 3B, see

STAR Methods). Cytoplasmic 18S rRNA was considered a con-

trol. We observed that loss of MOF/KANSL1 impairs synthesis of

MT-RNAs (CYTB, ND5, and 12S rRNA) without affecting their

stability (Figures 3A and 3B). Global levels of major mtDNA tran-

scriptional and replication regulators remained unaffected in

siMOF cells (Figures 3C and S3F). Thus, MT-RNA synthesis is

impaired in the absence of MOF /KANSL1, resulting in reduced

MT-RNA levels.

MOF and KANSL3 Bind mtDNA
The transcriptional data raised the possibility that MOF might

affect the function or recruitment of mitochondrial proteins on

mtDNA. To test this hypothesis, we developed in organello

mtDNA immunoprecipitation (mtDIP) technique (see STAR

Methods) for identifying mtDNA binding factors. We performed

mtDIP to probe for mtDNA binding of transcription (POLRMT,

TFB2M, and MTPAP) and replication (POLG and SSBP) factors

(Figure 3D and 3E) in siMOF cells. The data were normalized to

TFAM, an integral component of mitochondrial nucleoids. The

distribution of TFAM itself was tested with multiple probes en-

compassing the mtDNA (Figures S4B–S4D). Previously, we

had identified KANSL3 in the mitochondrial matrix. As it often

functions in cooperation withMOF, we performed parallel exper-

iments in KANSL3 knockdown background. We observed that

MOF and KANSL3 depletion had no effect on the recruitment

Figure 3. MOF and KANSL1 Depletion Triggers Reduced MT-RNA Synthesis

(A and B) Dynamics of RNA synthesis (A) and decay (B) calculated for siSCRAM control cells (black) and siMOF (red)- and siKANSL1 (blue)-treated cells in

galactose media. Cartoons of the experimental schemes are shown on left. MT-RNAs are prefixed by MT. Data represent mean ± SD of three biological

replicates.

(C) Immunoblotting for mitochondrial transcription (TFAM, POLRMT, and MTPAP) and replication (POLG and SSBP) factors in galactose adapted siSCRAM and

siMOF samples. Triangles denote specific bands.

(D and E)mtDIP assay performed in SCRAMcontrol (white), siMOF (red), and siKANSL3 (yellow) cells for assessing POLRMT (two different antibodies used, A and

B), TFB2M,MTPAP, POLG, and SSB binding tomtDNA. TFAMbinding profile was used for normalization. Parallel experiments were performed in glucose (D) and

galactose (E) media. Data represent mean ± SEM of three biological replicates. See also Figures S4B–S4G.

(F) Realignment of mouse embryonic stem cell (mESC) ChIP-seq datasets (from Chelmicki et al., 2014) of mMOF (red), mKANSL3 (green), and mMCRS1 (orange)

to mouse mtDNA (outer gray circle). NCR, non-coding region.

(G–I) mtDIP assay performed forMOF binding tomtDNA. Cartoon showsNCRof humanmtDNAwith aligned primers. (G) mtDIP-qPCRswere performed in control

(siSCRAM, white) and siMOF (H)/siKANSL3 (I) cells. Primers effectively span the entire mtDNA. Down arrows indicate the regions consistently showing highest

enrichments in all experiments. TAS, transcription-associated site; HVS1/2, hyper variable site 1/2; LSP, light strand promoter; HSP1/2, heavy strand promoter

1/2. Data represent mean ± SEM of three biological replicates. See also Figures S4H, S4I, S5A, and S5B.
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of any of the interrogated factors in glucose medium (where we

also did not observe a transcriptional defect upon MOF loss)

(Figure 3D). Strikingly, in galactose media, we observed accu-

mulation of signal of mtDNA transcription regulators, POLRMT,

TFB2M, and MTPAP, but not components of the replication ma-

chinery (Figure 3E). Interestingly, chemically impaired mtDNA

transcription leads to similar accumulation of transcription fac-

tors (Figures S4E–S4G), indicating that transcription is compro-

mised upon loss of MOF/KANSL3 (also see Discussion).

These results, coupled with known DNA-binding properties of

MOF/KANSL3, raised the interesting possibility of MOF and

KANSL3 associating with mtDNA. High-functional conservation

of NSLs prompted us to first check for mtDNA binding in pub-

lished mouse ESC ChIP-seq profiles of MOF, KANSL3, and

MCRS1 (Chelmicki et al., 2014). We focused on mtDNA-specific

reads, which were filtered out in original analyses. MOF and

KANSL3, but notMCRS1, signals were enriched on the non-cod-

ing region (NCR) of mouse mtDNA (Figure 3F). Consistently, hu-

man MOF/KANSL3 mtDIP signals were maximally enriched on

the NCR of human mtDNA (Figures 3H and S4H). Incidentally,

this region is associated with regulation of mtDNA transcription

and replication (Mercer et al., 2011). Signal specificity was veri-

fied by its sensitivity to MOF/KANSL3 depletion. Though the

MOF/KANSL3 binding mirror each other, only MOF shows de-

pendency on KANSL3 and not vice versa (Figures 3I and S4I),

resonant of their co-occupied nuclear targets (Chelmicki et al.,

2014). Finally, we visualized MOF-mtDNA association by 3D

HR-SIM (Figures S5A and S5B). The speckled pattern of the

MOF-sfGFP signals was similar to that observed before for

endogenous MOF (Figure 1A). In conclusion, MOF and KANSL3

associate with mtDNA in both human and mouse cells.

Mitochondrial Pool of MOF Can Rescue Respiratory
Defects
To study the contribution of mitochondrial pool of MOF more

concretely in respiration, we generated various sfGFP-tagged

MOF-derivative (inducible) cell lines (Figure 4A). Particularly,

we enforced MOF transport to mitochondrial matrix by fusing a

synthetic COX4A MTS (referred to as MTS from here on) at its

N terminus. Unfortunately, the MTS was insufficient to fully

restrict WT MOF to mitochondria, so we generated additional

cell lines with mutated NLS1 (DNLS1; mentioned in Figure 1H)

(Figure 4A, IV and V). A catalytic mutant (E350Q) version of

MTS-MOF(DNLS1) was also generated.

We first verified doxycycline (DOX)-induced protein expres-

sion for all cell lines (Figures S5C and S5D). Then, parallel

MOF/SCRAMknockdownswere performed in different cell lines,

followed by respirometry study (Figure 4B, see STAR Methods).

In the Figure 4C immunofluorescence panel, we present the

intracellular distribution pattern of every cell line in a separate

row. Adjacent to them, the respiratory profiles of respective lines

are shown, both with and without DOX induction (Figure 4C, res-

piratory curves). Following siMOF treatment, all cell lines showed

significant reduction in basal respiration (Figure 4D, left graph),

indicating their inherent response to MOF depletion. DOX-

induced transgene expression (Figure 4D, right graph) led to

the following important conclusions: (1) respiratory defects

were not rescued by simple application of DOX or sfGFP expres-

sion in control cell lines (wtHeLa and sfGFP); (2) ectopic expres-

sion of MOF rescued basal respiration, indicating that the respi-

ratory defects are a direct consequence of MOF loss; (3)

mitochondrial pool of MOF is sufficient to rescue the phenotype;

(4) finally, the mitochondrial pool of catalytic mutant (E350Q)

MOF could not rescue the respiratory defects. A similar outcome

was recorded for respirometry studies on glucose-adapted cell

lines (Figure S5E). Taken together, these data provide strong ev-

idence for a functional significance of MOF in mitochondria and

the need for its enzymatic activity in mitochondrial respiration.

Mitochondrial Pool of MOF Can Rescue mtDNA
Transcriptional Defects
We next wanted to investigate the role of mitochondrial MOF in

mtDNA transcription. Accordingly, we adopted a rescue strategy

like the one used before (Figures 5A and 5B). FollowingMOF loss

(and DOX induction), MT-mRNA levels were restored in wtMOF-

expressing cells (Figure 5C), implying a direct role of MOF in

mtDNA transcription. At this point, it is important to consider

two possible scenarios. First, nuclear and mitochondrial MOF

may either work independently or cooperatively to regulate

MT-RNA levels. In the latter case, mitochondrial MOF would at

best only show partial rescue. Second, in spite of common poly-

cistronic origin, individual MT-mRNAs are differentially regulated

(Mercer et al., 2011). It is thus possible that distinct pools of MOF

may vary in their influence on different MT-mRNAs. Importantly,

these two scenarios are not mutually exclusive.

To assess the impact of mitochondrial MOF, catalytically

active and mutated versions of MOF: MTS-MOF(DNLS1)-sfGFP

and MTS-MOF(DNLS1, E350Q)-sfGFP, respectively, were used

in further studies (Figure 5B). As shown in Figure 5D, both

MOF derivative lines show similar expression levels after DOX in-

duction, making them suitable for comparison. Interestingly, the

cells regulate the levels of the ectopically expressed MOF

Figure 4. Mitochondrial Pool of Catalytically Active MOF Can Rescue Respiratory Defects

(A and B) Schematic illustrations of the doxycycline (DOX)-inducible cell lines used in rescue experiments (A). Features represented: COXIV MTS (blue ellipse);

MOF (gray thick line); MOF’s nuclear localization signal 1 (NLS1, black ellipse) and its mutated form (DNLS1, orange filled ellipse); sfGFP (green filled rectangle);

asterisks indicate point mutation (E350Q) inMOF’s HAT domain. (B) Experimental scheme used for rescue of mitochondrial respiratory defects (triggered byMOF

loss) in cell lines.

(C) Left, immunofluorescence images of the cell lines, co-stained with MitoTracker. Right, bioenergetic profiles of cells following siSCRAM or siMOF treatment

are shown. Two respiratory traces are shown either with or without DOX-induced transgene expression. Each row shows a different cell line. Mitochondrially

restricted MOF cell lines are denoted in red. Data represent mean ± SEM of four or five biological replicates. O, oligomycin; F, FCCP; R+A, Rotenone +

Antimycin A.

(D) Basal respiration calculated for all cell lines after siSCRAM and siMOF treatment, with or without DOX induction. Data represent mean ± SEM of four or five

biological replicates. Ordinary one-way ANOVA, p values shown in figure.

See also Figures S5C–S5E.
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derivative based on the presence or absence of the endogenous

protein (Figure 5E). This difference was more prominent in cells

expressing the KAT-active version of the protein compared to

the E350Q (Figure 5E, MOF lower exposure, lanes 3 and 4 versus

lanes 5 and 6).

Transcriptional rescue experiments revealed that ND4 and

ND6 mRNAs are rescued by mitochondrial MOF, but not its

catalytic mutant version (Figure 5F). These proteins are crit-

ical for functional assembly of the respiratory complex I

A B

C

D

E

F

Figure 5. Mitochondrial Pool of Catalytically

Active MOF Can Restore mtDNA Transcript

Levels

(A) Experimental strategy adopted for rescue of

mtDNA transcriptional defects triggered by MOF

loss in different cell lines (galactose media).

(B) Cartoon of the cell lines used in the rescue

assay. For details, see Figure 4A legend.

(C) Rescue of mtDNA transcription by MOF. Each

cell line was treated with siSCRAM and siMOF,

followed by DOX induction. Gray, HeLa cells;

teal, WT MOF-sfGFP cell line. Data represent

mean ± SEM of three biological replicates.

(D) qRT-PCR fordifferentmRNA levelsbefore (hollow

bars) and after (filled bars) DOX induction in various

cell lines. Gray, HeLa cells; red, MTS-MOF(DNLS1)-

sfGFP; blue, MTS-MOF(DNLS1,E350Q)-sfGFP.

Data represent mean ± SEM of three bio-

logical replicates. Experiments were performed

in galactose growth media without any siRNA

treatment.

(E) Western blots showing effect of siMOF treat-

ment and DOX induction on endogenous MOF

levels in WT HeLa, MTS-MOF(DNLS1)-sfGFP,

and MTS-MOF(DNLS1, E350Q)-sfGFP cell lines.

Arrowheads show the endogenous MOF band and

its tagged version.

(F) Same experimental setup as Figure 5C, but

the following cell lines were used instead:

mitochondrially tethered MOF(MTS-MOF(DNLS1)-

sfGFP, red) and its catalytic inactive counter-

part (MTS-MOF(DNLS1, E350Q)-sfGFP, blue).

HeLa control cells are in gray. Data represent

mean ± SEM of three biological replicates.

with single-point mutations leading to

pathological outcomes (Perales-Clemente

et al., 2010; Kirches, 2011). Incidentally, a

previous study had demonstrated that

cells with a mutated ND6 gene show

reduced OXPHOS and fail to grow in

galactose media (Bai and Attardi, 1998).

Thus, downregulation of ND4 and ND6

will clearly compromise mitochondrial

function.

Additionally, we observed partial rescue

ofCYTB andCOX1mRNAs by catalytically

active mitochondrial MOF and not its

mutant counterpart (Figure 5F). These

data indicate a cooperative role of two

pools of MOF (nuclear and mitochondrial)

on some mtDNA transcripts. Thus, the mitochondrial pool of

MOF is sufficient to rescue mtDNA levels, and this function is

reliant on its KAT activity.

Mof Deletion in Murine Hearts Causes Acute
Cardiomyopathy
Based on the in vitro observations of mitochondrial defects in

Mof-depleted cells, we wanted to analyze the effects of Mof

ablation in vivo. ConstitutiveMof deletion is embryonically lethal
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in mice (Gupta et al., 2008; Thomas et al., 2008). Therefore, us-

ing muscle creatine kinase (MCK or Ckm)-driven Cre (Brüning

et al., 1998), we generated cardiac- and skeletal-muscle-spe-

cific conditional Mof knockout (KO) mice. The Ckm promoter

expression starts from E13 (Lyons et al., 1991) and is highly

limited to cardiomyocytes and skeletal muscles, reaching

maximal levels by P10 (Trask and Billadello, 1990). Mof KO

mice show Mendelian distribution and develop normally with

no apparent morphological defects during the first week after

birth. However, their behavior changed dramatically from P10

onward; they displayed decreased spontaneity, extreme frailty,

physical inactivity, and high sensitivity to even minor stress

conditions, with several KO mice dying unexpectedly during

handling. Most KO mice died within P16–P23, with peak mor-

tality around P17.

Mof deletion (Figures S6A and S6B) led to loss of H4K16ac

staining in cardiomyocytes, widely observed from P10 and com-

plete by P16 (Figure 6A), coinciding with the onset of the cardiac

phenotype. Post-mortem examination revealed that the mutant

mouse hearts displayed signs of hypertrophy, with cardiac dila-

tion (Figure 6B), higher heart-to-body-weight ratio (Figure 6C),

and an increased cardiomyocyte cross-sectional area (Figures

6E and S6C). In parallel, progressive accumulation of interstitial

fibroblasts and collagen fibers was observed in KO hearts (Fig-

ures 6D and S6D). Remodeling of the extracellular matrix was

accompanied by elevated levels of connective tissue growth

factor (Ctgf) and periostin (Postn) mRNA in mutant hearts

(Figure S6E).

Cardiomyocytes in neonatal mice undergo karyokinesis

without cytokinesis (acytokinetic mitosis), forming binucleated

cells up to P10 (Soonpaa et al., 1996). As MOF is known to be

involved in cell-cycle regulation (Taipale et al., 2005), we

checked for the relative cardiomyocyte nuclei content in KO

hearts from postnatal day 5–9 and found no difference from

the control animals (Figure S6F). Hence, cardiomyocyte prolifer-

ation is normal in KO hearts. Echocardiography of KO hearts

showed strongly decreased cardiac function with left ventricular

dilation (Figures S7A and S7B and Movie S1).

Mitochondrial Degeneration Follows Mof Deletion,
Causing Loss of Myocytes in Heart and Spindle Fibers in
Skeletal Muscles
Mof-deleted hearts show rapid deterioration in health, with

cardiac failure by P17. We reasoned that the days preceding

death would provide valuable insight into the pathophysiology

of phenotype. Consequently, we performed electron micro-

scopic (EM) analysis on cardiac sections of P15 KO and control

Mof +/+ andMof +/� mice. While the control hearts looked normal

(Figure 6F, top), sections from KO hearts displayed a wide spec-

trum of mitochondrial alterations. The severity of the phenotype

ranged from regions with no observable defects to heavily de-

generated cells. We noted a general trend of overall increase in

lipid droplet (LD) deposition, even in otherwise-intact regions

(Figure 6F, I). Often, cardiomyocytes showed amixture of normal

and dysfunctional (swollen) mitochondria with intermittent

glycogen deposition (Figure 6F, II). At the other end of the spec-

trum, we noted mitochondria at various stages of degeneration

(Figure 6F, III and IV).

Mitochondria are the major source of reactive oxygen species

(ROS) in the heart. Hence, we used ROS deposition as a readout

of mitochondrial dysfunction. KO heart sections showed signifi-

cant (p < 0.001) increase in dihydroethidium (DHE, an indicator of

ROS) levels, starting from as early as P10 (Figure 6G).

TheCkmCre is also active in skeletal muscles. However, there

was no gross morphological defect in the skeletal tissues of the

KO mice (data not shown). EM analysis of skeletal muscle (hind

limb) sections (control tissues, Figure S7C, top) from P15

mice mostly showed mild to no alterations in mitochondrial

morphology (Figures S7C and S7I) except a specialized tissue

region known as the spindle fibers or muscle spindles (Fig-

ure S7C, II), which presented severe mitochondrial degenera-

tion, evocative of cardiomyocyte sections (Figure 6F). These in-

trafusal fibers are embedded within the typical (extrafusal)

muscle fibers and remain continuously active to maintain muscle

tone. Surprisingly, we noted significant (p < 0.001) elevation of

ROS levels (Figure S7D) in skeletal sections of P13 KO mice.

These data suggest that loss of MOF can have variable impact

on mitochondria of different cell types in the same organ, corre-

lating with the usage of organelle. In conclusion, loss of MOF

causes mitochondrial dysfunction, which is aggravated by high

usage of the organelle.

Mitochondrial Pathways Are Downregulated in
Mof-Deleted Cardiomyocytes
What triggers the rapid cardiomyopathy of Mof-deleted hearts?

To gain a molecular insight into this question, we performed

RNA-seq analysis on P15 cardiomyocytes. Briefly, nuclei iso-

lated from control and KO P15 mice hearts were sorted by

FACS to obtain pure cardiomyocyte nuclei for RNA-sequencing

(Figure 7A). Gene set enrichment analysis (GSEA) of differentially

expressed genes (FDR < 0.05) was performed to identify signif-

icantly affected pathways (Figure 7B). Strikingly, a bulk (8/11) of

the downregulated pathways transpire in mitochondria, essen-

tially affecting energy production (oxidative phosphorylation)

and nutrient (lipid or amino acid) metabolism. Of the upregulated

pathways, transcriptional activation of signaling cascades asso-

ciated with hypertrophy (NF-kB, MYC signaling etc.), fibrosis

(focal adhesion, collagen formation), or cardiomyocyte degener-

ation (apoptosis, p53 signaling) was seen. These findings are

consistent with the phenotype of progressive cardiac myopathy.

To filter out the primary effects ofMof KO, we used previously

generated (mESC) MOF ChIP-seq data (Chelmicki et al., 2014)

and identified MOF-bound (differentially expressed) targets to

be used in subsequent analysis. We first focused on mitochon-

drial genes, since mitochondrial dysfunction was implicit from

GSEA. We found that 42% (608/1432) of these genes are bound

by MOF (Figure 7C, I). Of the later gene set, the affected subset

(184) showed both upregulation and downregulation (Figure 7C,

II) of expression. Interestingly, a closer inspection of the associ-

ated mitochondrial pathways revealed a similar trend as

observed before with GSEA (Figure 7C, III). It is thus implicit

that affected genes coding for mitochondrial proteins are mostly

under direct regulation of MOF.

Next, we examined the major regulatory networks affected by

Mof deletion. Using an MOF-bound gene list, we performed

causal network analysis (in IPA) for identifying gene clusters
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co-regulated by a master regulator (Figure 7D). Based on the

trends of individual genes of the network, Z scores for pathway

activation or inhibition (positive or negative, respectively) were

determined. In many cases, the master regulator itself

remained unaffected. We observed activation of MAP4K4, as

well as FGFR1 network, both associated with hypertrophic car-

diac remodeling. Additionally, a major oxidative stress res-

ponse pathway, NRF2, was also activated. On the other hand,

mTORC2/RICTOR (important for cardiac structure maintenance

and mechanical stress response), PPARA (critical for myocardial

energy and lipid metabolism), and KLF15 (negative regulator of

myocardial hypertrophy) weremoderately deactivated. It is note-

worthy that the implicated networks remained significant even

when the entire dataset (with all differentially expressed genes)

was considered. Consistent with the phenotypic data, hypertro-

phic signaling emerged as a prime outcome of Mof deletion at

themolecular level. Lastly, network analysis (see STARMethods)

of the beta-oxidation pathway revealed that relatively few mole-

cules (9/84) were affected in the represented gene set (Figure 7E,

left). Yet, this led to predicted inhibition of the PPAR (PPARA,

PPARD, and PPARGC1) master regulatory network and effec-

tively the pathway. Similarly, we also generated a common

network map for the mitogen-activated protein (MAP) kinases

involved in cardiac functionality (Figure 7E, right). We observed

Ras-complex upregulation, which had a positive regulatory

effect on the entire MAPK network. In summary, the molecular

effect of Mof deletion could be broadly classified into two

groups: (1) induction of networks triggering cardiac remodeling

(hypertrophy) and (2) defects in lipid-based energy metabolism.

DISCUSSION

In this study, we report the presence of a functional pool of the nu-

clear lysine acetyl transferaseMOF inmitochondria. We identified

bona fide MTS in two NSL members (KANSL2 and KANSL3).

MOF and KANSL1 showed mitochondrial localization, but no

clear MTS was detected in them. It might be that MOF/KANSL1

have cryptic internal targeting signal, as seen in CREB, p53, yeast

BCS1 protein, HSP10, and ISD11 (Leigh-Brown et al., 2010;

Vögtle et al., 2009). Alternatively, KANSL2/KANSL3 or mitochon-

drial chaperones may facilitate their transport to mitochondria.

Interestingly, we noted two populations of MOF in mitochondria:

in the inner matrix and at the outer membrane. The latter can sim-

ply be an uncleaved version of the protein. But it can also be a

functional isoform or a post-translationally modified version of

MOF. Future work into mitochondrial targeting and dynamics of

these proteins would help in understanding their function in the

organelle.

In the absence of MOF/KANSL1, MT-RNA synthesis is

reduced, while RNA stability remains unaffected, resulting in

reduced (steady-state) levels of the MT-RNAs. Mitochondrial

translation is also impaired. The physiological outcome is mito-

chondrial depolarization and compromised respiration. Consis-

tently, RNA-seq analysis of siMOF (galactose) cells revealed

mitochondrial dysfunction and OXPHOS deregulation. MOF/

KANSL3 depletion (galactose) causes increased accumulation

of critical mitochondrial transcription factors like POLRMT,

TFB2M, and MTPAP (Bestwick and Shadel, 2013) on mtDNA.

The replication factors (POLG and SSBP) were not affected.

Thus, mitochondrial transcription machinery assembly on

mtDNA is sensitive to MOF/KANSL3 levels. We speculate that,

in the absence of MOF/KANSL3, the mitochondrial transcription

factors are blocked or ‘‘stuck’’ and cannot be efficiently released

from DNA. MOF/KANSLs may either physically interact with or

facilitate post-translational modification of members of the tran-

scription machinery. Alternatively, MOF may act by some other

as-yet-unknown means.

A mitochondrial pool of MOF was sufficient to rescue respira-

tory and transcriptional defects (triggered by Mof loss). Impor-

tantly, a catalyticmutant (E350Q) version of the samewas unable

to rescue the phenotypes, suggesting a functional importance of

the MOF’s enzymatic activity in mitochondria. This provides the

first step toward understanding the importance of MOF’s enzy-

matic activity in mitochondrial function. In the future, it will be

important to address how MOF’s enzymatic activity is involved

in mitochondrial homeostasis.

MOF shows remarkable functional plasticity by association

with different proteins. While MOF/MSL complex selectively

acetylates H4K16, MOF/KANSL complex shows broader sub-

strate specificity and acetylates histone H4 on K5, K8, K12,

and K16 residues on reconstituted nucleosomes (Figures S7E

and S7F). Therefore, it is highly likely that the mitochondrial

Figure 6. Mof-Deleted Mouse Hearts Show Mitochondrial Degeneration and Cardiac Failure
(A–G) Cardiac phenotyping of Mof fl/fl (Control) and Mof fl/fl; Ckm-cre (KO) mice.

(A) Sections of control and KO mouse hearts from P10 and P16 animals. Cell membrane is stained with wheat germ agglutinin (WGA, yellow), and the nucleus is

stained with DAPI (blue) along with anti-H4K16ac (magenta). The enclosed area within P16 image panel is shown at a higher magnification on its right. White

arrowheads denote DAPI-stained cardiomyocyte nuclei, positive or negative for H4K16ac staining.

(B) H&E-stained transverse sections of ventricles from P16 control and KO mice.

(C) Heart-to-body-weight ratios of P16 control (white bars, n = 27) and KO mice (red bars, n = 8). Error, ± SEM. Unpaired t test, ***p = 0.0051.

(D) H&E staining of heart sections to observe cardiac cytoarchitecture of (P10 and P16) control and KOmice. Black arrows, regions with cardiomyocyte disarray.

(E) Mean cardiomyocyte cross sectional area of P16 control (black squares, n = 8) and KO (red triangles, n = 8) animals, determined from wheat gram agglutinin

(WGA) staining. Unpaired t test, ***p < 0.005.

(F) Electron micrograph of cardiac sections from P15 control (n = 5) and KO (n = 4) mice. Top panel shows control heart tissues. The ranges of phenotypes

observed in KO hearts are shown below. (I) Regions with elevated lipid droplet (L) accumulation. (II) A cardiomyocyte with both healthy (1) and swollen mito-

chondria (2). (III and IV) Some regions showedmitochondria at different stages of degeneration.Magnified views of boxed regions are shown on right of respective

images. Red triangles, mitochondria; yellow triangles, glycogen; L, lipid droplet. See also: Figure S7C.

(G) DHE staining of control and KO heart sections. Data were collected from P10 and P13 mice (n = 3). Mean fluorescence signals were calculated from multiple

images of each sample set and represented as relative ROS level in scatterplot. Yellow triangles, ROS accumulation. Unpaired t test, ***p < 0.005. See also,

Figure S7D.

See also, Figures S6A–S6F, S7A, S7B, and Movie S1.
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pool of MOF and KANSL proteins have additional functions

and possibly new acetylation targets. We can extrapolate

from their functions to predict critical roles of MOF/KANSLs or

their signatory acetylation marks in other cell types with high-

energy demands, such as neurons (Rugarli and Langer, 2012).

Interestingly, transient upregulation of H4K12ac is essential

for hippocampus-based learning, and its misregulation is

implicated in age-related memory impairment in Alzheimer

models (Plagg et al., 2015). Additionally, a striking example is

provided by the KANSL1 haploinsufficiency syndrome, called

Koolen-de Vries (or 17q21.31 microdeletion) syndrome (Koolen

et al., 2012). The key features of this disorder, namely neuro-

logical/developmental impairments, multi-organ dysfunction,

tissue heterogeneity, and variable severity, are also classical

hallmarks of mitochondrial diseases. In fact, all of these symp-

toms are variably displayed in a constellation of mitochondrial

disorders.

In our current work, using cardiac and skeletal tissue models,

we reveal that, following Mof depletion, there is variability in

clinical presentation of phenotypes across different tissues,

correlating with its energy consumption. Mouse cardiomyo-

cytes are packed with mitochondria (�37%) and occupy 75%

of the heart’s volume (Barth et al., 1992), making them highly

reliant on mitochondrial energy synthesis. While the heart is pri-

marily aerobic and has one of the highest metabolic rates

(�440 kcal/kg/day), skeletal muscle is chiefly glycolytic and

has low resting metabolic rates (�13 kcal/kg/day) (Wang

et al., 2010). The divergent phenotype(s) observed in the two

organs provide a great insight into the role of MOF in mitochon-

drial respiration. This is supported by recent reports of downre-

gulation of MOF in failing human and murine hearts (Qiao et al.,

2014). However, how the nuclear and mitochondrial pools of

MOF contribute to regulation of transcription and energy meta-

bolism in complex tissues will be an important avenue for future

studies.

In conclusion, the presence of MOF and KANSL proteins in

mitochondria sheds new light into functioning of this versatile

complex in contextual gene regulation. We propose the MOF

and KANSL proteins may serve a sensory function to coordinate

gene expression in both the nucleus and mitochondria based

on the cellular metabolic status (Figure 7F). We expect that

future work on the function of these proteins can contribute to

understanding the dynamics of environment-induced epigenetic

changes in cellular functions.
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Figure 7. RNA-Seq Analysis of Mof-Deleted Cardiomyocytes

(A) Schematic representation of the strategy adopted for isolation of P15 cardiomyocyte nuclei fromMof fl/fl (Control) andMof fl/fl;Ckm-cre (KO) mice for RNA-seq

analysis.

(B) GSEA of all differentially expressed genes in KO cardiomyocytes. Pathways (p < 0.05) are classified as upregulated (blue) or downregulated (red) based on

their normalized enrichment scores (NES), presented in x axis.

(C) Pie chart representing all mouse mitochondrial genes (1,432), with yellow inset showing the genes bound by MOF (608) in mESC (from Chelmicki et al., 2014).

Heat map represents the differentially expressed genes out of the bound ones.

(D) MOF-bound genes were extracted from the RNA-seq dataset and upstream regulator analysis was performed on differentially expressed genes. Heatmap

showing affected gene networks that are bound by MOF (in mESC) and deregulated in KO dataset. Pathways are clustered by the Z scores for predicted

activation (blue) or inhibition (red).

(E) Network maps were generated for critical pathways involved in cardiac function and RNA-seq dataset (for MOF-bound genes) was overlaid on them. The two

major (affected) networks are displayed in the figure, namely beta-oxidation and kinase signaling.

(F) A working model depicting the role of MOF as a bi-organellar transcription regulator of OXPHOS genes in nucleus and mitochondria.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Strains
Cardiomyocyte specific Mof-knockout mice were generated by crossingMof allele (Mofflox) (Thomas et al., 2008) with mice carrying

the Ckm-cre [JAX #006405: FVB-Tg (Ckm-cre) 5Khn/J] transgene. All animal procedures were approved by the responsible animal

care committees (Regierungspräsidium Freiburg, Karlsruhe/Germany), and they conformed to the Guide for the Care and Use of

Laboratory Animals published by the NIH (publication No. 85-23, revised 1996). The age and sex of animals used in various studies

is mentioned in the relevant method details sections.

Plasmids and Cell Lines
HeLa alpha Kyoto cells were obtained from cell line depository of BIOSS excellence cluster (Freiburg, Germany).

The wtMOF-sfGFP; MTS-wtMOF-sfGFP; MTS-MOF(DNLS1)-sfGFP, MTS-MOF(DNLS1,E350Q)-sfGFP; sfGFP and MTS-sfGFP

sequences were cloned into pcDNA5/FRT/TO vector (expresses Flp-3In). These plasmids were used to generate HeLa cell lines us-

ing the Flp-In T-Rex technology (Life Technologies). They were co-transfected (with pOG44 (expresses Flp recombinase) into host

HeLa Flp-In T-Rex cells (a kind gift of Stephen Taylor, University of Manchester (Tighe et al., 2008)) to generate stable inducible cell

lines. The lines were maintained in 4 mg/mL blasticidin and 200 mg/mL hygromycin B; and induced with 0.1 mg/mL doxycycline (DOX)

16-20 hr before the experiment. The drugs were purchased from Sigma Aldrich. Superfolder GFP (sfGFP) sequence was obtained

from SnapGene (http://www.snapgene.com/).

NOTE: All MOF constructs had synonymous mutations, to make them insensitive to siMOF RNAs used in this paper; MTS repre-

sents COX4 mitochondrial targeting signal:MLATRVFSLVGKRAISTSVCVRAH; NLS1 denotes nuclear localization signal1 of human

MOF and DNLS1 is its mutated version (See: Prediction of nuclear localization signal).

METHOD DETAILS

Cell Culture and Maintenance
HeLa alpha Kyoto and DOX inducible cell lines were cultured in the following media conditions:

Glucose media

High glucose DMEM (Life technologies #DMEM10566-016), 100 U/ml penicillin, 100 mg/ml streptomycin and 10% fetal bovine serum

(FBS).

Galactose media

Glucose free DMEM (Life technologies #11966025) base media supplemented with 1 M galactose (Sigma #G5388), 4 mM glutamine,

5 mM HEPES, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 mg/ml streptomycin and 10% FBS. Unless otherwise mentioned, the

additives were from Life Technologies.

HeLa Flp-In T-Rex host cells were verified by Tighe et al., 2008. They were maintained with additional 4 mg/mL blasticidin and zeo-

cin 50 mg/mL in glucose/galactose media. HeLa Flp-In T-Rex cell lines were maintained in 4 mg/mL blasticidin and 200 mg/mL hy-

gromycin B. To minimize leaky expression of transgene, cell lines were cultured in tetracycline-free FBS (PAN Biotech #P30-3602).

Immunocytochemistry and confocal microscopy
Cells were prepared for immunocytochemistry using standard methods. Briefly, the cells were fixed with pre-warmed 4% formalde-

hyde (Thermo #28906) for 9min at 37�C followed by 2-3 washes in 1x PBS (Life #10010023). They were then permeabilized with 0.2%

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

DESeq2 (v1.8.2) (Love et al., 2014) https://bioc.ism.ac.jp/packages/3.1/bioc/

html/DESeq2.html

GSEA software (v.2.2.1) (Subramanian et al., 2005; Mootha et al.,

2003)

http://software.broadinstitute.org/gsea/

index.jsp

Ingenuity Pathway Analysis (IPA) QIAGEN http://www.ingenuity.com/

Prism 6 GraphPad Software http://www.graphpad.com/scientific-

software/prism/
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Triton (Sigma #T8787)/ PBS solution for 5 min at 22-25�C, before blocking for 1 hr with 5% BSA (Sigma #BSAVHS-RO) in 0.05%

Triton/ PBS solution. All primary antibodies were incubated overnight for staining at 4�C in the same blocking solution. Next day,

they were washed, stained with appropriate secondary antibodies for 1hr and washed again before imaging. Washes were of

5 min each in 0.05%Triton/PBS solution, thrice after primary and secondary antibody incubations. For cells stained withMitoTracker

red CMXRos dye (Life technologies #M7512), mitochondria were labeled with 1 mM of the dye for 1 hr at 37�C and 5% CO2. Prior to

fixation, they were washed twice with 1x PBS. Primary antibodies against Tubulin (Millipore #41117, abcam #44928 & Santa cruz

#53029), DNA (abcam #ab27156) and TOM20 (Santa cruz #11415) were used. Antibodies against MOF (Taipale et al., 2005; Pfister

et al., 2008), KANSL1 and KANSL3 (Mendjan et al., 2006) have been described previously. DAPI and the secondary antibodies (Alexa

Fluor 647 and 488 conjugates) were from Molecular Probes. Confocal images were acquired with Zeiss Observer Z1, an inverted

spinning disk microscope equipped with CSU-X1 scan head (Yokogawa) and an EM-CCD camera, using standard filter sets. Images

were analyzed using CellProfiler software (http://cellprofiler.org).

Note: We could obtain specific (knockdown sensitive) immunofluorescence signals for MOF, KANSL1 and KANSL3 only with anti-

bodiesmentioned in this section. Other commercially available antibodies (used in rest of the paper) were incompatible with our stain-

ing protocols.

Multi-color 3D high-resolution structured illumination microscopy (HR-SIM)
Samples were prepared in the same manner as described before. Images were acquired in Elyra PS1 microscope, which combines

structured illumination module and LSM780 confocal scanning unit (Carl Zeiss), with a Plan-apochromat 100x oil 1.46 N.A. objective,

and an Andor iXon DU 885 EM-CCD camera. Image stacks were acquired sequentially: first, HR-SIM images in far-red and green

channels (642 and 488 nm excitation, respectively, and standard filter cubes), then confocal images in blue channel to visualize

DAPI staining (excitation at 405 nm, emission 415-480 nm); voxel size and field of view of confocal images was set to exactly match

those of HR-SIM images (50nm3 50nm3 100nm). RawHR-SIM data were processed with Zen black 2012 software (Carl Zeiss) with

automatically selected processing parameters; both super-resolved SIM and wide-field images were extracted from raw HR-SIM

data. All color channels were aligned using reference images of multi-color fluorescence beads, which were acquired on the

same day as respective experimental images.

Prediction of mitochondrial targeting sequences
We usedMitoFates (http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi) software to identify amphipathic alpha helices and TOM20 binding

sites on proteins. Mitochondrial targeting sequence (MTS) for KANSL2 was determined using MitoProt II (https://ihg.gsf.de/ihg/

mitoprot.html). MitoProt II software searches for sequence features associated with mitochondrial pre- sequences, as well as pos-

sibility of a cleavage site to make its predictions. As, Glu or Asp is often found within set distances from these sites, the software’s

search window is restricted to the amino acid preceding them. For KANSL3, the MTS was not determined with full-length protein.

Based on the hypothesis that it might contain buried and/or uncleaved MTS (thus undermining the Glu or Asp based search criteria),

we tweaked our search parameters and presented the software with sequentially cleaved versions of the protein. Thorough analysis

of the first 500 amino acids of the protein, by recalculating the probabilities after removing one amino acid at a time, we revealed the

cryptic MTS of human KANSL3.

MTS often possess a distinctive arrangement of hydrophobic and hydrophilic amino acid residues on opposite surfaces of a

a-helix, typically located at the N terminus. We identified such amphipathic helices in all four NSLmembers analyzed. TOM20 bind-

ing sites were also predicted for MOF, KANSL2 and KANSL3 (Figure 1E). However, characteristic properties of a clear MTS were

only identified for KANSL2 and KANSL3 (Figure 1E).

Prediction of nuclear localization signal (NLS)
Importin a-dependent nuclear localization signal (NLS) of hMOF (458 amino acids) was predicted using cNLS mapper software

(http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi). The entire length of the protein was included in the search

and only predictions above the cutoff score of 6.0 were considered. Two NLS sequences were predicted- (1) position 140-

RNQKRKHDEI, score 10.5 and (2) A bipartite signal starting at position 177- KYVDKIHIGNYEIDAWYFSPFPEDYGKQPKLW, score

6.7. They were denoted as NLS1 and NLS2 respectively in the manuscript (Figure 1H, bottom). Based on the prediction scores,

we concluded NLS1 to be stronger of the two. Mutant form of NLS1 (DNLS1), used in different experiments has following sequence:

ANQAAAHDEI. Of note, NLS2 coincides with MOF’s HAT domain, where mutations would lead to loss of function or instability of the

protein (Kadlec et al., 2011).

Western blotting
Western blots were performed on different extracts as mentioned in the figures. Except kit based extracts, all other cellular lysates

were prepared in same buffer (20mM HEPES pH7.4, 150mM NaCl, 1mM EDTA, 0.1% NP40 and 10% glycerol).

MOPS-based denaturing PAGE were used in western blots.

Primary antibodies used

MOF (Bethyl #A300-992A), KANSL1 (Abnova #PAB20355), KANSL3 (Sigma #HPA035018), MCRS1 (Proteintech #11362-1-AP),

GAPDH (Bethyl #A300-641A), COX4 (Cell signaling #4850), TOM20 (Santa cruz #sc-11415), H3 (abcam #ab1971), H4K5ac (Millipore
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#07327), H4K8ac (Active motif #39243), H4K12ac (Millipore #07595), H4K16ac (Millipore #07329), Pan acetyl lysine (Cell signaling

#9441), TFAM (Millipore #ABE483), POLRMT (A) (abcam # ab93102), POLRMT (B) (Acris antibodies # GTX105137), TFB2M (Acris

antibodies # GTX107714), MTPAP (Acris antibodies # GTX70156), POLG (Acris antibodies # GTX100398), SSBP (Proteintech

#12212-1-AP). HP1 was a kind gift from T.Jenuwein; CYT-C, HSP60, NDUFA9, GRP75, MIA40 were raised in rabbits and the immu-

nosignals were verified by western blotting using isolated mitochondria.

Protein import into yeast mitochondria
For in vitro import assays the yeast strains YPH499 and tom20D (Becker et al., 2011) were grown in YPG medium (1% (w/v) yeast

extract, 2% (w/v) peptone, 3% (v/v) glycerol) and mitochondria were isolated by differential centrifugation (Wenz et al., 2015). The

precursor proteins were labeled with [35S] methionine by in vitro translation using cell free translation extract based on rabbit retic-

ulocyte lysate (TNT, Promega). The radiolabeled precursor was incubatedwith isolated yeastmitochondria at 30�C in the presence of

import buffer (0%–3% (w/v) BSA, 250mM sucrose, 80mMKCl, 5 mMMgCl2, 5 mMmethionine, 10mMKH2PO4, 10mMMOPS-KOH

pH 7.2) containing 4mMATP, 2mMNADH, 5mM creatine phosphate and 100 mg/ml creatine kinase (Becker et al., 2011; Wenz et al.,

2015). The import reactionwas stopped by dissipation of themembrane potential with 8 mMantimycin A, 1 mMvalinomycin and 20 mM

oligomycin. Subsequently, non-imported precursor proteins were removed by incubation with proteinase K (final concentration of

20-50 mg/ml). The protease was inactivated by addition of PMSF to a final concentration of 1 mM. Mitochondria were re-isolated,

washed with SEM-buffer and lysed under denaturing conditions. The radiolabeled proteins were detected by SDS-PAGE and

autoradiography.

Blue native electrophoresis
For blue native electrophoresis, mitochondria were solubilized in 1% (w/v) digitonin in lysis buffer (20 mM Tris/HCl pH 7.4, 50 mM

NaCl, 0.1 mM EDTA, 10% (v/v) glycerol) for 15 min on ice. Insoluble material was removed by centrifugation and subjected to

blue native electrophoresis.

Cellular fractionation and knockdowns
Cellular fractionation to prepare cytosolic, mitochondrial, and nuclear extracts was performed using a kit (abcam #ab110170), ac-

cording to manufacturer’s instructions. siRNA mediated knockdowns were performed following standard protocols on 40%

confluent HeLa cells (glucose or galactose adapted for minimum 2 weeks), using XtremeGENE siRNA transfection reagent (Roche).

ForMOF, KANSL1 and KANSL3 knockdowns, two siRNAsweremixed in equal proportions before experiment. Cells were harvested/

imaged after 3.5 days of knockdown.

Functional mitochondria isolation and purification
Mitochondrial isolation from cultured cells was based on a protocol modified from (Johnston et al., 2002) and all experiments were

performed on maximally 80%–90% confluent dishes. Briefly, cells were first harvested by scraping in PBS on ice. Cell pellets were

then suspended in 5x pellet-volume chilledmitochondria isolation buffer (MIB- 20mMHEPES-KOH pH 7.4, 220mMmannitol, 70mM

sucrose, 1 mMEDTA and 2mg/ml BSA), supplemented with protease inhibitor mix (Roche) and dounced 20-30 times in type-B glass

homogenizer. Nuclei and unbroken cells were pelleted at 800 g/ 10 min/ 4�C. Mitochondria was precipitated from the supernatant by

centrifugation at 10,000 g/ 20 min/ 4�C. Crude mitochondrial pellet was washed twice with chilled mitochondria wash buffer (MWB-

20mMHEPES-KOH pH 7.4, 220mMmannitol, 70mM sucrose and 1mMEDTA), before protein estimation and usage in downstream

protocols. For localization verification studies, crude mitochondria were further purified using discontinuous (15%–50%) percoll (GE

healthcare #17089101) gradient. Pure mitochondria were obtained from 22%–50% gradient interface, washed twice in MIB to re-

move percoll and used immediately in assays or stored at �80�C. Unless otherwise stated, all chemicals were purchased from

Sigma.

In organello translation in isolated human mitochondria
The procedure of in organello translation in humanmitochondria wasmodified from (Fernández-Silva et al., 2007). Isolatedmitochon-

dria were incubated in reaction buffer (25mMsucrose, 75mMsorbitol, 100mMKCl, 1mMMgCl2, 0.05mMEDTA, 10mMTris/HCl pH

7.4, 10mMK2HPO4, 10mM glutatamte, 2.5 mMmalate, 1 mMADP, 1mg/ml BSA) containing 100 mg/ml cycloheximide and an amino

acid mixture lacking methionine (final conc. 20 mM) for 5min at 37�C. To start the reaction 35S-labeled methionine was added and the

samples were incubated for different time periods at 37�C. The in organello translation was stopped by addition of cold methionine

(10 mM final conc.) and incubation for 5 min at 37�C. Subsequently, mitochondria were re-isolated and washed twice with 320 mM

sucrose, 1mM EDTA and 10 mM Tris/HCl pH 7.4. The mitochondrial pellet was lysed under denaturing conditions and proteins were

detected by Tris/Tricine-SDS-PAGE and autoradiography.

Proteinase K protection assay
Freshly isolated mitochondria were the starting point of this assay. First, 100 mg of mitochondria were suspended in 100 ml of each of

the three following buffers: (1) Iso-osmotic (10 mM MOPS-KOH pH 7.2, 250 mM sucrose, 1 mM EDTA), (2) Hypo-osmotic (10 mM

MOPS-KOH pH 7.2, 1 mM EDTA) and (3) Membrane perforated (10 mM Tris-HCl, 1mM EDTA, 1% Triton X-100). 20 mg/ml proteinase
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Kwas added to each of them and incubated for 15 mins on ice. Reactions were stopped with 20 mMPMSF; samples (1) and (2) were

spun down at 10,000 g/ 15 min/ 4�C and pellets were collected. All three reaction sets were then solubilized in final 1x Laemmli

loading buffer and made up to equal volumes before loading onto 4%–12% Bis-Tris gradient gels (Life technologies). Solutions

were made using chemicals purchased from Sigma.

Nucleic acid extraction and quantitative RT PCR
All steps were performed using appropriate kit protocols. For cultured cells: RNA was extracted using Trizol reagent (Life technolo-

gies #10296010) and treated with Turbo DNase (Life technologies #AM2238) before performing reverse transcription using Super-

Script III enzyme (Invitrogen #18080093). In experiments with parallel analysis of DNA, all prep DNA/RNA kit (QIAGEN #80204)

was used and the RNA was processed as before. DNA was treated with RNase (Thermo # EN0531) before analysis. Quantitative

real-time PCR was performed with FastStart SYBR mix (Roche #04913850001). For mouse tissues: RNA was isolated using the

RNeasy fibrous tissue kit (QIAGEN #74704); reverse transcription and qPCR were performed using appropriate QIAGEN reagents.

RNA decay and turnover experiment
The experiment is divided into four major stages as follows:

Stage 1, Knockdowns & RNA labelling

MOF and scramble (control) knockdowns were performed with specific siRNAs in the samemanner as mentioned before. After 72 hr

of knockdown cells (RNA) were labeled with 0.2 mM 5-Ethynyl uridine (EU) in the following manner:

RNA synthesis study- Samples were labeled with EU supplemented growthmedia for either 4 hr (T1) or 5 hr (T2), without replacing the

media. For analysis, the relative RNA synthesis was calculated for 5 hr over 4 hr pulse duration.

RNA turnover study- Samples were labeled with EU supplemented growth media for 3 hr (pulse, P). Next, they were washed with

normal culture growth media and allowed to grow for 24 hr (chase, C) in the label-free growth media.

RNA samples: T1, T2, P and C were harvested for each sample set by Trizol following manufacturer’s instructions. From here on, the

Click-iT� Nascent RNA Capture Kit (Thermo #C10365) protocol was followed with slight modifications to the manufacturer’s

protocol.

Stage 2, RNA tagging

500 ng RNA was used in a Cu (I) mediated click reaction. At this stage, only EU labeled RNA population (synthesized during the

labeling periods of stage1) was tagged with biotin. The click reaction was performed in 10 mM Tris-Cl buffer (pH 8.4), instead of

the kit-supplied buffer, for 2 hr at 25�C. Rest of additives were added according to the manufacturer’s instructions.

Stage 3, Tagged RNA capture

100 ng biotinylated RNA from previous stage was pulled down using MyOne T1 Streptavidin beads, following the manufacturer’s

protocols.

Stage 4, cDNA synthesis

The captured RNA on the streptavidin beads was converted to cDNA with random hexamers and RT mix mentioned before. qPCR

analysis was performed in the same manner as mentioned before.

Determination of mitochondrial membrane potential by JC-1 staining
JC-1 is a potentiometric dye, which at low concentrations exists as a monomer emitting green fluorescence (525 nm). At higher con-

centrations (above Jm�80-100 mV), it forms reversible aggregates (J-aggregates) and emits red fluorescence (590 nm). To deter-

mine mitochondrial membrane potential cells were stained live in normal growth media with 10 mg/ml of JC-1 for 10 min at 37�C and

imaged according to manufacturer’s instruction. For analysis, at least 100 cells were selected form each field of view.

Bioenergetic profiling of cells
Cellular respiration was studied using the Seahorse XFe 96 analyzer (Seahorse Biosciences, Agilent technologies) using manufac-

turer’s recommended protocols. Briefly, 20,000 (galactose adapted) or 40,000 (glucose adapted) cells were seeded in assay micro-

plates, the night before. Next day, the cells were incubated in 160 ml of assay media, at 37�C in a CO2 free incubator for 1 hr, just

before the assay run. The plates were assayed on the XFe 96 analyzer, to calculate oxygen consumption rate (OCR) over time after

sequential addition of different respiratory poisons. All respiratory drugs were purchased from Sigma; their final concentrations in the

assay were: oligomycin (1 mM), FCCP (0.5 mM), rotenone (1 mM) and antimycin A (1 mM). After the run, assay media was removed and

cell were lysed for analysis. The data were normalized with protein estimation (Bradford assay, Bio-Rad). We also validated the same

with DNA normalization and found no difference.

Fuel dependency and flexibility assay

The assay was performed using Seahorse XF Mito Fuel Flex Test Kit (Seahorse Biosciences #103260-100) following the manufac-

turer’s protocols. The assay media was matched to the cellular growth condition. Final concentrations of various inhibitors used

is as follows: Mitochondrial pyruvate carrier inhibitor, UK5099- 2 mM; Glutaminease I inhibitor, BPTES- 3 mM; carnitine palmitoyl-

transferase 1A inhibitor, Etomoxir- 4 mM.
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Assay media composition

XF Base media (Seahorse Biosciences # 102353-100) was used to prepare the assay media. To this, 1 mM Sodium Pyruvate, 4 mM

GlutaMax was added along with a following sugar concentration (depending on the cell growth conditions):

a) Galactose adapted cells- 10 mM galactose

b) Glucose adapted cells- 5.5 mM glucose

All additives were purchased from Sigma.

mtDNA immunoprecipitation (mtDIP)
We developed mtDIP protocol with modifications to previously described ChIP technique (Chelmicki et al., 2014).

*Described before in mitochondria isolation protocol.

Fixation

Mitochondrial pellets* were crosslinked in 1% formaldehyde (Thermo) for 9mins at RT, with gentle rotation. The reaction was

quenched with (0.125 M) glycine for 4 min and mitochondria were spun down at 10,000 g/ 20 min/ 4�C. The pellets were washed

twice with chilled MWB* before estimating their approximate dry weight.

Extract preparation

Mitochondrial pellets were suspended in 20x (w/v) RIPA lysis buffer (1x PBS, 1%NP-40, 0.5% sodium deoxycholate and 0.1% SDS)

with protease inhibitors (Roche). mtDNA was sheared for 20 cycles, high settings in Bioruptor (Diagenode). Alternatively, they were

sheared in Covaris (E220). 20-25mg ofmitochondria (dry weight) was sheared in 1ml volumewith following settings: burst- 200 / duty

cycle- 20% / power- 150 W / time- 300 s. The appropriate cycle number (minimum number) was decided just after we observed the

disappearance of 16KbmtDNA into a smear.We estimated theDNA amount in every 1mg (dry weight) mitochondrial extract and used

1 mg mtDNA for IP.

Immunoprecipitation

The extract was pre-cleared in 20 ul of beads (pre-equilibrated with RIPA) for 1 hr at 4�C and beads were spun down. IP was per-

formed on the supernatant, with 4 mg of primary antibody at 4�C, overnight. Next day, 20 ml of RIPA-equilibrated beads were added

to the extracts and incubated for 3 hr at 4�C.
Washing and Elution

The beads from last step were washed in following scheme- 4x, 15min each, with RIPA; 2x, 1min each, with LiCl buffer (250mMLiCl,

10mMTris–Cl pH 8.0, 1mMEDTA, 0.5%NP-40 and 0.5%DOC); 2x, 1min each, with TE buffer (1mMTris–Cl pH 8.0 and 1mMEDTA).

The beads were then subjected to RNase and proteinase K digestion in NaHCO3 / SDS elution buffer and decrosslinked for 6h or

overnight at 55�C. Finally, DNA was purified from the elution buffer, using kit-based protocol (PCR purification kit, QIAGEN).

qPCR analysis was performed using FastStart SYBR mix (Roche) with input DNA used for normalization.

Antibodies used

MOF (Bethyl #A300-992A), KANSL3 (Sigma #HPA035018), TFAM (Merck Millipore #ABE483), POLRMT (A) (abcam # ab93102),

POLRMT (B) (Acris antibodies # GTX105137), TFB2M (Acris antibodies # GTX107714), MTPAP (Acris antibodies # GTX70156),

POLG (Acris antibodies # GTX100398), SSBP (Proteintech #12212-1-AP).

Ethidium bromide (EtBr) treatment
Cells were treated with 250 ng/ ml ethidium bromide diluted in the cell culture media for 6 hr. Following the treatment, samples were

processed for western blotting or mtDIP as per protocols mentioned before.

Data visualization of mouse ChIP-seq profiles
ChIP-seq analysis was performed as described in Chelmicki et al. (2014). Circos software (http://circos.ca/software/) was used to

visualize the binding of the ChIP signals on mouse mtDNA (mm10).

Rescue experiments
To address the question whether mitochondrial pool of the protein can rescue, we generated specific inner membrane/ matrix teth-

ered constructs. Since, the specific localization was a major crux of the experiment, we used the well-established COX4 mitochon-

drial targeting sequence, MTS: (MLATRVFSLVGKRAISTSVCVRAH) as a synthetic tether. This has been very well established as a

mitochondrial matrix tether sequence. Previous publications have verified its targeting properties by electron microscopic visualiza-

tion (Martell et al., 2012) as well as mass spectrometry analysis (Rhee et al., 2013).

Experimental Optimization
MOF and scramble (control) knockdowns were performed in different cell lines. Trial experiments had revealed that increasing MOF

expression beyond endogenous levels were detrimental for mitochondrial health. So, the rescue experiments were performed in a

manner so as to have least increment of MOF levels.

To rescue a phenotype, the respective cell lines were induced by supplementing 0.1 mg/ml doxycycline (DOX, Sigma # D9891) in cul-

turemedia for initial 48 hr of knockdown (D0 to D2, knockdown). This was followed by 48 hr of ‘‘recovery’’ in normal (DOX free) growth

media. The specific assays on the cells were performed in the same manner as mentioned before in methods.

Cell 167, 722–738.e1–e9, October 20, 2016 e7

http://circos.ca/software/


RNA-seq experiment on HeLa cells and mouse cardiomyocytes
RNA extraction and library preparation for HeLa cells

RNA was extracted using Trizol reagent (Life technologies #10296010) and treated with Turbo DNase (Life technologies #AM2238).

Next, we enriched for mRNA (Poly A+) with Oligo dT magnetic beads, (RIN > 8). Finally, sequencing libraries were prepared using

TruSeq stranded mRNA sample preparation kit (illumina #RS-122-2101).

RNA extraction and library preparation for mouse heart cardiomyocytes

Nuclear RNA of cardiomyocyte nuclei was prepared as previously described (Preissl et al., 2015). In brief, first cardiac nuclei were

isolated from ventricular tissue. Next, cardiomyocyte nuclei were selected by staining with an anti-PCM1 antibody (Sigma

#HPA023370) and sorted using a flow cytometer (Bio-Rad S3) (Gilsbach et al., 2014). Nuclear RNA was extracted using the RNeasy

Micro Kit (QIAGEN # 74004). RNA was reverse transcribed and amplified with the Nugen Ovation RNA-seq System V2 (Nugen). The

resulting cDNA was fragmented (Bioruptor, Diagenode). Sequencing libraries were constructed from 100ng fragmented cDNA using

the NEBNext Ultra DNA Library Prep Kit (NEB) applying 9-13 PCR cycles. P15 cre-control (3 females and 2 males) and Mof KO (2

females and 1 male) mice were used in this study.

Analysis

Reads from RNA-seq analysis of human or mouse samples were mapped to the respective human (GRCh38) or mouse (GRCm38)

genomes, using the STAR (v2.4.2a) aligner and counted for Ensembl transcripts (release 77 for Human and release 78 for Mouse)

using feature Counts (v1.4.6-p2). Differential gene expression levels were determined using DESeq2 (v1.8.2). Geneswere considered

significantly different at a cut-off false discovery rate value of 0.05.

Gene set enrichment analysis was done using the GSEA software (v.2.2.1) using curated gene sets from Reactome, KEGG and

HALLMARK.

Networkmapswere generated in Ingenuity Pathway Analysis (IPA, QIAGENRedwoodCity, https://www.qiagen.com/), using curated

lists from Ingenuity Pathways Knowledge Base. Global Molecular Network connections were used to generate relations between

different pathways. The software used experiment-based knowledge to predict the effects of perturbation of individual molecules

on the entire network. Causal network analysis (in IPA) was used to identify affectedmaster regulatory pathways, based on the trends

of known members of the network.

The accession number for the RNA-seq data reported in this paper is GEO: GSE77784.

Echocardiography
To assess cardiac function, mice were anaesthetized (2% v/v isoflurane in oxygen), placed on a temperature-controlled plate (37�C)
and echocardiographic analysis was performed using a Vivid 7 Dimension ultrasound device (GEMedical Systems) equipped with an

i13L transducer (14 MHz). Experiments were conducted on P16, control (9 females and 5 males) and KO mice (5 females and 3

males).

Histology and immunohistochemistry
Histology and immunohistochemistry was performed according to protocols mentioned before (Pfister et al., 2008). Briefly, hearts

were fixedwith 4%paraformaldehyde in phosphate buffered saline, embedded in paraffin, cut in 5 mmslices with amicrotome (Leica)

and stained. Histological staining with H&E or Sirius-red stain was performed. Cell membranes were labeled with Alexa Fluor con-

jugated wheat germ agglutinin (Molecular Probes #W11261, W21404). Nuclei were counterstained with DAPI (Molecular Probes

#D1306) or Hoechst 33258 (Molecular Probes #H3569). Anti-H4K16ac (Millipore #07329) was used. Images were acquired with Zeiss

Axio imager-Z1 with Apotome (Carl Zeiss) and were processed with Zen 2010 software (Carl Zeiss). Experiments were conducted on

different sections of same P16, control (4 females and 4 males) and KO mice (5 females and 3 males).

Ploidy analysis of cardiomyocyte nuclei
Nuclei were isolated from cardiac tissue as previously described (Gilsbach et al., 2014). Cardiomyocyte nuclei were stained with anti-

PCM1 antibody (Sigma) and DNA binding dye 7-AAD (7-aminoactinomycin D, Life technologies), before proceeding to flow cytomet-

ric analysis (Cy Flow Space, Partec, Germany).

Dihydroethidium (DHE) staining for ROS detection
Staining

Fresh tissue samples were snap frozen in chemically inert freezing medium (O.C.T. compound, VWR #361603E) and cryosectioned

(20 mm) immediately before staining. Freshly made dihydroethidium (Thermo #D11347) solution was made freshly and used in 5 mM

(in PBS) final concentration. Experiments were conducted on P10 (control- 2 females and 1 male; KO mice- 3 females) and P13

(control- 3 males; KO-1 female and 2 males) animals.

Image analysis

Confocal images of the tissue sections were acquired on LSM780 microscope (Carl Zeiss) using sequential channel acquisition. Im-

ages of tissue sections were analyzed with CellProfiler software with a customized pipeline from the website (http://cellprofiler.org).

WGA staining channel served for identification of the cells; nuclei staining channel was used to identify nuclei; parameters of the iden-

tified nuclei were measured in DHE staining channel. At least 8 fields of view (340 3 340 mm) per sample were analyzed.
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Electron microscopy
Mice were sacrificed by cervical dislocation and the heart and thigh musculature were harvested. Tissue blocks of 1 mm3 were pre-

pared using a razor blade and fixed by immersion in 4% paraformaldehyde + 1% glutaraldehyde in 0.1 M phosphate buffer, for three

days at 4�C. After the fixation, tissue blocks were washed in 0.1 M PB. After treatment with OsO4, the sections were stained with

uranyl acetate, dehydrated and flat-embedded in epoxy resin (Durcupan ACM, Fluka). 40 nm ultrathin cross- and longitudinal sec-

tions of the left ventricle and the skeletal muscle were cut and analyzed using an 80 kV Zeiss Leo transmission electron microscope.

Experiments were conducted on P15, control (3 females and 2 males) and KO mice (3 females and 1 male).

Histone acetyl transferase (HAT) assay
HAT assays were performed using baculovirus expressed humanMOF-Flag, KANSL complex and MSL complex (described in Meu-

nier et al. (2015)). Mono nucleosomes were reconstituted with bacterially expressed Xenopus histones and Widom 601 DNA (Active

motif #53502) andHAT assays were performed as described before (Akhtar and Becker, 2000), with aminor modification. The assays

were performed with 20 mM cold acetyl-CoA (Sigma #A2056) and data were analyzed by western blots.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± SE or SD. Each experiment was performed with a minimum of three biological replicates;

exact numbers are mentioned in associated figure legends. Except RNA-seq analysis, all statistical analyses were performed using

Prism 6 software (GraphPad). The statistical tests used and relevant p values are mentioned in appropriate figures/figure legends.

p values < 0.05 were considered significant.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is GEO: GSE77784.
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Supplemental Figures
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Figure S1. MOF and KANSLs Localize to Mitochondria, Related to Figure 1

(A and B) 3D structured illumination microscopy (SIM) of HeLa cells immunostained with (A) anti-MOF (B) anti-KANSL1 (green) along with anti-TOM20 (magenta)

for mitochondria and DAPI (blue) for nucleus.Merged image sets represent combination of all three channels.Wide field fluorescence image of the (MOF/KANSL1

staining, green) is shown in first column of (A) and (B). Scale bars are mentioned within. The enclosed area within each image is shown at a higher magnification

below it.

(C) Biochemical fractionation of HeLa cells followed by probing with MOF, KANSL1, KANSL3 and MCRS1 specific antibodies. Quality of each fractionation was

confirmed by observation of well-known marker proteins for each fraction; cytosol (GAPDH), mitochondria (TOM20, CYT-C) and nucleus (H3, HP1). Triangles

denote specific protein band and a cross is added to indicate isoform or post-translationally modified version of the protein. Asterisks mark unknown bands

enriched predominantly in mitochondrial purifications.

(D and E) Knockdown experiments followed bywestern blots to show specificity ofMOF, KANSL1 andKANSL3 antibodies. The specificity of the annotated bands

for each antibody was determined by observing loss of signal upon depletion of the respective protein. All experiments were performed in parallel after 3.5 days of

siRNA treatment. Triangles denote specific bands (knockdown sensitive). For, MOF additional cross denotes an isoform or post-translationally modified version,

mentioned before in Figures 1D and S1C.



(legend on next page)



Figure S2. Validation of MOF, KANSL1, and KANSL3 Immunosignals, Related to Figure 1

(A–C) Confocal images of cells treated with control (siSCRAM) and siRNA (siMOF/KANSL1/KANSL3) to assess sensitivity of immunofluorescence signals to the

respective protein depletion. Scale bars of main figures are mentioned within. The enclosed area within each image is shown at a higher magnification as an inset

in the same. For insets, scale bars represent 1 mm.

(A) HeLa cells stained with MOF (green), MitoTracker (red) and DAPI (blue). Top panel- siSCRAM cells. Bottom panel- siMOF cells.

(B) HeLa cells immunostained with KANSL1 (green), Mitotracker (red) and DAPI (blue). Top panel- siSCRAM cells. Bottom panel- siKANSL1 cells. The cells have

been imaged with �50% KANSL1 depletion as higher knockdown efficiency triggers mitochondrial degeneration, making it difficult to determine signal

specificity.

(C) HeLa cells stained with KANSL3 (green), Mitotracker (red) and DAPI (blue). Top panel- siSCRAM cells. Bottom panel- siKANSL3 cells. The cells have been

imaged with �50%–60% KANSL3 depletion, as higher knockdown efficiency triggers mitochondrial degeneration.



Figure S3. Physiological Impact of MOF and KANSL1 Depletion, Related to Figures 1 and 2

(A) [35S] KANSL3 (205-878) was imported intoWT or tom20D yeast mitochondria for the indicated periods. The assay was performed with polarized (+DJ) as well

as depolarized (-DJ) mitochondria. Non-imported proteins were removed by proteinase K.

(legend continued on next page)



(B) Bubble plot showing top fifteen significantly affected pathways, exclusively in galactose media (III, from Figure 2A) after MOF depletion. The y axis shows Z

score of enrichment and the x axis indicates the ratio of representation of genes from a particular pathway in our dataset. Finally, size of the bubble is directly

proportional to level of significance of discovery (-log10 p value).

(C) Immunoblotting of mitochondrial extracts from siSCRAM, siMOF and siKANSL1 samples separated by blue native (BN) PAGE. The BN-PAGEwas probedwith

antibodies against respiratory complex I (NDUFA9), complex III (Rieske) and complex IV (COX4) proteins. RCS, respiratory chain supercomplexes; MIA, mito-

chondrial intermembane space import and assembly machinery.

(D) In organello translation of purifiedmitochondria from siSCRAM, siMOF and siKANSL1 cells. Top, autoradiograph of mitochondria-synthesized polypeptides is

shown. Bottom, Coomassie stained image of the same gel is shown below for loading estimation. KDa represents molecular weight markers. Assay time is

indicated in minutes (min).

(E) Immunoblotting of mitochondrial extracts from siSCRAM, siMOF and siKANSL1 samples by SDS-PAGE. Plots were probed with antibodies against NDUFA9,

Rieske and COX4. GRP75 and MIA40 were used as loading controls.

(F) Immunoblotting of cell extracts from siSCRAM and siMOF glucose adapted samples. Blots were probed with antibodies against mtDNA transcription (TFAM,

POLRMT, TFB1M, TFB2M and MTPAP), mtDNA replication (POLG and SSBP) in addition to MOF and GAPDH (loading control).

(G) JC-1 staining of siSCRAM, siMOF and siKANSL1 cells. Enlarged view of the enclosed region is shown on right.



Figure S4. MOF and KANSL3 Associate with mtDNA, Related to Figures 2 and 3

(A) Respirometry assays performed to identify cellular dependency on nutrient sources. Experiment involved injection of inhibitors blocking import of major

nutrients to mitochondria, in control (SCRAM) and siMOF samples. Parallel knockdowns were performed on HeLa cells either adapted to glucose or galactose

(legend continued on next page)



media. On left, a schematic is presented showing the action of different drugs used in the assay. UK5099 blocks pyruvate transport to mitochondria; BPTES

blocks glutaminase 1 (transporter of glutamine intomitochondria); Etomoxir blocks CPT1mediated long chain fatty acid transport intomitochondria. Dependency

reflects the reliance of cells on a particular nutrient tomaintain basal respiration. Flexibility denotes the ability of a cell to increase oxidation of a particular fuel type,

tomeet metabolic demands of the cell or compensate for inhibition of an alternate fuel source. Specific nutrient oxidation capacity is represented as a percentage

of total respiration from all three major nutrient sources- glutamine (gln), glucose (glc) and fatty acids (FA). Data represent mean ± SD of 3–5 biological replicates.

(B) The cartoon from Figure 3G is re-represented in this figure for mtDIP reference in next section. It shows a detailed representation of the non-coding region

(NCR) of human mtDNA with corresponding primers from the region is shown below the graph. TAS = Transcription associated site; HVS1/2 = Hyper variable site

1/2; LSP = Light strand promoter; HSP1/2 = Heavy strand promoter 1/2.

(C and D) TFAM mtDIP-qPCR performed in control (siSCRAM, white) and (C) siKANSL3 (green) or (D) siMOF (red). The selected targets effectively cover the

entire human mitochondria and mtDIP efficiency is calculated as percentage of input recovery. Data are representative of three biological replicates. Error bars

denote ± SEM.

(E–G) Impact of brief exposure to ethidium bromide (EtBr) on mitochondrial transcription. (E) Schematic overview of the experimental scheme is presented. (F)

Western blotting for different mitochondrial transcription (TFAM and POLRMT) and replication (SSBP1 And POLG) factors. GAPDH and COX IV were used as

loading controls. (G) mtDIP assay for POLRMT and TFAM, followed by qPCR for two loci on mtDNA- the D-loop and the COX1 region. Data are represented as

relative mtDNA occupancy over control samples, using three biological replicates. Error bars denote ± SEM.

(H and I) Similar to Figures S4B–S4D, KANSL3 mtDIP-qPCR performed in control (siSCRAM, white) and (H) siKANSL3 (green) or (I) siMOF (red). The selected

targets effectively cover the entire human mitochondria and mtDIP efficiency is calculated as percentage of input recovery. Data are representative of three

biological replicates. Error bars denote ± SD.



Figure S5. Functional Assays Characterizing Effect of MOF in Mitochondria, Related to Figures 3 and 4

(A) 3D high resolution (HR) structured illuminationmicroscopy (SIM) of HeLa cells expressing wtMOF-sfGFP (green), co-stained withMitoTracker (white) and anti-

DNA (red). Magnified view of enclosed region shown below.

(B) Themitochondria (white) from Figure S5A is traced (purple line overlaid onwhite) and histogram of three channels, wtMOF-sfGFP (green), mitochondria (white)

and DNA (red) is shown next to it. Yellow arrows = overlap of all three channel signals. White arrows = overlap of MOF and MitoTracker signal.

(C) Schematic illustrations of the doxycycline (DOX) inducible cell lines used in rescue experiments. Features represented: COXIV mitochondrial-targeting signal

(MTS, blue ellipse); MOF (gray thick line); MOF’s nuclear localization signal 1 (NLS1, black ellipse) and itsmutated form (DNLS1, orange filled ellipse); sfGFP (green

filled rectangle); asterisks indicate point mutation (E350Q) in MOF’s HAT domain.

(legend continued on next page)



(D) Western blots showing doxycycline dependent induction of different sfGFP tagged cell lines used in the manuscript. Blots are probed for MOF and GFP

antibodies. GAPDH and DX9 are used as loading controls. ‘‘+’’ = Overnight induction with 0.1 mg/mL Doxycycline, ‘‘�’’ = uninduced cells. MTS = COX4A

mitochondrial targeting signal. Triangles, sfGFP tagged transgene. Cross, the endogenous protein bands. L= molecular weight ladder in kDa.

(E) Respiratory rescue experiments of glucose adapted cell lines. Basal respiration is calculated from the respirometry profile of the cell lines after control

(siSCRAM) or siMOF treatment. Five biological replicates were used and samples were induced with doxycycline (DOX). Two tailed t test withWelch’s correction,

p values are mentioned in the figure. Error bars represent ± SEM.



(legend on next page)



Figure S6. Mof KO Mice Display Classical Signs of Cardiac Hypertrophy, Related to Figure 6

(A) Strategy used to generate Mof-floxed locus. On right, an agarose gel for genotyping, showing the WT and floxed (fl) MOF locus using specific PCR primers.

(B) Consistent with Figure 7A, RNA-seq analysis shows reduction in nuclearMof RNA, inMof fl/fl (control, black) versusMof fl/fl; Ckmm-cre (KO, red) mice. x axis

represents mouse Mof gene.

(C–F) Cardiac phenotyping of Mof fl/fl (control) and Mof fl/fl; Ckmm-cre (KO) mice. (C) Wheat germ agglutinin (WGA) stained sections of control and KO mouse

hearts. WGA stains cell membranes (green), while nuclei are stained with DAPI (blue). The larger hollow cells in each section are cardiomyocytes.

(D) Histochemical staining of left ventricular cardiac sections from control and a KO mouse with Sirius red, which stains collagen, and was used to quantitate

interstitial fibrosis by morphometry. Right, representation of interstitial fibrosis calculated from base and apex of hearts based on Sirius red staining, in control

(black box, n = 8) and KO (red box, n = 8) animals. Error bars represent ± SEM. Unpaired t test, **p = 0.0035, *p = 0.0126.

(E) Relative mRNA expression of marker genes for fibrosis (Ctgf and Postn) and hypertrophy (Nppa, Myh6 and Myh7) from control (white bar, n = 14) and KO (red

bar, n = 8) mice. Rps29s expression was used as internal standard. Error bars represent ± SEM.

(F) Percentage of cardiomyocyte nuclei in heart ventricle tissue of control (black line) and KO (red line) animals, followed from P5-P9 after birth, (n = 3-4) in each

time point. Control also included Ckm-cre; Mof fl/+ and Mof fl/+. Error bars represent ± SEM.



(legend on next page)



Figure S7. Characterization of Mof KO Mice Display Classical Signs of Cardiac Hypertrophy, Related to Figures 6 and 7

(A) Cardiac contractile function determined by echocardiography as left ventricular fractional shortening (left) or ejection capacity (right), in control (white bar,

n = 14) and KO (red bar, n = 8) mice. Error bars represent ± SEM. Mann-Whitney U test, ***p < 0.005.

(B) Echocardiogram showing left ventricular inner diameter (LVID) changes during systole- LVIDs and diastole- LVIDd. The box plots on right show the numerical

values of changes in the diameter, in control (black box, n = 14) and KO (red box, n = 8) animals. Error bars represent ± SEM. Mann-Whitney U test, ***p < 0.005.

(C) Electron micrographs of skeletal muscle tissue sections from P15 mice- Mof fl/fl (control, n = 5) and Mof fl/fl; Ckm-cre (KO, n = 4) mice. The top panel is

representative of skeletal muscle from control animals (Mof fl/fl). (I-II) Range of phenotypes observable in KO skeletal tissue samples (Ckm-cre;Mof fl/fl): (I) Skeletal

muscle section showing normal tissue morphology, with only mild elevation in lipid deposition (L). A magnified view of enclosed region is shown on right, slight

deposition of glycogen (yellow triangle) and normal mitochondria (red arrow) is observed. (II) Specializedmuscle spindle in the skeletal tissue, with intact nuclei (N)

but degenerated mitochondria (red arrows), elevated deposition of lipids (L). Magnified view of enclosed area is presented on right.

(D) Dihydroethidium (DHE) stained skeletal muscle sections of P13 control (Mof fl/fl) and MOF-KO (Ckm-cre; Mof fl/fl) mice (n = 3, for each genotype). The mean

fluorescence signals were calculated from multiple images of each sample set and represented as relative ROS level in a.u. Yellow triangles indicate DHE/ROS

accumulation. Error bars represent ± SEM. Unpaired t test, ***p < 0.005.

(E) Coomassie stained gel of purified hMOF, hMSL complex (MOF, MSL1, MSL2 and MSL3) and hNSL complex (MOF, KANSL1, PHF20, KANSL2, KANSL3

MCRS1 and WDR5), expressed in baculovirus-infected insect (sf21) cells. Dark triangle represents flag tagged MOF. Open triangles denote untagged MOF.

Asterisks indicate the Flag-tagged protein used for pull-down/purification. KDa represent the molecular weight ladder.

(F) HAT assays performed on reconstituted nucleosomes with purified hMOF, hMOF/MSL and hMOF/NSL complex. Control assay was performed in identical

conditions, but without enzyme (hMOF). Coomassie stained gel at the bottom displays histone content of the nucleosomes used.
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SUMMARY

G protein-coupled receptor (GPCR) signaling, medi-
ated by hetero-trimeric G proteins, can be differen-
tially controlled by agonists. At a molecular level,
this is thought to occur principally via stabilization
of distinct receptor conformations by individual
ligands. These distinct conformations control subse-
quent recruitment of transducer and effector pro-
teins. Here, we report that ligand efficacy at the
calcitonin GPCR (CTR) is also correlated with
ligand-dependent alterations to G protein conforma-
tion.We observe ligand-dependent differences in the
sensitivity of the G protein ternary complex to disrup-
tion by GTP, due to conformational differences in the
receptor-bound G protein hetero-trimer. This results
in divergent agonist-dependent receptor-residency
times for the hetero-trimeric G protein and different
accumulation rates for downstream secondmessen-
gers. This study demonstrates that factors influ-
encing efficacy extend beyond receptor conforma-
tion(s) and expands understanding of the molecular
basis for how G proteins control/influence efficacy.
This has important implications for the mechanisms
that underlie ligand-mediated biased agonism.

INTRODUCTION

G protein-coupled receptors (GPCRs) are the largest family of

cell-surface receptors, sensing a diverse array of stimuli from

the extracellular environment and transmitting these signals to

evoke cellular responses. This fundamental function is encapsu-

lated by the concept of efficacy, which relates receptor occu-

pancy by an agonist to the magnitude of the cellular response

(Kenakin, 2002). The existence of ligands displaying different

efficacies and, in particular, ligands displaying preferential

signaling to different effectors has led to a model in which

GPCRs can adopt multiple active states (Kenakin, 2002; Kim

et al., 2013). Such ligand-directed signaling bias (biased ago-

nism) is now an important focus in drug discovery (Kenakin

and Christopoulos, 2013), but there are limited data addressing

the mechanisms by which such differential efficacy occurs.

GPCRs are highly dynamic proteins that rapidly sample a

range of both active and inactive conformations (Deupi and

Kobilka, 2010). Activation of GPCRs occurs due to changes in

the proportion of time the receptor spends in one or more active

states upon agonist binding. This is due to a relative decrease in

the energy state of the active receptor in the receptor:agonist

complex (Deupi and Kobilka, 2010). The principal driver for dif-

ferential efficacy is thought to be distinct receptor conformations

stabilized by different ligands. For example, ligands with distinct

efficacies show divergent sampling of conformational space for

the b2-adrenoceptor (ADRB2) (Nygaard et al., 2013), the ghrelin

(GHSR) (Mary et al., 2012), serotonin (HTR2B) (Wacker et al.,

2013), and the glucagon-like peptide 1 (GLP1R) receptors

(Wootten et al., 2013). These divergent active conformations

are thought to have different affinities for their cognate G protein

hetero-trimer, providing a mechanism by which agonists could

achieve differential receptor activation.

Early work by Seifert et al. (1999, 2001), however, provided the

first hint that the ligand-receptor complex may also distinctly

affect G protein conformations, and this has been supported

by G protein fluorescence resonance energy transfer (FRET) in

the presence of partial versus full agonists (Nikolaev et al.,

2006). Additionally, recent work by Goricanec et al. (2016) has

shown that the Ga subunit itself is highly dynamic, sampling a

number of conformations in both GDP-bound and nucleotide-

free states. Nonetheless, these data on differences in receptor:G

protein complexes have principally been interpreted as differ-

ences in G protein recruitment to the receptor due to distinct

ligand-receptor conformations. At the most basic level, the role

of the GPCR is as a guanine nucleotide exchange factor (GEF),

responsible for stimulating the exchange of GDP for GTP at the

Ga subunit of hetero-trimeric G proteins resulting in their activa-

tion. By extension therefore, the formation of an agonist:receptor

complex potentiates the receptor’s GEF activity; thus, the

agonist is a positive allosteric modulator of the GPCRs GEF
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activity. As such, we posit that efficacy differences must trans-

late into differential GEF activity of the GPCR. This could be

due to differences in GPCR affinity for G protein but potentially

also due to agonist-dependent conformational differences in G

proteins, resulting in changes to nucleotide exchange rate.

The human calcitonin receptor (CTR) is the most ancient of

class B GPCRs (Fredriksson et al., 2003; Nag et al., 2007). It is

widely expressed in adults and during development and has

complex roles in bone metabolism, brain function, cell cycle,

and cancer (Clarke et al., 2015; Davey and Findlay, 2013; Venka-

tanarayan et al., 2015; Yamaguchi et al., 2015), including an anti-

apoptotic role in osteoclasts (Selander et al., 1996) and thymic

lymphomas (Venkatanarayan et al., 2015). CTR is a clinical target

for the treatment of multiple diseases including Paget’s disease,

osteoporosis, and hypercalcemia of malignancy, with both hu-

man and salmon calcitonins (hCT and sCT, respectively) used

clinically. These two peptides display distinct potency/efficacy

for guanine nucleotide-binding protein G(s) subunit alpha iso-

forms short (Gas)-mediated cyclic AMP (cAMP) production, in a

cell-dependent manner (Andreassen et al., 2014; Hilton et al.,

2000; Kuestner et al., 1994). We sought to understand the mech-

anistic basis of the differential efficacy displayed by hCT and sCT

at the CTR. Here, we demonstrate that variations in cellular effi-

cacy are correlated with agonist-dependent, conformational dif-

ferences promoted in G proteins. This current work extends the

concept of conformational selection at the level of the agonist:

receptor complex to one that includes conformation selection

at the level of the agonist:receptor:G protein complex.

RESULTS

CTR Ligands Have Distinct Potencies for G Protein
Recruitment
The CTR is most strongly coupled to the stimulatory G alpha

subunit, Gas, upstream of adenylate-cyclase-mediated cAMP

production. To define the cellular efficacy of hCT and sCT, we

performed cAMP accumulation and ligand binding assays

(Figures1A, 1B, andS1A–S1E).Consistentwithpreviouspublica-

tions (Andreassen et al., 2014; Hilton et al., 2000), in cAMP accu-

mulation assays (Figure 1A) the concentration response curves to

both ligandswere not significantly different, with similar EC50 and

Emax values. We performed competition binding on whole cells

and isolated plasma membranes to determine the affinity con-

stants for both ligands (Figures 1B and S1A–S1E). sCT had high

affinity for the receptor that could be defined by a single binding

constant. In contrast, hCT had lower affinity with two discernible

affinity states, both of which are lower than that of sCT. Similar to

certain chemokine GPCRs (Di Salvo et al., 2000), and, in contrast

to GPCRs for small molecules such as biogenic amines and

acetylcholine (Brodde et al., 1982; Kellar et al., 1985), we found

that the distribution of CTR affinity states was unaffected by the

non-hydrolysable GTP analog GppNHp (Figures S1D and S1E),

suggesting that binding of G protein to the CTR is not a major

driver of conformational selection for this receptor, unlike recent

data for the b2 adrenergic receptor (DeVree et al., 2016).

The observed affinity represents a composite of all the inter-

changeable affinity states of the receptor at equilibrium (Liu

et al., 2012; Nygaard et al., 2013). To define the particular affinity

state(s) associated with the ternary complex containing native

Gas, we explicitly identified this complex using native PAGE (Wit-

tig et al., 2006, 2007) (Figures 1C, 1D, S2, and 2B). This allowed

us to directly establish concentration-response curves for

agonist promoted recruitment of Gas protein (Figures 1C and

1D). Similar to measures of ligand affinity (Figure 1B), sCT had

an �10-fold greater potency over hCT for promotion of Gas

recruitment (Figure 1D). This suggests that the equivalent effi-

cacy of the ligands in cAMP accumulation (Figure 1A) was not

purely driven by efficiency of G protein recruitment (Figures 1A

versus 1D). To better understand the nature of the agonist:

receptor:G protein (ternary) complex, the relative stoichiometry

of receptor and G protein was defined by using Fab fragments

to induce discrete mobility shifts (Figures 2A–2C). The presence

of a single shift in mobility of the ternary complex with increasing

Figure 1. Functional Characterization of the Relative Efficacy of CTR

Agonists and Identification of the receptor:agonist:GasAffinity State

(A) cAMP accumulation assay in COS-7 cells stably expressing CTR with cells

stimulated for 30 min in the presence of IBMX with the indicated concentra-

tions of hCT or sCT. Both agonist response curves are best described by a

biphasic curve (F test, p < 0.0001) with a common fit (F test, p = 0.979, n = 8,

each n in triplicate with different drug dilutions on different days, data are

mean ± SEM) with log EC50 values of �11.00 ± 0.18 and �8.67 ± 0.12.

(B) Whole-cell competition ligand binding in which cells were incubated

overnight at 4�C with 10 nM sCT8-32:AF568 (antagonist, affinity defined by

saturation binding; Figure S1B) in the presence of the indicated concentrations

of cold competing agonist. sCT competition is best described by a single-site

fit with a log Ki of�9.10 ± 0.07; hCT competition fits to a two-site model (F test,

p = 0.0007) with log Ki values of�7.30 ± 0.31 and�8.64 ± 0.26 (n = 6, each n in

triplicate with different drug dilutions on different days, data are mean ± SEM).

(C and D) Plasma-membrane preparations from COS-7 cells expressing CTR

were treated with various concentrations of agonists prior to solubilization in

Lauryl Maltose Neopentyl Glycol (MNG)/Cholesterol Hemisuccinate (CHS) and

separation on a 6%–11% clear native page and transfer. The ternary complex

was identified by probing for mobility shift in Gas with a representative blot

(from n = 4, each n with different plasma-membrane preparations and different

drug dilutions on different days) shown in (C) and quantified densitometry (Fiji)

shown in (D) (data are mean ± SEM). Estimated log EC50 values for ternary

complex formation are �8.58 ± 0.13 for hCT and �9.80 ± 0.08 for sCT (F test,

p value for different EC50 of <0.0001).

See also Figure S1.
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concentrations of Fab against the receptor indicated a mono-

meric receptor in the G protein-bound complex (Figure 2A). In

contrast, in the absence of agonist, the two different receptor

bands undergo either single or double Fab-induced mobility

shifts, suggesting both monomeric and dimeric receptor species

(Figure 2C). Taken together with the loss of dimeric receptor with

increasing G protein interaction (Figure 2B), this indicated that

the ligand-responsive receptor species is dimeric, but, upon G

protein binding, the dimeric interface weakens and G protein

activation occurs in cis (Figure 2A and compare with Figure S2).

This is consistent with a proposed model for b1 adrenergic re-

ceptor activation where the dimer interface partially overlaps

the G protein-binding interface (Huang et al., 2013) and is de-

picted in the cartoon in Figure 2H. The apparent mobility

observed for the ternary complex by native PAGE was lower

than predicted from the molecular weight of the individual com-

ponents. As an additional confirmation, the same relative

mobility (�440 kDa) and stoichiometry (1:1:1:1 [molecular weight

divided by intensity]) of the ternary complex was observed when

expressed and purified from insect cells (Figures 2D and 2E).

CT Ligands Promote Distinct G Protein Conformations
Linked to Guanine Nucleotide Exchange and Signaling
To understand how Gas activation might differ between hCT

and sCT, we defined the transduction mechanism of the

Figure 2. CTRActivatesGas in cis and theGTPAffinity of the Ternary

Complex Is Agonist Dependent

All n numbers for all experiments were performed with different (plasma)

membrane preparations on different days.

(A) A representative mobility shift assay (n = 3) using an Fab directed

against the N-terminal epitope tag of CTR shows that the ternary

complex contains only one CTR protomer, which is shown in cartoon with CTR

in blue.

(B) A representative two-color blot (n = 4) of ligand-dependent transition of

CTR (yellow) and Gas (magenta) to the ternary complex indicating the mobility

of CTR increases as it transitions to the ternary complex, consistent with a

transition from the dimeric complex (Figure S2).

(C) Plasma-membrane preparations from COS-7 cells expressing CTR were

incubated with increasing amounts of anti-CTR C-terminal Fab (1H10, IgG2a)

during solubilization in digitonin at 6 g/g for 50 min at 4�C, separation on a

4%–13.5% blue native page and transfer. Solubilization in digitonin followed

by blue native PAGE preserves the 1H10 Fab interaction with CTR but results

in relatively poor solubilization of CTR. The shift in CTR mobility was identified

using anti-cMyc (9E10, IgG1) followed by an isotype-specific secondary; the

quantified densitometry was fitted to Gaussian distributions indicating a single

shift in the lower-molecular-weight complex and two shifts in the higher

molecular weight complex (n = 3).

(D and E) (D) A representative size exclusion chromatography trace comparing

the relative mobility of insect cell-expressed and purified sCT/CTR/Gas/Gb/Gg

ternary complex with that of a known standard, ferritin, with the purified ma-

terial shown on a Coomassie-stained gel in (E) and quantified by densitometry

supportive of a 1:1:1:1 stoichiometry (representative of more than five

experiments).

(F) Extensively washed plasma-membrane preparations from COS-7 cells

stably expressing CTR were treated with various concentrations of GTP in the

presence of (saturating) equi-occupant concentrations of agonist prior to

solubilization and separation on a 6%–11% native page and transfer.

(G) The ternary complex was identified by probing for mobility shift in Gas with a

representative blot (from n = 3) shown in (G) and quantified densitometry

shown in (F) (data are mean ± SEM). Estimated log EC50 values for GTP-

dependent disruption of ternary complexes are �6.84 ± 0.16 for hCT

and �5.32 ± 0.19 for sCT (F test, p value for different EC50 for GTP sensi-

tivity <0.0001). Maximum recruitment of Gas did not differ between ligands

(F test, p value for different maximum = 0.42).

(H) A cartoon depiction of the differences in receptor:G protein coupling in the

presenceof salmonandhumancalcitonin. sCThas higher affinity for the ternary

complex, but the resulting ternary complex has a lower sensitivity to GTP,

causing lower efficacy (shown in bold are the log EC50 values for each step).

See also Figure S2.
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receptor:agonist:Gas ternary complex. Using equi-occupant

ligand concentrations, with respect to GaS recruitment (Figures

1C and 1D), we determined the susceptibility of the different

ternary complexes, containing native G-protein, gamma subunit

(Gg):GaS: G-protein, beta subunit (Gb), to GTP by native-PAGE

(Figures 2F and 2G). Both ligands were analyzed on the same

gel, which revealed that, although there was no difference in

the amount of G protein recruited (Figure 2G, Emax not signifi-

cantly different), the hCT-occupied complex was disrupted by

GTP at �10-fold lower GTP concentration than for sCT-occu-

pied complexes (Figures 2F and 2G). Thermodynamically, bind-

ing of GTP to disrupt the ternary complex must be the same if the

target (G protein) conformation is the same. As this differs for the

two ligand-occupied complexes upon equivalent levels of G pro-

tein recruitment, it is indicative of a ligand-specific conforma-

tional difference in the recruited G protein. To test this model,

we used bioluminescent resonance energy transfer (BRET) to

measure rearrangement between Gg, N-terminally labeled with

Venus (Gg:Venus), and Gas with Rluc8 inserted at position 72

(Gas
72:Rluc8) (Figure 3A). Gas

72:Rluc8 coupled to both CTR and

adenylate cyclase with sCT or hCT potencies similar to wild-

type Gas, when transfected into cells genetically engineered to

lack Gas (HEK293A DGas, see STAR Methods; Schrage et al.,

2015; and Figure S3A) and responded to agonist stimulation in

COS7 cells in live-cell BRET experiments (Figure S3C).

We performed BRET assays on washed membrane prepara-

tions in which the nucleotide concentration could be controlled.

At high agonist concentrations (100 nM), we observed a rapid

and sustained increase in BRET ratio (Figure 3B) with a greater

magnitude apparent in the presence of sCT, consistent with a

different conformational rearrangement of the G protein in the

presence of sCT versus hCT. The release of G protein (and

consequent rearrangement of the Ga and Gg subunits) from

agonist-receptor complex requires binding of GTP to the recep-

tor-bound nucleotide-free Gprotein. The addition of 300 mMGTP

caused a rapid decrease in BRET signal. This decrease in BRET

could be reversed by addition of high concentrations of agonist

(Figures 3C and S3B). We interpreted these ratio changes as a

conformation shift from the apo to the nucleotide-bound form

of the Gg2Venus:Gas
72Rluc8:Gb1 hetero-trimer, consistent with

previous reports of subunit rearrangement (Bünemann et al.,

2003; Galés et al., 2006). Supporting this model of subunit rear-

rangement, subsequent agonist addition led to a BRET increase

above that of vehicle (Figures 3C and S3B). The rate of change in

BRET signal following addition of 100 nM ligand was significantly

faster (p < 0.0001) for sCT compared to hCT (Figure 3D), which

we believe to be driven principally by the rate of agonist binding.

In contrast, at approximate EC50 concentrations, the rate of

change in BRET was significantly faster for hCT compared to

sCT (p = 0.0007) (Figure 3E). These data are inconsistent with

a model in which increased efficacy is merely driven by

increased transducer (i.e., G protein) affinity.

To further evaluate the differences in agonist-induced

changes to G protein BRET, concentration-dependent time-

course assays were performed (Figure S3D), and normalized

area under curve (AUC) was used to plot concentration response

curves (Figure 3F). The potency for driving conformational rear-

rangement was lower for hCT compared with sCT (Figure 3F),

consistent with the lower potency of hCT to induce ternary com-

plex formation by native PAGE (Figures 1C and 1D). The maxima

of the agonist concentration response curves were also signifi-

cantly different by AUC (p < 0.0001 Figure 3F) with hCT showing

a lower maximum, supportive of different G protein hetero-trimer

conformation in the agonist:receptor:G protein complex. The

saturable and significant difference in the Emax for this signal is

consistent with different receptor-bound G protein states for

these agonists (see time courses in Figure S3D). This finding is

in contrast to previous reports that activation of the same

hetero-trimeric G protein complex by different receptors results

in similar rearrangements (Galés et al., 2006). While the assay

design should ensure full occupancy of the agonist receptor

complex by G protein at saturating concentrations of ligand

(e.g., Figure 2B), we directly tested whether there is an

agonist-dependent difference in receptor-bound G protein

conformation using in-gel FRET by native PAGE. HEK293A

DGas stably expressing CTR were transiently transfected

with two different G protein FRET pairs using myristoylation-

positive Gas, with the fluorescent protein inserted at position

72 and N-terminally tagged Gg2 (Myr+Gas
72-mCherry:Gg2-Venus

or Myr+Gas
72-Venus:Gg2-mCherry) and used to prepare washed

membranes. Using saturating ligand concentrations, the in-gel

fluorescence of the receptor-bound G protein hetero-trimer

(arrows, Figure 3H) was directly quantitated. Consistent with

the native PAGE experiments in Figure 2, equivalent levels of G

protein were recruited to the hCT- and sCT-induced complexes

as determined by direct excitation of the acceptor (Gas-mCherry

[circles] or Gg2-mCherry [squares]; Figure 3I). In contrast, a small

and significant difference in FRET between the Gas and Gg2 was

observed between the agonist:receptor:G protein complexes

with the hCT-bound complex exhibiting a lower FRET signal

than the equivalent sCT-occupied complex (Figure 3J). This pro-

vides corroborating evidence of a difference in conformational

rearrangement of the hetero-trimeric G protein in the sCT- versus

hCT-occupied complexes.

To accommodate these data, the agonist-dependent recep-

tor-bound G protein state needs to be more sensitive to GTP

concentration for the more efficacious agonist, hCT, allowing

for faster G protein turnover and more effective activation of

adenylate cyclase. In a cellular context, GTP is present in the

200- to 400-mM range; we therefore performed BRET on exten-

sively washedmembranes containing Gg:Venus/GaS
72Rluc8 pair

with the addition of GTP prior to agonist stimulation (Figures 3G

and S3E). We observed a significant reduction in EC50 for ligand-

induced BRET for hCT in the presence of GTP, but not for sCT.

This is consistent with a greater sensitivity of the hCT ternary

complex toGTP in native PAGE (Figures 2F and 2G). Collectively,

these data support that the hCT-occupied ternary complex has a

different receptor-bound G protein conformation that is more

sensitive to disruption by GTP.

To correlate the differences in GTP sensitivity from native

PAGE (Figures 2F and 2G) and G protein BRET (Figure 3G)

with the apparent conformational differences by BRET (e.g., Fig-

ure 3F) and in-gel FRET by Native PAGE (Figure 3J), we

measured the rate of association of GTP to Gas in pre-formed

ternary complex. HEK293A DGas stably expressing CTR were

transiently transfected with Myr+Gas
72-mCherry and used to
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prepare washed membranes. These were pre-incubated with

saturating concentrations of either hCT or sCT before mixing

with 30 nM of ATTO488-g-(6-Aminohexyl)-GTP and the rate of

association measured by FRET transfer between GTP and Gas.

The fitted rate was significantly faster in the presence of hCT

(Figure 3K).

Figure 3. Agonist Promoted Changes in Hetrotrimeric G Protein

Conformation

(A) A cartoon illustrating the change in relative position of the BRET donor and

acceptor was generated in PyMOL using PDB structures for the b2 adrenergic

receptor (yellow) in complex with Gas (cyan) b1 (blue) g2 (orange) (PDB: 3SN6),

GDP-bound conformation of Gas (cyan) (PDB: 1AZT), Rluc8 (green) (PDB:

2SPSD), and eYFP (red) (PDB: 3V3D); residues 156–171 of the Rluc8 cap are

colored magenta to highlight the rotation and translation Rluc8 must undergo

to accommodate the opening of Gas.

In (B)–(G), each n was conducted with different plasma-membrane prepara-

tions from independent transfections and different drug dilutions on different

days.

(B and C) COS-7 cells stably expressing CTR were transfected with Gg2:

Venus/Gas
72:Rluc8/Gb1 16 hr before preparation of extensively washed, crude

membranes. Membranes were equilibrated and baseline BRET measured for

1 min prior to addition of vehicle or 300 mMGTP andmeasured for another 45 s

prior to addition of ligand (baseline BRET indicated by black dotted line).

(B) Time course for ligand-induced change in BRET at 100 nM (n = 9, data are

mean ± SEM). (C) Time course for ligand-induced change in BRET at 100 nM

after the addition of 300 mM GTP (n = 4, data are mean ± SEM).

(D and E) Rate of change in BRET signal fitted to an exponential curve (the

maximum sCT- and hCT-induced BRET signal is shown by orange and blue

dotted lines, respectively), (D) 100 nM, p < 0.0001 for faster DBRET in the

presence of sCT, and (E) 1 nM sCT c.f. 10 nM hCT, with hCT showing faster

DBRET p = 0.0007.

(F and G) Normalized AUC for the indicated ligand concentrations is plotted as

a concentration response curve. (F) The log EC50 values for ligand-induced

changes in BRET are �8.30 ± 0.08 for hCT and �8.94 ± 0.08 for sCT (n = 9,

F test, p value for different EC50 for ligand-induced change in BRET < 0.0001)

with AUC top of 744 ± 24 for hCT and 900 ± 22 for hCT (n = 9 F test, *p value for

different top for ligand-induced change in BRET < 0.0001, data are presented

asmean ± SEM). (G) Log EC50 values for ligand-induced change in BRET in the

presence of 300 mM GTP are �7.77 ± 0.17 for hCT and �8.87 ± 0.18 for sCT

(n = 4, F test, p value for different EC50 for ligand-induced change in BRET =

0.0001), with an AUC top of 304 ± 19 for hCT and 472 ± 21 for sCT (n = 4, F test,

*p value for different top for ligand-induced change in BRET <0.0001, data are

mean ± SEM). GTP-induced change in pEC50 is shown in inset with a signifi-

cant decrease for hCT (n = 4–9, t test, p value for different pEC50 in the absence

of GTP = 0.0069) but no change for sCT (n = 4–9, t test, p value for different

pEC50 in the absence of GTP = 0.68).

(H–J) Extensively washed plasma-membrane preparations from HEK293A

DGas cells (stably expressing CTR and transiently transfected with Gg2:

Venus/Myr+Gas
72:mCherry/Gb1 (circles) OR Gg2:mCherry/Myr+Gas

72:Venus/Gb1

(squares) 36 hr before preparation) were either untreated or treated with

(saturating) equi-occupant concentrations of hCT (1 mM) or sCT (100 nM) prior

to solubilization and separation on a 6%–11% native page. The ternary

complex was identified by direct in-gel fluorescence, and data are presented

as individual determinations ±SEM with FRET swap shown in circles and

squares and representative gel (from n = 6, each n conducted with triplicate

lanes with different plasma-membrane preparations from independent trans-

fections and different drug dilutions on different days) shown in (H). Quantified

densitometry of the acceptor only channel is shown in (I), with no difference in

densitometry between hCT- and sCT-induced G protein recruitment (n = 6,

t test, *p value for different densitometry = 0.51). (J) Calculated net-FRET

from quantified densitometry; 0.471 ± 0.007 for hCT and 0.501 ± 0.004 for sCT

(n = 6, t test, *p value for different FRET = 0.0036).

(K) HEK293A DGas cells stably expressing CTR were transiently transfected

with Gg2 /Myr+Gas
72:mCherry/Gb1 16 hr before preparation of extensively

washed crude membranes. Membranes were pre-equilibrated with 1 mM of

either hCT or SCT before the association of fluorescently labeled GTP (ATTO-

488-g-[6-Aminohexyl]-GTP) was measured by FRET. (K) Time course for

increase in FRET signal upon mixing of membranes with 30 nM labeled GTP

as mean ± SEM; the observed k for hCT is 1.35 ± 0.08 min–1 (t1/2 �0.51 min)

and for sCT is 0.97 ± 0.05 min–1 (t1/2 �0.71 min) (n = 6, two independent

transfections, six independent drug dilutions, F test, p value for different

k < 0.0001).

See also Figure S3.
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To exclude the possibility that these differences in apparent

efficacy and G protein conformation were the result of kinetic ef-

fects due to the slow dissociation rate of sCT, chimeric peptides

(Hilton et al., 2000), as shown in Figure 4A, were generated and

tested. In cAMP accumulation assays, these chimeric peptides

displayed concentration response curves that overlayed with

those of the parental peptides (Figure 4B). Association and

dissociation rates were determined using kinetic competition

against a fluorescently labeled antagonist (Figure 4C). As ex-

pected, wild-type sCT had a very slow off rate (Andreassen

et al., 2014; Hilton et al., 2000), with a T1/2 of >40 min, whereas

all chimeric peptides displayed significantly faster off rate ki-

netics (Figures 4D–4I), demonstrating that observed potencies

in the cAMP assay are not correlated with peptide binding ki-

netics. The potency of ligands to cause changes in G protein

conformation was then assessed by BRET assays, as described

above (Figures 5A–5C). The hCT:sCT chimera, containing the

amino terminal 13 amino acids of hCT and the last 19 amino

acids of sCT, induced a maximal change in BRET (G protein

conformational rearrangement) that was similar to that induced

by hCT but significantly different from that induced by sCT. In

contrast, the EC50 was similar to that of sCT (Figure 5D). These

data are consistent with the peptide amino terminus driving

receptor activation, while the affinity for the complex is

driven by interactions of the peptide C terminus with the recep-

tor extracellular domain (Wootten et al., 2016). Similarly, the

sCT(1-16):hCT(17-32) chimera, elicited a maximal change in

BRET equivalent to that of sCT, and significantly different to

that of hCT, while the EC50 of the response was intermediate be-

tween that of sCT and hCT (Figure 5E). Finally the sCT triple

chimera, containing three amino acids from the central portion

of hCT, promoted a conformational rearrangement yielding a po-

tency and maximal effect similar to those of sCT (Figure 5F) in

spite of its significantly faster off rate (c.f. Figures 4E with 4H).

Collectively, these data demonstrate that cellular efficacy results

from a complex interplay between G protein recruitment affinity

and the subsequent G protein conformation in the ternary com-

plex, and that this is independent of ligand dissociation rates.

CT Ligands Differentially Stabilize Receptor-G Protein
Complexes at the Cell Surface
To accommodate the equivalent cellular potency of the lower-

affinity agonist, hCT, with the higher-affinity agonist sCT, and

taking into account the difference in GTP binding, we reasoned

that the turnover of G protein at the hCT-bound receptor would

be faster than that at the sCT-bound receptor. We therefore

imaged fluorescent G protein mobility at the apical surface by

total internal reflection (TIRF) microscopy as depicted schemat-

ically in Figure S4. Using a fluorescently tagged sCT analog, we

established that the mobility of agonist-bound CTR is limited

(data not shown) at the timescale of tens-to-hundreds of

milliseconds (at 20�C).We observed two distinct, mutually exclu-

sive, distributions of fluorescently tagged G proteins (both Gas

and Gg2), either rapidly mobile G proteins with latency in the

Figure 4. Agonist Structural Determinants

of Dissociation Rates

(A) Alignment of hCT and sCT; identical resi-

dues shown in brown, conserved in light brown,

weakly conserved in light cyan and non-

conserved in dark cyan. Cartoon illustrating the

chimeric peptides used in this study is shown

underneath.

(B) cAMP accumulation assay in COS-7 cells

stably expressing CTR with cells stimulated for

30 min in the presence of IBMX with the indicated

concentrations of hCT, sCT, and chimeric pep-

tides. All agonist response curves are biphasic

(F test, p better than 0.03 for all curves) and are

best described by a common fit (F test, p = 0.762,

n = 3, each n conducted in triplicate with different

drug dilutions on different days, data are mean ±

SEM) with shared log EC50 values of �11.4 ± 0.13

and �8.85 ± 0.23.

(C) Homogeneous association and dissociation of

sCT8-32:AF568 by fluorescence polarization on

membranes from COS-7 cells stably expressing

CTR, Kon = 1.91 ± 0.19 3 107 M–1 min–1 and Koff =

0.1043 ± 0.005 min–1 (n = 9, each n conducted

with different plasma-membrane preparations and

different drug dilutions on different days, Kd =

5.3 nM, consistent with equilibrium binding; Fig-

ures S1B and S1C) corresponding to a t1/2
of 6.6 min.

(D–H) Homogenous kinetic competition between

sCT-8-23:AF568 and indicated ligands by fluo-

rescence polarization on membranes from COS-7 cells stably expressing CTR (hCT n = 8, all other peptides n = 6, data are mean ± SEM, each n conducted

with different plasma-membrane preparations and different drug dilutions on different days).

(I) Calculated t1/2 values for all ligands.
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evanescent field on the tens of millisecond timescale or those

that remained essentially immobile over timescales in the mi-

nutes (at 20�C). Cells transiently overexpressing Gg2Venus and

native Gas and exhibiting rapid G protein mobility (Movie S1)

were imaged. The latency of individual Gg2Venus events in the

evanescent field was extracted prior to and after stimulation

with saturating concentrations of agonist and fitted to an expo-

nential decay curve. Both ligands increased the half-life of Gg2

Venus at the plasma membrane, with a significantly longer

(p = 0.005) half-life in the presence of sCT (24.1 ± 1.2 versus

20.8 ± 1.1 ms for hCT and 17.9 ± 0.5 ms for unstimulated at

20�C, n = 3, Figure 6A). This is consistent with proportionately

faster G protein turnover in response to hCT versus sCT. To

confirm this, we also visualized theGas subunit; the biological ac-

tivity of Gas
72mCherry was confirmed by transient transfection

into cells genetically engineered to lack Gas (see STARMethods;

Schrage et al., 2015; and Figure S5A). Cells transiently overex-

pressing Gg2:Gas
72mCherry:Gb1 and exhibiting rapid G protein

mobility (Movie S2) were imaged. Only sCT produced a signifi-

cant increase in the latency of individual Gas
72mCherry events

in the evanescent field over vehicle (p < 0.0001) (Figure 6A and

representative 3D histograms from a small subset of data in Fig-

ure 6B). This slower Gproteinmobility suggests slower GTP turn-

over and therefore that the GTP binding step is rate limiting when

sCT is bound at the receptor. These data are consistent with

nativePAGE, inwhichhCTshowsgreaterGTPsensitivity (Figures

2F and 2G), and theGTP induced change inG protein BRET EC50

for hCT andnot sCT (Figures 3F and 3G). Importantly, they further

support amodel inwhich hCTpromotes a receptor-boundGpro-

tein conformation that is less open than the sCT conformation.

This results in faster GTP binding and more rapid G protein turn-

over (Figure 6C), potentially allowing more rapid signaling.

CT Ligands Display Differential cAMP Production Rates
in Live Cells
To test the latter prediction, we used a cAMP biosensor to mea-

sure the rates at which cAMP accumulates in response to these

ligands. At saturating concentrations, we saw no difference in

the rate or magnitude of cAMP accumulation (Figure 7A,

p = 0.215), but at 10 pM we observed a significantly faster

(p = 0.018) accumulation of cAMP in response to hCT compared

with sCT (Figure 7B). This was confirmed in a cell line that endog-

enously expresses CTR (Figures 7C and 7D) and supports our

model (Figure 6C) in which the hCT-occupied CTR is capable

of promoting more G protein activation per time compared

with the sCT-occupied receptor.

DISCUSSION

Differential efficacy at GPCRs has already been exploited clini-

cally with the use of partial agonists, for example, at adrenergic

and opioid receptors (Cowan, 2003; Lipworth and Grove, 1997).

In spite of this, and the emergence of biased agonism as another

means to tailor the clinical efficacy of drugs, there are few data

that address the underlying molecular basis of differential effi-

cacy. There is now a broad appreciation that different ligands

acting at a single GPCR can alter the sampling of the conforma-

tional landscape explored by the GPCR (Deupi and Kobilka,

2010; Kim et al., 2013; Mary et al., 2012; Nygaard et al., 2013;

Wacker et al., 2013;Wootten et al., 2013). In general, it is thought

that the consequence of ligand-dependent conformational se-

lection is to alter the affinity of the receptor for particular trans-

ducers and thus alter signaling efficacy and/or bias. Although

distinct G protein conformations linked to individual receptor

complexes have been alluded to (Seifert et al., 1999, 2001),

collectively, our work provides evidence of ligand-dependent

ternary complexes controlling guanine nucleotide exchange,

via promotion of distinct changes in G protein conformation.

We were able to show that binding of the high-affinity ligand,

sCT, results in a ternary complex that has a lower tendency to

dissociate in the presence of GTP. This is analogous to the

concept that a G protein that has disproportionately high affinity

for a GPCR can act in a physiologically and/or clinically relevant,

‘‘dominant-negative’’ fashion (Berlot, 2002; Grishina and Berlot,

Figure 5. Agonist Structural Determinants

of Differential Effects on Heterotrimeric G

Protein Conformation

(A–C) Full kinetic responses, using washed, crude

membranes, at all concentrations tested of

hCT:sCT chimera (A), sCT:hCT (B), and sCT triple

mutant (C) (all data are n = 4, each n conducted

in triplicate with different plasma-membrane

preparations from independent transfections and

different drug dilutions on different days and are

shown as mean ± SEM; sCT maximum response

curve is in black).

(D–F) The normalized AUC for the indicated ligand

concentrations is plotted as a concentration

response curve and shown as mean ± SEM (D) the

log EC50 for hCT:sCT-induced changes in BRET

is �8.89 ± 0.05 (n = 4, F test, p value for different

EC50 c.f. hCT < 0.001 and sCT = 0.667) with AUC

topof 785± 15 (n =4, F test, p value for different top

c.f. hCT=0.187andsCT=0.0006). (E) The logEC50

for sCT:hCT-induced changes in BRET is�8.59 ± 0.05 (n = 4, F test, p value for different EC50 c.f. hCT = 0.0111 and sCT = 0.0007) with AUC top of 864 ± 18 (n = 4,

F test, p value for different top c.f. hCT = 0.0008 and sCT = 0.288). (F) The log EC50 for sCT triple-induced changes in BRET is�8.95 ± 0.06 (n = 4, F test, p value for

different EC50 c.f. hCT < 0.0001 and sCT = 0.856) with AUC top of 854 ± 20 (n = 4, F test, p value for different top c.f. hCT = 0.0019 and sCT = 0.166).
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2000; Iiri et al., 1994, 1999). We therefore argue that, as different

ligands acting at the same receptor engender differences in the

sampling of conformational space by the receptor, this differen-

tial sampling extends to the heterotrimeric G protein bound in the

ternary complex. Distinct, ligand-dependent conformations of

transducer proteins has recently been proposed for arrestins

and may control secondary signaling from these key scaffolding

proteins (Lee et al., 2016; Nuber et al., 2016). Since the prime,

Figure 6. Agonist-Promoted G Protein Residency in Live Cells

(A) COS-7 cells stably expressing CTR were transfected with either Gg2:Venus or Gg2/Gas
72:mCherry/Gb1 16 hr before assay. Ligand-induced changes in Gg2 or

Gas
72:mCherry residence were measured on live cells under TIRF at 33 or 40 frames/second with the addition of equi-occupant concentrations of sCT (1 nM) and

hCT (10 nM) after 2 min of baseline data collection at 20�C. For Gg2:Venus residency three independent experiments were performed with three to five different

cell areas imaged with at least 3,000 spots of two or more frames per ligand per experiment (total of 11 cells per ligand). Spot sizes were not significantly different

between hCT- and sCT-treated cells. For Gas
72:mCherry residency, four independent experiments were performed with three different cell areas imaged with at

least 3,000 spots of two ormore frames per ligand per experiment (total of 12 cells per ligand). G protein latency in the TIRF field was fitted to an exponential decay

curve and derived half-lives plotted (mean ± SEM p value for difference between unstimulated and ligand-induced decay rate of Gg2:Venus <0.0001 (**) and for

difference between sCT and hCT = 0.0046 (*), one-way ANOVA (n = 3, unstimulated k = 38.3 ± 1.1, hCT k = 33.0 ± 1.9 and sCT k = 28.5 ± 0.6), p value for difference

between unstimulated sCT decay rate of Gas
72:mCherry < 0.0001 (**) no significant difference between unstimulated and hCT (ns), one-way ANOVA (n = 4,

unstimulated k = 39.2 ± 0.5, hCT k = 38.3 ± 0.5 and sCT k = 30.7 ± 0.6).

(B) The residence time of 625 representative spots (of >10,000 of two or more frames) was plotted in 2Dwith the length of residence plotted in the z dimension (as

shown on scale).

(C) Cartoon indicating the relative efficacy of sCT (orange) compared with hCT (blue) in which the rate-limiting step for agonist-inducedG protein activation is GTP

association to the receptor-bound G protein complex. The rate at which this occurs is faster in the presence of hCT allowing for quantitatively more G protein and

adenylate cyclase activation per unit time in spite of lower receptor occupancy.

See also Figure S4 and Movies S1 and S2.
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orthodox, role of a ligand-bound GPCR is to accelerate the rate

of nucleotide exchange at Ga, we would argue that there is a fine

balance between the affinity that the ligand-bound receptor has

for its cognate G protein and its ability to release this G protein

once nucleotide exchange has occurred. Indeed, for GPCRs

that possessmore than one endogenous agonist, this could pro-

vide another means by which their different physiological effects

are engendered. Moreover, it provides an additional mechanism

through which biased agonism, at the level of the G protein, can

occur. Our work thus extends the understanding of themolecular

basis of G protein-dependent efficacy.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal IgG1 anti-cMyc epitope ATCC MYC 19E10.2 [9E10] (ATCC

CRL1729)

Mouse monoclonal IgG2a anti-CTR Welcome Receptor

Antibodies

1H10

Rabbit polyclonal anti-Gas SC383 Santa-Cruz SC383; RRID: AB_631539

Goat anti-mouse AF647 ThermoFisher A-21235; RRID: AB_2535804

Goat anti-rabbit AF532 ThermoFisher A-11009; RRID: AB_2534076

Goat anti-mouse IgG1 AF568 ThermoFisher A-21124; RRID: AB_2535766

Goat anti-mouse IgG2a AF633 ThermoFisher A-21136; RRID: AB_2535775

Chemicals, Peptides, and Recombinant Proteins

sCT8-32 VLGKLSQELHKLQTYPRTNTGSGTP-NH2 Mimotopes sCT8-32

sCT8-32 (R11,R18,K14) VLGRLSKELHRLQTYPRT

NTGSGTP-NH2

Mimotopes sCT8-32 (R11,R18,K14)

AF568: sCT8-32 (R11,R18,K14) VLGRLSK(AF568)

ELHRLQTYPRTNTGSGTP-NH2

This paper AF568: sCT8-32 (R11,R18,K14)

sCT CSNLSTCVLGKLSQELHKLQTYPRTNTGSGTP-

NH2 1-7 disulphide bond

Mimotopes sCT

sCT (R11,R18,K14) CSNLSTCVLGRLSKELHRLQ

TYPRTNTGSGTP-NH2 1-7 disulphide bond

Mimotopes sCT (R11,R18,K14)

AF647: sCT (R11,R18,K14) CSNLSTCVLGRLSKE

LHRLQTYPRTNTGSGTP-NH2 1-7 disulphide bond

This paper AF647: sCT (R11,R18,K14)

hCT CGNLSTCMLGTYTQDFNKFHTFPQTAIGVGAP-

NH2 1-7 disulphide bond

Mimotopes hCT

hCT:sCT CGNLSTCMLGTYTQELHKLQTYPRTNTG

SGTP-NH2 1-7 disulphide bond

Mimotopes hCT:sCT

sCT:hCT CSNLSTCVLGKLSQELNKFHTFPQTAIG

VGAP-NH2 1-7 disulphide bond

Mimotopes sCT:hCT

sCTtriple CSNLSTCVLGTYTQELHKLQTYPRTNT

GSGTP -NH2 1-7 disulphide bond

Mimotopes sCTtriple

Lauryl Maltose Neopentyl Glycol (2,2-didecylpropane-

1,3-bis-b-D-maltopyranoside)

Anatrace MNG or NG310

Cholesteryl Hemisuccinate Anatrace CHS or CH210

g-(6-Aminohexyl)-GTP - ATTO-488 Jena Biosciences NU-834-488

Experimental Models: Cell Lines

COS-7 N/A N/A

COS-7 cMychCTRaLeu This paper COS-7 CTR

HEK293A del Gas/Golf Asoka Inoue (to be

published elsewhere)

HEK293A del Gas

HEK293A del Gas/Golf cMychCTRaLeu This paper HEK293A del Gas / CTR

Recombinant DNA

Human Gb1 pcDNA3.1+ http://cdna.org/home.php?cat=0 #GNB0100000

Human Gg2 pcDNA3.1+ http://cdna.org/home.php?cat=0 #GNG0200000

Human Gas long pcDNA3.1+ http://cdna.org/home.php?cat=0 #GNA0SL0000

cMychCTRaLeu in pEF-IRESpuro6 This paper cMychCTRaLeu

Gg2:Venus pcDNA3.1+ This paper Gg2:Venus

Gg2:mCherry pcDNA3.1 This paper Gg2:mCherry

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Patrick M. Sexton can be reached through postal mail (Monash Institute of Pharmaceutical Sciences, Monash University, Parkville,

3052 Victoria, Australia) or via email (patrick.sexton@monash.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
COS-7 cells (ATCC CRL-1651)

A COS-7 cell line stably transfected with pEF-IRESpuro6 (adapted from (Hobbs et al., 1998)) expression vector containing cMyc

tagged hCTRaLeu (Andreassen et al., 2014) was generated as follows: A polyclonal population was selected (2mg/mL puromycin)

and FACS sorted using 9E10 (anti-cMyc, produced in-house) and goat anti-mouse AF647 secondary (Life technologies). A corre-

sponding control cell line was generated in parallel. Cell surface receptor expression was determined to be 1.2 ± 0.7 3 105 sites

per cell, by whole cell saturation binding. Cells were maintained in DMEM (Life-technologies) with 2mg/mL puromycin (Invivogen)

and 5% FBS.

HEK293A with CRISPR deletion of GNAS (Gas) and GNAL (Golf) were generated by CRISPR in the same manner as GNAQ/GNA11

disruption in Schrage et al., 2015 (Schrage et al., 2015) and successful introduction of null mutations was confirmed by DNA

sequencing, western blot and functional assays. This cell line is referred to as HEK293A delGas (E.T. van derWesthuizen,W. Stallaert,

A.-M. Schönegge, B. Plouffe, M. Hogue, A.I., S. Ishida, J. Aoki, and M. Bouvier, unpublished data). These were maintained in DMEM

supplemented with 5% FBS.

A HEK293A delGas cell line stably transfected with pEF-IRESpuro6 (adapted from (Hobbs et al., 1998)) expression vector contain-

ing cMyc tagged hCTRaLeu (Andreassen et al., 2014) was generated as follows: A polyclonal population was selected (10mg/mL

puromycin) and receptor expression confirmed by flow cytometry and activity confirmed using a cAMP accumulation assaywith tran-

sient transfection of wild-type Gas.

METHOD DETAILS

Fluorescently labeled peptides
K11R, Q14K, K18R substituted versions of sCT and sCT8-32 were purchased from Mimotopes. sCT8-32 was labeled with a 3-fold

molar excess of AF568 succinimidyl NHS ester (Life technologies) at pH 8.3 and free dye removed using a 3 kDamolecular weight cut

off centrifugal concentrator (Amicon). Labeled peptide was separated from unlabelled peptide by reverse phase HPLC and buffer

exchanged into PBS before storing at�80�C. sCTwas labeled with a 3-foldmolar excess of AF647 succinimidyl NHS ester (Life tech-

nologies) at pH 8.3 and free dye removed using a 3 kDa molecular weight cut off centrifugal concentrator (Amicon). The degree of

labeling was assessed using a Nanodrop (Thermo Scientific) and confirmed to be 1:1. The peptide ligands were then tested for re-

ceptor binding by flow cytometry and confocal microscopy and agonist activity confirmed in a cAMP accumulation assay.

Cell Culture
Transient transfections for live cell BRET, cAMP assays in HEK293A and preparation of membranes for membrane BRET assay were

performed with PEI (Verzijl et al., 2008). Linear PEI (m.w. 25000, Polysciences) was prepared in advance at 1mg/mL in sterile 150mM

NaCl and the pH adjusted to 7.0. DNA was diluted to 0.02mg/mL in sterile 150mMNaCl and PEI diluted to 0.12mg/mL in sterile 150mM

NaCl for a 1:6 ratio. These dilutions were immediately mixed and incubated for 10min at room temperature before being added drop-

wise to the adherent cells in fresh media. DNA was added proportional to the area of cells being transfected at a concentration of

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Gas
72:Rluc8 pcDNA3.1 The laboratory of Nevin Lambert Gas

72:Rluc8

Gas
72:mCherry pcDNA3.1 The laboratory of Nevin Lambert Gas

72:mCherry

Gas
72:Venus pcDNA3.1 The laboratory of Nevin Lambert Gas

72:Venus

Myr+Gas
72:mCherry pcDNA3.1 This paper Myr+Gas

72:mCherry

Myr+Gas
72:Venus pcDNA3.1 The laboratory of Nevin Lambert Myr+Gas

72:Venus

Software and Algorithms

TIRF residency script This paper https://figshare.com/articles/TIRF_Residency_

script_Cell_Furness2016_ijm/3798480

Ingel densitometry script This paper https://figshare.com/articles/Ingel_FRET_

densitometry_script/3798522
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0.066mg/cm2. Transient transfections for live cell imaging were performed according to manufacturers instructions using Lipofect-

amine-2000 (Life technologies).

CTR and G protein expression and purification from insect cells
The human calcitonin receptor (hCTR) was cloned into pFastBac1 vector to give a receptor containing anN-terminal Flag epitope and

a C-terminal 8x histidine tag. hCTR, human Gas short, His6-bovine Gb1 and Gg2 were expressed in HighFive insect cells grown in ESF

921 serum free media (Expression Systems). Culture were grown to a density of 4 million cells per ml and then infected with 3 virus’

each containing the gene for hCTR, human Gas short and dual vector of His6-bovine Gb1 and Gg2. Cultures were grown at 27�C and

harvested by centrifugation 48 hr post infection.

Cells were suspended in 20mM HEPES (pH 7.4), 50mM NaCl, 2mMMgCl2 supplemented with cOmplete Protease Inhibitor Cock-

tail tablets (Roche) 1 mM salmon calcitonin, nanobody 35 (10 mg/mL) and Apyrase (25mU/mL, NEB). The complex was solubilised by

0.5% (w/v)MNG (NG-310, Anatrace) supplementedwith 0.03% (w/v) cholesteryl hemisuccinate for 1 hr at 4�C. Insolublematerial was

removed by centrifugation and the solubilised complex were immobilised by batch binding to M1 Flag affinity resin. The resin was

packed into a glass column and washed with 20mM HEPES (pH 7.4), 100mM NaCl, 2mM MgCl2, 3mM CaCl2, 100nM salmon calci-

tonin, 0.01% (w/v) MNG and 0.006% (w/v) cholesteryl hemisuccinate before bound material was eluted in buffer containing 5mM

EDTA and 0.1mg/mL FLAG peptide. The complex was then concentrated using a Amicon Ultra Centrifugal Filters (MWCO

100 kDa) and subjected to size exclusion chromatography on a Superose 6 10/300 Increase column (GE Healthcare) in a buffer of

20mM HEPES (pH 7.4), 100mM NaCl, 2mM MgCl2, 100nM salmon calcitonin or 100nM human calcitonin, 0.01% (w/v) MNG and

0.006% (w/v) cholesterol hemisuccinate.

cAMP accumulation assay
cAMP assays were performed as follows: complete media was replaced with phenol red free DMEM with 1mM IBMX (3-isobutyl-1-

methylxanthine) and 0.1% BSA and incubated for 30 min. Cells were treated with ligands for 30 min prior to measurement of cAMP

using a SureFire alphascreen cAMP kit (PerkinElmer) or Lance TR-FRET cAMP kit (PerkinElmer). All data were interpolated to actual

cAMP concentration using an internal cAMP standard then normalized to the maximum forskolin or salmon calcitonin response.

Competition fluorescent binding assay
Cells were plated in 96 well black CulturPlate (Perkin Elmer) at 10,000 cells per well 8 hr prior to assay. Media was replaced with ice

cold DMEMwith 0.1%BSA and 10nM of antagonist sCT8-32:AF568 competed against either hCT or sCT on whole cells at 4�C over-

night. Cells were washed 3 times quickly with ice-cold DMEM/0.1% BSA and sCT8-32:AF568 fluorescence measured in a Pherastar

(BMG Labtech).

The equilibrium constant for sCT8-32:AF568 was determined using saturation binding onwhole cells at 4�Covernight in phenol red

free DMEM with 0.1% BSA with non-specific determined on control cells. Cells were washed 3 times quickly with ice-cold

DMEM/0.1% BSA and sCT8-32:AF568 fluorescence measured in a Pherastar (BMG Labtech).

Membrane equilibrium competition fluorescent binding assays were performed with crude plasma membrane preparations

(below). Binding to membranes was performed in a final volume of 200mL in fluorescent ligand binding buffer (150 mM NaCl /

2.6 mM KCl / 1.18 mM MgCl2 / 0.05% BSA / 1 mM DTT / 0.1 mM PMSF / 1:1000 protease inhibitor cocktail (P8340, Sigma) /

10 mM HEPES [pH 7.4]) in 96 well, black polypropylene round bottom plates (Corning) and measured homogeneously using fluores-

cence anisotropy in a Pherastar (BMG Labtech) after overnight incubation at 4�C.

Kinetic ligand binding
Membrane kinetic and kinetic competition fluorescent ligand binding assays were performed with crude plasma membrane prepa-

rations (below). Binding to membranes was performed in a final volume of 250mL in fluorescent ligand binding buffer (150 mM NaCl /

2.6 mM KCl / 1.18 mMMgCl2 / 0.05% BSA / 1 mM DTT / 0.1 mM PMSF / 1:1000 protease inhibitor cocktail (P8340, Sigma) /10 mM

HEPES [pH 7.4]) in 96 well, black polypropylene round bottom plates (Corning) and measured homogeneously using fluorescence

anisotropy in a Pherastar (BMG Labtech) at 30�C with 4 measurements per well per minute. For all experiments crude plasma mem-

brane was titrated to reducemaximum FP signal to% 30mP tominimize the effects of ligand depletion. For association:dissocitation

experiments baseline FP signal was measured with10nM sCT8-32:AF568 followed by addition of membranes for association then

31.6mM unlabelled sCT8-32 for dissociation. For kinetic competition baseline FP signal was measured with10nM sCT8-32:AF568

and indicated concentrations of CTR agonists followed by addition of membranes and measurement for 60 min.

Membrane preparations
Crudemembraneswere prepared by harvesting cells (�1.5 g packed volume) into 17mlmembrane preparation buffer (20mMBisTris

[pH 7.4] / 50 mM NaCl / 1 mM MgCl2 / 1:1000 P8340 (protease inhibitor cocktail, Sigma) / 1 mM DTT / 0.1 mM PMSF) followed by

homogenization with a polytron homogenizer at 4�C. The homogenate was then centrifuged for 10min at 700 g. The supernatant was

centrifuged at 100,0003 g for 30 min at 4�C. The pellet was washed by re-suspension in 17mLmembrane preparation buffer and re-

centrifuged at 100,0003 g for 30min at 4�C. The final pellet, containing cell membranes was resuspended in 800 ml membrane prep-

aration buffer and stored at �80�C.
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Crude plasma membranes were prepared by harvesting cells (�1.5 g packed volume) into 10 ml membrane preparation buffer fol-

lowed by homogenization with a polytron homogenizer at 4�C. The homogenate was loaded onto a stepped sucrose gradient (40% /

10% / homogenate) and centrifuged at 100,000 3 g for 2 hr 30 min at 4�C. The 40% / 10% interface (�1.5mL) was collected and

diluted to 17 ml with membrane preparation buffer followed by centrifugation at 100,0003 g for 30 min at 4�C. The final pellet, con-

taining crude plasma membranes was resuspended in �350mL membrane preparation buffer and stored at �80�C.
Enriched plasma membranes were prepared by harvesting cells (�1.5 g packed volume) into 5 ml membrane preparation

buffer followed by homogenization with a polytron homogenizer at 4�C. The homogenate was loaded onto a stepped sucrose

gradient (40% / 35% / 22.5% / 10% / homogenate) and centrifuged at 100,0003 g for 2 hr 30 min at 4�C. The 22.5% / 10% interface

(�1.5mL) was collected and diluted to 17ml withmembrane preparation buffer followed by centrifugation at 100,0003 g for 30min at

4�C. The final pellet, containing enriched plasma membranes was resuspended in�250mL membrane preparation buffer and stored

at �80�C.

Native PAGE
In vitro transformation; either 20mg (all COS-7/CTR experiments) or 40mg (all HEK293A DGas / CTR experiments) of purified plasma

membrane was added to 1mL of plasmamembrane preparation buffer containing the indicated concentrations of agonist and nucle-

otide, incubated for 30 min at 30�C before centrifugation at 20,000 3 g at 4�C. Membrane pellets were then solubilised in 15 ml of

plasma membrane preparation buffer containing either 2% digitonin (Serva) or 1% MNG (Affimetrix)/ 0.1% CHS (Affimetrix) and

10% glycerol for 10 min at 4�C. For antibody shift experiments FAbs (9E10, anti-cMyc (in-house) and 1H10, anti-CTR (Welcome Re-

ceptor Antibodies (Wookey et al., 2012))) were added at this point and incubated at 4�C for 1 hr. Insoluble material was pelleted by

centrifugation at 20,0003 g for 5 min at 4�C. The methods of Wittig et al. were adapted for blue native PAGE (Wittig et al., 2006) and

high resolution clear native PAGE (Wittig et al., 2007). For blue native PAGE samples were then directly loaded. For high-resolution

clear native PAGE ponceau S (Serva) was added to a final concentration of 0.1% w/v. High resolution native PAGE, 6%–11% and

4%–13.5% linear gradient gels were prepared using a BisTris / Tricine / 6-amino caproic acid buffering system. Electrophoresis

was performed at 4�C at pH 7.4. For blue native PAGE the cathode buffer contained 0.02% Coomassie G-250; for high-resolution

clear native PAGE there was 0.02%MNG/0.002%CHS (Affimetrix) in the cathode buffer.

For blue native PAGE transfers were performed using a BisTris / Tricine buffer at pH 7.4, whereas, a Tris / Acetate buffer at pH 8.6

for transfer from high-resolution clear native PAGE.

For in gel fluorescence and FRET measurements between Gas and Gg2 HEK293A D Gas cells stably expressing CTR were trans-

fected with 1:1:1 ratios of Gg2:Venus /
Mry+Gas

72:mCherry / Gb1 OR Gg2:mCherry / Mry+Gas
72:Venus / Gb1 36 hr prior to harvesting and

preparation of crude plasmamembranes (above). In vitro transformation with agonists was performed as described above. Gels were

immediately imaged post electrophoresis using a Typhoon multimode imager (GE Healthcare life sciences). The lane order was ran-

domized between experiments to eliminate systematic errors that may be introduced while imaging. The donor (Venus) channel was

imaged using the 488 laser and 520/40 emission filter, acceptor with the 532 laser and 610/30 emission filter while the FRET signal

was captured using the 488 laser and 610/30 emission filter.

Immunoblotting was performed using anti-cMyc antibody (9E10 (IgG1), in house), anti-CTR (1H10 (IgG2a) Welcome Receptor

Antibodies), anti-Gas SC383 (Santa-Cruz) primary antibodies and highly cross absorbed goat anti-mouse AF647, goat anti-rabbit

AF532, goat anti-mouse IgG1 AF568 and goat anti-mouse IgG2a AF633 secondaries (Life-Technologies). Transfers were performed

as described above, overnight at 4�C at 20V to low fluorescence PVDF membrane (BioRad). Transfers from blue native PAGE were

first destained with methanol then rinsed with MQ H2O. Transfers were stained with 0.2% Ponceau / 3% trichloroacetic acid in MQ

H2O andmolecular weight standards marked with a pencil. Membranes were then destained with PBS/0.05% Tween20 and blocked

for 1 hr with 5% BSA in PBS/0.05% Tween20. All primary antibodies were diluted to a final concentration of 1mg/mL in PBS with 1%

BSA, 0.05%Tween20 and 0.02% sodium azide. Membraneswere incubated either overnight at 4�Cor room temperature for 2 hr with

primary antibody dilutions. Membranes were then washed 3 times for 5 min each in PBS/0.05% Tween20. All secondary antibodies

were diluted to 1mg/mL in PBS/0.05%Tween20. Membranes were incubated in secondary antibodymixtures for 90min at room tem-

perature. Membranes were then washed 3 times for 5 min each in PBS/0.05% Tween20 prior to imaging. All images were captured

using a Typhoon multimode imager (GE Healthcare life sciences).

G protein BRET
Live cell BRET: COS-7 cells stably expressing CTR were transfected with 2:1:2 ratios of Gg2:Venus / Gas

72:Rluc8 / Gb1 16 hr prior to

assay.Media was replacedwith DMEM/0.05%BSA and cells equilibrated for 30min. 10min prior to assay coelantrazine hwas added

to a final concentration of 5mM. Baseline measurements were taken for 1 min prior to addition of vehicle or agonists and reading for a

further 9 min. All assays were performed in a final volume of 200 ml and BRET measurements were made in a Pherastar.

BRET on crudemembranes. COS-7 cells stably expressing CTRwere transfected with 2:1:2 ratios of Gg2:Venus / Gas
72:Rluc8 / Gb1

16 hr prior to harvesting and preparation of crude membranes (above). Membranes were added at 20 mg per well in a modified HBSS

buffer consisting of HBSS with 10 mMHEPES (final pH 7.4) / 1mMDTT / 0.1mM PMSF / 1:1000 P8340 and 0.01%BSA at 37�C. Coe-
lantrazine h (Nanolight) was added to a final concentration of 5mMand baselinemeasurements taken for 1 min prior to the addition of

vehicle or GTP. A further 1 min of measurements were taken, followed by addition of vehicle or agonist and reading for a further

15 min. All assays were performed in a final volume of 250 ml and measured in a Pherastar.
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GTP association
HEK293A DGas cells stably expressing CTRwere transfected with 1:1:1 ratios of Gg2 /

Mry+Gas
72:mCherry / Gb1 16 hr prior to harvest-

ing and preparation of crude membranes (above). 100mg of crude membrane was diluted to 50mL in membrane preparation buffer

containing an additional 10mM MgCl2, 500mM ATP, 1mM DTT, 1:1000 P8340 and 0.05% BSA and 1mM of either hCT or sCT prior

to incubation at 30�C for 20 min. This was then allowed to cool to room temperature (25�C) for approximately 5 min. 50mL aliquots

of membrane preparation buffer containing an additional 10mM MgCl2, 500mM ATP, 1mM DTT, 1:1000 P8340 and 0.05% BSA and

60nM ATTO488-g-(6-Aminohexyl)-GTP buffer were transferred to 96 well, black polypropylene round bottom plates (Corning) and

allowed to equilibrate to 25�C in a Pheratar (BMG Labtech). Binding was initiated by addition of pre-equilibrated membranes

and FRET measured homogeneously using a Pherastar (BMG Labtech) at 25�C with 6 measurements per well per minute.

G protein residency
COS-7 cells stably expressing CTR were plated onto fibronectin (Sigma) coated transwell inserts (Falcon) 24 hr prior to assay. 16 hr

prior to assay cells were transiently transfected either with Gg2:Venus OR 1:1:1 ratio of Gg2 / Gas
72:mCherry / Gb1. On the day of assay

media was replaced with room temp (20�C) phenol red free DMEM with 0.05% BSA. The transwell insert was then removed and the

PET membrane carefully removed with a scalpel blade. This was placed apical side down on a fluorodish (Precision World Instru-

ments) and a custom manufactured, food grade stainless steel weight added to the periphery, all in room temp (20�C) phenol red
free DMEMwith 0.05%BSA. Apical cell regions were imaged with a Leica TIRFmicroscope with a 160x (Plan Apo), 1.47NA oil objec-

tive at 33 frames per second (Gg2:Venus) or 40 frames a second (Gas
72:mCherry). An image sequence of (typically) 2minwas captured

prior to the addition of agonist followed by 2 – 5 min of image acquisition.

Modeling G protein rearrangement
The crystal structure of the b2 adrenergic receptor in complex with Gasb1g2 (PDB: 3SN6) was used as a template, the crystal structure

of Rluc8 (PDB: 2SPSD) was positioned to align its N- and C-terminal amino acids with the unresolved loop of the Gas chain where the

genetic insertion was made and the crystal structure of eYFP (PDB: 3V3D) placed at the C- terminus of the Gg2 chain. The crystal

structure of the GDP bound conformation of Gas (PDB: 1AZT) was aligned to the ternary complex structure by RMSD minimization

of the RAS-like domain of the ternary bound and GDP bound subunit; the ternary bound G0 Gas was thus replaced with inactive Gas

and Rluc8 (PDB: 2SPSD) was positioned to align its N- and C-terminal amino acids with the unresolved loop of the Gas chain where

the genetic insertion wasmade and the crystal structure of eYFP (PDB: 3V3D) placed at the C- terminus of theGg2 chain. Amino acids

156-171 of Rluc8 are highlighted in magenta to show the rotation and translation of Rluc8 necessary to accommodate the open

versus closed state of Gas.

BRET CAMYEL assay
COS-7 cells were simultaneously transfected using linear polyethyleneimine (Verzijl et al., 2008) 24 hr prior to assay. Cells

(approximately 1.8x105) were mixed with 300 ng CTR DNA and 500 ng/well BRET cAMP biosensor DNA (CAMYEL (Jiang et al.,

2007)) at a 1:6 DNA to PEI ratio, prior to seeding into 16 wells of a white opaque 96-well plate in 5% FBS (v/v) DMEM with

penicillin/streptomycin.

Cells were washed with Hank’s balanced salt solution (HBSS), and then equilibrated in HBSS with 0.1% (w/v) BSA at 37�C for

30min prior to assay. RLuc luminescence and YFP fluorescenceweremeasured using a Pherastarmicroplate reader (BMGLabTech)

following addition of the RLuc substrate, coelenterazine h (Nanolight, 3 mM, 30 min prior to read). The baseline BRET ratio was

measured for 1 min. Following automated addition of vehicle, hCT or sCT, the stimulated BRET ratio was measured for 5 min, prior

to the manual addition of a positive control cocktail (10 mM forskolin, 100 mM 3-isobutyl-1-methylxanthine [IBMX] and 100 nM pros-

taglandin E1) to confirm sub-saturating stimulation by hCT and sCT (see Figures S5B and S5C). The change in BRET in response to

the positive control cocktail was measured for 4 min. Measurements were made in duplicate, every 4 s.

Increases in cAMP were analyzed by determining the BRET signal as a ratio of the light emitted at 465-505 nm (RLuc) to the light

emitted at 505-555 nm (YFP). For each well, the BRET data were expressed as the change in BRET signal relative to the average

baseline and positive control responses in the first and last min of the time course, respectively ([BRET signal – average BRET

baseline]/maximum BRET signal; BRET/BRETMax). Data were fitted to a one-phase association curve using PRISM and an extra

sum-of-squares F test applied to determine whether differences in association rate existed.

QUANTIFICATION AND STATISTICAL ANALYSIS

cAMP accumulation assay analysis
All data were was interpolated to actual cAMP concentration by fitting and internal standard of known cAMP concentrations to a

3 parameter logistic curve in PRISM (Graphpad) and then normalized to the maximum forskolin or salmon calcitonin response.

This data were analyzed using a biphasic, 4-parameter concentration response equation in PRISM (Graphpad) and an extra sum-

of-squares F test applied to determine whether differences in Emax and EC50 existed.
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Ligand binding analysis
The equilibrium constant for sCT8-32:AF568 was calculated using a one-site fit using PRISM (Graphpad) with non-specific binding

determined by binding to parental (untransfected) cells.

Whole cell and membrane equilibrium competition binding was analyzed using a single phase or biphasic (chosen on the basis of

an extra sum-of-squares F test comparison between models), 4-parameter competition equation in PRISM (Graphpad) with equilib-

rium constant of the probe determined by saturation binding (above) and an extra sum-of-squares F test applied to determine

whether differences in Ki existed.

Kinetic parameters for sCT8-32:AF568 were calculated in PRISM (Graphpad) using an association then dissociation model to

derive Kon and Koff from direct measurements of Kobs and Koff.

Kinetic competition parameters for all unlabelled ligands were calculated using the Kon and Koff calculated for sCT8-32:AF568 by

fitting data frommultiple concentrations of unlabelled competitor to amodel of competitive binding kinetics using PRISM (Graphpad)

(see (Motulsky and Mahan, 1984)).

Analysis of Native PAGE
For immunoblotting of native PAGE densitometry was performed using standard methods with the Fiji distribution of ImageJ (Schin-

delin et al., 2012) and data analyzed using a 3-parameter concentration response equation in PRISM (Graphpad) and an extra sum-

of-squares F test applied to determine whether differences in EC50 existed.

For in gel fluorescence and FRET a script was written to average the densitometry from the 3 control lanes and subtract this

average from the agonist lanes. The AUC for the receptor recruited G protein band was quantified for all ligand lanes in donor,

acceptor and FRET channels. To allow comparison across experiments the lane with the largest acceptor AUC value (regardless

of which ligand) was used to normalize the AUC for all lanes. This lane was also then used to normalize the remaining 2 channels.

The net FRET was calculated as follows: FRET / (donor + acceptor). An unpaired t test was used to determine whether differences

in acceptor of FRET signal differed between ligand treatments.

G protein BRET analysis
For rate calculations data were fitted to a one-phase association curve in PRISM (Graphpad) and an extra sum-of-squares F test

applied to determine whether differences in association rate existed. For EC50 and Emax determinations AUCwas used to fit 3-param-

eter concentration response curves using PRISM (Graphpad) on individual experiments. The derived EC50 and Emax values were then

used to perform paired t tests to determine whether differences existed andmean values used to generate curve fits shown in figures.

GTP association analysis
Rate datawere fitted to a one-phase association curve in PRISM (Graphpad) and an extra sum-of-squares F test applied to determine

whether differences in association rate existed.

G protein residency analysis
Residency times were measured using the Fiji distribution of ImageJ (Schindelin et al., 2012). A script was developed to apply the

following analysis to all image sequences: A Gaussian blur (1 sigma) was applied to the time series. The centroid of the local spot

maxima was detected using the Find maxima command (threshold varied between 50 and 250 depending on signal strength). Binary

masks of single spots were created and dilated by 2 pixels to allow robust detection of subsequent spots in the time series. Over-

lapping dilated spots were then assessed for how many frames they were present. This process was repeated for all detected spots

in a given time series. The number of spots occurring for each frame bin (bins from 1 to 100 frames) was counted for each image

sequence. Spots occurring for a single frame only were discarded to eliminate sampling error. The sum of the remaining spots

was used to convert the absolute number per bin to a percentage. Percentages from a particular experiment were averaged and

the averages from all experiments used to derive an exponential decay curve to estimate residency time. Each experiment was per-

formed on 3 separate days (n = 3), on each day at least 2 separate image sequences for an unstimulated, hCT and sCT stimulated cell

was captured and only image sequences containing > 3,000 events of longer than 2 frames were used for analysis. For 3D residency

plots the residency of 625 spots from representative image sequences were plotted as a 2D histograms.

DATA AND SOFTWARE AVAILABILITY

TIRF residency script
The custom script (http://dx.doi.org/10.4225/03/57C81DC64E72B) was written to measure the time a given spot was present in the

TIRF field. This is achieved by extracting the individual spots as single binary points and thenmeasuring howmany frames each one is

present for before the signal decreases to background.

In gel FRET quantitation script
The custom script (http://dx.doi.org/10.4225/03/57C821AE2C2DDc) waswritten to allow automated and unbiased background sub-

traction and quantitation of the fluorescence densitometry.
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Supplemental Figures

Figure S1. Functional Characterization of the Relative Efficacy of CTR Antagonist and Binding Affinities of Agonists, Related to Figure 1

(A) cAMP accumulation assay in COS-7 cells stably expressing CTR with cells stimulated for 30 min in the presence of IBMX with the indicated concentrations of

sCT8-32 (n = 4, each n conducted in triplicate on separate days with separate drug dilutions and data are presented as mean ± SEM). The cAMP response to

sCT8-32 has an Emax of 18% ± 2% of the full agonist response with a log EC50 of �7.93 ± 0.43.

(B) Whole cell saturation ligand binding in which cells were incubated overnight at 4�C with indicated concentrations of sCT8-32:AF568, Kd = 7 ± 2.9 nM (n = 5,

each n conducted in triplicate on separate days with separate drug dilutions and data are presented as mean ± SEM).

(C–E) Fluorescence Polarization competition binding on purified plasma membrane incubated overnight at room temp in the presence or absence of 1 mM

GppNHp and 10 nM sCT8-32:AF568 in the presence of the indicated concentrations of competing unlabeled sCT8-32 (C, antagonist), log Ki =�7.95 ± 0.04; hCT

(D) log Ki = �8.48 ± 0.34 and �6.76 ± 0.32; and sCT (E) �9.22 ± 0.05 (n = 4, each n conducted in triplicate on separate days with separate membrane prep-

arations, separate drug dilutions and data are presented as mean ± SEM).



Figure S2. Additional Characterization of receptor:agonist:Gas Ternary Complex Stoichiometry, Related to Figure 2

(A) Plasma membrane preparations from COS-7 cells expressing CTR were treated with 100nM sCT (+) prior to solubilization in digitonin at 6g/g followed by

separation on a 4%–13.5% blue native PAGE and transfer. Solubilisation in digitonin followed by blue native PAGE preserves high and low mobility ternary

complexes but results in relatively poor solubilization of CTR. The ternary complex was identified by probing for co-migration of CTR (green) and Gas (red) with a

representative blot (n = 4, each n conducted on separate days with separate membrane preparations) shown along with ratiometric densitometry indicating 2

ternary complex species composed of 2:1 and 1:1 CTR:Gas stoichiometry.



Figure S3. Agonist-Induced Changes in Heterotrimeric G Protein Conformation, Related to Figure 3

(A) Representative cAMP accumulation assay (conducted twice) in HEK293A DGas cells 20 hr after transient transfection with 1:1:1:1 CTR/Gg2:Venus/Gas
72:

Rluc8/Gb1 and stimulated for 30 min in the presence of IBMX with the indicated concentrations of sCT and hCT.

(B) COS-7 cells stably expressing CTR were transfected with Gg2:Venus/Gas
72:Rluc8/Gb1 16 hr prior to preparation of extensively washed, crude membranes.

Membranes were equilibrated and baseline BRETmeasured for 1 min prior to addition of vehicle or 300 mMGTP. Time-course for ligand induced change in BRET

at 100 nM with addition of 300 mM GTP for 5 min before agonist addition (n = 3, each n conducted in triplicate on separate days with separate membrane

preparations, separate drug dilutions and data are presented as mean ± SEM).

(C) COS-7 cells stably expressing CTR were transfected with Gg2:Venus/Gas
72:Rluc8/Gb1 16 hr prior to live cell BRET. Time-course for ligand induced change in

BRET with 1 mM agonist addition (n = 5, each n conducted in triplicate on separate days with separate drug dilutions and data are presented as mean ± SEM).

(D) Curves showing full kinetic responses, using washed, crude membranes, at all concentrations tested of sCT (left), hCT (right, sCT maximum response curve

in black, n = 9 each n conducted in triplicate on separate days with separate membrane preparations, separate drug dilutions and data are presented as

mean ± SEM).

(E) Curves showing full kinetic responses, using washed, crude membranes, at all concentrations tested of sCT (D, sCT maximum response curve (no GTP) in

black) and hCT (E, hCT maximum response curve (no GTP) in black), in the presence of 300mM GTP (n = 6, each n conducted in triplicate on separate days with

separate membrane preparations, separate drug dilutions and data are presented as mean ± SEM).



Figure S4. Scheme for TIRF on Apical Cell Surface, Related to Figure 6

Schematic for live cell total internal reflection fluorescence (TIRF) microscopy on the apical plasmamembrane, (1) cells are grown on transwell inserts, just prior to

assay the transwell membrane was cutout (2), placed upside down onto the imaging dish and weighed down at the periphery to allow TIRF imaging (3).



Figure S5. Agonist-Induced G Protein Residency and Activation in Live Cells, Related to Figures 6 and 7

(A) Representative cAMP accumulation assay (conducted twice) in HEK293A DGas cells 20 hr after transient transfection with 1:1:1:1 CTR/Gg2:Venus/Gas
72:

mCherry/Gb1 and stimulated for 30 min in the presence of IBMX with the indicated concentrations of sCT and hCT.

(B and C) Full time courses for rate of increase of intracellular cAMP as measured by a BRET cAMP sensor (CAMYEL) in COS-7 cells transiently transfected with

CTR and stimulated with CTR agonists at time 0 thenwith a cocktail to assess total sensor capacity at 5min (10 mM forskolin, 100 mM3-isobutyl-1-methylxanthine

[IBMX] and 100 nM prostaglandin E1, n = 4, n = 4, each n conducted in triplicate with different drug dilutions on different days, data are presented asmean +SEM).
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SUMMARY

Cannabinoid receptor 1 (CB1) is the principal target
of D9-tetrahydrocannabinol (THC), a psychoactive
chemical from Cannabis sativa with a wide range of
therapeutic applications and a long history of recrea-
tional use. CB1 is activated by endocannabinoids
and is a promising therapeutic target for pain man-
agement, inflammation, obesity, and substance
abuse disorders. Here, we present the 2.8 Å crystal
structure of human CB1 in complex with AM6538, a
stabilizing antagonist, synthesized and character-
ized for this structural study. The structure of the
CB1-AM6538 complex reveals key features of the
receptor and critical interactions for antagonist
binding. In combination with functional studies and
molecular modeling, the structure provides insight
into the binding mode of naturally occurring CB1

ligands, such as THC, and synthetic cannabinoids.
This enhances our understanding of the molecular
basis for the physiological functions of CB1 and pro-
vides new opportunities for the design of next-gener-
ation CB1-targeting pharmaceuticals.

INTRODUCTION

Marijuana from Cannabis sativa L. has been used for both thera-

peutic and recreational purposes for many centuries (Lem-

berger, 1980; Li, 1973). In the 1940s, chemistry based on com-

pounds isolated from the plant (Wollner et al., 1942) produced

novel biologically active molecules (Adams et al., 1948; Ghosh

et al., 1940); however, it was not until the 1960s that the ac-

tive constituent of marijuana, D9-tetrahydrocannabinol (THC), a

terpenoid molecule, was isolated and characterized (Gaoni and

Mechoulam, 1964). This provided an early molecular foundation

for medicinal chemists to develop related structural analogs and

new synthetic ligands (Makriyannis and Rapaka, 1990; Razdan,

1986). Initially, due to their lipophilic nature, it was assumed

that cannabinoids exerted their effects by perturbing the phys-

ical properties of biological membranes (Makriyannis, 2014;

Mavromoustakos et al., 1995). This assumption was challenged

with the discovery, cloning, and expression of the first cannabi-

noid-specific membrane receptor, then designated as the

cannabinoid receptor (CB) (Devane et al., 1988; Matsuda et al.,

1990). With the subsequent identification of a second receptor,

the designation evolved to CB1 and CB2 (Munro et al., 1993).

The discovery of the endogenous agonists to the receptors,

the endocannabinoids, anandamide (Devane et al., 1992), and

2-arachidonoyl glycerol (2-AG) (Mechoulam et al., 1995) soon

followed.

Cannabinoid receptors belong to the class A G protein-

coupled receptor (GPCR) family, signal through inhibitory Gai/o
heterotrimeric G proteins (Howlett, 1985), and interact with b-ar-

restins (Jin et al., 1999). CB1 is the most highly expressed GPCR

in the human brain and is expressed throughout the body, with

the highest levels found in the central nervous system (Herken-

ham et al., 1990).

Cannabis has been used for centuries in many cultures to

treat a wide range of medical conditions. More recently, thera-

peutic considerations have moved beyond the plant extract

to explore and produce more pharmacologically refined com-

pounds. CB1-selective small-molecule agonists have shown

therapeutic promise in a wide range of disorders, including

pain and inflammation (Cravatt and Lichtman, 2004), multiple

sclerosis (Pertwee, 2002; Pryce and Baker, 2015), and

neurodegenerative disorders (Fernández-Ruiz et al., 2015).

The first CB1-selective antagonist/inverse agonist, rimona-

bant (SR141716, Acomplia [Sanofi-Aventis]) (Rinaldi-Carmona
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et al., 1994), received approval from the European Medical

Agency as an adjunct to diet and exercise for treating obesity

(Janero and Makriyannis, 2009). Antagonists of CB1 have

been explored as potential therapeutics for obesity-related

metabolic disorders (Mazier et al., 2015), mental illness (Black

et al., 2011; Rubino et al., 2015), liver fibrosis (Mallat et al.,

2013), and nicotine addiction (Schindler et al., 2016).

However, rimonabant and other ligands in its class were not

approved in the United States due to concerns about adverse

events, such as increased anxiety, depression, and suicidal

ideation.

Numerous studies have investigated how ligands binding

CB1 can mediate downstream signaling. While the variety of

compounds exhibiting different pharmacological profiles have

provided clues regarding CB1 activation, the molecular details

defining the binding modes of both endogenous and exogenous

ligands are still largely unknown (Guo et al., 1994; Makriyannis,

2014; Picone et al., 2005). In order to address this deficit in un-

derstanding, we have determined the crystal structure of CB1

in complex with a tight binding antagonist AM6538. In conjunc-

tion with molecular docking, the structure was used to elucidate

the binding modes of a diverse set of antagonists/inverse ago-

nists and agonists of CB1. The structural details of the cannabi-

noid receptor reported herein improve our understanding of how

ligands engage tomodulate the cannabinoid system and provide

a useful model to facilitate the design of next-generation phar-

maceuticals to avoid unwanted side effects. The findings provide

insight into mechanisms of slow dissociation of antagonists,

which may potentially translate into long acting pharmacological

effects.

RESULTS

Synthesis of CB1 Stabilizing Antagonist AM6538 for
Structural Studies
One of the key factors facilitating the structure determination

of CB1 (Figure 1) is utilization of the antagonist AM6538, the

synthesis of which resulted from the strategic modification of

rimonabant to enhance its ability to stabilize the ligand-receptor

complex and promote CB1 crystal formation. In contrast with

rimonabant, the 5-phenyl ring substituent was modified so as to

introduce motifs (ex. alkyne unit) that could favor increased

affinity for the CB1 receptor (Tam et al., 2010). The rimonabant

analog, AM251, (1, Figure 2A) (Lan et al., 1999), a compound that

hasbeenusedextensivelyasapharmacological standardCB1-se-

lective antagonist, was used as the precursor in the AM6538

syntheticprocess.SynthesisofAM6538 involves the functionaliza-

tion of the iodo substituent at the para position of the 5-phenyl ring

in AM251 with an acetylenic chain system consisting of four car-

bons and substituted at the omega carbon. To this end,we initially

focused on targeting cysteine residues within CB1 by introducing

suitable electrophilic groups (Janero et al., 2015; Li et al., 2005;

Mercier et al., 2010; Picone et al., 2005; Szymanski et al., 2011)

at the fourth carbon of the alkyne unit, capable of forming a cova-

lentbondwith thecysteine thiol group.ForAM6538,we introduced

at this position a nitrate group (ONO2)whose rolewas to serve as a

polar group, which may be displaced by a suitable nucleophile

(e.g., thiol) (Pattison and Brown, 1956; Yeates et al., 1985) at or

near the binding domain or alternatively bind as an intact group

so as to obtain a non-covalent, near-irreversible attachment by in-

teracting with hydrogen bonding amino acid residues, as well as

Figure 1. Overall Structure of CB1-AM6538 Complex

(A) Side view of the CB1-AM6538 complex. The receptor is shown in gray cartoon representation. The ligand AM6538, shown with green sticks, demarcates the

binding pocket, which is partially occluded by the N-terminal loop (red). The nitrate group is not modeled in the experimental crystal structure, as the electron

density was not observed. The extracellular loops (ECLs) are shown in brown and the intracellular loops (ICLs) are shown in purple.

(B) Top view of the extracellular side. The disulfide bond in ECL2 is shown as yellow sticks.

See also Figures S2 and S3.
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residues capable of p-p interactions. In the present study, affinity

mass spectrometry analysis suggests that AM6538 reacts with

CB1 as an intact molecule with no evidence of covalent modifica-

tion of relevant cysteine residues.

AM6538 was a strong candidate for crystallographic studies

of the receptor based on its high affinity and wash-resistant

binding to CB1 as determined by radioligand competition assays

against the tritiated agonist, [3H]-CP55,940 (Ki = 3.4 ± 1.0 nM)

(Figures 2B–2D). This is in contrast to rimonabant, which can

be readily washed out of membranes, permitting subsequent

radioligand binding (Figures 2B–2D). Importantly, the crystallized

CB1 construct (described below) has comparable affinity for

AM6538 as the wild-type receptor (Ki = 5.1 ± 0.9 nM).

In functional assays, AM6538 is a competitive antagonist of the

effects of CP55,940 and THC on CB1-mediated inhibition of ad-

enylyl cyclase activity and b-arrestin2 recruitment in overexpres-

sion systems (Figures S1A and S1B and Table S1). Competitive

antagonism was confirmed by the [35S]-GTPgS binding assays

performed in mouse cerebellum (Figure S1C). For comparison

purposes, competitive antagonism was demonstrated for rimo-

nabant in the same systems (Figure S1 and Table S1).

Structure Determination of CB1-AM6538 Complex
To facilitate crystallization, it was necessary to modify the

wild-type (WT) CB1 sequence. Construct optimization proced-

Figure 2. Synthesis and Characterization of

AM6538

(A) Synthetic procedures for compound AM6538.

(B) Saturation [3H]-CP55,940 binding assays in the

absence (control) or presence of rimonabant

(100 nM) or AM6538 (50 nM) demonstrates that

both antagonists cause displacement of specific

binding of the radioligand when present concur-

rently in the 1 hr binding assay.

(C) Following pretreatment of membranes (37�C,
6 hr) with buffer only (none), rimonabant (100 nM),

or AM6538 (50 nM); membranes were washed

with buffer 33 prior to [3H]-CP55,940 binding as

described for (B).

(D) Percentage of remaining binding (Bmax) de-

tected following the conditions described in (B)

(concurrent) and (C) (pretreat and wash). Both

antagonists decrease the binding of [3H]-

CP55,940 to �30% when incubated concurrently

during the 1 hr binding assay. Under pretreatment

and washout conditions, rimonabant does not

affect subsequent radioligand binding, while

AM6538 continues to compete despite washing of

the membranes.

See also Figure S1 and Table S1.

ures (Lv et al., 2016) identified Flavo-

doxin (Chun et al., 2012) as a stabilizing

fusion partner when inserted within the

receptor’s third intracellular loop (ICL3)

at Val306 and Pro332. Additionally, the

WT receptor was truncated on both

the N and C termini by 98 and 58 resi-

dues, respectively. Finally, in order to

improve the expression and thermostability of the receptor,

four computationally predicted mutations (Thr2103.46Ala

[D’Antona et al., 2006], Glu2735.37Lys, Thr2835.47Val, and

Arg3406.32Glu) were introduced to the CB1 sequence (Figures

S2A–S2C) (superscripts denote amino acid position as

described by Ballesteros and Weinstein [1995]). The

modified CB1 construct was inserted into a pTT5 vector for

expression in HEK293F cells to generate protein (Figure S2D)

that formed crystals in lipidic cubic phase supplemented

with cholesterol (Figure S3E); the crystals diffracted to 2.8 Å

(Table 1).

Based on affinity mass spectrometry analysis, intact AM6538

is associated with the CB1 protein (Figure S3F). Electron

density with three branches was observed near the orthosteric

binding site and modeled as core AM6538 atoms with the

terminal nitrate group omitted (Figures 3D and S3). A molecular

dynamics (MD) simulation was performed on the CB1-AM6538

complex with the nitrate group intact and modeled through

docking analysis, and the results revealed that the root mean

square fluctuation (RMSF) values for the nitrate group and

the hinge carbon atom are higher, suggesting that the

nitrate group is more mobile than other atoms in AM6538 (Fig-

ure S4B). As a modeled ligand with other possibilities to fit the

electron density, further studies on ligand binding are under

investigation.

752 Cell 167, 750–762, October 20, 2016



Structural Features of CB1 in Complex with AM6538
The overall CB1 structural fold shares a similar architecture with

previously solved class A GPCR structures, containing seven

transmembrane (7TM)a-helices (I toVII) connectedby three extra-

cellular loops (ECL1–3), three intracellular loops (ICL1–3), and an

amphipathic helix VIII (Figures 1A and S3A). The non-truncated

part of the N terminus of CB1, residues 99–112, forms a V-shaped

loop,which inserts into the ligand-bindingpocket and functions as

a plug, restricting access to the pocket from the extracellular side

(Figures 1A and 1B).While the influenceof crystal packing interac-

tionson theconformationof theN terminus (FigureS3B) cannot be

ruled out, it is interesting to note that the N terminus has been

consistently observed in an ordered form in the structures of the

related lipid receptors LPA1 (lysophosphatidic acid receptor 1)

(Chrencik et al., 2015) and S1P1 (sphingosine 1-phosphate recep-

tor 1) (Hanson et al., 2012) and that the function of CB1 is very

sensitive to the presence of the ordered portion of the N terminus

(Andersson et al., 2003; Fay and Farrens, 2013). ECL2 in CB1

consists of 21 residues folding into an intricate structure that

projects four residues (268–271) into the binding pocket.

Previous work has shown that the four residues are important

for mediating interactions with certain classes of ligands

(Ahn et al., 2009; Bertalovitz et al., 2010) and that the two

cysteines (Cys257 and Cys264) in ECL2 are critical to the function

of CB1 (Fay et al., 2005). In the structure, the conformation of

ECL2 is constrained by the presence of an intraloop disulfide

bond (Cys257-Cys264) (Figure 1B) previously found in the

structures of the closely related LPA1 and S1P1 receptors. The

highly conserved disulfide bond between ECL2 and helix III

(Cys3.25) inmost class AGPCRs is lacking in all three lipid receptor

structures.

AM6538 Interactions in CB1 Ligand-Binding Pocket
The position of the ligand-binding pocket of CB1 is different from

the previously described orthosteric binding sites of other class

A GPCRs. AM6538 lies quite low in the binding pocket of CB1,

immediately above the conserved Trp3566.48 (Figures 3A and

3B). The ligand adopts an extended conformation with the ligand

strain close to its local minimum as determined by quantum

mechanical calculations (Figure S3D).

AM6538 forms mainly hydrophobic interactions with ECL2

and the N terminus, as well as with all CB1 helices except helix

IV (Figures 3A and 3B). As described above, the ligand has a pyr-

azole ring core with three functional groups. For clarity, we have

termed the 2,4-dichlorophenyl ring ‘‘arm 1,’’ the 4-aliphatic chain

substituted phenyl ring ‘‘arm 2,’’ and the piperidin-1-ylcarbamoyl

‘‘arm 3’’ (Figure 3C). The pyrazole ring core (including the 4-methyl

group) is situated between helices II and VII, forming hydrophobic

interactions with the side chains of Phe1702.57, Phe3797.35, and

Ser3837.39 (Figure 3C) and is capped by the N-terminal loop inter-

actions (Met103N-term). Arm 1 is located in a narrow side pocket

(Figure 3B) formed by helices II, III, VI, and VII and forms edge-

face p-p interactions with the side chain of Phe1702.57 and with

the backbone amide bond between Gly1662.53 and Ser1672.54.

This substituted ring moiety forms hydrophobic interactions with

Val1963.32, Trp3566.48, Cys3867.42, Leu3877.43, and Met103N-term

(Figure 3C). The 2,4-dichlorophenyl ring in arm 1 fits well into the

shape of the narrow side pocket (Figure S3C), which explains

why2,4-dichloroor 2-chloro substitutions result in optimal binding

(Lange and Kruse, 2005).

Arm 2 of the ligand extends toward a long, narrow channel

(Figure 3B) formed by helices III, V, VI, and ECL2. The phenyl

group in arm 2 establishes p-p interactions with Phe102N-term,

Phe268ECL2, and Trp3566.48; hydrophobic interactions with

Table 1. Crystallographic Data Collection and Refinement

Statistics

Data Collection and Refinement Statistics

Ligand AM6538

Number of crystals 29

Data Collection

Space group C2

Cell dimensions

a,b,c (Å) 116.56, 52.63, 143.63

b (�) 111.14

Number of reflections measured 160,794

Number of unique reflections 19,837

Resolution (Å) 47.30 - 2.80 (2.90-2.80)

Rmerge
a 0.126 (0.520)

Mean I/s(I) 10.1 (2.1)

Completeness (%) 97.4 (94.1)

Redundancy 8.1 (4.6)

CC1/2 0.999 (0.44)

Refinement

Resolution (Å) 47.05 - 2.80

Number of reflections (test set) 19,827 (985)

Rwork/Rfree 0.207/0.238

Number of Atoms

CB1 2,312

Flavodoxin 1,103

AM6538b 33

Lipid and other 102

Average B Factor (Å2)

Wilson 73.6

Overall 87.4

CB1 110.6

Flavodoxin 66.6

AM6538 119.5

Lipid and other 79.7

rmsds

Bond lengths (Å) 0.004

Bond angles (�) 0.638

Ramachandran Plot Statistics (%)c

Favored regions 97.7

Allowed regions 2.3

Disallowed regions 0
aData for high-resolution shells are shown in parenthesis.
bNitrate group is excluded due to the absence of electron density.
cAs defined in MolProbity.
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Leu1933.29, Val1963.32, and Leu3596.51 are observed. A triple

bond within the long aliphatic chain in arm 2 forms p-p interac-

tions with Phe268ECL2 and Trp3566.48 and forms hydrophobic

interactions with several residues, including Leu1933.29,

Val1963.32, Thr1973.33, Leu3596.51, and Met3636.55 (Figure 3C).

Interestingly, the binding mode of the long hydrophobic chain

is similar to that of ML056 with the S1P1 receptor (Figure 3B),

implying that this could be a conserved binding pocket for long

aliphatic chains in lipid-binding receptors. In regards to the ni-

trate group that has not been observed in the crystallographic

structure, our docking experiments define a domain in which

the nitrate group is interacting with residues Thr1973.33,

Tyr2755.39, and Trp2795.43 through hydrogen bonding and p-p

interactions (Figure S4A).

Finally, arm 3 extends toward a gap constituted by helices I, II,

VII capped by the N-terminal loop (Figure 3B). It forms interac-

tions with hydrophobic residues, Met103N-term, Ile105N-term,

Ile1191.35, Ser1231.39, Phe1702.57, Phe1742.61, Ala3807.36,

Ser3837.39, and Met3847.40 (Figure 3C). Unlike the p-p interac-

tions formed by the other two arms, the interactions between

arm 3 and the receptor are non-specific.

Among the interactions between AM6538 and CB1,

Phe1702.57 plays an important role by interacting with the pyra-

zole ring core, as well as rings in arm 1 and arm 3. Moreover,

Phe1702.57 is pushed by the ligand to move toward helix I, result-

ing in a tilt of the last two turns (residues 170–177) of helix II

toward helix I, compared to S1P1 and LPA1, the two closest

homologs (Figures 4A and 4B). This tilted helix II, in turn, pushes

Figure 3. Analysis of the Ligand Binding

Pocket of CB1

(A) Key residues in CB1 for AM6538 binding.

AM6538 (green carbons) and CB1 residues (teal

carbons) involved in ligand binding are shown in

stick representation. The receptor is shown in gray

cartoon representation.

(B) The shape of the ligand binding pocket.

AM6538 (green carbons) and ML056 (brown car-

bons) are shown in stick representation.

(C) Schematic representation of interactions be-

tween CB1 and AM6538. The 2,4-dichlorophenyl

ring in the red circle is termed as arm 1; the

4-aliphatic chain substituted phenyl ring in the blue

circle is termed as arm 2; the piperidin-1-ylcarba-

moyl in the green circle is termed as arm 3. The

nitrate group, which was not observed in the

electron density, is shown in gray.

(D) Electron density maps calculated from the

refined structure of the CB1-AM6538 complex.

jFoj-jFcj omit map (blue mesh) of the ligand

AM6538 is shown (contoured at 3 s).

See also Figure S3.

helix I by about 7 Å, mainly due to interac-

tions with the two bulky residues

Phe1702.57 and Phe1742.61.

The role of Lys1923.28 in CB1 has been

intensively researched. It was reported

that Lys192Ala/Lys192Gln/Lys192Glu

mutants decreased the affinities of

several agonists such as CP55,940, HU-210, and anandamide

(Chin et al., 1998; Hurst et al., 2002; Pan et al., 1998; Song and

Bonner, 1996). Previously, it was suggested that Lys1923.28

has direct interactions with CB1 ligands. However, in our CB1

structure, Lys1923.28 does not interact directly with AM6538.

Instead, it forms a salt bridge/hydrogen bond network that stabi-

lizes the conformation of ECL1, the N terminus, and the extracel-

lular parts of helices II and III. The side chain of Lys1923.28 points

away from the binding pocket and forms salt bridges with

Asp1762.63 and Asp184ECL1, while Asp184ECL1 further stabilizes

the N terminus by forming a hydrogen bondwith the backbone of

Phe102N-term (Figure 4C).

Structural Comparison of the CB1, LPA1, and S1P1

Receptors
CB1, LPA1, and S1P1 receptors all bind lipid-derived endoge-

nous ligands (anandamide/sn-2-arachidonoylglycerol, sphingo-

sine-1-phosphate, lysophosphatidic acid) (Shimizu, 2009). Early

sequence analysis revealed that CB1 has a moderate sequence

identity with LPA1 (13% overall, 28% in TM regions) and S1P1

(14% overall, 27% in TM regions) (Bramblett et al., 1995; Isberg

et al., 2016) (Figure S5). Crystal structures of LPA1 (Chrencik

et al., 2015) and S1P1 (Hanson et al., 2012) have been recently

determined. The main structural difference between the three

lipid receptors occurs in the extracellular portion, with the most

striking being the unique conformation of the N-terminal loop of

CB1 (Figures 4A and 4B). For all three receptors, the N terminus

has a role in ligand recognition. Comparing the ligand binding
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positions of the three receptors, AM6538 lies more horizontally

than the ligands in LPA1 and S1P1, with arm 1 inserted deeper

into the side pocket (Figure 4A). Consistently, the N-terminal

loop in CB1 is positioned deeper into the binding pocket

compared to the N-terminal helices of LPA1 and S1P1, which

are both positioned as a cap on their respective ligand binding

pockets. As a consequence, helix I of CB1 is pushed outward

�7 Å relative to LPA1 and S1P1 by arm 2, opening awider gap be-

tween helices I and VII thanwhat was observed in LPA1 and S1P1

(Figure 4A). Moreover, helix II and ECL1 change their conforma-

tion inCB1,with helix II shifting 2 Å further from thebinding pocket

compared with LPA1 and S1P1, and ECL1 changing from a short

helical region in LPA1 andS1P1 to a loop inCB1 (Figure 4B). These

conformational changes effectively enlarge the binding pocket of

CB1, allowing access to the re-entrant N-terminal loop, and

contribute to the extensive surface area and multiple sub-

pockets associated with CB1. Finally, the ECL3 region of CB1 dif-

fers from that of its related receptors by a three helical turn exten-

sion of helix VII, which increases the rigidity and presumably

decreases the flexibility of this loop region in CB1 (Figure 4A).

The arrangement of Lys1923.28 in CB1 is unique when

compared with its equivalent residue Arg3.28 in LPA1 and S1P1.

In LPA1 and S1P1, Arg
3.28 points into the binding pocket forming

a strong interactionwith the phosphate head group of the ligands

(Figures 4D and 4E); it is stabilized by the negatively charged or

polar residue 3.29 (Gln125 in LPA1 and Glu121 in S1P1). How-

ever, in CB1 the environment near Leu1933.29 and the ligand is

hydrophobic, thus, it is energetically favorable for the positively

Figure 4. Comparison of CB1, LPA1, and S1P1 Structural Features

(A) Side view of CB1 with structurally divergent regions of LPA1 (PDB: 4Z34) and S1P1 (PDB: 3V2Y) overlaid. LPA1 and S1P1 receptors are shown in gray cartoons.

The CB1 N-terminal loop (red) occupies the polar binding pocket, helix I (red helix) is shifted out 7 Å compared with the other two receptors. ECL3 of CB1 shows a

three helical turn extension of helix VII (brown helix).

(B) 90� rotation of (A) for a top view of CB1 with structurally divergent regions of LPA1 (4Z34) and S1P1 (3V2Y) overlaid. CB1 shows a conserved conformation of

ECL2 (blue) with the other two receptors, helix II is shifted out 2 Å (purple helix).

(C–E) The interaction network of position 3.28 of CB1 (K192), LPA1 (R124), and S1P1 (R120). Polar interactions are represented by black dashed lines. (C) CB1 is

shown in gray cartoon, AM6538 is shown in green sticks and the key residues are shown in blue sticks; (D) LPA1 is shown in gray cartoon, ONO-9780307 is shown

in purple-blue sticks and the key residues are shown in cyan sticks; (E) S1P1 is shown in gray cartoon, ML056 is shown in orange sticks and the key residues are

shown in pink sticks.

See also Figure S5.

Cell 167, 750–762, October 20, 2016 755



charged Lys1923.28 to point away from the binding pocket (Fig-

ure 4C). In fact, Lys1923.28 functions as a stabilization anchor

by forming a salt bridge/hydrogen bond network instead of

directly interacting with the ligand as Arg3.28 in LPA1 and S1P1.

Another major difference of the endogenous ligands of CB1

(anandamide, 2-AG), LPA1 (LPA) and S1P1 (S1P) is the head

group. The heads of LPA1 and S1P1 ligands are negatively

charged phosphate groups, while the heads of CB1 ligands are

neutral. In fact, phosphorylation of the head group of CB1 ligands

anandamide and 2-AG would transform them into ligands of

LPA1 (Chrencik et al., 2015).

Binding Modes of Representative Antagonists to CB1

We performed docking of AM6538 and three CB1 antagonists:

rimonabant, otenabant, and taranabant (Figure 5, Table S2),

which represent diverse scaffolds of CB1 antagonists used in

clinical trials. For each compound, the top one ranked pose

was used for analysis. The docking pose of AM6538 reproduces

the crystallographic pose (Figure S4A), with a root mean

square deviation (RMSD) of 0.55 Å. For the three antagonists,

their first-ranked docking poses resemble that of AM6538 in

the crystal structure, with three arms that fit into the three

branches of the binding pocket, as described in the AM6538

binding mode (Figure 5A). As denoted for AM6538, the arms in

the side pocket, long channel, and gap are termed arm 1, arm

2, and arm 3 (Figure 5B). The scaffolds of arm 1 and arm 2 of

the three antagonists are very similar to each other, and so are

the docking poses. The biggest difference is from arm 3, yet

they are all quite bulky, which we speculate is the signature for

CB1 antagonists. Taranabant has the highest affinity with CB1

among the three ligands (Table S2). It does not have a rigid aro-

matic ring at the core, allowing its arm 2 and arm 3 to have more

freedom to form stronger interactions with surrounding residues

(Figure 5C). Mutagenesis of Phe1702.57Ala or Phe1742.61Ala re-

sults in dramatically reduced functional affinity for rimonabant

and AM6538, while neither mutation alters the potency of the

agonist, CP55,940. More conservative mutations to tryptophan

(Phe1702.57Trp or Phe1742.61Trp) at either site have no

Figure 5. Docking of Different Antagonists in the CB1 Crystal Structure

(A) CB1 binding pocket with rimonabant (blue sticks), otenabant (raspberry sticks), and taranabant (brown sticks) are shown in gray surface representation.

(B) Chemical structures of rimonabant, otenabant, and taranabant. The red/blue/green rectangles highlight previously described ‘‘arms’’ of the molecule termed

arm 1/arm 2/arm 3 (see Figure 3C).

(C) Predicted bindingmodes of rimonabant (blue sticks), otenabant (raspberry sticks), and taranabant (brown sticks) with CB1. The interacting residues are shown

in yellow sticks, and H178 is shown in green sticks.

See also Figure S4 and Table S2.
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appreciable effect on antagonist binding, further supporting the

importance of the hydrophobic interactions at this site (Figures

S4G and S4H). In addition, we performed 50 ns MD simulations

to visually assess the predicted ligand-receptor interactions,

starting from the docking poses. The RMSD values of AM6538,

rimonabant, and otenabant are about 1.4 Å. For taranabant, the

value is larger (about 3 Å), in accordance with its lack of the

core aromatic ring (Figures S4C–S4F). The predicted interactions

of the ligandsare conservedduring the shortMDsimulations. The

central structure of AM6538 in MD simulation is closest to the

docking pose.

Docking Poses of Representative Agonists of CB1

Although the crystal structure we present is in the inactive state,

we are able to investigate how representative agonists likely bind

to the orthosteric pocket of CB1 by integrating molecular dock-

ing, mutagenesis, and SAR data (Ahn et al., 2009; Aung et al.,

2000; Bertalovitz et al., 2010). Six CB1 agonists (Table S2)—the

classical cannabinoids, THC andCP55,940; the endogenous ag-

onists, anandamide and 2-AG; and indole derivatives, JWH-018

and WIN 55,212-2—were selected for docking studies. These

agonists mainly interact with ECL2, N-terminal loop, helices III,

VI, and VII, and they do not interact with helices I and II. Their pre-

dicted binding modes are shown in Figure 6. For THC and

CP55,940, the rings reside between the N-terminal loop and

ECL2, forming p-p interactions with Phe268ECL2 (Figures 6A

and 6B), and the carbon chains extend into the long channel

and interact with residues from helices III, VI, and VII.

CP55,940 does not interact with helices I and II, which is sup-

ported by our mutagenesis studies: mutations on Phe170 and

Phe174 (Phe1702.57Ala/Trp or Phe1742.61Ala/Trp) do not alter

the potency of CP55,940 (Figure S4G). Anandamide and 2-AG

were predicted to adopt a C-shaped conformation and occupy

a similar space as THC (Figures 6C and 6D). Their hydrophilic

heads are sandwiched between the N-terminal loop and ECL2,

and their long aliphatic tails extend deeper into the long channel.

JWH-018 and WIN 55,212-2, however, are predicted to bind

deeper in the pocket than THC (Figures 6E and 6F). Both the

indole rings and naphthalene rings form p-p interactions with

Phe268ECL2. The N-substituents reach the end of the long chan-

nel and interact with helix V. The binding mode of JWH-018 and

WIN 55,212-2 is supported by mutations on helix V (McAllister

et al., 2003; Song et al., 1999) and SAR study of N-alkyl chain

length (Aung et al., 2000). Notably, all of the agonists interact

with Phe268ECL2 and Phe3797.35 in our docking poses, which

is consistent with mutagenesis studies on ECL2 (Ahn et al.,

2009) and Phe3797.35 (Figure S4I). Any of the following indivi-

dual mutations—Phe268ECL2Trp, Pro269ECL2Ala, His270ECL2Ala,

Ile271ECL2Ala, or breaking of the disulfide bond Cys257-Cys264

on ECL2—dramatically decreased the binding of all three

different types of agonists, yet had little impact on antagonist

binding (Ahn et al., 2009). The prominent role of Phe3797.35 to

facilitate CP55,940 functional affinity is supported by the loss

of CP55,940 potency with the Phe3797.35 Trp mutation and an

even greater loss of agonist activity with the Phe3797.35Ala mu-

tation (Figure S4I). While these mutations dramatically affected

CP55,940 agonism, they had no impact on antagonist/inverse

agonist (AM6538 or rimonabant) displacement of agonist (Fig-

ure S4J), further supporting the predicted binding pose of

CP55,940 (Figure 6G).

DISCUSSION

The ligand used in this study, AM6538, was designedwith the aim

of stabilizing the ligand-CB1 receptor complex andpromotingCB1

crystal formation. For this purpose, our approach focused on the

use of the substituted biarylpyrazole chemotype based on the

structure of rimonabant for obtaining highly utilized proprietary

probes. Within this class of compounds, a slight modification of

the chemotype led to AM251, a commonly used CB1 inverse

agonist/antagonist (Lanetal., 1999), andAM281, aCB1antagonist

whose radiolabelingproduced the first in vivo imaging agent for la-

beling CB1 in nonhuman primates and humans (Berding et al.,

2004;Gatley et al., 1998). AM6538 acts as aCB1 stabilizing antag-

onist, and the ligand was effective in allowing structural deter-

mination of CB1. AM6538 reacts as an intact molecule with no

crystallographic evidence of covalent binding while at the

same time not revealing the location of the terminal nitrate group

in the X-ray structure. While radioligand binding studies demon-

strate that AM6538 binds tightly to the receptor, the precise

mode of action for stabilizing the receptor remains to be

determined.

To date, there remains considerable controversy with re-

gards to CB1 ligands and their diverse medical applications.

This is likely due in part to the wide availability and illicit nature

of the most famous CB1 pharmaceutical, marijuana. Marijuana

has been widely used across many cultures to treat multiple

conditions, with most of the results relayed via oral tradition,

anecdote, political position, or with economic interest prevent-

ing an objective interpretation of therapeutic efficacy in any

particular disease state (Whiting et al., 2015). The medicinal

marijuana movement continues to gain support, and clinical tri-

als with well-defined endpoints will continue to educate the

medical and pharmaceutical communities regarding the relative

benefits and drawbacks of targeting this physiological system.

The crystal structure of CB1 in complex with AM6538 reveals

an expansive and complicated binding pocket network consist-

ing of multiple sub-pockets and channels to various regions of

the receptor. The three-arm ligand structure is common to CB1

antagonists and inverse agonists and may be critical for

stabilizing the inherent flexibility of the native receptor in a

non-signaling conformation. Combining the 3D structure of

CB1 and molecular docking of the three representative antago-

nists, which act as inverse agonists, rimonabant, otenabant,

and taranabant, the role of each arm is clearly illustrated. Arm

1 is crucial for high affinity binding, while arm 2 extends into

the long channel. An aliphatic or aromatic ring on arm 3 pushes

on helices I and II, causing them to bend outward, and poten-

tially modulating the pharmacological signaling state of the

receptor. Together with structure and modeling data, we spec-

ulate that a bulky ring on arm 3 is essential for CB1 antagonism.

This observation provides direction for designing more diverse

compounds as we have learned that variable chemical groups

are tolerated at the core of arm 3, a long carbon chain can be

added at the para-position of the phenyl ring in arm 2. For

example, introduction of a 4-cyanobut-1-ynyl at arm 2
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Figure 6. Docking Poses of Different Cannabinoid Receptor Agonists
(A–F) Chemical structures and predicted binding poses of THC (pink sticks) (A), CP55,940 (magenta sticks) (B), Anandamide (cyan sticks) (C), 2-AG (green sticks)

(D), JWH-018 (yellow sticks) (E), and WIN 55,212-2 (blue sticks) (F).

(G) Zoom-in view of predicted CP55,940 binding pose. CP55,940 is shown inmagenta sticks, AM6538 is shown in green sticks, and the key residues are shown in

slate sticks.

See also Figure S4 and Table S2.
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produces AM6545 (Table S2), a high-affinity CB1 neutral antag-

onist (Tam et al., 2010).

Understanding the nuances of CB1 binding and activation is

important, as human use has noted differences between the

phytocannabinoid agonist THC and the synthetic cannabinoid

constituents of ‘‘Spice’’ or ‘‘K-2’’ such as JWH-018. In general,

cannabinoid agonists are routinely abused substances; yet,

while overdose of THC/marijuana has not been documented,

there have been cases of severe and even deadly responses

to the ingestion of such synthetic mixtures resulting in federal

restrictions by many countries, including the US. It remains un-

clear as to why THC can have such a high safety margin, while

the synthetic cannabinoid constituents can prove toxic with

varying severities of serious side effects (Hermanns-Clausen

et al., 2013). Going forward, the study of cannabinoids present

in Cannabis sativa will provide clues to its high efficacy and

safety margins and may continue to inspire a rich source of

pharmacologically refined compounds and novel therapeu-

tics; the utility of the crystal structure may provide inspiration

for drug design toward refining efficacy and avoiding adverse

events.
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HA Epitope Tag Antibody, Alexa Fluor 488 conjugate (16B12) Thermo Fisher Scientific Inc. Cat#A-21287; RRID: AB_2535829

Chemicals, Peptides, and Recombinant Proteins

Polyethylenimine (PEI) Polysciences Cat#23966-2

EDTA-free complete protease inhibitor cocktail tablets Roche Cat#5056489001

Iodoacetamide Sigma Cat#I1149

n-dodecyl-beta-D-maltopyranoside (DDM) Anatrace Cat#D310

Cholesterol hemisucinate (CHS) Sigma Cat#C6512

N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]

maleimide (CPM)

Invitrogen Cat#D10251

TALON IMAC resin Clontech Cat#635507

1-Oleoyl-rac-glycerol (monoolein) Sigma Cat#M7765

Cholesterol Sigma Cat#C8667

CP55,940 Tocris Cat#0949

SR141716A (Rimonabant) Tocris Cat#0923

[3H]-CP 55,940 NIDA Drug Supply Program NOCD-092

[3H]-SR141716A NIDA Drug Supply Program NOCD-083

4’-Bromopropiophenone Aldrich B79706

2,4-Dichlorophenylhydrazine hydrochloride Fisher Scientific/Acros AC166740250

1-Aminopiperidine Aldrich A75900

But-3-yn-1-ol Aldrich 130850

Hünig’s base Aldrich D125806

Tetrakis(triphenylphosphine)palladium(0) TCI Chemicals/Aldrich T1350/216666

Copper(I) iodide Aldrich 215554

Sodium iodide Aldrich 383112

Tetrabutylammonium iodide Aldrich 140775

Silver nitrate Aldrich 209139

THC Sigma Cat#T-005-1ML

[35S]-GTPgS PerkinElmer Cat#NEG030H250UC

Critical Commercial Assays

HTRF HiRange cAMP Assay Kit CISBIO Cat# 62AM6PEC

PathHunter Detection Kit DiscoveRx Cat#93-0001

Q5 site directed mutagenesis kit NEB Cat#E0554S

Deposited Data

CB1_AM6538 complex structure This paper PDB: 5TGZ

Experimental Models: Cell Lines

Freestyle 293-F cells Invitrogen Cat#R790-07

Phoenix-AMPHO Allele Biotechnology Cat#ABP-RCV-10001

CHO-K1 ATCC CCL-61

CHO-hCB1R PathHunter DiscoveRx DiscoveRx Cat#93-0959C2

Experimental Models: Organisms/Strains

Mice/ C57BL/6J Jackson Labs 000664

Recombinant DNA

Human CB1 gene GenScript N/A

pMSCVpuro vector Clontech Cat#634401
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REAGENT or RESOURCE SOURCE IDENTIFIER

pcDNA 3.1 (+) vector Thermo Scientific V79020

3HA-human CB1 receptor cDNA Missouri S&T cDNA

Resource Center

Cat#CNR010TN01

Sequence-Based Reagents

Primers for site-direct mutagenesis This Paper N/A

F170W_forward:GTGTCATTTGG GTCTACAGC This Paper N/A

F170A_forward:GTGTCATTGCT GTCTACAGC This Paper N/A

F170_reverse:TCCCCAGGAGGTCTG This Paper N/A

F174W_forward:CTACAGCTGG ATTGACTTCCA This Paper N/A

F170A_forward:CTACAGCGCC ATTGACTTC This Paper N/A

F174_reverse:ACAAAAATGACACTCCCCAG This Paper N/A

F379A_forward:GTGGCTGCATTCTGCAGT This Paper N/A

F379W_forward:GTGTGGGCATTCTGCAGT This Paper N/A

F379_reverse:CGTCTTAATGAGCTTGTTCATC This Paper N/A

Primers for cloning WT CB1 to the modified pTT5 vector This Paper N/A

pTT5_forward:CTGTATTTTCAGGGCGGCGGCCGCGTCCCT

GCCGACCAGGTGAACATT

This Paper N/A

pTT5_reverse:GTGGTGATGGTGGTGATGGTGGTGGGAGGG

GAACATGCTGCGGAAAGC

This Paper N/A

Software and Algorithms

Schrödinger Suite 2015-4 Schrödinger https://www.schrodinger.com

GROMACS 5.1.2 Abraham et al., 2015 https://www.gromacs.org

SwissParam Zoete et al., 2011 www.swissparam.ch

XDS Kabsch, 2010 Xds.mpimf-heidelberg.mpg.de

SCALA Collaborative Computational

Project, Number 4, 1994

www.ccp4.ac.uk/html/scala.html

Phaser McCoy et al., 2007 https://www.phenix-online.org

Phenix Adams et al., 2010 https://www.phenix-online.org

Buster Smart et al., 2012 https://www.globalphasing.com/buster

COOT Emsley et al., 2010 www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot

Prism v.6.0 GraphPad Software Inc. N/A

Jaguar 9.0 Schrödinger www.schrodinger.com

ICM Abagyan and Totrov, 1994 www.molsoft.com

Other

Solid white 384-well assay plates VWR Cat#82051-278 (CS)

Low-volume (20 mL) 384-well assay plates VWR Cat#784080

DMEM/F-12 (1:1) cell culture media Invitrogen Cat#11330-057

Opti-MEM cell culture media Invitrogen Cat#11058-021

FreeStyle 293 Expression Medium Life Technologies Cat#12338-026

Phoenix package system Stanford University N/A

Penicillin/Streptomycin Invitrogen Cat#15140-122

Puromycin Invitrogen Cat#A11138-03

Hygromycin B Life Technologies Cat#10687-010

Geneticin Life Technologies Cat#10131-035

100kDa cutoff concentrators Sartorius Cat#VS0642

PD Minitrap G-25 column GE Healthcare Cat#28-9180-07

96-well glass sandwich plates for LCP crystallization NOVA Cat#NOA90020

Lipofectamine 2000 Thermo Scientific 11668027
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding author Raymond C.

Stevens (stevens@shanghaitech.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Experimentally naive mice (C57BL/6J) were purchased from Jackson Labs at 9 weeks of age and were housed in groups of five per

cage in a specific-pathogen free facility, under a 12-h light-dark cycle with food andwater ad libitum. At�16weeks of age, mice were

euthanized by cervical dislocation prior to cerebellum dissection. A total of four mice were used to generate 4 independent exper-

iments for assessing [35S]GTPgS binding. All experiments were performed with the approval of the Institutional Animal Care and Use

Committee of The Scripps Research Institute, Jupiter, FL and in accordance to NIH guidelines.

METHOD DETAILS

Synthesis and Characterization of AM6538
All reagents and solvents used for chemical synthesis were purchased fromSigma-Aldrich, TCI Chemicals, Fisher Scientific, Acros or

Alfa Aesar. The palladium catalysts were purchased from Sigma-Aldrich or TCI Chemicals. 1H NMR (500 MHz) and 13C spectra (125

MHz) were recorded on a Varian Inova spectrometer. Chemical shifts (d) are reported in parts per million and are referenced to CDCl3
for 7.26 or 77.7. Multiplicities are indicated as br (broadened), s (singlet), d (doublet), t (triplet) or m (multiplet). Coupling constants (J)

are reported in hertz (Hz). Thin layer chromatography (TLC) was performed on Merck-Millipore 210 - 270 mm TLC silica gel plates,

(60 Å) and coated with a F254 fluorescent indicator. Flash column chromatography was performed on a Biotage Isolera Spektra sys-

tem with UV collections at 254 and 280 nm using Luknova flash columns preloaded with normal phase silica gel (50 mm). All moisture

sensitive reactions were performed under an atmosphere of high-purity argon while using oven-dried glassware. The intermediates

and final compounds were characterized using a combination of 1H NMR, 13C NMR and LC/MS techniques. The LC/MS analysis was

performed using a Waters MicroMass ZQ system (electrospray ionization mode) equipped with a Waters 2525 binary gradient

module, a Waters 2996 photodiode array detector, a Waters 2424 ELS detector, two Waters 515 HPLC pump, a fluidics organizer

and a pump control module II. Compounds were analyzed with gradient elution using acetonitrile/water as the mobile phase and

an XTerra MS C18 or an XTerra MS C8, 4.6 mm 3 50 mm column (5 mm). Melting-points were recorded on a Fisher Scientific

apparatus. IR spectra were obtained on a PerkinElmer SpectrumOne FT-IR spectrometer. Elemental analyses were performed using

a PerkinElmer Series II 2400 CHNS analyzer.

4-(4-(1-(2,4-dichlorophenyl)-4-methyl-3-(piperidin-1-ylcarbamoyl)-1H-pyrazol-5-yl)phenyl)but-3-yn-1-yl
methanesulfonate (2)
To a stirred solution of 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide (Lan et al.,

1999) (1, 1.1 g, 2 mmol) in DMF (30 ml), under argon was added but-3-yn-1-yl methanesulfonate (Tang and Prusov, 2012) (888 mg,

6 mmol), and Hünig’s base (1.9 mL 20 mmol). The reaction mixture was degassed by introducing a steady stream of argon into the

solution for 5 min and to this was added tetrakis(triphenylphosphine)palladium (0) (231 mg, 10 mol%) and CuI (76 mg, 20 mol%). The

resulting mixture was stirred for 3 hr at room temperature. The solvent from the reaction mixture was removed in vacuo at 70�C and

the residue was dissolved in dichloromethane (100 ml) and washed with deionized water (23 �50 mL). The organic layer was sepa-

rated, dried over anhydrousMgSO4, filtered and the filtrate was removed in vacuo. The residue obtained was purified by flash column

chromatography on silica gel (n-hexane/AcOEt = 1/1) to provide 2 as awhite solid (511mg, 45%); m.p 176-178�C; 1HNMR (500MHz,

CDCl3-d) d 7.64 (br. s., 1H, NH), 7.41 (d, J = 1.46 Hz, 1H, ArH), 7.34 (d, J = 8.30 Hz, 2H, ArH), 7.25 - 7.31 (m, 2H, ArH), 7.05 (d, J =

8.30 Hz, 2H, ArH), 4.37 (t, J = 6.84 Hz, 2H, -O-CH2-), 3.07 (s, 3H, -S(O)2-CH3), 2.79 - 2.97 (m, 6H, -CH2-CH2- and -N(CH2CH2)2CH2,

2.37 (s, 3H, HetAr-CH3), 1.75 (m, 4H, -N(CH2CH2)2CH2, 1.43 (br. s., 2H, -N(CH2CH2)2CH2;
13C NMR (125 MHz, CDCl3-d) d 160.2,

144.7, 143.6, 136.2, 136.1, 133.2, 132.0, 130.8, 130.5, 129.7, 128.8, 128.1, 123.5, 118.5, 85.8, 82.5, 67.4, 57.3, 38.0, 25.7, 23.6,

21.0, 9.6; ES m/z 575.1710 (M++H).

1-(2,4-dichlorophenyl)-5-(4-(4-iodobut-1-ynyl)phenyl)-4-methyl-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide (3).
To a stirred solution of 2 (500 mg, 0.86 mmol) in anhydrous acetone (50 ml), under argon was added sodium iodide (1.3 g,

8.6 mmol) and tetrabutylammonium iodide (64 mg, 0.17 mmol). The resulting reaction mixture was refluxed overnight. The solvent

from the reaction mixture was removed in vacuo and the residue was dissolved in dichloromethane (75 ml) and washed with de-

ionized water (2 3 �50 mL). The organic layer was separated, dried over anhydrous MgSO4, filtered and the filtrate was removed

in vacuo. The residue obtained was purified by flash column chromatography on silica gel (n-hexane/AcOEt = 7/3) to provide 3 as

a white solid (326 mg, 62%); m.p 171-173�C; 1H NMR (500 MHz, CDCl3-d) d 7.65 (s, 1H, NH), 7.43 (d, J = 1.47 Hz, 1H, ArH), 7.38

(d, J = 7.81 Hz, 2H, ArH), 7.27 - 7.33 (m, 2H, ArH), 7.07 (d, J = 8.30 Hz, 2H, ArH), 3.31 (t, J = 7.32 Hz, 2H, I-CH2), 3.01 (t, J =

7.32 Hz, 2H, -CH2-CH2), 2.88 (m, 4H, -N(CH2CH2)2CH2, 2.39 (s, 3H, HetAr-CH3), 1.68 - 1.87 (m, 4H, -N(CH2CH2)2CH2, 1.45

(m, 2H, -N(CH2CH2)2CH2;
13C NMR (125 MHz, CDCl3-d) d 160.2, 144.7, 143.7, 136.3, 136.1, 133.2, 132.0, 130.8, 130.6, 129.6,
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128.6, 128.1, 123.9, 118.5, 90.3, 81.9, 57.3, 25.7, 24.8, 23.6, 9.6, 1.6; IR (neat) 3308, 2929, 2851, 2787, 2509, 2160, 2031, 1689,

1524, 1486, 1245, 967, 967, 842, 781 cm-1; ES m/z 607.1102 (M++H).

4-(4-(1-(2,4-dichlorophenyl)-4-methyl-3-(piperidin-1-ylcarbamoyl)-1H-pyrazol-5-yl)phenyl)but-3-yn-1-yl nitrate (4,
AM6538).
To a stirred solution of 3 (300 mg, 0.5 mmol) taken in anhydrous acetonitrile (30 ml), under argon was added silver nitrate (100 mg,

0.6 mmol). The resulting reaction mixture was heated to 70�C for 1 hr. The contents were cooled to room temperature and the solids

were filtered over a celite pad. The filtrate was removed in vacuo and the residue was dissolved in dichloromethane (75 ml) and

washed with deionized water (2 3 �50 mL). The organic layer was separated, dried over anhydrous MgSO4, filtered and the filtrate

was removed in vacuo. The residue obtained was purified by flash column chromatography on silica gel (n-hexane/AcOEt = 6/4) to

provide 4 (AM6538) (Makriyannis and Vemuri, 2016) as a white solid (173 mg, 65%); m.p 178-180�C; 1H NMR (500 MHz, CDCl3-d)

d 7.63 (s, 1H, NH), 7.41 (d, J = 1.95 Hz, 1H, ArH), 7.34 (d, J = 8.30 Hz, 2H, ArH), 7.24 - 7.32 (m, 2H, ArH), 7.05 (d, J = 8.30 Hz, 2H, ArH),

4.62 (t, J = 6.59 Hz, 2H, -O-CH2), 2.81 - 2.91 (m, 6H, -CH2-CH2 and -N(CH2CH2)2CH2), 2.37 (s, 3H, HetAr-CH3), 1.75 (m, 4H, -N(CH2-

CH2)2CH2, 1.43 (m, 2H, -N(CH2CH2)2CH2;
13C NMR (125 MHz, CDCl3-d) d 160.2, 144.7, 143.6, 136.2, 136.1, 133.2, 132.0, 130.8,

130.5, 129.7, 128.8, 128.1, 123.5, 118.5, 85.3, 82.4, 70.4, 57.3, 25.7, 23.6, 18.9, 9.6; IR (neat) 3319, 2935, 2857, 2811, 2502,

2160, 2031, 1976, 1682, 1616, 1528, 1488, 1277, 968, 881, 824, 781 cm-1; ES m/z 542.1627 (M++H); Elemental analysis calculated

for C26H25Cl2N5O4: C% 57.57, H% 4.65, N% 12.91; found: C% 57.34, H% 4.46, N% 12.74.

Rational Design of Thermostabilizing Mutations of CB1

To improve general stability and homogeneity of the detergent-stabilized CB1, mutations were rationally designed. A 3D homology

model of human CB1 was constructed and refined with ICM (Abagyan and Totrov, 1994) using the X-ray structure of sphingosine

1-phosphate receptor 1 (S1P1 receptor, PDB: 3V2W) (Hanson et al., 2012) as a template. Best scoring substitutions were visually

inspected and evaluated from the evolutionary conservation perspective resulting in a list of proposed substitutions. The predicted

substitutions were analyzed for improvement of the receptor monodispersity (as evidenced by SEC traces) and thermal stability (as

evidenced by increase in Tm in the CPM assay(Alexandrov et al., 2008).

Protein Engineering for Structure Determination
The sequence of the humanCB1 genewas synthesized byGenScript. The Flavodoxin (PDB: 1I1O,MW14.9kDa, with Y98Wmutation)

fusion protein was fused to the third intracellular loop of the human CB1 gene, using overlapping PCR. The construct has truncations

of the CB1 residues 1-98, 307-331 and 415-472. The resulting CB1-Flavodoxin chimera sequence was subcloned into a modified

mammalian expression pTT5 vector, which contains a haemagglutinin (HA) signal sequence, a FLAG tag and 103 His tag, followed

by a tobacco etch virus (TEV) protease cleavage site, before theN terminus of the chimera sequence. TheCB1 genewas furthermodi-

fied by introducing four rationally designed mutations, Thr2103.46Ala (D’Antona et al., 2006), Glu2735.37Lys, Thr2835.47Val and

Arg3406.32Glu, using standard QuickChange PCR.

Protein Expression in Mammalian Expression System
HEK293Fcells (Invitrogen)weregrown insuspensionstarting fromthedensitiesat0.2-0.33106 inahumidified incubatorwith5%CO2at

37�Cwith a shake speed of 130rpm. Passage cells when the cell density reaches to 1.6-1.83 106 cells/ml, about every 2-3 days. CB1-

Flavodoxinconstructwas transfectedandexpressed inHEK293Fcells (Invitrogen) (Passagenumber is12-20) using theFreeStyleTM293

Expression system (Invitrogen). Briefly, HEK293F cells were seeded on day 0 at 63 105 cells/ml in freeStyle 293 expression medium

(Invitrogen). On day 2 the transduction was performed at a cell density of 1.0 to 1.23 106 cells/ml and the cell viability over 95% using

PEI-DNA complexes. Approximately 48 hr post-transfection, cells were harvested by centrifugation at 400 g for 20 min at 4�C.

Protein Purification
Frozen cell pellets were thawed and lysed by repeated washing and centrifugation in the hypotonic buffer of 10 mM HEPES (pH 7.5),

10 mMMgCl2, 20mMKCl, and the high osmotic buffer of 10mMHEPES (pH 7.5), 1.0 MNaCl, 10 mMMgCl2, 20mMKCl, with EDTA-

free complete protease inhibitor cocktail tablets (Roche). The washed membranes were suspended in hypotonic buffer with 30%

glycerol and flash-frozen with liquid nitrogen and stored at �80�C until further use. Purified membranes were thawed at room

temperature and incubated with 20 mM AM6538 and inhibitor cocktail at 4�C for 3 hr. The membranes were further incubated with

1.0 mg/ml iodoacetamide (Sigma) for 1 hr. The membranes were solubilized in the buffer containing 50 mM HEPES (pH 7.5),

500 mM NaCl, 1% (w/v) n-dodecyl-beta-D-maltopyranoside (DDM, Anatrace) and 0.2% (w/v) cholesterol hemisucinate (CHS,

Sigma-Aldrich) at 4�C for 2.5-3 hr. The supernatants containing the solubilized CB1 proteins were isolated by high-speed centrifu-

gation, and then incubated with TALON IMAC resin (Clontech) and 20 mM imidazole, at 4�C overnight. The resin was washed

with 15 column volumes of washing buffer I containing 25 mM HEPES (pH 7.5), 500 mM NaCl, 10% (v/v) glycerol, 0.05% (w/v)

DDM, 0.01% (w/v) CHS, 30 mM imidazole and 20 mMAM6538, and 5 column volumes of washing buffer II containing 25 mMHEPES

(pH 7.5), 500 mM NaCl, 10% (v/v) glycerol, 0.05% (w/v) DDM, 0.01% (w/v) CHS, 50 mM imidazole and 20 mM AM6538. The protein

was eluted using 2.5 column volumes of elution buffer containing 25 mM HEPES (pH 7.5), 500 mM NaCl, 10% (v/v) glycerol, 0.02%

(w/v) DDM, 0.004% (w/v) CHS, 250 mM imidazole and 10 mM AM6538. A PD MiniTrap G-25 column (GE Healthcare) was used to

remove imidazole. The protein was treated overnight with TEV protease to cleave the N-terminal FLAG/His tags from the proteins.
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Finally, the purified protein was concentrated to about 50 mg/ml with a 100 kDa cutoff concentrator (Sartorius) and used in crystal-

lization trials. The protein yield and monodispersity were tested by analytical size exclusion chromatography.

Lipidic Cubic Phase Crystallization of CB1-AM6538 Complex
For the initial crystallization setup, purified CB1-Flavodoxin in complex with AM6538 was reconstituted into lipidic cubic phase (LCP)

by mixing with molten lipid (90% (w/v) monoolein and 10% (w/v) cholesterol) at a protein/lipid ratio of 2:3 (v/v) using a mechanical

syringe mixer (Caffrey and Cherezov, 2009). LCP crystallization trials were performed using an NT8-LCP crystallization robot

(Formulatrix). 96-well glass sandwich plates were incubated and imaged at 20�C using an automatic incubator/imager (RockImager

1000, Formulatrix). The crystals grew in the condition of 0.1MHEPES pH 7.0-7.4, 100mM (NH4)2HPO4, 25%–32%PEG400, 2-20mM

Ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA) and grew to the full size after 2 wk. The crystals were harvested

using micromounts (MiTeGen) and flash-frozen in liquid nitrogen.

Data Collection and Structure Determination
X-ray diffraction data were collected at the Spring-8 beam line 41XU, Hyogo, Japan, using a Pilatus3 6M detector (X-ray wavelength

1.0000 Å). A rastering and data-collection strategy was followed as previously described (Cherezov et al., 2009; Hanson et al., 2012).

Data were integrated and scaled using XDS (Kabsch, 2010) andmerged using SCALA (Collaborative Computational Project, Number

4, 1994). Initial phase information was obtained by molecular replacement (MR) with Phaser (McCoy et al., 2007) using the receptor

portion of LPA1 (PDB: 4Z34) and Flavodoxin structure (PDB: 1I1O) as searchmodels. Refinement was performed with Phenix (Adams

et al., 2010) and Buster (Smart et al., 2012) followed by manual examination and rebuilding of the refined coordinates in the program

COOT (Emsley et al., 2010) using both j2Foj-jFcj and jFoj-jFcj maps.

Quantum Mechanical Optimization of AM6538
Optimizing the geometry of AM6538 by quantum-mechanical energy minimization was performed using Jaguar 9.0 (Schrödinger,

2015a). Density functional theory (DFT) with B3LYP functional and basis set 6-31G**++ was used. The conformation in the crystal

structure was used as starting point.

Docking Simulations of CB1 Ligands
Prediction of ligand binding to CB1 was done with Schrodinger Suite 2015-4. Processing of the protein structure was performed with

the Protein PreparationWizard. Converting of ligands from 2D to 3D structures was performed using LigPrep. Molecular docking was

performed by two different methods: for antagonists, rigid protein docking in extra precision was used with Glide 6.9 (Friesner et al.,

2004; Friesner et al., 2006; Halgren et al., 2004; Schrödinger, 2015a); for agonists, Induced Fit Docking (Felder and Schrott-Fischer,

1995; Schrödinger, 2015b; Sherman et al., 2006), allowing optimization of residues within 5.0 Å, in extra precision, was used.

Molecular Dynamics Simulation of CB1 in Complex with AM6538 and Representative Antagonists
Molecular dynamics simulation was performed using GROMACS 5.1.2 (Abraham et al., 2015), using force field CHARMM27 (Feller

and MacKerell, 2000; MacKerell et al., 1998; Mackerell et al., 2004). Crystal structures of CB1 with AM6538 or inverse agonists in the

binding pocket (binding mode predicted by molecular docking) was embedded into a pre-equilibrated POPC (1-palmytoil-2-oleoyl-

sn-glycero-3-phosphatidylcholine) lipid bilayer following an online protocol (Kandasamy and Larson, 2006). The topology files of li-

gands and POPC molecules were generated using online server SwissParam (Zoete et al., 2011). The systems were solvated with

water, and chloride ions were added to neutralize the system.Molecular Dynamics simulations were performed in the NPT ensemble,

at temperature of 310K and pressure of 1 atm using semi-isotropic coupling. First, each systemwas balanced position-restrainedMD

for 10 ns (total energy was stable). Then 50 ns MD simulations with no position restraints were performed to each system for three

independent runs, and these trajectories are used for analysis. Ligand RMSD and RMSF values were calculated with non-hydrogen

protein atoms superimposed to the starting structure. The central structure was the structure with the smallest RMSD of all protein

and ligand atoms from all three trajectories, followed by energy minimization.

Radioligand Binding Assay
Stably transfected, hCB1 HEK293F cell lines expressing the WT receptor were used for saturation and competition binding assays

using [3H]-CP55,940 (0.79 nM, specific activity: 88.3 Ci/mmol, Perkin Elmer) with unlabeled CP55,940 (30 mM) used for nonspecific

binding determination. Binding assays were performed at 37�C for 1 hr in the presence of 25 mg protein per well prior to collection

of membranes by rapid filtration, washing and scintillation facilitated detection of tritium retained on the membranes according to

standard procedures (Janero et al., 2015).Saturation binding assays and subsequent nonlinear hyperbolic curve fitting analysis

(Graphpad Prism 6.0) revealed a Bmax of 10.2 ± 2.6 pmol/mg and Kd = 5.6 ± 2.3 nM. Assays were performed in the same manner

for determination of affinity for the crystallization CB1 construct wherein [3H]-CP55,940 (revealed a Bmax of 47.2 ± 13.1 pmol/mg

and Kd = 37.8 ± 13.9 nM). For wash out experiments at the WT CB1, membranes were incubated at 37�C for 1 hr in the presence

of vehicle (buffer with 1% DMSO), 100 nM rimonabant or 50 nM AM6538. The membranes were then resuspended in assay buffer

containing 1%BSA followed by centrifugation 2 times and then washed and collected a third time in assay buffer alone. These mem-

branes were then subject to the saturation binding assay as described above in this section.
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WT and Mutant hCB1-CHO Cell Line Generation for Functional Studies
The 3 3 HA (haemagglutinin)-N terminus tagged hCB1 receptor cDNA was obtained from cDNA.org and subcloned into a murine

stem cell virus for cell line transduction (pMSCV-puro, Clontech). Point mutations were introduced to the N terminus-3xHA-tagged

human CB1 receptor cDNA in MSCV retroviral vector by using Q5� Site-Directed Mutagenesis kit (New England Biolabs) to create

mutant CB1 plasmids (F170A, F170W, F174A, F174W, F379A and F379W). The primers used to make the mutations are given in the

Key Resources table. The WT and mutant CB1 constructs were then packaged into retrovirus via Phoenix package system, and the

produced retroviruses were applied to CHO-K1 cells for gene transduction. Stable cell lines were generated following selection

with antibiotic (puromycin) selection. Cells were passaged onto 384-well plates for pharmacological characterization. Cells were

maintained in DMEM/F-12 media supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 5 mg/mL puromycin

(Invitrogen, Waltham, MA).

Functional Analysis Studies
CISBIO cAMP HTRF Assay

Inhibition of forskolin-stimulated cAMP was determined using the CISBIO cAMP Homogeneous Time-Resolved Fluorescence reso-

nance energy transfer (FRET) (HTRF) HiRange assay according to the manufacturer’s instructions (Cisbio Assays, Bedford, MA).

Cells (5,000 cells/well in low-volume 384 well plates) were cotreated at room temperature for 30 min with 25 mM RO-20-1724 and

20 mM forskolin (Sigma-Aldrich), and hCB1R ligands at concentrations ranging from 0.03 – 10,000 nM. Cells were then incubated

with cAMP-d2 antibody in assay diluent and cryptate solution in lysis buffer for 60 min at room temperature (Cisbio Assays). Fluo-

rescence was measured at 620/665 nm using a Perkin-Elmer EnVision plate reader (Waltham, MA). FRET was calculated as fluores-

cence at 665 nm/620 nm. Basal cAMP levels were determined from cells incubated in the absence of RO-20-1724, forskolin, and

ligand. cAMP levels were determined in cells incubated with RO-20-1724 and forskolin. Compounds were dissolved in DMSO in

PBS and diluted to final solvent concentrations of 1% at the times and concentrations indicated. Agonist properties in the assays

used for the WT cells used competitive analysis were as follows: EC50 = 7.9 ± 2.0 nM, Emax = 3.21 ± 0.39 (fold over baseline, set

as 100%CP55,940); THC: EC50 = 160.1 ± 26.0 nM; Emax = 1.36 ± 0.05 (fold over baseline, set as 100% THC). NR3 individual exper-

iments performed in duplicate presented as mean ± SEM.

DiscoveRx bArrestin2 Assay

bArrestin2 recruitment was determined using the CHO-hCB1R PathHunter assay (DiscoveRx) according to the manufacturer’s

instructions following a 1.5 hr incubation at 37�Cwith the indicated concentrations of ligands. All experiments included a vehicle con-

trol. Agonist properties in the cell lines were as follows: CP55,940: EC50 = 23.8 ± 4.6 nM, Emax = 4.03 ± 0.19 (fold over baseline, set as

100%CP55,940); THC: EC50 = 89.2 ± 38.9 nM; Emax = 2.24 ± 0.16 (fold over baseline, set as 100%THC). NR3 individual experiments

performed in duplicate presented as mean ± S. E. M.

[35S]GTPgS Binding to CB1 in C57 Mouse Cerebellum Membranes

G protein-coupling in mouse brain was measured using a previously published protocol (Bohn et al., 2015; Janero et al., 2015). The

cerebellum from C57BL/6 mice (4-7 months old) were homogenized (glass on glass) in homogenization buffer (10 mM Tris-HCl, pH

7.4, 100mMNaCl, 1mMEDTA, 1mMDTT). The homogenate was passed through a 26-gauge needle, centrifuged twice at 20,000 x g

for 30 min at 4�C, and resuspended in ice-cold assay buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 5 mM MgCl2, 1 mM EDTA and

2 mMGDP, 1mMDTT). For each reaction, 2.5 mg of membrane protein was incubated in assay buffer containing�0.1 nM [35S]GTPgS

and increasing concentrations of test compound in a total volume of 200 mL for 2 hr at room temperature. Test compounds

(CP55,904, rimonabant, AM6538, and THC) were first diluted through serial dilutions in DMSO, then with assay buffer to a final

DMSOconcentration of 1%. Reactionswere terminated by filteringmembrane-bound and free [35S]GTPgS throughGF/B filters using

a 96-well plate harvester (Brandel Inc., Gaithersburg, MD) and rinsing with ice-cold dH2O. Filters were dried overnight, and radioac-

tivity was determined with a microplate scintillation counter. For experiments used to analyze drug competition, agonists and antag-

onists were incubated with the membranes simultaneously. Agonist properties in the mouse cerebellum: CP55,940: EC50 = 63.0 ±

5.5 nM, Emax = 2.40 ± 0.04 (fold over baseline, set as 100% CP55,940); N = 4 individual mouse cerebella preparations performed

in duplicate presented as mean ± SEM.

Protein Stability Assays
Protein thermostability was tested by a microscale fluorescent thermal stability assay using the thiol-specific fluorochrome N-[4-(7-

diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide (CPM), which reacts with the native cysteines embedded in the protein inte-

rior as a sensor for the overall integrity of the folded state. The CPM dye (Invitrogen) was dissolved in DMSO at 4 mg/ml and stored

at�80�C. Prior to use the dye stock was diluted 1:20 in buffer 25 mMHEPES, pH 7.5, 150mMNaCl, 10% glycerol, 0.05% (w/v) DDM

and 0.01% (w/v) CHS. The tested protein (�5 mg) was diluted in the same buffer to a final volume of 120 ml. 1 ml of the diluted dye was

added and thoroughly mixed with protein. The reaction mixture was incubated at room temperature for 15 min, and subsequently

transferred to a sub-micro quartz fluorimeter cuvette (Starna Cells, Inc.) and heated in a controlled way with a ramp rate of 1�C/min

over a temperature range from 20-90�C in a Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies). The excitation

wavelength was set at 387 nm, while the emission wavelength was 463 nm. Protein homogeneity was also tested by analytical

size-exclusion chromatography (aSEC) using a 1260 Infinity HPLC system (Agilent Technologies).
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Affinity Mass Spectrometry Analysis of AM6538
The CB1 protein co-purified with AM6538 was first desalted using PD MiniTrap G-25 column cartridge to deplete free ligands. Then

the protein complex sample (�1 mg) was filtered through 30 kDa MW cutoff ultrafiltration membrane (Sartorius, Germany) by centri-

fugation at 13,000 g for 10 min at 4�C in the buffer containing 150 mM ammonium acetate, 0.02% (w/v) DDM and 0.004% (w/v) CHS.

The protein complexes retained on the ultrafiltration membrane was transferred to a new centrifugal tube. The ligands were disso-

ciated from the complexes with 90%methanol and separated from the denatured protein by centrifugation at 13,000 g for 20 min at

25�C. The supernatant was dried out in speed vacuum, reconstituted in 50% methanol, diluted by 50-fold prior to LC-MS analysis

using Agilent 6230 TOF equipped with an Agilent 1260 HPLC system. The compound was eluted with 95% methanol/0.1% formic

acid from a Hypersil GOLD C18 column (2.1 mm 3 100 mm, 3 mm, Thermo Fisher Scientific, USA) at a flow rate of 0.4 mL/min.

Full-scan mass spectra were acquired in the range of 100-1000 m/z on Agilent 6230 TOF with major ESI source settings: voltage

3000 V, gas temperature 350�C, fragmentor 100 V.

QUANTIFICATION AND STATISTICAL ANALYSIS

Concentration-response curves for cAMP and b-arrestin2 are presented as % of CP55,940 or THC at 1 mM, as indicated. Concen-

tration-response curves were fit to a non-linear regression (three parameter) model to determine EC50 and Emax, or a Gaddum/Schild

EC50 shift global non-linear regression model in Prism (v. 6.0, GraphPad Software Inc., San Diego, CA), as indicated. In order to best

fit data to the Gaddum/Schild EC50 shift global non-linear regression, pEC50, pA2, Hill slope, Emax, and Emin were shared for all data-

sets. Schild slopewas constrained to unity after determining a competitive antagonismmodel (i.e. Schild slope = 1) was the preferred

model for these data.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The accession number for the coordinates and structures factors of CB1_AM6538 reported in this paper is PDB: 5TGZ.
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Supplemental Figures

Figure S1. Rimonabant and AM6538 Are Competitive Antagonists of CP55,940 and THC, Related to Figure 2

(A and B) Rimonabant (left) and AM6538 (right) competitively antagonize CP55,940 (top) and THC (bottom)-induced (A) Inhibition of forskolin-stimulated cAMP

accumulation in hCB1-CHO cells and (B) b-arrestin 2-recruitment in hCB1-CHO DiscoveRx PathHunter cells.

(C) Rimonabant (left) and AM6538 (right) competitively antagonize CP55,940-stimulated [35S]-GTPgS binding inmouse cerebellummembrane preparations. Data

are presented as the mean ± S. E. M. of 3 or more assays run in duplicate or triplicate. Competitive nonlinear analysis was performed in GraphPad Prism 6.0 and

parameters are included in Table S1. Characterization of agonist effects in the cells and cerebellum are provided in the supplemental methods.



Figure S2. Stability Assay of CB1 Mutants, Related to Figure 1

(A and B) Analytical size exclusion chromatography (aSEC) of CB1mutants testing the effects of mutations andmutation combination on protein homogeneity. (A)

The raw data show that the CB1 mutant containing all four mutations (orange trace) has the highest protein yield. (B) The normalized data show that the com-

bination (orange trace) improves protein homogeneity.

(C) CPM ramping assay of CB1 mutants testing the effects of mutations and mutation combinations on protein thermostability. The Tm value of the CB1 mutant

containing all four mutations (orange trace) is higher than other mutants, indicating that this mutation combination improves protein thermostability.

(D) Coomassie-stained polyacrylamide gel electrophoresis (PAGE) of the purified crystallization-grade CB1. CB1-1: Coomassie-stained PAGE of sample purified

by cobalt immobilized-metal affinity chromatography (TALON-IMAC); CB1-2: Coomassie-stained PAGE of sample after TEV protease digestion. The black line

indicates where three intervening lanes from the original gel were removed during figure preparation for clarity of presentation. Three additional lanes following

CB1 were omitted as well.



Figure S3. Fusion Protein Engineering and Crystal Packing of CB1-AM6538 Complex, Related to Figures 1 and 3

(A) Overall structure of CB1-AM6538 complex. CB1 and Flavodoxin are colored in orange and slate, respectively. AM6538 is shown in green stick representation

and FMN (the substrate of Flavodoxin) is shown in magenta stick representation.

(B) Crystal packing of the CB1-AM6538 complex, N terminus involved in the crystal packing.

(C) The 2,4-dichorophenyl ring of AM6538 fits well into the shape of the side-pocket. The receptor is shown in gray cartoon and gray surface, AM6538 is shown in

cyan carbons.

(D) Superposition of AM6538 in crystal structure (green) and local minimum calculated by quantum mechanics (magenta).

(E) Crystal images for CB1 in complex with AM6538 (scale bar is 90 mm).

(F) The high-resolution mass spectrometry spectra of the pure standard AM6538 (top) and the ligand dissociated fromCB1 complex (bottom). The theoretical m/z

for the monoisotopic peak of AM6538 is 542.1356.



(legend on next page)



Figure S4. MD Simulations of the Predicted Antagonists and Mutagenesis Validation of the Docking Predictions, Related to Figures 5 and 6

(A) Docking pose of AM6538 (magenta sticks) and predicted hydrogen bond (orange dashed lines) and p-p interaction (blue dashed lines) in comparison with

AM6538 in crystal structure (green sticks).

(B) RMSF of AM6538 in MD simulation.

(C–F) AM6538 (C), rimonabant (D), otenabant (E) and taranabant (F) Central structures in MD (protein is shown in light cyan cartoon; ligands are shown in blue

sticks) versus docking poses (protein is shown in white cartoon and ligands are shown in yellow sticks), and ligand RMSD (three independent runs).

(G) Mutations of hCB1 at Phe170Ala or Phe174Ala disrupts the ability of AM6538 and rimonabant to displace CP55,940 while preserving its functional activity. The

corresponding tryptophan mutations have no effect on agonist or antagonist actions.

(H) A loss of antagonist affinity is further demonstrated in competition response curves agonist 100 nM CP55,940.

(I) Mutation of Phe379Trp and Phe379Ala progressively worsen the functional affinity of CP55,940.

(J) When tested against concentrations of CP55,940 that maximally stimulate the receptor, AM6538 and rimonabant maintain their potency as antagonists

(100 nM CP55,940 for WT and Phe379Trp and 10 mMCP55,940 for Phe379Ala; normalization is made per mutant). Data are presented as mean ± S. E. M. of 3 or

more assays performed in duplicate or triplicate.



Figure S5. Multiple Sequence Alignment of Human CB1 with CB2, LPA1, and S1P1 Receptors, Related to Figure 4

Positions that are identical between the receptors are highlighted with a red background. Alignment was done byMAFFT v7.299b (Katoh and Standley, 2013) and

the graphics were prepared using ESPript 3.0 server (Robert and Gouet, 2014).
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SUMMARY

The Polycystic Kidney Disease 2 (Pkd2) gene is
mutated in autosomal dominant polycystic kidney
disease (ADPKD), one of the most common human
monogenic disorders. Here, we present the cryo-
EM structure of PKD2 in lipid bilayers at 3.0 Å resolu-
tion, which establishes PKD2 as a homotetrameric
ion channel and provides insight into potential mech-
anisms for its activation. The PKD2 voltage-sensor
domain retains two of four gating charges commonly
found in those of voltage-gated ion channels. The
PKD2 ion permeation pathway is constricted at
the selectivity filter and near the cytoplasmic end of
S6, suggesting that two gates regulate ion conduc-
tion. The extracellular domain of PKD2, a hotspot
for ADPKD pathogenic mutations, contributes to
channel assembly and strategically interacts with
the transmembrane core, likely serving as a physical
substrate for extracellular stimuli to allosterically
gate the channel. Finally, our structure establishes
the molecular basis for the majority of pathogenic
mutations in Pkd2-related ADPKD.

INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is a

common, life threatening, multisystem genetic disorder that

afflicts >600,000 Americans and �12.5 million people world-

wide (Ong and Harris, 2015). ADPKD is characterized by pro-

gressive accumulation of fluid-filled bilateral renal cysts,

leading to gross kidney enlargement, relentless loss of normal

renal tissues, and ultimately end-stage renal disease that re-

quires dialysis or transplantation. Apart from renal insufficiency,

patients with ADPKD may develop hepatic and pancreatic

cysts, hypertension, and intracranial aneurysms (Harris and

Torres, 1993).

ADPKD is caused by loss-of-function mutations in a single

copy of the Pkd1 or Pkd2 genes (Mochizuki et al., 1996; The

European Polycystic Kidney Disease Consortium, 1994). Com-

plete genetic knockout of either Pkd1 or Pkd2 in mice results in

embryonic lethality due to structural defects in the cardiovascu-

lar system, pancreas, and kidneys (Boulter et al., 2001; Kim

et al., 2000; Lu et al., 1997; Wu et al., 2000). PKD1 (or PC1)

is predicted to adopt an 11-transmembrane topology with a

remarkably large autocleaved amino-terminal ectodomain

(>3,000 residues) that comprises an array of putative adhesive

and ligand binding modules (Burn et al., 1995; Hughes et al.,

1995; Qian et al., 2002). PKD2 (or PC2, TRPP1, formerly

TRPP2) is a member of the large, 6-transmembrane spanning

transient receptor potential (TRP) ion channel family (Ramsey

et al., 2006; Semmo et al., 2014) and has been observed to

form a biochemical complex with PKD1 (Qian et al., 1997; Tsio-

kas et al., 1997). ADPKD is currently an untreatable disease in

large part due to a gap in understanding the biochemical, struc-

tural, and functional properties of PKD1, PKD2, and the PKD1/

PKD2 complex, which impedes the development of therapeutic

strategies. Current treatments only alleviate some symptoms,

without altering disease progression (Harris and Torres, 1993,

2009).

Human TRP channels are a family of 27 related members

that have been subdivided into Canonical (TRPC), Vanilloid

(TRPV), Melastatin-like (TRPM), Ankyrin repeat (TRPA1), Mucoli-

pins (TRPML), and Polycystins (TRPP) based on sequence ho-

mology alone (Ramsey et al., 2006). Venkatachalam and Montell

divided all 27 into two broad groups (group 1 and group 2) based

on similarities in sequence and topology (Venkatachalam and

Montell, 2007). Recent structures of several group 1 TRP chan-

nels, including TRPV1 (Cao et al., 2013; Liao et al., 2013),

TRPV2 (Huynh et al., 2016; Zubcevic et al., 2016), TRPV6 (Sao-

tome et al., 2016), and TRPA1 (Paulsen et al., 2015), demonstrate

that they adopt a tetrameric architecture resembling that of

voltage-gated ion channels (VGICs), wherein transmembrane

segments 5 and 6 (S5 and S6) and the intervening pore loops

contributed by four individual subunits form a central ion con-

duction pore that is flanked by four S1–S4 voltage sensor
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domains (Long et al., 2005). Although all TRP channels are

assumed to share a certain degree of structural similarity,

PKD2 is classified among the more distantly related group 2

channels and differs significantly from group 1 TRP channels

and related VGICs by having a large, intervening extracellular

sequence (>200 residues) between transmembrane segments

1 and 2 (S1 and S2). Importantly, this extracellular domain har-

bors 15 ADPKD-associated missense mutations, suggestive of

a critical, but as-yet-unidentified, structural and/or functional

role for this enigmatic ectodomain. Notably, PKD2-like channels

exist in organisms ranging from yeast to humans, indicating a

primitive and fundamental role for this TRP subfamily (Palmer

et al., 2005). Structures of an intact PKD2 channel should

therefore address how structural similarities and differences

between group 1 and group 2 TRP channels account for their

unique functions.

Our understanding of ADPKD pathogenesis is hampered

by disagreements about the properties of the putative PKD2

current. The PKD2 ion channel initially was reported to conduct

calcium (Hanaoka et al., 2000) and later shown to be blocked

by calcium (Cai et al., 2004). Most recently, a gain-of-function

mutation, but not the wild-type PKD2, underlies a measurable

current when heterologously expressed in Xenopus oocytes

(Arif Pavel et al., 2016). Another study claims that it is indirectly

activated by Wnt ligands via PKD1 (Kim et al., 2016). While all

or some of these findings could be true, it is worrisome that

the biophysical properties of the currents are inconsistent be-

tween reports. Moreover, there are relatively few recordings of

the current since the discovery of PKD2 in 1996. These inconsis-

tencies and our own negative results in reproducing this litera-

ture over many years suggest to us that native PKD2 currents

have not been measured to date (see below). Nonetheless, there

is no ambiguity that PKD2 is genetically linked to formation of

cysts in kidney and other tissues to cause significant morbidity

and mortality in humans (Mochizuki et al., 1996; Ong and Harris,

2015). Moreover, genetic studies in mice demonstrate that

PKD2, together with PKD1-Like 1 (PKD1-L1), is essential for

establishment of left-right asymmetry of internal organs and

vasculature during development (Field et al., 2011; Kamura

et al., 2011; Yoshiba et al., 2012). These points further highlight

the necessity of understanding PKD2 structure and function.

Here, we determined the structure of human PKD2 channel in

lipid nanodiscs at 3.0 Å resolution by single-particle electron

cryo-microscopy (cryo-EM). We also show that PKD2 is appar-

ently a Na+/K+ conducting channel with lower permeability and

smaller single-channel conductance to Ca2+. More broadly, our

study, together with the recently determined TRPV1-nanodisc

structures (Gao et al., 2016), illustrates the powerful applicability

of combining nanodisc technology with single-particle cryo-EM

to determine structures of membrane proteins in a lipid environ-

ment similar to native cells.

RESULTS AND DISCUSSION

Structural Determination of the Human PKD2 Channel
We identified three PKD2 truncation constructs that enable

structure determination (Figures S1A–S1D). These constructs

exhibit enhanced biochemical stability and structural homoge-

neity over the full-length channel. The longest construct

(hPKD2:53-792) retains most functional domains of the chan-

nel, including glycogen synthase kinase phosphorylation sites

(Streets et al., 2006), transmembrane segments S1–S6, the

entire extracellular domains, and the EF hands (Allen et al.,

2014; Petri et al., 2010). The construct lacks a cilia transport

motif (Geng et al., 2006), the endoplasmic reticulum retention

sequence (Cai et al., 1999), and the coiled-coil domain (Tsiokas

et al., 1997) located at N or C termini. Given that truncation of

most of the C-terminal domains in the related PKD2-Like 1

(PKD2-L1) channel has negligible effects on channel activity

(DeCaen et al., 2016), this PKD2 construct should preserve

most functional aspects of the native channel. The shortest

construct (hPKD2:198-703) represents the minimal biochemi-

cally stable channel core and lacks all cytoplasmic domains.

Importantly, all three constructs retain 22 of 26 documented

sites of missense mutations that cause ADPKD (discussed

below).

In order to visualize PKD2 in a native lipid-like environment,

we assembled nanodiscs for hPKD2:198-703 and hPKD2:198-

792, which each consist of the channel protein and membrane

scaffolding proteins (Figures S1B and S1C). We also obtained

hPKD2:53-792 protein stabilized in amphipols for structural

determination (Figure S1D). 2D class averages of each PKD2

sample showed a broad distribution of views in which the distinct

channel features of tetrameric architecture, transmembrane

helices, and extracellular domains are clearly discernible (Fig-

ures S1E–S1G). Class averages of nanodisc samples also re-

vealed the less-ordered lipid bilayer and membrane scaffolding

proteins, seen as a fuzzy disc-shaped density surrounding the

channel (Figures S1E and S1F).

Architecture of the PKD2 Channel
We determined cryo-EM structures of the aforementioned PKD2

channel of different lengths in either nanodiscs or amphipols

(Figures 1, S1, and S2). Surprisingly, all three of our structures

were superimposable and no extra density was observed to ac-

count for cytoplasmic domains (e.g., EF hands), suggesting that

the intracellular regions of PKD2 either are unstructured or are

connected to the stable channel core via flexible linkers (Figures

S1I and S1J). This idea is further supported by reference-free

2D class averages, which show that all three PKD2 constructs

exhibit indistinguishable channel features and lack densities

attributable to cytoplasmic domains (Figures S1E–S1G). Our

structural analysis shows that in the absence of cellular regulato-

ry factors, the cytoplasmic domains of PKD2 are structurally un-

coupled from the ion conduction pore, providing a plausible

structural explanation for why the EF hands and distal coiled-

coil domain are dispensable for channel activity in PKD2-L1

(DeCaen et al., 2016). Most strikingly, removal of all PKD2

cytoplasmic domains does not perturb its structure, which

stands in contrast to group 1 TRP channels, such as TRPV1

(Liao et al., 2013), TRPA1 (Paulsen et al., 2015), TRPV2 (Huynh

et al., 2016; Zubcevic et al., 2016), and TRPV6 (Saotome et al.,

2016), in which cytoplasmic domains contribute to channel

assembly.

We focus our discussion on the structure of the minimal

channel (hPKD2:198-703) determined at 3 Å resolution in lipid
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nanodiscs (Figures S2C–S2E; Table S1). At 3.0 Å resolution, the

PKD2 map showed well-resolved densities for the channel pro-

tein and three of five known N-glycans in an extracellular domain

(Hofherr et al., 2014) (Figures 1A and S3A–S3D). Notably, a

5-nm-high, belt-shaped density attributable to the nanodisc lipid

bilayer, encircles the channel protein (Figures 1 and S2E). Side

chains of most residues were resolved, permitting unambiguous

assignment of primary sequence into the density map and

de novo construction of an atomic model for the PKD2 channel

(Figures 1B, 1C, and S2F–S2I). In addition, several ordered

annular lipids are observed to intercalate into the crevices at

the subunit interface (Figure 1A), including 12 tightly bound lipids

(three lipids per subunit) retained in hPKD2:53-792 stabilized

with amphipols (Figure S3E). In GluCl and TRPV1 channels,

phospholipids compete with the partial agonist ivermectin and

Figure 1. PKD2 Structure Determined in

Lipid Nanodisc

(A) Side and bottom-up views of PKD2 in nano-

discs. Individual channel subunits are color coded.

Densities of the nanodisc (gray) and well-resolved

lipids (purple) are also shown.

(B and C) Ribbon representations of a PKD2 sub-

unit (B) with different domains denoted and the full

tetrameric channel (C) with each of four identical

subunits color coded as in (A).

See also Figures S1, S2, and S3 and Table S1.

agonist resiniferatoxin, respectively, for

the same intersubunit site (Althoff et al.,

2014; Gao et al., 2016), indicating that

high-affinity lipid binding sites are poten-

tial targets that can be exploited for

drug discovery. Indeed, an antagonist of

TRPA1 is observed to target a membrane

pocket formed by S5, S6, and the pore

helix (Paulsen et al., 2015), which is anal-

ogous to a lipid-binding site seen in our

PKD2 density maps (Figure S3E).

The PKD2 channel adopts a tetrameric

architecture with each subunit consisting

of two distinct units within the trans-

membrane region. The voltage-sensing

domain (VSD) (which, in VGICs, harbors

the positively charged S4 voltage sensor;

Long et al., 2007) consists of the S1 to S4

helices. The pore domain includes S5 and

S6 helices and an intervening re-entrant

pore loop (Figure 1B). These two domains

are connected by the S4-S5 linker, a short

helix that runs nearly parallel to the inner

leaflet of the lipid bilayer (Figure 1B). The

central ion permeation pathway is formed

by the tetrameric assembly of pore mod-

ules contributed by four individual sub-

units (Figure 1C). At the perimeter of the

channel, each of four VSDs engages in

‘‘domain swapping’’ interactions with the

pore domain of a neighboring subunit, reminiscent of TRPV1

(Liao et al., 2013), TRPV2 (Huynh et al., 2016; Zubcevic et al.,

2016), TRPA1 (Paulsen et al., 2015), and VGICs (Long et al.,

2005) (Figure 1C).

Aside from the conserved transmembrane core, PKD2 ex-

hibits distinct structural features compared to group 1 TRP chan-

nels and VGICs, particularly within extracellular regions. For

instance, a helix-turn structure protrudes upright toward the

extracellular space and appears to serve as an extension of

the S3 and S4 helices (Figure 1B). In addition, PKD2 features

an extracellular domain (242Met-Tyr465) that is covalently con-

nected to S1 and S2 helices, and which likely defines PKD2s

(PKD2, PKD2-L1, and PKD2-L2) as a unique subtype within the

TRP channel family (Figure 1B). Given that this domain adopts

a novel protein fold and is restricted to PKD2s, PKD1, and
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PKD1-Like proteins (Li et al., 2003), we hereby refer to this as the

polycystin domain. The polycystin domain not only contributes

to channel assembly by virtue of engaging in extensive homo-

typic interactions with an adjacent polycystin domain of a neigh-

boring subunit, it also strategically resides atop the VSD and the

outer pore region and thus appears to be well positioned to allo-

sterically regulate channel gating (Figure 1C).

PKD2 Is a Na+/K+ Conducting, Nonselective Cation
Channel
Electrophysiology studies have suggested that heterologous

PKD2 currents can be measured from the plasma membrane

Figure 2. The PKD2-2L1 Chimera Ion Selec-

tivity and Voltage Dependence

(A) Top, topology and alignment of PKD2s. Note

that the interconnecting pores of PKD2 and

PKD2-L1 are 70% identical; residues that differ

are underlined. Bottom, side (only two subunits

are shown) and extracellular views of the PKD2

structure indicating the residues from PKD2 that

can be grafted into the PKD2-L1 channel to create

the chimeric channel (red).

(B) PKD2/2-L1 chimera ion selectivity and voltage-

dependence. Top, a voltage ramp applied at

0.5 Hz to activate whole-cell currents from

HEK293T cells. Middle, representative PKD2-L1

and chimera currents captured in the presence of

140 mM extracellular monovalent ions (divalent

free: 1 mM EGTA and 0.5 mM EDTA) or 100 mM

CaCl2. Internal (pipette) saline contained 90 mM

NaMES, 10 mM Na4BAPTA, and 5 mM EGTA. The

voltage transition is expanded in the inset green

boxes to clearly show the differences in reversal

potential. Right, time course of outward peak

current, tail current density, and reversal potential

(Erev). Color shading corresponds to the ionic

conditions (black, Na+; blue, K+; gray, NMDG; red,

Ca2+ shown in left traces).

(C) The relationships between relative perme-

ability, inward single-channel conductance, and

tail current density of PKD2-L1 and the chimera

channels. Data are summarized from the experi-

ments shown in (A) and Figure S5 (n = 4–6 cells;

error, SD).

See also Figures S4, S5, and S6.

when it is either expressed with PKD1

in mammalian cells or when mutated

(F604P) to render it constitutively active

in Xenopus laevis oocytes (Arif Pavel

et al., 2016; Hanaoka et al., 2000). How-

ever, we find that currents from trans-

fected HEK293T and CHO cells were

not different from untransfected cells

when measured under physiological

calcium or divalent-free sodium condi-

tions (Figures S4A and S4B). In addition,

currents from LLC-PK1 cells overex-

pressing PKD2 were no different from

untransfected cells (data not shown). In

other reports, PKD2 channels can be directly activated by trip-

tolide or indirectly by activating PKD1 via Wnt (Wingless-related

integration site) 3a or 9b (Kim et al., 2016; Leuenroth et al.,

2007). However, we did not observe significant current activa-

tion by these reagents when expressed in either CHO or

HEK293T cells (Figures S4C and S4D). Since the related

PKD2-L1 channel currents can readily be measured on the

plasma membrane, we generated a chimera of PKD2 and

PKD2-L1 by replacing the pore region of the PKD2-L1 channel

(511Lys-Pro538) with that of PKD2 (631Glu-Pro658) (Figure 2A).

When heterologously expressed in HEK293T and CHO cells,

the chimera channel generates robust outwardly rectifying
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currents (Figure S4A). Since reproducible PKD2 currents could

not be measured, we utilized the functional chimera in all elec-

trophysiology experiments.

Since the chimera channel houses the selectivity filter and

the pore helices of PKD2 (Figure 2A), it should share the

same ion selectivity as native PKD2. In whole-cell voltage

clamp of cells, intracellular and extracellular cations were

altered, and reversal potentials were measured to determine

their relative permeability (Figure 2B). The PKD2 chimera is

more selective for K+ and Na+ than Ca2+ (Px/PNa = 2.2 K+;

1 Na+; 0.5 Ca2+), in contrast to native PKD2-L1, which is

�13 times more selective for Ca2+ (Figure 2B). Consistent

with the relative Na+ and K+ permeability over Ca2+, the largest

Figure 3. The Architecture of the Trans-

membrane Core of PKD2

(A) Solvent-accessible pathway along the ion

permeation pore mapped using the HOLE pro-

gram. Residues located at the selectivity filter and

lower gate are rendered as sticks.

(B) Radius of pore calculated with the HOLE pro-

gram.

(C) Enrichment of negatively charged residues at

the outer pore region of PKD2. Left: the PKD2

outer pore region is colored by surface electro-

static potential. Right: negatively charged resi-

dues (glutamate and aspartate) are shown as

sticks.

(D) An interaction network that couples pore helix 1

and selectivity filter of one subunit with pore helix 2

and S6 of a neighboring subunit.

(E) The structure of PKD2 VSD domain. Two lysine

residues at the cytoplasmic end of S4 are likely

stabilized by aromatic and negatively charged

residues.

See also Figure S6.

tail currents were measured in high K+ or

Na+ conditions (Figures 2B and 2C).

From the inside-out patch experiments

(Figure S5), the inward single-channel

conductance was higher for K+ and

Na+ than for Ca2+ (gK = 218 ± 3; gNa =

139 ± 3; gCa = 8 ± 2). Interestingly, in

symmetrical Ca2+ conditions, only in-

ward single-channel events were de-

tected, suggesting that calcium does

not conduct outward through the filter.

This one-way Ca2+ permeation is also

found in PKD2-L1 and was attributed

to the most inner aspartate residue

(D643 in PKD2 and D523 in PKD2-L1)

of the selectivity filter (DeCaen et al.,

2016). Together, these data indicate

that the PKD2 pore preferentially con-

ducts monovalent K+ and Na+, while

PKD2-L1 contains an additional aspar-

tate (D525) at a position analogous to

N645 of PKD2 at the extracellular mouth

of the filter (Figures 2A and S6), which

contributes to its enhanced selectivity for Ca2+ over monova-

lent ions (DeCaen et al., 2016).

Structure of the Ion Permeation Pathway
The central ion permeation pathway of the PKD2 channel ex-

hibits two major constrictions (or gates) that are sufficiently

narrow to restrict ion flow, suggesting that our PKD2 structure

represents the channel captured in a closed, non-conductive

state (Figures 3A and 3B). One such gate is located at the selec-

tivity filter region (641IGD643) framed between pore helices 1 and

2, where carbonyl oxygen atoms from diagonally apposed Ile641

form the narrowest constriction (5.5 Å) at the outer pore region.

Moreover, the adjacent Gly642 carbonyl oxygen atoms are
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only 7.0 Å apart and therefore likely restrict permeation of hy-

drated cations (hydrated Ca2+ and Na+ appear to be between 8

and 10 Å in diameter when passing through permeable selectivity

filters; CavAb [Tang et al., 2014] and NavMs [Naylor et al., 2016]).

Moving toward the extracellular space, Asp643 residues point

their negatively charged side chains into the central canal and

could coordinate permeating cations while repelling anions

from passing through the selectivity filter. Notably, replacing

this conserved aspartate with a serine or hydrophobic residue

in PKD2-L1 abolishes channel activity (DeCaen et al., 2013,

2016; Fujimoto et al., 2011) (Figure S6). TRPV1 (Liao et al.,

2013), TRPV2 (Zubcevic et al., 2016), and TRPA1 (Paulsen

et al., 2015) also harbor an aspartate or glutamate residue at

the equivalent position of the selectivity filter, suggesting an

important role for this residue in specifying cation selectivity

among different subtypes of TRP channels. Finally, the PKD2

outer pore region is notably richwith negatively charged residues,

likely serving as a cation sink that concentrates cations within the

extracellular vestibule and enhances ion conduction, as first

observed in the KcsA K+ channel (Doyle et al., 1998) (Figure 3C).

Continuing down the pore, Leu677 and Asn681 are one helix

turn apart along the pore-facing side of the S6 helix. Together,

they form the most constricted sites of the lower gate above

the inner leaflet of the lipid bilayer (Figure 3A). In our structure,

the distances between diagonally apposing Leu and Asn mea-

sure only 5.0 and 6.5 Å between side chains, respectively, and

are sufficiently narrow to block conduction of hydrated cations

across this gate. Taken together, PKD2 resembles TRPV1 in ex-

hibiting two gates (Cao et al., 2013), and activation of the PKD2

channel necessitates conformational changes that lead to

expansion of the pore at both constriction points.

The upper and lower gates are likely allosterically coupled via

an interaction network that involves residues at the selectivity

filter (Leu641) and pore helix 1 (Arg638) of one subunit and

pore helix 2 (Phe646) and the pore-lining S6 helix (Phe661 and

Val665) of a neighboring subunit (Figure 3D). Of note, the ADPKD

mutation R638C (http://pkdb.mayo.edu) is anticipated to abolish

a cation-p interaction between Arg638 and Phe646 and thus

likely weakens coupling between the pore helices of two adja-

cent subunits. This mutation might also perturb the structure of

the pore helix 1 since Arg638 additionally forms a hydrogen

bond with Thr635 via side chains (Figure 3D).

Structure of the VSD
While PKD2 grossly resembles TRPV1 and TRPA1 in the trans-

membrane core, these channels nevertheless exhibit substantial

structural differences that may account for their distinct gating

mechanisms. Most notably, both TRPV1 (Liao et al., 2013) and

TRPA1 (Paulsen et al., 2015) lack positively charged arginine or

lysine residues along the S4 helix (gating charges) that are char-

acteristic of VGICs (Long et al., 2007; Payandeh et al., 2011; Wu

et al., 2016; Zhang et al., 2012). Furthermore, the S1–S4 domain

of TRPV1, including its constituent S4 helix, remains stationary

during channel gating (Cao et al., 2013), in sharp contrast to

VGICs in which voltage-driven movement of the S4 helix gates

channel conduction. In contrast to TRPV1 and TRPA1, PKD2

harbors two lysine residues (Lys572 and Lys575; conserved in

both PKD2-L1 and PKD2-L2; Figure S6) at the cytoplasmic

end of the S4 helix (Figure 3E). In PKD2, the last three turns of

S4 adopt a 310-helical configuration, placing Lys572 and

Lys575 on the same side of S4 with their side chains pointing

into the interior of the S1–S4 domain. Such an unusually long

310-helix represents a hallmark feature of VGICs (Long et al.,

2007; Payandeh et al., 2011; Vieira-Pires and Morais-Cabral,

2010; Wu et al., 2016; Zhang et al., 2012) and is not observed

in TRPV1 and TRPV2 (Liao et al., 2013; Zubcevic et al., 2016).

Lys572 and Lys575 are likely stabilized by Asp511, as well as

two tyrosine residues (Tyr487 and Tyr227) protruding from other

helices via a salt bridge and cation-p interactions, respectively,

indicative of a voltage-sensor-like arrangement that may regu-

late PKD2 activity. Like PKD2-L1, the chimera channel is voltage

dependent and conducts large tail currents upon membrane

repolarization (Figures 2B and S4A) (DeCaen et al., 2013,

2016). Of note, the D511V mutation represents a frequent path-

ogenic missense variant found in ADPKD patients (Reynolds

et al., 1999). Our structure now suggests that this mutation

neutralizes a critical negatively charged counter ion for lysine

residues and thus is expected to perturb the VSD structure.

Taken together, these observations suggest that conformational

changes in the PKD2 VSD, especially within the high-energy and

dynamic 310-helical region of S4, might gate the ion conduction

pore as in VGICs (Long et al., 2007; Zhang et al., 2012).

Structure of the Extracellular Polycystin Domain
The extracellular polycystin domain adopts a novel three-layered

fold: the top layer consists of three a helices, themiddle layer is a

five-stranded anti-parallel b sheet, and the bottom layer can be

analogized as two extended fingers (finger 1 and finger 2) (Fig-

ure 4A). The polycystin domain features two prominent grooves

that are sites of intra- and inter-subunit interactions. One such

groove is formed between finger 1 and the b4-b5 turn (444Glu-

Val451) and wraps around and interacts extensively with another

b-turn structure (430Asn-Leu435 between b3 and b4) protruding

from an adjacent polycystin domain of a neighboring subunit

(Figure 4B). At an exterior side of this groove, the b4-b5 turn

also contacts the H1 helix of an adjacent polycystin domain via

a hydrogen bonding interaction mediated by Thr448 and

Tyr248. Notably, a disulfide bond (C331-C344) likely constrains

finger 1, allowing it to assume a rigid conformation that could

be essential for efficient association with a neighboring polycys-

tin domain (Figures 4A and S2I). Interestingly, both C331S and

T448K mutations are associated with ADPKD (http://pkdb.

mayo.edu), and our structure now suggests that thesemutations

likely perturb this essential inter-subunit interface and disrupt

channel assembly. The extensive homotypic interactions medi-

ated by the extracellular polycystin domain contrasts with chan-

nel assembly seen in group 1 TRP channels, such as TRPV1 and

TRPA1, which form inter-subunit interactions via cytoplasmic

domains (Liao et al., 2013; Paulsen et al., 2015).

Another prominent groove within the polycystin domain

interacts with the PKD2 transmembrane core at two classic

allosteric regulatory sites: a helix-turn structure (530Ser-Phe548)

that extends from the S3 and S4 helices at the peripheral VSD,

and the pre-S6 loop that connects the pore helix 2 and pore-

lining S6 helix at the outer pore region (Figure 4C). At the pe-

ripheral site, Arg320 on the b1 strand of the polycystin domain

768 Cell 167, 763–773, October 20, 2016

http://pkdb.mayo.edu
http://pkdb.mayo.edu
http://pkdb.mayo.edu


participates in cation-p interaction with Phe545 in the turn pre-

ceding S4 (Figure 4D). A series of hydrophobic residues on the

b sheet layer of the polycystin domain additionally pack against

their counterparts on a short helix extension following S3 (Fig-

ure 4C). At the outer pore region, Arg654 on the pre-S6 loop in-

teracts with residues residing at the tip of finger 2, participating in

cation-p interaction with Trp380 and forming a hydrogen bond

with the carbonyl oxygen atom of Gly381 (Figure 4E). Given

that equivalent sites are frequently targeted by gating modifier

toxins and physiological modulators in related VGICs (Catterall

et al., 2007) and TRPV1 (Bohlen et al., 2010; Cao et al., 2013),

we speculate that the polycystin domain serves as a physical

‘‘lid’’ through which extracellular physical and/or chemical stim-

uli can allosterically modulate pore gating.

Molecular Basis of Pathogenic Mutations
Of the 26 known missense mutations identified in ADPKD

patients (http://pkdb.mayo.edu), 22 mutations can be mapped

onto the resolved core structure of PKD2 (Figure 5A). The other

four sites, located in the C terminus, were not included in our

Figure 4. Role of Polycystin Domain in Channel Assembly and Its Coupling with the Channel Transmembrane Core

(A) Ribbon representation of the polycystin domain with specific structural elements denoted.

(B) Channel assemblymediated by the polycystin domain. Left, a groove formed between finger 1 and b4-b5 turn of one polycystin domain (surface) interacts with

b3-b4 turn and H1 helix of a neighboring polycystin domain (ribbon). Right: zoomed view indicating detailed interactions.

(C) The polycystin domain (surface) interacts with the transmembrane core of the channel at two critical sites as indicated.

(D and E) Zoomed views of (C) showing detailed interactions at helix turn (D) and pre-S6 loop (E).

See also Figures S3 and S6.

Figure 5. Structural Annotation of Patho-

genic PKD2 Mutations

(A) Mapping of human disease-associated

missense mutations (red) onto the structure of a

PKD2 subunit. Note that the polycystin domain

(blue) and pore helix (purple) are mutation hot-

spots.

(B) Missense mutations within the polycystin

domain. Note that the majority of these mutated

residues (labeled in red) participate in hydrogen

bonding interactions denoted with black dash lines

or are buried inside a hydrophobic interior.
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constructs. Interestingly, no pathogenic missense mutations

have been identified in the N terminus to date, suggesting this

unstructured region has less relevance to human disease. In

contrast, the extracellular polycystin domain and pore helix 1

are two mutation hotspots with 15 and 3 pathogenic missense

mutations, respectively, likely reflecting their critical roles in

channel assembly and/or gating. Our PKD2 structure now ratio-

nalizes how clinically relevant pathogenic variants, especially

those within the polycystin domain, might perturb channel struc-

ture and function. For instance, three aromatic residues (W280,

Y292, and W414) are buried inside the hydrophobic interior of

the polycystin domain and six surface residues (R322, R325,

Y345, S349, T419, and R420) all participate in hydrogen bonding

interactions with neighboring residues (Figure 5B). Mutations of

these residues are predicted to disrupt the hydrophobic core

or abolish essential packing interactions of the polycystin

domain, resulting in loss of channel function.

Potential Mechanisms of Channel Gating
This closed state PKD2 structure only hints at conformational

changes that might occur upon channel opening. We suspect

that two high-energy helices within the transmembrane core

may play a role in channel gating (Figure 6). First, PKD2 harbors

a p-helix in the middle of S6 where Phe670 forms a conspicuous

bulge. The p-helix is a rare secondary structural element often

found in functional sites of proteins due to its dynamic and desta-

bilizing nature as compared to canonical a helices (Cooley et al.,

2010). It is thus conceivable that this p-helix might function as a

flexing point, around which the bottom half of the S6 helix can

bend to open the lower gate of PKD2. Second, as discussed

above, the last nine residues (571Ile-Phe579) of S4 adopt a long,

stretched 310-helical conformation, which similar to p-helices

is also rare and structurally dynamic (Vieira-Pires and Morais-

Cabral, 2010). We therefore suspect that structural rearrange-

ments within this 310-helical region can accommodate or drive

gating-associated movements of the S4-S5 linker, which is

directly coupled to the pore-lining S6 helix via physical interac-

tions (e.g., a hydrogen bond formed between Gln585 and

Lys688; conserved in PKD2-L1 and PKD2-L2; Figure S6).

In summary, we present the structure of PKD2, an apparent

Na+/K+ conducting nonselective cation channel. PKD2 features

a large extracellular polycystin domain, a potential ‘‘lid’’ that sits

atop and interacts with the transmembrane domain and contrib-

utes to channel assembly via extensive homotypic interactions.

This architecture differs significantly from VGICs and other

TRPs, but shares interesting parallels with various ligand-gated

ionchannels (e.g., P2X,AMPA,and5-HTchannels).Wespeculate

that this featureaffectsaccessbyunknownphysiological ligand(s)

that modulate gating of the pore. Our structures also reveal that

the cytoplasmic domains of PKD2, in the absence of regulatory

cellular factors, are unlikely to directly affect channel gating owing

to a lack of structural coupling with the ion conduction pore. The

PKD2 structure will aid molecular diagnoses by helping to differ-

entiate pathogenicmutations fromnaturally occurring neutral var-

iants. Finally, successful biochemical purification of the PKD2

channel will enable reconstitution into liposomes for discovery

of pharmacological agents (Su et al., 2016) to serve as physiolog-

ical tools and lead compounds for the treatment of ADPKD.
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Figure 6. A Hypothetical Model for PKD2

Gating

(A) Structural features that may play a role in PKD2

gating are shown, including high-energy 310- and

p-helices (cyan) and a hydrogen bonding interac-

tion that couples the S4-S5 linker (purple) with the

pore-lining S6 helix. Residues that form the lower

gate (L677 and N681) and lysine residues residing

at the 310 helical region of S4 are also shown.

(B) A hypothetical model depicting conforma-

tional changes at the 310 and p-helices, shown

respectively as helices and stars in cyan, drive or

accommodate movements of the S4-S5 linker and

bending of the S6 helix to open the lower gate.

See also Figure S6.
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Amunts, A., Brown, A., Bai, X.C., Llácer, J.L., Hussain, T., Emsley, P., Long, F.,

Murshudov, G., Scheres, S.H., and Ramakrishnan, V. (2014). Structure of the

yeast mitochondrial large ribosomal subunit. Science 343, 1485–1489.

Arif Pavel, M., Lv, C., Ng, C., Yang, L., Kashyap, P., Lam, C., Valentino, V.,

Fung, H.Y., Campbell, T., Møller, S.G., et al. (2016). Function and regulation

of TRPP2 ion channel revealed by a gain-of-function mutant. Proc. Natl.

Acad. Sci. USA 113, E2363–E2372.

Barad, B.A., Echols, N., Wang, R.Y., Cheng, Y., DiMaio, F., Adams, P.D., and

Fraser, J.S. (2015). EMRinger: Side chain-directed model and map validation

for 3D cryo-electron microscopy. Nat. Methods 12, 943–946.

Bohlen, C.J., Priel, A., Zhou, S., King, D., Siemens, J., and Julius, D. (2010). A

bivalent tarantula toxin activates the capsaicin receptor, TRPV1, by targeting

the outer pore domain. Cell 141, 834–845.

Boulter, C., Mulroy, S., Webb, S., Fleming, S., Brindle, K., and Sandford,

R. (2001). Cardiovascular, skeletal, and renal defects in mice with a

targeted disruption of the Pkd1 gene. Proc. Natl. Acad. Sci. USA 98,

12174–12179.

Burn, T.C., Connors, T.D., Dackowski, W.R., Petry, L.R., Van Raay, T.J., Mill-

holland, J.M., Venet, M., Miller, G., Hakim, R.M., Landes, G.M., et al. (1995).

Analysis of the genomic sequence for the autosomal dominant polycystic

kidney disease (PKD1) gene predicts the presence of a leucine-rich repeat.

The American PKD1 Consortium (APKD1 Consortium). Hum. Mol. Genet. 4,

575–582.

Cai, Y., Maeda, Y., Cedzich, A., Torres, V.E., Wu, G., Hayashi, T., Mochizuki,

T., Park, J.H., Witzgall, R., and Somlo, S. (1999). Identification and character-

ization of polycystin-2, the PKD2 gene product. J. Biol. Chem. 274, 28557–

28565.

Cai, Y., Anyatonwu, G., Okuhara, D., Lee, K.B., Yu, Z., Onoe, T., Mei, C.L.,

Qian, Q., Geng, L., Wiztgall, R., et al. (2004). Calcium dependence of polycys-

tin-2 channel activity is modulated by phosphorylation at Ser812. J. Biol.

Chem. 279, 19987–19995.

Cao, E., Liao, M., Cheng, Y., and Julius, D. (2013). TRPV1 structures in distinct

conformations reveal activation mechanisms. Nature 504, 113–118.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

n-Dodecyl-b-D-Maltopyranoside (DDM) Anatrace D310S

Soy extract polar Avanti 541602C

Amphipols A8-35 Antrace A835

Sodium butyrate Alfa Aesar A11079

FreeStyle 293 expression medium Invitrogen 12338018

Triptolide Sigma Aldrich T3652-1MG

Wnt-3a R&D 5036-WN/CF

Wnt-9b R&D 3669-WN/CF

Critical Commercial Assays

Superose 6, 10/300 GL GE Healthcare Life Sciences 17-5172-01

Amylose resin New England Biolab E8021L

Bio-beads Bio-Rad 1523920

Deposited Data

The coordinates of human PKD2 channel This study PDB: 5T4D

Cryo-EM map of human PKD2:198-703 This study EMDB: EMD-8354

Cryo-EM map of human PKD2:198-792 This study EMDB: EMD-8355

Cryo-EM map of human PKD2:53-792 This study EMDB: EMD-8356

Experimental Models: Cell Lines

HEK293S GnTI�/� ATCC CRL3022

HEK293T ATCC CRL-3216

CHO ATCC CCL-61

LLC-PK1 ATCC CL-101

Recombinant DNA

human PKD2:198-703 cloned onto a modified

pFastbac1 vector suitable for expression in

mammalian cells

This study N/A

human PKD2:198-792 cloned onto a modified

pFastbac1 vector suitable for expression

in mammalian cells

This study N/A

human PKD2:53-792 cloned onto a modified

pFastbac1 vector suitable for expression

in mammalian cells

This study N/A

pMSP2N2 Addgene Plasmid #29520

Human PKD1 pTracer IRES This study N/A

Human PKD2 pTracer IRES This study N/A

Human PKD2 F604P pTracer IRES This study N/A

Sequence-based Reagents

Primer:hPKD2-53 Forward: GAGATCGAGATG

CAGCGCATC

N/A University of Utah HSC DNA peptide core

Primer:hPKD2-198 Forward: CGAGGTCTCTGG

GGAACAAGA

N/A University of Utah HSC DNA peptide core

Primer:hPKD2-792 Reverse: TCAATCCAAATC

CAGGTCCTCCCT

N/A University of Utah HSC DNA peptide core

Primer:hPKD2-703 Reverse: TCAAAGATCTGA

GAGTTCCATTTC

N/A University of Utah HSC DNA peptide core
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by Erhu Cao (erhu.cao@biochem.utah.edu).

METHOD DETAILS

Protein expression, purification, and nanodisc reconstitution
Three truncated biochemically stable constructs (hPKD2:198-703, hPKD2:53-792, and hPKD2:198-792) were expressed with an

N-terminal maltose binding protein (MBP) fusion in HEK293S GnTI�/� cells using the BacMam system as described, with slight mod-

ifications (Goehring et al., 2014; Liao et al., 2013). In brief, HEK293S GnTI�/� cells, grown in suspension in Freestyle 293 expression

medium (Invitrogen) at 37�C in an orbital shaker, were transduced with baculovirus when cell density reached �2 3 106/ml. 8-24 hr

post transduction, sodium butyrate was added to the culture to a final concentration of 5 mM to boost protein expression; temper-

ature was reduced to 30�C. Cells were harvested 72 hr post-transduction for preparation of crudemembrane and subsequent affinity

purification with amylose resin (New England BioLabs). hPKD2:198-703 protein was eluted from amylose resin with buffer composed

of 50 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM TCEP, 0.5 mM DDM, 20 mM maltose, and 0.1 mg/ml soybean lipids. Membrane

scaffold protein MSP2N2 was expressed and purified from E. coli as described (Civjan et al., 2003; Ritchie et al., 2009). Nanodisc

reconstitution was performed as described (Gao et al., 2016). In brief, soybean polar lipid extract (Avanti) dissolved in chloroform

was dried under an argon stream and residual chloroform evaporated by vacuum desiccation (�3 h). Lipids stock [10 mM] was

prepared by resuspending dried lipids in a buffer composed of 20 mM HEPES (pH 7.4), 150 mM NaCl, and 2 mM TCEP via bath

sonication. Purified PKD2 channel (2-3mg/ml) solubilized in 0.5mMDDMwasmixed withMSP2N2 (�170 - 250 mM) and the soybean

lipid stock at a 1:1:200 molar ratio and incubated on ice for 30 min. Four batches of Bio-beads SM2 (30 mg per 1 ml reconstitution

mixture; Bio-Rad) were added to remove detergents from the system at 1 hr intervals at 4�C with gentle rotation. TEV protease

(40 mg/mg PKD2) was added together with the final batch of Bio-beads and the sample was incubated at 4�C overnight. Bio-beads

were then removed and the reconstitution mixture was cleared by centrifugation before subsequent separation on a Superose 6

column (GE Heath Care) in buffer (10 mM HEPES, 150 mM NaCl, [pH 7.4]). The peak corresponding to tetrameric PKD2 channel

reconstituted in lipid nanodiscs was collected for electron cryo-microscopy analyses.

A similar protocol was used to reconstitute hPKD2:198-792 into nanodiscs, except that 2 mM CaCl2 was included in all buffers

throughout purification since calcium was reported to stabilize the isolated EF hands of PKD2 (Allen et al., 2014; Petri et al.,

2010). hPKD2:53-792 was reconstituted into amphipols A8-35 (Anatrace) as described (Liao et al., 2013).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer:hPKD2-F604P Forward:GGCTTTGCTAT

TATGCCCTTCATTATTTTCCTA

N/A University of Utah HSC DNA peptide core

Primer:hPKD2-F604P Reverse: TAGGAAAATAA

TGAAGGGCATAATAGCAAAGCC

N/A University of Utah HSC DNA peptide core

Software and Algorithms

UcsfDfCorr Zheng et al., 2016 http://biorxiv.org/content/early/2016/07/04/

061960

RELION 1.4 Scheres, 2012 http://www2.mrc-lmb.cam.ac.uk/relion

SamViewer Maofu Liao http://liao.hms.harvard.edu/samviewer

HOLE Smart et al., 1996 http://www.smartsci.uk/hole

CTFFIND4 Rohou and Grigorieff, 2015 http://grigoriefflab.janelia.org/ctf

COOT Emsley et al., 2010 http://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/

Molprobity Chen et al., 2010 http://molprobity.biochem.duke.edu/

EMringer Barad et al., 2015 http://fraserlab.com/2015/02/18/EMringer

ResMap Kucukelbir et al., 2014 http://resmap.sourceforge.net

phenix.real_space_refine Adams et al., 2010 https://www.phenix-online.org/documentation/

reference/real_space_refine.html

UCSF CHIMERA Pettersen et al., 2004 http://www.cgl.ucsf.edu/chimera/

Other

Grids: Cu 400 mesh Quantifoil Q20474
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EM data acquisition
3.5 ml of sample (PKD2 nanodiscs at �1-3.5 mg/ml or hPKD2:53-792 stabilized in amphipols at �1 mg/ml) was applied to glow-dis-

charged Quantifoil 1.2/1.3 holey carbon 400 mesh copper grids. Grids were plunge frozen in liquid ethane using a Vitrobot Mark III

(FEI) set to 4�C, 75% relative humidity, 20 s wait time, �1 mm offset, and 7 s blotting time.

hPKD2:198-703, hPKD2:198-792 in nanodiscs, and hPKD2:53-792 in amphipols were automatically collected at the University of

Utah using SerialEM (Mastronarde, 2005) on a Tecnai TF20 TEM (FEI) operating at 200 kV using a Gatan 626 side entry cryo-holder.

Movies were recorded using a K2 Summit direct detector (Gatan) at a corrected magnification of 41,9113, corresponding to a pixel

size of 1.193 Å, and at a dose rate of �8 e/pixel/s. Each movie was recorded as a stack of 60 subframes, each of which was accu-

mulated for 0.2 s, totaling �65-70 electrons per Å2. Defocus values ranged between 0.8 to 2.0 mm.

To achieve higher resolution, we collected an additional dataset for hPKD2:198-703 on a Tecnai TF30 Polara (FEI) operating at

300kV equipped with the K2 Summit direct electron detector at UCSF. Images were recorded using UCSFImage4 (Li et al., 2015),

with a defocus range between 0.6 to 2.4 mm. Specifically, we recorded movies in super-resolution counting mode at a magnification

of 31,0003, which corresponds to a physical pixel size of 1.2156 Å. The beam intensity was set to�8.2 counts/physical pixel/s, cor-

responding to a dose rate of�10 electrons per physical pixel per second. Movies were recorded as a stack of 40 subframes, each of

which was accumulated for 0.2 s, resulting in an average of �1.4 counts per physical pixel in each subframe and a total specimen

dose of �54 electrons per Å2.

Image processing and 3D reconstruction
Movie frames were aligned, dose weighted, and then summed into a single micrograph using UcsfDfCorr (programwritten by Shawn

Zheng, UCSF). CTF parameters for micrographs were determined using the programCTFFIND4 (Rohou and Grigorieff, 2015). Micro-

graphs with poor CTF cross correlation scores were excluded from downstream analyses.

Particle selection was performed in SamViewer (program written by Maofu Liao, Harvard Medical School) using 2D class average

templates generated from an initial round of manual boxing. All 2D and 3D processing steps were performed using RELION (Scheres,

2012). Particles were sorted into 2D classes, followed by rejecting ‘bad’ particles (i.e., those sorted into incoherent or poorly resolved

classes) from downstream analyses.

For the initial TF20 dataset collected for hPKD2:198-703, �55,000 particles were extracted; following 2D classification, �45,000

particles were used for 3D reconstruction with C4 symmetry imposed given that the PKD2 channel exhibits 4-fold symmetry as other

TRPs and related voltage-gated ion channels. The structure of TRPV1 (low-pass filtered to 60 Å) was used as an initial reference,

resulting in a 4.2-Å map via gold-standard refinement (Chen et al., 2013) (data not shown).

We collected a cryo-EM dataset of hPKD2:198-792 with intact EF hands in the presence of 2 mM CaCl2. �156,000 particles were

extracted from 1003 micrographs recorded on our TF20 equipped with a K2 Summit direct electron detector. After extensive 2D and

3D classification to reject bad particles, we retained 35,462 particle images for 3D reconstruction with C4 symmetry imposed. The

resulting 4.0-Å reconstruction was indistinguishable from our initial reconstruction of PKD2:198-703without the EF hands (Figure S1).

Of note, our 2D classes reveal fuzzy densities at the expected locations of the EF hands, suggesting that the domain is likely sepa-

rated from the rest of the particle by a flexible linker (Figure S1).

We collected a cryo-EM dataset of hPKD2:53-792, a construct that retains most functional domains of the channel, in amphipols

A8-35 in the absence of Ca2+.�290,000 particles were extracted from 794micrographs recorded on our TF20microscope equipped

with a K2 Summit direct electron detector. After 2D and 3D classification to reject bad particles in Relion, we retained 66,988 particles

for 3D auto-refinement in RELION with C4 symmetry imposed. The resulting 4.0-Å map was again superimposable with our initial

reconstruction of hPKD2:198-703.

The TF30 Polara data collected for hPKD2:198-703 was similarly processed as described above. Specifically, 368,032 particles

were selected from 1,500 micrographs through automatic picking followed by interactively removing ice and junk particles in

SamViewer. A round of 2D classification followed by another round of 3D classification was performed to reject bad particles

from downstream analyses (i.e., in silico purification), resulting in a final dataset of �93,805 particles that was subsequently used

for 3D reconstruction. For 3D classification and refinement, the initial 4.2-Å PKD2:198-703 structure (low-pass filtered to 40 Å)

from the TF20 dataset was used as the starting model with C4 symmetry imposed. The auto-refinement procedure in RELION

converged at an unmasked resolution of 3.38 Å. RELION post-processing using unfiltered half maps with automatic mask and B

factor settings produced a 3.0-Å resolution map sharpened with a B factor of �87 Å2.

UCSF Chimera was used to visualize and segment density maps, as well as to generate figures (Pettersen et al., 2004). Local

resolution of each map was computed using ResMap (Kucukelbir et al., 2014), using unfiltered map halves as outputted by RELION.

Pore radii were calculated using the HOLE program (Smart et al., 1996).

Model building, refinement, and validation
At 3.0 Å resolution, the cryo-EM map was of sufficient quality for de novo atomic model building in Coot (Emsley et al., 2010) except

for the disordered N terminus (198-215), a loop (296-301) within the extracellular polycystin domain, S2-S3 loop (494-503), and

C terminus (695-703). Amino acid assignment was achieved based mainly on the clearly defined densities for bulky residues

(Phe, Trp, Tyr, and Arg) and the absence of side densities for glycine residues. The PKD2 model was then subjected to global refine-

ment and minimization in real space using the module ‘phenix.real_space_refine’ in PHENIX (Adams et al., 2010). The geometries of
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the model were assessed using and MolProbity in ‘comprehensive model validation’ section in PHENIX (Chen et al., 2010) and

EMRinger (Barad et al., 2015), and detailed information listed in Table S1.

The atomicmodel was tested for overfitting using previously describedmethods (Amunts et al., 2014; Zhao et al., 2015). In brief, the

coordinates were randomly displaced by 0.2 Å using PHENIX. The displaced model was refined in PHENIX against one of the half

maps derived from half of the dataset used in RELION auto-refinement (half-map 1, ‘work’). FSC curves were calculated between

the refined model and half-map 1, half-map 2 (‘free’), and the summed map. The general agreement between the half-map FSC

curves (work versus free) suggests that the model was not overfitted (Figure S2D).

Voltage clamp experiments
Electrophysiological recordingswere performed as describedwithmodifications (DeCaen et al., 2016). HEK293T, CHOand LLC-PK1

cells were transiently transfected with mammalian cell expression vectors pTracer IRES Cherry and/or GFP subcloned with the

human versions of PKD2 and/or PKD1 genes. Cells were seeded onto glass coverslips and placed in a perfusion chamber, enabling

changes in extracellular conditions. Data were generated from cells patched in the whole-cell configuration with > 1GU of resistance.

Cell-attached single channel data with seal resistance < 8 GU were not analyzed. Whole-cell and excised inside-out patch currents

were digitized at 25 kHz and low pass filtered at 10 kHz. For divalent free (DVF) symmetrical sodium conditions, the pipette electrode

solution contained (in mM): NaMES (120), HEPES (10), Na4-BAPTA (5), EGTA (0.5) and pH was adjusted to 7.4 with NaOH. The stan-

dard bath solution contained, in mM: NaCl (140), HEPES (10) and pH was adjusted with NaOH. The same solutions were used in the

physiological Ca2+ conditions, but CaCl2 was added to achieve 1.8 mM Ca2+ external and 90 nM free-Ca2+ internal (MaxChelator).

When testing the relative permeability of monovalent cations, the bath solution contained (in mM): X-Cl (150), HEPES (10) EGTA (2)

and the pH was adjusted with X-OH where X is the indicated monovalent cation. The extracellular NMDG solution was formulated

with NMDG-MES (150), HEPES (10), EGTA (2) and the pH was adjusted with CH3SO3H. When testing the relative permeability of

Ca2+, the bath solution contained: CaCl2 (100), HEPES (10), and pH was adjusted with Ca(OH)2. All saline solutions were adjusted

to 300mOsm (±5) withmannitol, if needed. Data were analyzed by Igor Pro 7.00 (Wavemetrics, Lake Oswego). The reversal potential,

Erev, was used to determine the relative permeability of monovalent cation X to Na+ (PX/PNa) according to the following equation:

Px

PNa

=
aNa

ax

�
exp

�
DErev

RT=F

��

where Erev, ax, R, T and F are the reversal potential, effective activity coefficients for cation x, the universal gas constant, absolute

temperature, and the Faraday constant, respectively. The effective activity coefficients (ax) were calculated using the following

equation:

ax =gx½X�

where ax is the activity coefficient and [X] is the concentration of the ion. For calculations of membrane permeability, activity coef-

ficients (g) were calculated using the Debye-Hückel equation: 0.74, 0.72, and 0.29 correspond to Na+, K+, and Ca2+, respectively. To

determine the relative permeability of calcium cations to Na+, the following equation was used:

PCa

PNa
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�
exp

�
ErevF

RT

�� �
exp

�
ErevF

RT

�
+ 1

��

4aCa

Erev for potassium and calcium conditions were corrected by the measured liquid junction potentials,�2.4 and 1.4 mV, respectively.

Effect of Triptolide, Wnt-3a and Wnt-9b, and F604P mutation
Wholecell patchclamprecordingswereobtained inphysiologicalcalciumconditions.Triptolide (SigmaAldrich)andcarrier-free versions

of Wnt-3a and Wnt-9b (R&D) were formulated in water and diluted 1000-30003 to concentrations of 300 nM and 1 mg/ml (�27 mM).

Percentchangeof theoutwardcurrentwasdeterminedby the followingequation:%Change Iout = (Idrug-Icontrol/Icontrol)3100where Icontrol
is theaveragecurrentmeasuredduring the30sprior todrugapplicationand Idrug is theaveragecurrent after 60-120sofdrugapplication.

The human PKD2 F604P mutant (Arif Pavel et al., 2016) was recorded in DVF symmetrical 140 mM Na+ conditions. Non-transfected

HEK293T cells exhibit small outwardly rectifying currents in physiological calcium conditions, which become larger and ohmic (linear)

in divalent free conditions. These intrinsic currents are largely attributed to native chloride and non-selective cationic TRPM7 channels

in these cells (Nörenberg et al., 2016).

Single channel recordings
Single channel events used to determine the conductance of monovalent ions (Figure S5) were recorded in the inside-out configu-

ration, digitized at 25 kHz and low pass filtered at 10 kHz. Single channel monovalent and Ca2+ currents were analyzed after low pass

Gaussian filtering (1 KHz and 0.4 Hz respectively). Pipette and bath conditions contained (in mM): XCl (140), HEPES (10) and EGTA (2)

where X is the indicated monovalent cation. Single channel calcium currents were measured using symmetrical 100 mM CaCl2 and
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10 mMHEPES. Inward single channel events were recorded in divalent-free symmetrical sodium conditions with holding potential =

�90 mV.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analyses pertain to the analysis of cryo-EM data are integral parts of algorithms and software used.

Two tailed Student’s t tests were used to determine the lack of effect of Wnt-3a, Wnt-9b and triptolide on current magnitude from

transfected and untransfected HEK293T and CHO cells. The same statistical test was used to evaluate the difference in current

magnitudes in response to changes in voltage from transected and transfected cells.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The accession numbers for the data reported in this paper are EMD: EMD-8354, EMD-8355, EMD-8356 and PDB: 5T4D.
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Supplemental Figures

Figure S1. PKD2 Structures Determined in Lipid Nanodiscs or Amphipols, Related to Figure 1

(A) Diagrams depicting the full-length human PKD2 channel and three truncated constructs.

(B–D) Size exclusion chromatograms of hPKD2:198-703 (B) and hPKD2:198-792 (C) in lipid nanodiscs, or hPKD2:53-792 in amphipols (D). The peaks corre-

sponding to the channel are indicated with arrows.

(E–G) 2D classes of hPKD2:198-703 (E) and hPKD2:198-792 (F) in lipid nanodiscs and hPKD2:53-792 in amphipols (G) show indistinguishable channel features.

(H) Gold-standard FSC curves after RELION auto-refinement of hPKD2:53-792 and hPKD2:198-792 particles.

(I) hPKD2:198-792 map reveals no additional densities beyond the channel core defined by the minimal construct hPKD2:198-703.

(J) hPKD2:53-792 and hPKD2:198-703 maps are also identical despite that hPKD2:53-792 includes additional cytoplasmic domains, as compared to

hPKD2:198-703. Maps are low-passed filtered to 5 Å resolution and nanodisc densities masked for clarity.
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Figure S2. 3D Reconstruction of Human PKD2:198-703 Embedded in Lipid Nanodiscs, Related to Figure 1

(A) Representative micrograph of hPKD2:198-703 nanodisc particles recorded on a TF30 Polara microscope.

(B) Angular distribution plot of all particle projections. Sphere radii are proportional to number of particles assigned to each set of Euler angles.

(C) FSC curves reported by RELION before (orange) and after (blue) postprocessing.

(D) FSC curves for validation of the PKD2model: model versus summedmap (black), model versus half map 1 (orange), andmodel versus half map 2 (purple). The

overall agreement between work and free FSC curves indicates little over-fitting of the model.

(E) Local resolution estimates determined by ResMap.

(F) A PKD2 monomer (backbone chain trace) docked into segmented cryo-EM density map.

(G and H) Representative densities are docked with models of the S6 helix (G), and of the pore helix and selectivity filter (H).

(I) Density map showing a disulfide bond (yellow stick) in the polycystin domain.



Figure S3. N-Glycan Modifications and Lipids Revealed by Cryo-EM, Related to Figures 1 and 4

(A) Mapping of known N-glycosylation sites onto the polycystin domain structure. N299 (not modeled) and N305 (side chain not resolved beyond Cb) are located

at a flexible loop with poorly resolved densities that are insufficient to reveal N-glycan modification.

(B–D) Atomic models of PKD2 fitted into cryo-EM map reveal additional densities attributable to N-acetylglucosamine extending from asparagine residues 328

(B), 362 (C), and 375 (D). Note that each modification occurs at the consensus NX(T/S) motif where X stands for any amino acid.

(E) Three tightly bound lipids (purple) observed in the intersubunit interface of PKD2 in amphipols.



Figure S4. Lack of Plasma Membrane PKD2 Ionic Currents, Related to Figure 2

(A and B) Top, Exemplar current traces recorded from untransfected and transfected HEK and CHO cells with the indicated cDNA(s). The average whole cell

capacitance for each cell type was 9 pF and 7 pF respectively. (A) Whole cell peak and tail currents were recorded with 2mMCaCl2 external and 90 nM free-Ca2+

internal added to symmetric sodium conditions. (B) whole cell currents were recorded with divalent-free symmetrical sodium conditions. Bottom, resulting

current-voltage relationships (n = 8-10 cells; Error = s.d.)

(C) Magnified currents from HEK293T cells (top row) or CHO cells (bottom row) expressing the indicated PKD subunits before and after a 1.5 min exposures to

300 nMTriptolide, 1 mg/mlWnt-3a (�27 mM) and 1 mg/mlWnt-9b (�27 mM). All currents were recordedwith symmetrical 140mMNa+ and physiological [Ca2+] (see

Star Methods) with the exception of the F604Pmutant, whichwas reported to be blocked by Ca2+ (Arif Pavel et al., 2016) and thus these currents were recorded in

DVF symmetrical Na+ conditions. The rectifying background current is largely due to a small intrinsic TRPM7 current (Nörenberg et al., 2016).

(D) Resulting box (SEM) and whisker (s.d.) plots of the percent change of outward current after extracellular exposure for 1.5 min (n = 13-15 cells per treatment

group). Results from a two-tailed Student’s t test against treatment groups are indicated with a bar (n.s. not significant).
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Figure S5. Single-Channel Conductance of the PKD2/2-L1 Chimera Channel, Related to Figure 2

Top, Single channel records were recorded in the inside-out configuration with the indicated symmetrical cation conditions. Middle, resulting stochastic single

channel records captured at the indicated membrane potential. Bottom, the resulting conductance of each ion is estimated by fitting the average current

amplitude-voltage relationship to a linear equation (Error = s.d.; n = 4-6 cells).



Figure S6. Sequence Alignment of PKD2 with Related PKD2-L1 and PKD2-L2 Channels, Related to Figures 1, 2, 3, 4, and 6

PKD2-L1 and PKD2-L2 are aligned against the PKD2:198-703 used in this study. Secondary structural elements are indicated above the sequence and all critical

residues discussed in the text are highlighted. Note that these residues are highly conserved.
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SUMMARY

Expansion of a hexanucleotide repeat GGGGCC
(G4C2) in C9ORF72 is the most common cause of
amyotrophic lateral sclerosis (ALS) and frontotempo-
ral dementia (FTD). Transcripts carrying (G4C2) ex-
pansions undergo unconventional, non-ATG-depen-
dent translation, generating toxic dipeptide repeat
(DPR) proteins thought to contribute to disease.
Here, we identify the interactome of all DPRs and
find that arginine-containing DPRs, polyGly-Arg
(GR) and polyPro-Arg (PR), interact with RNA-bind-
ing proteins and proteins with low complexity
sequence domains (LCDs) that often mediate the as-
sembly of membrane-less organelles. Indeed, most
GR/PR interactors are components of membrane-
less organelles such as nucleoli, the nuclear pore
complex and stress granules. Genetic analysis in
Drosophila demonstrated the functional relevance
of these interactions to DPR toxicity. Furthermore,
we show that GR and PR altered phase separation
of LCD-containing proteins, insinuating into their
liquid assemblies and changing their material prop-
erties, resulting in perturbed dynamics and/or func-
tions of multiple membrane-less organelles.

INTRODUCTION

Expansion of a hexanucleotide repeat GGGGCC (G4C2) in an

intron of chromosome 9 open reading frame 72 (C9ORF72) is

the most common cause of amyotrophic lateral sclerosis (ALS)

and frontotemporal dementia (FTD) (C9-ALS/FTD) (DeJesus-

Hernandez et al., 2011; Renton et al., 2011). Unaffected individ-

uals typically have between 2 and 23 G4C2 repeats, while people

with C9-ALS/FTD have hundreds or even thousands of repeats.

As this mutation accounts for up to 40% of familial cases of

ALS and FTD and �5%–10% of sporadic cases (Renton et al.,

2011), there is intense interest in understanding howG4C2 repeat

expansions cause disease.

Decreased expression of the C9ORF72 proteinmay contribute

to disease progression in C9-ALS/FTD (O’Rourke et al., 2016),

but the primary driver of pathogenesis in C9-ALS/FTD appears

to be toxic gain of function, for which two non-exclusive mecha-

nisms have been proposed. The first posits that C9ORF72 tran-

scripts sequester RNA-binding proteins (Burguete et al., 2015;

Xu et al., 2013), since these transcripts accumulate in the brain

and spinal cord of C9-ALS/FTD patients (DeJesus-Hernandez

et al., 2011; Gendron et al., 2013; Mori et al., 2013; Zu et al.,

2013). The second centers on toxicity from dipeptide repeat

(DPR) proteins produced by repeat-associated non-ATG (RAN)

translation, which occurs in the absence of an initiating AUG

codon and produces peptides from all reading frames from

both sense and antisense transcripts (Zu et al., 2011). Hexanu-

cleotide repeat expansion in C9ORF72 produces five DPR pro-

teins: glycine-alanine (GA) and glycine-arginine (GR) from sense

G4C2-containing transcripts, proline-arginine (PR) and proline-

alanine (PA) from antisense C4G2-containing transcripts, and

glycine-proline (GP) from both sense and antisense transcripts

(Gendron et al., 2013; Mori et al., 2013; Zu et al., 2013). All of

these DPRs are produced in C9-ALS/FTD patients and account

for cytoplasmic and intranuclear inclusions observed in the brain

and spinal cord (Gendron et al., 2013; Zu et al., 2013).

Some DPR species, those containing arginine (GR and PR) in

particular, are toxic. GR and PR peptides are taken up by
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cultured cells when added exogenously and accumulate in

nucleoli, causing RNA processing defects and cell death

(Kwon et al., 2014). Similarly, GR and PR are toxic when ex-

pressed in cultured neurons, while similar levels of PA, GA, and

PG are well tolerated (Wen et al., 2014), consistent with findings

in Drosophila that GR and PR are toxic in neuronal tissue,

whereasGA ismodestly toxic andGP and PA are non-toxic (Frei-

baum et al., 2015; Mizielinska et al., 2014; Wen et al., 2014). A

recent series of studies provided converging evidence that at

least one downstream consequence of the C9ORF72 mutation

is impaired trafficking through the nuclear pore (Freibaum

et al., 2015; Jovi�ci�c et al., 2015; Zhang et al., 2015). Two of these

studies were based on complex disease models expressing

expanded G4C2 RNAs and multiple DPR proteins (Freibaum

et al., 2015; Zhang et al., 2015), but one used PR overexpression

in yeast, suggesting that this DPR species alone is sufficient to

impair nuclear pore trafficking (Jovi�ci�c et al., 2015). Other studies

have reported toxicity with GA expression in cultured cells or

AAV-mediated delivery to mouse brain, so multiple DPR species

may contribute to disease (Zhang et al., 2016; Zhang et al.,

2014). The relative contribution of RNA- versus DPR-mediated

toxicity to C9-ALS/FTD pathogenesis, as well as the identities

of the most potent DPR species and their mechanisms of

toxicity, are pressing questions in the field.

An additional unresolved question is the extent of mechanistic

overlap between the many distinct genetic forms of ALS, FTD,

and related diseases that share the same histopathology. Accu-

mulation of the RNA-binding protein TDP-43 in ubiquitinated

cytoplasmic inclusions is the hallmark pathology of sporadic

and most familial ALS and FTD, including C9-ALS/FTD (Taylor

et al., 2016). The discovery of ALS/FTD-causing mutations in

TDP-43 and related RNA-binding proteins, including FUS and

hnRNPA1, focused attention on the role of RNA-binding proteins

in ALS/FTD pathogenesis (Kim et al., 2013; Kwiatkowski et al.,

2009; Vance et al., 2009). Notably, disease-causing mutations

in TDP-43, FUS, and hnRNPA1 are most frequently located in

low complexity sequence domains (LCDs) of these proteins.

LCDs in these and related RNA-binding proteins contribute to

the assembly of membrane-less organelles such as RNA gran-

ules (Kato et al., 2012). Recently, we and others demonstrated

that liquid-liquid phase transition (LLPS) by hnRNPs harboring

LCDs, such as hnRNPA1, TIA1, and FUS, contributes to the as-

sembly and liquid properties of stress granules (Lin et al., 2015;

Molliex et al., 2015; Murakami et al., 2015; Patel et al., 2015).

Importantly, disease mutations in LCDs alter this biophysical

property, accelerate the formation of amyloid-like fibrils, and

disrupt the dynamics and functions of membrane-less organ-

elles (Taylor et al., 2016).

Here, we determined that the two arginine-containing DPRs

produced from mutant C9ORF72, GR and PR, interact with

RNA-binding proteins and other proteins harboring LCDs,

including TDP-43, hnRNPA1, and FUS. We show that GR and

PR insinuate into liquid assemblies of LCDs, alter their material

properties, and disrupt the dynamics and functions of mem-

brane-less organelles in living cells. These observations suggest

a shared pathogenic mechanism for disease initiated by

C9ORF72 mutations and mutations in genes encoding RNA-

binding proteins.

RESULTS

GR/PR Interactomes Are Enriched in Proteins
Containing LCDs
To gain insight into the mechanisms underlying DPR-mediated

toxicity, we analyzed the interactomes of DPR proteins in

human cells. GFP-conjugated 47 or 50 repeat DPR proteins

(GFP-GA50, GFP-GP47, GFP-PA50, GFP-GR50, and GFP-PR50)

were expressed in human embryonic kidney (HEK293T) cells

and immunoprecipitated with anti-GFP nanobody. By gel stain-

ing, we found that arginine-containing DPRs, GFP-GR50

and GFP-PR50, interacted with numerous proteins, whereas

GFP-GA50, GFP-GP47, and GFP-PA50 showed no enrichment

of bound proteins compared to GFP control (Figures S1A and

S1B). After analysis of co-purified proteins by liquid chromatog-

raphy-tandem mass spectrometry (LC-MS/MS), we measured

the specificity and reproducibility of individual interactions using

the significance analysis of interactome (SAINT) approach (Fig-

ures 1A and S1D) (Choi et al., 2011). Western blotting confirmed

a subset of high-scoring interactions (Figure S1C and data not

shown). We identified 389 DPR-interacting proteins using a

SAINT score cutoff of 0.6 (Figure S1D; Table S1): this number

decreased to 202 with a stringent cutoff of 0.9 (Figures 1B and

S1D). Of these 202 proteins, 196 were associated with either

GFP-GR50 or GFP-PR50, 6 were identified as GFP-GA50-specific

interactors, and no proteins were identified as GFP-GP47- or

GFP-PA50-specific interactors.

Among the 196 GFP-GR50 or GFP-PR50 interactors, 81 pro-

teins were associated with both GFP-GR50 and GFP-PR50, far

more overlap than expected by chance (p = 1.17E-37). Among

these interactors are ALS/FTD-related RNA-binding proteins,

including TDP-43, FUS, hnRNPA1, hnRNPA2B1, Matrin-3,

and Ataxin-2. Moreover, these common interactors showed

significant enrichment in proteins containing LCDs; whereas

LCDs are in 35.8% of human proteins, 67.9% of GFP-GR50

and GFP-PR50 common interactors contained LCDs (Fig-

ure 1C). Consistent with this observation, a companion manu-

script from McKnight and colleagues uses a covalent cross-

linking approach yielding similar overlap in PR interactomes

(p = 9.3 3 10�274; Lin et al., 2016). Consistent with the

emerging role of LCDs in mediating the higher order assembly

of membrane-less organelles and related structures, gene

ontology analysis of the full GR/PR interactome revealed

that GFP-GR50 and GFP-PR50 interactors were significantly

enriched in RNA-binding proteins and components of mem-

brane-less organelles, including RNP complexes or granules,

nucleoli, spliceosomes, and the nuclear pore complex

(Figure 1D), suggesting that membrane-less organelles and

related structures might be common targets of arginine-

containing DPRs.

Arginine-Containing DPR Proteins Drive C9orf72 G4C2

Repeat Toxicity in Drosophila

To assess the contribution of each DPR protein to the toxicity

associated with C9orf72-mediated neurodegeneration, we

used transgenic flies with alternative codons to G4C2 to directly

express 47 or 50 repeats of GR, PR, GA, GP, and PA, with an

AUG start codon and amino-terminal GFP (Freibaum et al.,
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2015; Wen et al., 2014). Expression of GFP-GA50, GFP-GP47, or

GFP-PA50 in eyes using GMR-GAL4 did not elicit a degenerative

eye phenotype (Figure 2A). By contrast, expression of GFP-GR50

or GFP-PR50 resulted in severely degenerated eyes (Figure 2A),

consistent with previous reports indicating that arginine-contain-

ing dipeptides are toxic in cultured cells and Drosophila (Frei-

baum et al., 2015; Jovi�ci�c et al., 2015; Kwon et al., 2014; Mizie-

linska et al., 2014; Wen et al., 2014). The toxicity of GR and PR

also extends to other tissues: expression of GFP-GR50 or GFP-

PR50 in motor neurons (using driver OK371-GAL4) or eyes (using

GMR-GAL4, which has some leakiness in the brain) caused pu-

pal lethality, whereasGFP-GA50, GFP-GP47, or GFP-PA50 had no

effect on viability (Figures 2B and 2C). Increasing the tempera-

ture, which boosts transgene expression, further decreased sur-

vival in flies expressing GFP-GR50 or GFP-PR50 (Figures 2B and

2C). We then crossed in deGradFP (Caussinus et al., 2011)

to target GFP-GR50 peptides for proteasomal degradation.

This rescued the eye phenotype (Figures S2A and S2B), demon-

strating that GFP-GR50 caused toxicity at the protein level.

Toxicity of GFP-GR50 or GFP-PR50 was also observed in

mammalian cells of neuronal origin, Neuro-2a cells, consistent

with a prior report of PR and GR toxicity in neurons (Wen et al.,

2014) (Figure 2D). Cells expressing GFP-GA50 showed a trend

toward increased cell death (Figure 2D). Thus, the highly basic,

arginine-containing DPR proteins stand apart as particularly

toxic in Drosophila and mammalian cells.

DPR Protein Interactors Are Genetic Modifiers of GR50-
Mediated Toxicity in Drosophila

We performed an in vivo RNAi screen as an orthologous

approach to assess the functional significance of the arginine-

containing DPR interactomes. GFP-GR50-expressing flies were

crossed with Drosophila lines expressing double-stranded

RNA (dsRNA), which use a GMR-GAL4 driver to knock down

selected genes and show �50% viability at 22�C, allowing for

detection of enhancer and suppressor effects. A total of 126

GR/PR interactors for which close Drosophila orthologs exist

were tested (Table S2). To minimize variability due to genetic

background, we set the basal viability range at 25%–48%, based

on the survival rate of GFP-GR50-expressing flies crossed with

two genetically distinct parental controls, V60100 and w1118

(Figure S2C). Remarkably, 84.9% of the GR/PR interactors

were genetic modifiers of GFP-GR50 toxicity (Figure S2C). This

targeted screen identified 80 suppressors (63%), including 35

(28%) strong suppressors whose depletion increased viability

to >70%. The screen also identified 27 enhancers (21%),

including 21 that reduced viability to <15%. The high frequency

of genetic modifiers in the GR/PR interactome underscores the

relevance of these interactions to DPR-related toxicity. Impor-

tantly, most of these genetic modifiers encode components of

membrane-less organelles, suggesting that disturbance in the

function of membrane-less organelles contributes to GR/PR

toxicity (Figure 2E and S2D).

A B C

D

Figure 1. Proteomic Analysis Showing GR and PR Share a Common Set of Interactors Enriched in LCDs
(A) GFP-GR50- and GFP-PR50-interacting proteins displayed by SAINT probabilistic score. Green, interactors with LCDs; gray, interactors without LCDs.

(B) Venn diagram illustrating overlap (p < 1.17e�37, hypergeometric test) between GFP-GR50- and GFP-PR50-interacting proteins.

(C) Percentage of LCD-containing proteins within the GR/PR interactome compared to percentage of LCD-containing proteins in the human proteome.

(D) Gene ontology analysis showing enrichment in proteins that are components of membrane-less organelles. p values were derived via the DAVID algorithm.

See also Figure S1.
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Figure 2. Relevance of the GR/PR Interactome to Toxicity Confirmed in Drosophila

(A) Eye phenotypes resulting from GMR-GAL4-driven expression of indicated transgenes at indicated temperatures.

(B and C) Egg-to-adult viability phenotypes resulting from (B) OK371-GAL4-driven or (C) GMR-GAL4-driven expression of indicated transgenes at indicated

temperatures. n = 3 biological repeats, ****p < 0.0001 by two-way ANOVA, Tukey’s post hoc test.

(legend continued on next page)
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Overlap in Genetic Modifiers of Toxicity fromGR/PR and
Expanded-G4C2 Repeat
Several genetic modifiers of GR toxicity identified among the

GR/PR interactome (e.g., ALYREF, XPO1, TNPO1, and GLE1)

were also identified in a prior unbiased, whole-genome screen

for modifiers of flies expressing expanded (G4C2) repeats (Frei-

baum et al., 2015). To assess the extent of overlap between

these datasets, we further assessed the 35 strongest suppres-

sors and 21 strongest enhancers in our Drosophila model ex-

pressing 58 G4C2 repeats. 23 of 35 suppressors (65.7%) and

13 of 21 (61.9%) enhancers modified the rough eye phenotype

in (G4C2)58-expressing flies, similar to their effects on GFP-

GR50 fly viability (Figures S2E and S2F). To assess specificity,

we tested the same candidate modifiers in a Drosophila model

expressing polyglutamine (polyQ) expansion in the androgen re-

ceptor (AR(polyQ)52)(Nedelsky et al., 2010), a neurodegenerative

model unrelated to C9orf72, and found very little overlap (Figures

S2E and S2F). Cluster dendrogram analysis demonstrated that

the overlap of shared modifiers of GR and (G4C2)58 toxicities

was significantly greater than shared modifiers with AR(polyQ)52
toxicity, suggesting a common pathogenic mechanism by which

GR and G4C2 expansion cause toxicity. Thus, some portion of

the degeneration driven by G4C2 expansion in Drosophila, if

not all, may be driven by DPR expression.

Arginine-Containing DPRs Are Recruited to Specific
Nucleolar Substructures
We next examined the distribution of GFP-GR50 and GFP-PR50

in mammalian cells. We found GFP-GR50 in both the cytoplasm

and nucleus, GFP-PR50 predominantly in the nucleus, and both

GFP-GR50 and GFP-PR50 in the nucleolus, all consistent with

prior reports (Kwon et al., 2014; Wen et al., 2014) (Figures S3A

and S3B). Similar localization patterns were observed with

mCherry-GR50 and -PR50 (Figure 3A) and with fluorescein ami-

dite-labeled peptides of GR20 and PR20 added to the culture

media (Figure S3C).

Nucleoli consist of three morphologically distinct regions:

fibrillar centers (FCs) surrounded by a dense fibrillar component

(DFC), both embedded in a liquid-like granular component (GC)

(Boisvert et al., 2007; Brangwynne et al., 2011). These regions

host different aspects of ribosome biogenesis and have different

biophysical properties (Boisvert et al., 2007). Super-resolution

microscopy using structured illumination (SIM) revealed that

GR and PR are recruited to the NPM1-positive GC but excluded

from the upstream binding factor (UBF)-positive FC (Figure 3B),

and GR, but not PR, was enriched in the Fibrillarin-positive DFC

(Figure 3C).

Recruitment of GR and PR to the GC is consistent with the

observed physical interaction of both DPRs with GC component

NPM1 (Figure 1A). None of the non-arginine DPRs showed accu-

mulation in the nucleolus or its individual compartments (Fig-

ure S3A and S3B). We further assessed association of GR and

PR with nucleolar components by fluorescent recovery after

photobleaching (FRAP). GFP-GR50 and GFP-PR50 showed pro-

longed recovery time after photobleaching compared to GFP

control (Figures S3D and S3E), consistent with tighter physical

interaction with a nucleolar constituent. Despite the comparable

recovery times of GFP-GR50 and GFP-PR50, GFP-GR50 showed

a smaller mobile fraction, indicating a more stable interaction

with one or more nucleolar constituents (Figures S3D and

S3E), possibly due to its tight association with less mobile DFC

components (Feric et al., 2016) in the nucleolus (Figure 3C).

In contrast to the dynamic association of GFP-GR50 and

GFP-PR50 with the nucleolus, GFP-GA50 forms prominent cyto-

plasmic aggregates that are non-dynamic and show no fluores-

cence recovery after photobleaching. Moreover, when cells

were treated with the aliphatic alcohol 1,6-hexanediol, which

can disturb labile, phase-separation assemblies (Kroschwald

et al., 2015; Molliex et al., 2015), GFP-GR50 and GFP-PR50

are washed away from accumulation in nucleoli, whereas

GFP-GA50 cytoplasmic aggregates persist (Figure S3F). Finally,

when cells expressing GFP-GR50, GFP-PR50, or GFP-GA50

were subjected to serial detergent extraction, GFP-GR50 and

GFP-PR50 were mostly in the RIPA-soluble fraction (containing

0.1% SDS), whereas GFP-GA50 was more soluble in the urea

fraction (Figure S3G). This difference in solubility reflects their

distinct physicochemical properties: GR and PR peptides (and

the non-toxic GP and PA dipeptides) form flexible, expanded

coils, which are expected to remain soluble (Figure S4A), while

the GA dipeptide, composed of small hydrophobic residues

and devoid of charge, is expected to collapse into poorly soluble

globules and form aggregates through inter- and intramolecular

interactions.

Arginine-Containing DPRs Impair Biophysical
Properties of NPM1 In Vitro
NPM1 is abundant in the GC and helps organize this liquid-like

component of the nucleolus (Mitrea et al., 2016). It is a multiva-

lent protein containing three acidic LCD tracts permitting interac-

tion with many nucleolar binding partners with multivalent

arginine-rich motifs (R-motifs) (Mitrea et al., 2016). Along with

R-motif-containing proteins, NPM1 undergoes LLPS to form

liquid-like droplets believed to reflect the liquid-like properties

of theGC (Mitrea et al., 2016) (Figure 3D). Due to the high arginine

content of GR and PR, we hypothesized that these dipeptides

might interfere with nucleolar function by directly interacting

with NPM1 and altering its interactions with R-motif-containing

partners. Indeed, FLAG-GR20 and -PR20 peptides directly inter-

acted with purified NPM1 in vitro (Figures S4A and S4B).

Remarkably, although neither NPM1 nor GR20-FLAG/PR20-

FLAG peptides underwent LLPS in isolation, LLPSwas observed

when NPM1 was added, indicating that interaction of arginine-

containing DPRs with NPM1 is sufficient to induce LLPS (Fig-

ure 3E). LLPS occurred at a NPM1:DPR stoichiometric ratio of

(D) MTT assay following ectopic expression of indicated DPR constructs in Neuro-2a cells. n = 5 biological repeats, **p < 0.01, ***p < 0.001 by one-way ANOVA.

(E) Schematic of a cell with membrane-less organelles related to the GR/PR interactome. Enhancers (red) and suppressors (green) of GR viability are categorized

by membrane-less organelle. Data are represented as mean ± SEM in (B–D).

See also Figure S2.
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1:1 and was reduced or absent with excess GR20 or PR20

(Figure 3G). These observations suggest that the multivalent

R-motifs in DPRs, at equimolar ratios, form dynamic crosslinks

between NPM1 pentamers, mediating LLPS as previously

described for other multivalent R-rich peptides derived from

nucleolar proteins (Mitrea et al., 2016).

We next investigated whether adding GR20 or PR20 peptides

would influence the ability of NPM1 to undergo LLPS with one

of its native nucleolar binding partners, SURF6. Using a fixed

concentration of NPM1 (20 mM), we titrated increasing amounts

of SURF6 peptide and observed LLPS only when SURF6 con-

centrations exceeded 20 mM (Figure 3F). Co-addition of

increasing concentrations of GR20 or PR20 peptides substantially

reduced the critical concentration of SURF6 necessary to induce

LLPS (Figure 3F), suggesting cooperation between the two

peptides in mediating LLPS. However, concentrations of GR20

and PR20 peptides in excess of that of NPM1 inhibited LLPS at

any SURF6 concentration (Figure 3F). Moreover, pre-formed

NPM1/SURF6 droplets were dissolved by addition of excess

GR20 or PR20, suggesting that GR20 or PR20 peptides are able

to outcompete SURF6 for interaction with NPM1 (Figures 3H

and 3I) and adopt a bound conformation incompatible with

LLPS. In contrast, non-arginine-containing DPR peptides (GP20

and PA20) did not undergo LLPS with NPM1 and failed to influ-

ence pre-formed NPM1/SURF6 droplets (Figures 3E and S4C).

Arginine-Containing DPRs Impair Nucleolar Dynamics
and Function in Live Cells
To test the in vivo consequences of GR and PR interaction with

nucleolar constituents, we assessed the impact of these DPRs

on the mobility of NPM1 and Nucleolin (NCL) in living cells with

FRAP. NPM1 and NCL both physically interact with GR/PR (Fig-

ure 1A; Table S1) and genetically suppress GR toxicity in vivo

(Figures 2E and S2C). After photobleaching a single nucleolus

labeled by GFP-NPM1, �60% of fluorescence signal recovered

within�120 s, indicating amobile fraction in dynamic equilibrium

with the surrounding nucleoplasm (Figures 4A and 4B). Expres-

sion of mCherry-GR50 or mCherry-PR50 slowed NPM1 recovery

after photobleaching and significantly increased the NPM1

immobile fraction, consistent with strong interactions between

GR/PR and NPM1 (Figures 4A and 4B).

NCL is primarily located in the DFC (Ginisty et al., 1999) and

directly interacts with synthetic GR20-FLAG and PR20-FLAG

peptides, showing greater association with GR than PR (Fig-

ure S4B). When we photobleached a single nucleolus labeled

by GFP-NCL, approximately 60% of fluorescence signal recov-

ered within �10 s (Figures 4C and 4D). PR50 or GR50 reduced

the mobile fraction of NCL, with GR50 showing a more potent ef-

fect, consistent with the binding data (Figures 3C, 4C, 4D, and

S4B). This phenomenon is specific, as the mobility of DDX47, a

nucleolar protein that neither contains an LCD nor interacts

with GR50 or PR50, was unaffected by GR50 or PR50 expression

(Figures S4D and S4E).

We also examined the impact of GR50 and PR50 accumulation

on themorphology of nucleolar substructures with super-resolu-

tion SIM microscopy, using UBF1 staining to identify the FC and

Fibrillarin staining to identify the DFC. The diameter of the FC in

cells expressing GFP did not significantly differ from that of un-

transfected cells but was significantly enlarged in cells express-

ing GR50 and PR50 (Figure 4E). Total rRNA in cells expressing

GFP-GR50 or GFP-PR50 was significantly reduced compared

to neighboring untransfected or GFP-expressing cells (Figures

4F and 4G), consistent with prior reports of decreased process-

ing and maturation of rRNA in cells treated with PR20 peptide

(Kwon et al., 2014) and in C9-ALS/FTD patient-derived cells

and tissue (Haeusler et al., 2014). Together, these results indi-

cate that interaction of arginine-containing DPRs with nucleolar

proteins impacts their biophysical properties, alters nucleolar

dynamics, and impairs nucleolar function.

GR and PR Interact with Stress Granule Proteins
Cytoplasmic stress granules are membrane-less cytosolic

bodies assembled bymRNAs and proteins when translation initi-

ation is limiting (Anderson and Kedersha, 2009). Many GR/PR

physical and genetic interactors are components of these struc-

tures and are essential for their assembly and dynamics (Figures

1A and 2E; Table S1). The LCD-containing G3BP1 and G3BP2

(hereafter G3BP) and its binding partner Caprin1 both promote

Figure 3. GR and PR Dipeptides Localize to Nucleolar Substructures and Impair Biophysical Properties of NPM1 In Vitro

(A) Cellular localization of mCherry- GR50 or -PR50 (red) and endogenous G3BP1 (green) in HeLa cells. DAPI is shown in blue. Scale bar, 10 mm.

(B) Structured illumination microscopy showing sub-nucleolar localization of GFP-GR50 and -PR50 (green), UBF1 (cyan), and Fibrillarin (red) in HeLa cells. Nuclei

were outlined based on DAPI stain (not shown). Scale bar, 1 mm.

(C) GR localizes within GC and DFC, but is excluded from the FC. A representative line scan intensity graph of Fibrillarin and GFP-GR50 is displayed. Scale

bar, 1 mm.

(D) Schematic representation of LLPSmediated by NPM1 and R-rich motifs. NPM1 has N-terminal oligomerization domain (OD, gold), three acidic tracts (A1, A2,

and A3, red), and one C-terminal RNA recognition motif (RRM, purple).

(E) Poly-arginine peptides phase separate in vitro with NPM1 at 1:1 stoichiometry. Shown are confocal microscopy images of 20 mMNPM1, GR20, and PR20 (left

panel) and binary mixtures of 20 mM NPM1 with 20 mM of the indicated peptide (right). 1 mM of the total NPM1 and each peptide was labeled with Alexa488 or

TAMRA, respectively. Scale bar, 10 mm.

(F) Phase diagrams for ternary mixtures of NPM1 (20 mM) with the indicated concentrations of SURF6 and GR20 (top) or SURF6 and PR20 (bottom). Single-phase

regime (red diamonds) and two-phase regime with the formation of liquid droplets (green circles) are indicated.

(G) GR20 (left) and PR20 (right) phase separate with NPM1 at 1:1 stoichiometry (DPR:NPM1), but not at higher stoichiometries. Alexa488-NPM1 was detected

using confocal fluorescence microscopy. Scale bar, 10 mm.

(H and I). Titrations of GR20 (H) and PR20 (I) (concentrations at top) into liquid-phase droplets comprised of 1:1 NPM1:SURF6 peptide prepared at different

concentrations (indicated at left). Alexa488-NPM1 (left in each panel) and TAMRA-DPR peptides (middle) were detected using confocal fluorescence micro-

scopy. Scale bar, 10 mm.

See also Figures S3 and S4.

780 Cell 167, 774–788, October 20, 2016



PR50

Merge

m
C

he
rr

y
m

C
he

rr
y-

G
R

50

0 s 10 s 189 s
A B

mCherry GFP-NPM1 75 s

Merge mCherry GFP-NCL 0 s 10 s 75 s 295 s

Th
e 

R
el

at
iv

e 
G

FP
-N

P
M

1 
In

te
ns

ity

100
Control GR50

80

60

40

20

0
20 40 60 80 100 120 140 160 180 200

Elapsed time (s)

C D

Th
e 

R
el

at
iv

e 
G

FP
-N

C
L 

In
te

ns
ity

Elapsed time (s)

Control GR50

Before photobleach Recovery after photobleach

Before photobleach Recovery after photobleach

F
rRNA

G
FP

G
FP

-G
R

50
G

FP
-P

R
50

GFP DAPI Merge

0% 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 

100% 

Control 

%
 o

f C
el

ls
 

G

GR50 PR50 

Reduced rRNA 

m
C

he
rr

y-
P

R
50

m
C

he
rr

y
m

C
he

rr
y-

G
R

50
m

C
he

rr
y-

P
R

50

PR50

0.0 0.5 1.0 1.5
0

10000

20000

30000

40000

50000

In
te

ns
ity

Distance (μm)

0.0 0.5 1.0 1.5
0

20000

40000

60000

In
te

ns
ity

Control GFP

GFP-GR50 GFP-PR50

278.2 ± 30.0 nm

477.7 ± 43.2 nm 416.0 ± 47.9 nm

UBF1
Fibrillarin

0.0 0.5 1.0 1.5
0

10000

20000

30000

40000

In
te

ns
ity

Distance (μm)

0.0 0.5 1.0 1.5
0

10000

20000

30000

40000

50000

In
te

ns
ity

Distance (μm)

258.3 ± 20.1 nm
E

Distance (μm)

20 40 60 80 100 120 

100

80

60

40

20

0

p***

p***

p***

***

***

Figure 4. GR and PR Dipeptides Disrupt Nucleolar Dynamics and Function in Live Cells
(A–D) HeLa cells transfected with (A and B) GFP-NPM1 or (C and D) GFP-NCL and mCherry-GR50 or -PR50 constructs were analyzed using FRAP. The yellow

circle marks the photobleached region. Representative images of the same area before and after photobleaching are shown. Scale bar, 10 mm. Fluorescence

of (B) GFP-NPM1 or (C) GFP-NCL in the photobleached region over time. n = 10–12 cells per sample for GFP-NPM1; n = 7–8 cells per sample for GFP-NCL,

***p < 0.001 by Student’s t test, paired.

(E) Average diameter of the nucleolar fibrillar center (FC) is shown following expression of GFP-GR50 or -PR50 dipeptides or controls. p < 0.01, ANOVA. Scale bar,

1 mm. At least 12 cells were analyzed for each condition (n = 2 biological repeats). Representative line scan intensity graphs of FC surrounded by DFC are

displayed.

(F) rRNA-specific antibody (red) shows rRNA levels in HeLa cells transiently transfected with GFP-GR50 or -PR50 or GFP alone.

(G) Quantification of cells showing the percentage of normal (gray) and reduced (white) immunostaining of rRNA relative to neighboring untransfected cells. n = 3

biological repeats, ***p < 0.001 by one-way ANOVA. Scale bar, 10 mm.

Data are represented as mean ± SEM in (B), (D), and (E). See also Figure S4.
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Figure 5. GR and PR Dipeptides Promote Spontaneous Assembly of Poorly Dynamic Stress Granules and Inhibit Cellular Translation

(A) Cellular localization of GFP-GR50, GFP-PR50, or GFP and endogenous TDP-43 (red) and eIF4G (purple) in HeLa cells. DAPI is shown in blue. Scale bar, 10 mm.

(B) Percentage of cells containing stress granules in HeLa or U2-OS cells following expression of GFP, GFP-GR50, or GFP-PR50. n = 2 biological repeats.

(C) Stress granule dynamics in HeLa cells as visualized by G3BP1-GFP (green) and mCherry, mCherry-GR50, or mCherry-PR50 (red). Live cells were imaged

continuously over 14 hr (Movies S1–S3). White arrows, cells with stress granules at the beginning of imaging; yellow arrows, cells spontaneously forming stress

granules during imaging. Scale bar, 10 mm.

(D) Hazard analysis demonstrating risk of stress granule formation and cell death. ***p < 0.0001 by log-rank test.

(legend continued on next page)
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stress granule assembly (Kedersha et al., 2016) and were identi-

fied as strong enhancers of GR-mediated toxicity in our RNAi

screen (Figure 2E). USP10, which also binds to G3BP but inhibits

stress granule assembly (Kedersha et al., 2016), was identified

as a suppressor. These observations suggest that stress granule

biology is tightly associated with DPR-mediated toxicity.

GR and PR Induce Spontaneous Assembly of Poorly
Dynamic Stress Granules and Impair Translation
Cytosolic GR50 showed frequent colocalization with stress

granule markers (Figures 5A and S4). Although GFP-PR50 was

not detectable in stress granules, expression of GR50 or PR50

was associated with spontaneous stress granule assembly in

both HeLa and U2-OS cells (Figures 5A and 5B), and numerous

stress granule proteins were detected in PR/GR-induced stress

granules (Figures S5A–S5E). Live imaging of HeLa cells for 14 hr

revealed that these stress granules were poorly dynamic, very

rarely disassembled, and their frequency increased with time

(Figure 5C; Movies S1–S3). Hazard analysis revealed that the

risk of death in GR50-positive or PR50-positive cells forming

stress granules approached 87.5% and 70.0%, respectively,

over the 14 hr window (Figure 5D).

Stress granules are thought to represent a pool of mRNPs

stalled in the process of translation initiation (Anderson and

Kedersha, 2009). Therefore, we assessed the impact of GR50/

PR50-induced stress granules on translation. Results from

two independent methods (puromycin incorporation [Schmidt

et al., 2009], Figures 5E and 5F; 35S-Met/Cys metabolic labeling,

Figures 5G and S5F) showed that mRNA translation was dramat-

ically reduced in cells expressing GFP-GR50 or GFP-PR50.

GR and PR Directly Interact with LCD-Containing RNA-
Binding Proteins and Alter Their Biophysical Properties
RNA-binding proteins with LCDs undergo concentration-depen-

dent LLPS to form liquid droplets, a property believed to

contribute to the assembly and liquid properties of stress gran-

ules (Lin et al., 2015; Molliex et al., 2015; Murakami et al.,

2015; Patel et al., 2015). hnRNPA1 and TIA-1 are prototypical

hnRNPs consisting of two or three folded RNA recognitionmotifs

(RRMs), respectively, with C-terminal LCDs (Figures 6A, 6D,

S6A, and S6D). Under conditions in which hnRNPA1 and TIA-1

formed liquid droplets, tetramethylrhodamine (TAMRA)-labeled

GR20 (TAMRA-GR20) and PR20 (TAMRA-PR20) peptides were re-

cruited into these protein-dense droplets, whereas TAMRA-PA20

and TAMRA-GP20 peptides were not (Figures 6B and 6E). Impor-

tantly, the presence of GR20 or PR20 substantially decreased the

critical concentration of hnRNPA1 or TIA-1 required for LLPS,

whereas neither PA20 nor GP20 impacted LLPS by hnRNPA1 or

TIA-1 (Figure 6C and 6F). Consistent with these observations,

FRAP analysis showed that GR20 or PR20 significantly altered dy-

namic exchange of hnRNPA1 (Figures S6B and S6C) and TIA-1

(Figures S6E and S6F) between the dense droplet phase and

the surrounding mono-disperse phase, suggesting that these

peptides strengthen the multivalent interactions that comprise

the liquid phase of hnRNPA1 and TIA-1. Moreover, incorporation

of GR20 or PR20 changed the material properties of hnRNPA1

droplets, which are normally highly fusible and readily wet the

coverslip (Movie S4) but, with addition of GR20 or PR20, fail to

wet the surface of the coverslip or to fuse over time (Movie

S5), suggesting that these droplets have higher surface tension

(Figure S6).

GR and PR Alter Stress Granule Dynamics in Live Cells
We next monitored G3BP1, which directly interacts with GR and

PR (Figure S4B), to assess the impact of GR and PR on stress

granule dynamics in living cells. G3BP1-GFP was distributed

diffusely in the cytoplasm of untreated HeLa cells (Figure 5C)

but rapidly assembled into stress granules upon NaAsO2 treat-

ment (Figure 6G). FRAP analysis showed G3BP1-GFP in stress

granules is in rapid dynamic equilibrium with the cytoplasm (Fig-

ures 6G and 6H). mCherry-GR50 or mCherry-PR50 expression

induced spontaneous assembly of stress granules and impaired

the dynamic exchange of G3BP1-GFP between the stress

granule and the cytoplasm. GR or PR reduced the rate of fluores-

cence recovery and decreased the mobile fraction after photo-

bleaching of G3BP1-GFP within stress granules (Figures 6G

and 6H), suggesting that these peptides strengthen the multiva-

lent interactions that comprise the liquid phase of stress granules

in living cells.

GR and PR Alter Nuclear Speckle Dynamics and Cajal
Body Assembly in Live Cells
Nuclear speckles, also knownas interchromatin granule clusters,

are membrane-less nuclear organelles enriched in pre-mRNA

splicing and transcription factors (Wansink et al., 1993) and

recently found to have dynamic, liquid-like properties (Marzahn

et al., 2016). Cajal bodies are another type of membrane-less nu-

clear organelle, enriched in snRNPs and serving as a site of spli-

ceosome assembly (Machyna et al., 2015). Components of both

of these membrane-less organelles were identified in the GR/PR

interactome (Figure 1A; Table S1) and as genetic modifiers of GR

toxicity in Drosophila (Figures 2E, S2C, and S2D). For example,

the splicing factor and nuclear speckle component SRSF7 inter-

acted strongly with GFP-PR50 but weakly with GFP-GR50 (Fig-

ure S1C). FRAP analysis showed that fluorescence recovery of

SRSF7-GFP in nuclear speckles was significantly reduced by

mCherry-PR50, but not mCherry-GR50 (Figures 7A and 7B). The

splicing factor SRSF2 (also called SC-35) is another nuclear

speckle component that was not identified in the GR/PR interac-

tome. In contrast to SRSF7, SRSF2 mobility was not influenced

either by mCherry-PR50 or mCherry-GR50, suggesting that GR

and PR specifically impact the dynamics of proteins they interact

(E) Translation efficiency in HeLa cells as visualized by measuring puromycin (red) incorporation into nascent peptides; Green, GFP; Purple, EIF4G. Scale bar,

10 mm.

(F) Quantification of translation in HeLa cells as visualized in (E). n = 3 biological repeats, ***p < 0.001 by one-way ANOVA.

(G) Translational inhibition as assessed by metabolic assay monitoring incorporation of S35 into newly translated proteins. n = 5 biological repeats, ***p < 0.001,

**p < 0.01, *p < 0.05, two-way ANOVA, Dunnett’s post hoc test. Data are represented as mean ± SEM in (F) and (G). See also Figure S5 and Movies S1–S3.
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with (Figure S7). To examine Cajal bodies, we stained for their

principal structural component, Coilin (Machyna et al., 2015). In

untransfected and GFP-expressing GFP cells, we detected mul-

tiple Cajal bodies in most nuclei, but cells expressing GFP-PR50

or GFP-GR50 were often devoid of Cajal bodies (Figure 7C).

Thus, nuclear speckles and Cajal bodies are additional
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(A) Schematic of hnRNPA1. RRM, RNA-recognition motif; LCD, low-complexity sequence domain.

(B) Incorporation of DPRs into phase-separated liquid droplets of hnRNPA1. Fluorescence images of hnRNPA1 (DIC) mixed with TAMRA-labeled polypeptides.

Scale bar, 10 mm.

(C) Phase diagram of hnRNPA1 as a function of concentration of protein concentration and polypeptides concentration. GR20 and PR20 significantly shift the

phase diagram. Red and green symbols indicate that the samples are shown as being in either was in the one-phase (red) or the two-phase (green) regime,

respectively.

(D) Schematic of TIA-1.

(E) Incorporation of DPRs into phase-separated liquid droplets of TIA-1. Fluorescence images of TIA-1 (DIC) mixed with TAMRA-labeled polypeptides. Scale bar,

10 mm.

(F) Phase diagram of TIA-1 using the same analysis as for (C).

(G) G3BP1-GFP-transfected HeLa cells were either treated with NaAsO2 to induce stress granules or co-transfected with mCherry-GR50, followed by photo-

bleaching (yellow circle) and monitoring for fluorescence recovery. Scale bar, 10 mm.

(H) Fluorescence of the photobleached region over time. Data are represented as mean ± SEM for n = 7–8, ***p < 0.001 by Student’s t test, paired.

See also Figure S6 and Movies S4 and S5.
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membrane-less organelles whose dynamics and/or assembly

are impaired by GR and PR.

DISCUSSION

Despite efforts to define the basis of repeat expansion toxicity

in C9-ALS/FTD, the field has struggled to integrate seemingly

disparate findings, such as evidence of impaired nucleolar func-

tion (Kwon et al., 2014; Wen et al., 2014), disturbances in nucle-

ocytoplasmic transport (Freibaum et al., 2015; Jovi�ci�c et al.,

2015; Zhang et al., 2015), altered RNA splicing (Prudencio

et al., 2015), impaired trafficking of RNA granules (Alami et al.,

2014; Burguete et al., 2015), and impaired translation (Kanekura

et al., 2016). Furthermore, despite extensive clinicopathological

overlap in ALS/FTD caused by mutation in C9ORF72 and RNA-

binding proteins, a cohesive view of pathogenesis has been

lacking. Here, we unite these pathogenic mechanisms, de-

monstrating that DPRs, in particular GR and PR, disturb phase

transitions mediated by LCDs. This finding mirrors the defects

in phase transitions observed with disease-causing mutations

LCDs in TDP-43, FUS, and hnRNP1 (Lin et al., 2015; Molliex

et al., 2015; Murakami et al., 2015; Patel et al., 2015). Further-

more, the altered assembly, dynamics, and function of mem-

brane-less organelles that result from disturbed phase transi-

tions fully account for the widespread cellular abnormalities

observed in ALS/FTD.

We are only beginning to understand themolecular details that

mediate LLPS in living cells, but a common underlying principle

seems to be the formation of a network of relatively weak, multi-

valent interactions (Li et al., 2012). Many of the proteins that drive

LLPS belong to the general class of intrinsically disordered pro-

teins that make up about one-third of the human proteome (Old-

field and Dunker, 2014). Examination of the LCDs that underlie

LLPS reveals a sequence bias that provides a biophysical basis

for the weak and dynamic interactions that occur between the

macromolecules concentrated within the dense, liquid phase.
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See also Figure S7.
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Within these long stretches of low overall amino acid diversity

is an enrichment in specific amino acids, such as glycine and

those with polar, positively or negatively charged, or aromatic

sidechains (Brangwynne et al., 2015). Often these residues are

presentwithin LCDsas reiterated shortmotifs, providing a poten-

tial basis for multivalency. While the nature of the interactions

mediated by LCDs that permit LLPS remains unclear, certain

clues are beginning to emerge. For example, we previously

showed that LLPS of hnRNPA1, a component of stress granules,

is enthalpydriven and that aromatic andelectrostatic interactions

are driving forces (Molliex et al., 2015). Indeed, hnRNPA1 is

enriched in the aromatic residues phenylalanine and tyrosine

and the positively charged residue arginine relative to the overall

eukaryotic proteome (Hormoz, 2013). Moreover, the LCD of

hnRNPA1 is patterned: aromatics and positively charged resi-

dues, mainly arginines, are well distributed. Thus, these features

may represent reiterated interaction motifs in the background

of a polar polymer and enable multivalent, weak interactions

that drive LLPS during stress granule assembly. Analogously,

NPM1, containing multivalent acidic LCDs, undergoes LLPS

with nucleolar proteins that contain multivalent, linear arginine-

rich motifs (Mitrea et al., 2016). The importance of arginine-rich

motifs in both of these examples likely relates to the ability of

this residue toparticipate in charge-charge andPi-cation interac-

tions within the multivalent network (Brangwynne et al., 2015).

However, this feature also creates an exquisite vulnerability to

the inappropriate expression of the C9ORF72 DPRs’ GR and

PR. Indeed, nature would be hard-pressed to engineer a more

potent toxin to membrane-less organelles than polymers of

arginine.

As discussed earlier, an appreciation for the importance of the

RNA-binding protein TDP-43 in ALS and FTD pathogenesis

(Neumann et al., 2006; Kim et al., 2013; Kwiatkowski et al.,

2009; Vance et al., 2009), as well as inclusion body myopathy

(IBM) (Salajegheh et al., 2009), has emerged. Disease-causing

mutations in two familial forms of IBM were also identified in

the RNA-binding proteins hnRNPDL and TIA-1 (Hackman

et al., 2013; Klar et al., 2013; Vieira et al., 2014), with the patho-

genic TIA-1 mutations impairing stress granule dynamics

(Hackman et al., 2013). Disease-causing mutations in these

RNA-binding proteins are most frequently located in the LCDs

(Taylor et al., 2016) and can alter their biophysical properties,

accelerate the formation of amyloid-like fibrils, and disrupt the

dynamics and functions of membrane-less organelles (Kim

et al., 2013; Lin et al., 2015; Molliex et al., 2015; Murakami

et al., 2015; Patel et al., 2015). We propose a common mecha-

nism of pathogenesis for genetically overlapping forms of ALS,

FTD, and IBM, namely disturbances in the biophysical properties

of LCDs that disrupt the dynamics and functions of multiple

membrane-less organelles.
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Vance, C., Rogelj, B., Hortobágyi, T., De Vos, K.J., Nishimura, A.L., Sreed-

haran, J., Hu, X., Smith, B., Ruddy, D., Wright, P., et al. (2009). Mutations in

FUS, an RNA processing protein, cause familial amyotrophic lateral sclerosis

type 6. Science 323, 1208–1211.

Vieira, N.M., Naslavsky, M.S., Licinio, L., Kok, F., Schlesinger, D., Vainzof, M.,

Sanchez, N., Kitajima, J.P., Gal, L., Cavaçana, N., et al. (2014). A defect in the
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-eIF3h (N-20) Santa Cruz sc-16377; RRID: AB_671941

Mouse monoclonal anti-G3BP (23/G3BP) BD Biosciences 611126; RRID: AB_398437

Mouse monoclonal anti-rRNA (Y10b) Novus NB100-662; RRID: AB_10000550

Mouse monoclonal anti-Nucleophosmin (NA24) Thermo Fisher Scientific MA5-12508; RRID: AB_10981922

Mouse monoclonal anti-puromycin Kerafast Equation 0001

Mouse monoclonal anti-GFP (B-2) Santa Cruz sc-9996; RRID: AB_627695

Rabbit polyclonal anti-GFP Millipore AB3080

Rabbit polyclonal anti-C1QBP Cell Signaling Technology #5734; RRID: AB_10831050

Rabbit polyclonal anti-Fibrillarin Abcam ab5821; RRID: AB_2105785

Mouse monoclonal anti-UBF Santa Cruz sc-13125; RRID: AB_671403

Rabbit polyclonal anti-TDP-43 Proteintech Group #10782-2-AP; RRID: AB_615042

Rabbit polyclonal anti-KPNA2 Abcam Ab70160; RRID: AB_2133673

Rabbit monoclonal anti-Lamin B receptor Abcam Ab32535; RRID: AB_775968

Rabbit polyclonal anti-Nucleolin Abcam Ab22758; RRID: AB_776878

Rabbit polyclonal anti-PABPC1 Abcam Ab21060; RRID: AB_777008

Rabbit monoclonal anti-PTBP1 Millipore MABE623

Rabbit polyclonal anti-SRSF7 Proteintech Group 11044-1-AP; RRID: AB_2185229

Rabbit polyclonal anti-Flag Sigma-Aldrich F7425; RRID: AB_439687

Mouse monoclonal anti-6X His tag abcam Ab18184; RRID: AB_444306

Rabbit polyclonal anti-GST tag Thermo Fisher Scientific 71-7500; RRID: AB_2533994

Mouse monoclonal anti-GST (8-326) Thermo Fisher Scientific MA4-004; RRID: AB_10979611

Rabbit polyclonal anti-eIF4G (H300) Santa Cruz sc-11373; RRID: AB_2095750

Goat polyclonal anti-importin7 Abcam Ab15840; RRID: AB_302077

Goat polyclonal anti-TIA-1 Santa Cruz sc-1751; RRID: AB_2201433

Rabbit polyclonal anti-beta-Actin Cell Signaling Technology #4967; RRID: AB_330288

Rabbit polyclonal anti-actin antibody Santa Cruz sc-1616-R; RRID: AB_630834

Chemicals, Peptides, and Recombinant Proteins

Lipofectamine 2000 Invitrogen 1168019

Protease inhibitor Roche 11697498001

GFP-Trap_MA beads ChromoTek gtma-20

NuPAGE LDS sample buffer (4X) Thermo Fisher Scientific NP0007

FuGENE 6 Promega E2691

Flag peptide Sigma-Aldrich F3290-4MG

Anti-FLAG M2 Magnetic Beads Sigma-Aldrich M8823-1ML

20% paraformaldehyde Electron Microscopy Science 15713-S

ProLong Gold Antifade Mountant with DAPI Thermo Fisher Scientific P36931

ProLong Diamond Antifade Mountant with DAPI Thermo Fisher Scientific P36971

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific 89900

Puromycin invivogen ant-pr

S35 Perkin Elmer Health Sciences NEG0720

Sodium Arsenite Solution Sigma Aldrich 35000-1L-R

1,6-hexanediol Sigma-Aldrich 240117-50G

EDTA-free Protease Inhibitor Cocktail Roche 11873580001

PR20-FLAG This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GR20-FLAG This paper N/A

GP20- FLAG This paper N/A

PA20- FLAG This paper N/A

GA20- FLAG This paper N/A

PR20-TAMRA This paper N/A

GR20-TAMRA This paper N/A

GP20-TAMRA This paper N/A

PA20-TAMRA This paper N/A

GR20-FAM This paper N/A

PR20-FAM This paper N/A

PR20 This paper N/A

GR20 This paper N/A

GP20 This paper N/A

PA20 This paper N/A

NPM1 Mitrea et al., 2016 N/A

SURF6 Mitrea et al., 2016 N/A

GST Sigma-Aldrich SRP5348-20UG

GST-G3BP1 Abnova H00010146-P01

His-SUMO-hnRNPA1 Molliex et al., 2015 N/A

GST-NCL Abnova H00004691-P01

His-NPM1 MYBioSource MBS204570

His-SUMO-TIA-1 This paper N/A

SYPRO Ruby Protein Gel Stain Thermo Fisher Scientific S12000

Critical Commercial Assays

Vybrant MTT Cell proliferation Assay Kit Thermo Fisher Scientific V13154

Deposited Data

Co-purified LC/MS/MS This paper PRIDE: PXD004938

Experimental Models: Cell Lines

Human: 293T ATCC CRL-3216; RRID: CVCL_0063

Mouse: Neuro-2a ATCC CCL-131; RRID: CVCL_0470

Human: HeLa ATCC CCL-2; RRID: CVCL_0042

Human: U-2 OS ATCC HTB-96

E. coli: HI-Control BL21(DE3) Chemically

competent cells (SOLOS)

Lucigen 60435-1

Experimental Models: Organisms/Strains

Drosophila lines N/A Table S2

Plasmid: GFP-NPM1 addgene Plasmid #17578

Plasmid: mCherry-C1 Clontech #632524

Plasmid: mCherry-GR50 This paper N/A

Plasmid: mCherry-PR50 This paper N/A

Plasmid: GFP-Nucleolin addgene Plasmid #28176

Plasmid: GFP-G3BP1 This paper N/A

Plasmid: pEGFP-GR50 Zhang et al., 2014 N/A

Plasmid: pEGFP-PR50 Zhang et al., 2014 N/A

Plasmid: pEGFP-GA50 Zhang et al., 2014 N/A

Plasmid: pEGFP-PA50 Zhang et al., 2014 N/A

Plasmid: pEGFP-GP47 Zhang et al., 2014 N/A

Plasmid: SRSF7-GFP OriGene RG204785

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding author J. Paul Taylor

(JPaul.Taylor@STJUDE.ORG).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of Drosophila Lines and Drosophila Stocks
The GFP-GP47, GFP-GA50, and GFP-GR50 Drosophila stocks used were previously described (Freibaum et al., 2015). The GFP-PA50

and GFP-PR50 stocks were kindly provided by Udai Pandey (Wen et al., 2014). Flies were raised at 25�C on a standard diet. RNAi

stocks were obtained from either the Bloomington Drosophila Stock Center or the Vienna Drosophila RNAi Center. DPR expression

Drosophila lines RNAi lines were obtained from either the Bloomington Drosophila Stock Center or the Vienna Drosophila RNAi cen-

ter. Drosophila lines used are listed in Table S2.

Cell Culture
HEK293T, HeLa, U2OS, and Neuro2a cells were cultured in DMEM (HyClone) supplemented with 10% fetal bovine serum and 1%

antibiotics, and maintained at 37�C in a humified incubator with 95% air and 5% CO2.

METHODS DETAILS

Proteomic Analysis
pEGFP-C3, pEGFP-GR50, pEGFP-PR50, pEGFP-GA50, pEGFP-GP47 or pEGFP-PA50 plasmid was transfected into HEK293T cells by

using lipofectamine 2000 (Invitrogen) as manufacturer’s instruction. Forty-eight hours post-transfection, cells were lysed in lysis

buffer (10mM Tris/Cl [pH 7.5]; 150mM NaCl; 0.5mM EDTA; 0.5% NP-40) with protease inhibitor (cOmplete Mini EDTA-free protease

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: SRSF2-GFP OriGene RG209842

Plasmid: DDX47-GFP OriGene RG209448

Plasmid: pETite-TIA1 This paper N/A

Sequence-Based Reagents

Real-Time PCR Primer: YFP, Enhanced GFP ThermoFisher Assay ID Mr04097229_mr

Real-Time PCR Primer: Gapdh1 ThermoFisher Assay ID Dm01843827_s1

Software and Algorithms

Image Studio LI-COR https://www.licor.com/bio/products/software/image_

studio_lite/?utm_source=BIO+Blog&utm_medium=

28Aug13post&utm_content=ISLite1&utm_campaign=

ISLite; RRID: SCR_014211

ImageJ NIH https://imagej.nih.gov/ij/; RRID: SCR_003073

GraphPad Prism GraphPad Software Inc http://www.graphpad.com/scientific-software/prism/;

RRID: SCR_002798

SAINT Choi et al., 2011 http://saint-apms.sourceforge.net/Main.html

CRAPome Mellacheruvu et al., 2013 http://www.crapome.org/

DAVID tools Huang da et al., 2009 https://david.ncifcrf.gov/; RRID: SCR_001881

ZEN 2012 SP1 (black edition) (64 bit) Zeiss http://www.zeiss.com/microscopy/en_us/downloads/

zen.html

SlideBook 6 Intelligent Imaging Innovations https://www.intelligent-imaging.com/slidebook.php

SEG Wootton and Federhen, 1996 http://annie.bii.a-star.edu.sg/annie/help/guide/

Algorithms_-_Basic_Algorithms_-_Algorithm_SEG.html

SEQUEST Eng et al., 1994 http://fields.scripps.edu/yates/wp/?page_id=17

Other

Custom software for defining the human

proteome’s low complexity domain.

This paper https://github.com/gatechatl/LowComplexityPipeline
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inhibitor Cocktail, Roche). 1mg of cell extracts were incubated with GFP-Trap�_MA beads, and incubated for 1 hr at 4�C. Magnet-

ically separated samples were resuspended and boiled in 2x LDS sample buffer (NuPAGE� LDS sample buffer, Life technologies),

and then were analyzed by mass-spectrometry. Mass-spectrometry results were analyzed by SAINT scoring method, CRAPome

(Mellacheruvu et al., 2013), and DPR interacting proteins showing over 0.9 SAINT score were analyzed by DAVID bioinformatics

tool. The overlapping probability between GR and PR interactors (SAINT > = 0.9) was calculated based on the hypergeometric dis-

tribution. The population size consisted of all unfiltered GR or PR interactors (SAINT > = 0.0).

Define Proteins with Low Complexity Sequence Domain
Swiss-Prot annotated human proteome was downloaded from the UniProt database (UniProt Consortium, 2015). SEG with default

parameters (Wootton and Federhen, 1996) was used to search for the low complexity sequence region (LCR) in the human proteome.

After examining the LCR length distribution, protein region with a span of 20 LCR residues was defined as a low complexity sequence

domain.

Drosophila Eye and Viability Analysis
Phenotypic analysis of DPR expression in theDrosophila eye was assessed by crossing GFP, GR50, PR50, GA50, GP47 and PA50 lines

to GMR-GAL4 or OK371-GAL4 at different temperatures. Eye phenotypes are representative images resulting from Drosophila

crosses, the phenotypes were validated by 4 independent crosses. GFP-GR50 expression Drosophila lines were crossed with

RNAi lines targeting GR50 or PR50 interacting proteins. Viability was checked by counting adults and dead pupae.

Transient Transfection
For transient transfection, lipofectamine 2000 (Invitrogen) for 293T and FuGENE 6 (Promega) for HeLa were used as per the manu-

facturer’s instructions.

Immunofluorescence and Microscopy
Cells were seeded in 8-well chamber slides (Millipore), and grown for 24h, prior to being transfected with DPR expressing plasmids,

and incubated for an additional 48h. Cells were then fixed with 4% paraformaldehyde (Electron Microscopy Science), and then per-

meabilized with 0.2%Triton X-100. Mouse anti-G3BP1 (BD Transduction Lab), mouse anti-EIF4G (1:200, Santa Cruz Biotechnology),

mouse anti-5.8 s rRNA oligonucleotides specific antibody (Y10b, Novus Biologicals), goat anti-eIF3h (1:200, Santa Cruz Biotech-

nology), rabbit anti- Coilin (1:400, Abcam), rabbit anti-TDP43 (1:350, Proteintech), mouse anti-NPM1 (1:200, Thermo), rabbit anti-

PABPC1 (1:400, Abcam), rabbit anti-PTBP1 (1:200, Millipore), goat anti-IPO7 (1:400, Abcam), and goat anti-TIA-1 (1:400, Santa

Cruz Biotechnology) were used as primary antibodies for immunofluorescence. For visualization, the appropriate host-specific Alexa

Fluor 488, 555, or 647 (Life Technologies) secondary was used.

For immunofluorescence microscopic imaging, slides were mounted with ProLong Diamond AntifadeMountant with DAPI (Invitro-

gen). Images were captured using LSM 780 NLO (Zeiss) or Leica TCS SP8 STED 3X confocal microscope with a 63x objective.

Structured Illumination Microscopy (SIM)
HeLa cells were seeded and grown on sterilized 18mm round #1.5 glass coverslips (Warner Instruments). 24 hr after seeding,

the cells were transfected with DPR expressing plasmids and incubated for 48 hr. Then the cells were fixed with 4% paraformal-

dehyde (Electron Microscopy Science), permeabilized with 0.5% Triton X-100 (Fisher Scientific), and blocked with 3% BSA

(Sigma). Rabbit anti-Fibrillarin (1:1000, abcam) and mouse anti-UBF (1:150, Santa Cruz Biotechnology) were used as the primary

antibodies. Alexa Fluor 555 anti-rabbit and Alexa Fluor 647 anti-mouse (Life Technologies) were used as the secondary anti-

bodies. The coverslips were mounted on slides with ProLong Gold Antifade Mountant with DAPI (Invitrogen). Super resolved

three-dimensional images of fixed cells were taken on a Zeiss Elyra PS.1 microscope (Carl Zeiss Microscopy, Thornwood)

with Structured Illumination Microscopy (SIM) technique using an Apochromat 63x1.4 NA oil objective lens. SIM images were

taken at five rotations of the excitation grid with five phases per rotation. Raw images were acquired with 32nm pixel resolution

in XY dimension and 90nm spacing between Z-planes. Images were processed with the SIM module of Zen software package

(Carl Zeiss Microscopy, Thornwood). In order to determine the diameter of the Fibrillarin cores, a line scan analysis was applied

to the processed SIM images using the Zen software. Only fibrillarin cores, which displayed a positive UBF signal within

them, indicating that the fibrillarin was surrounding a fibrillar center, were measured. For each construct the nucleoli of at

least 12 cells were analyzed, and were only considered if there were at least 10 measurable fibrillarin cores within the nucleoli

of the cell.

Fluorescence Recovery after Photo Bleaching (FRAP)
For the FRAP assay, HeLa cells were seeded onto 4-well chamber slides (Nunc), and incubated for 24h. After 24h, cells were trans-

fected with G3BP1-GFP, or co-transfected with G3BP1-GFP and mCherry DPR expressing plasmids. After 48h incubation, G3BP1-

GFP transfected cells were treated with sodium arsenite for 15 min, to induce stress granules. Co-transfected cells with G3BP1-GFP

andmCherry-DPRwere not treated with sodium arsenite. G3BP1-GFP positive stress granules in the transfected and co-transfected

cells were photobleached and the GFP signal intensity was measured before and after photobleaching. For NPM1, NCL, SRSF7,
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SRSF2 or DDX47 FRAP, GFP-tagged NPM1, NCL, SRSF7, SRSF2 or DDX47 expressing plasmids were co-transfected with mCherry

ormCherry-tagged DPR expressing plasmids, and incubated for 48h. The signal intensity of GFP in the nucleoli wasmeasured before

and after photobleaching.

Live Cell Imaging and Hazard Analysis
The G3BP1-GFP plasmid was constructed by inserting the G3BP1 (HsCD00042033) in the peGFP-N1 (Clontech) with primers

containing the restriction enzyme sites EcoRI and BamHI in the 50 and 30 site of G3BP1. All live-cell imaging experiments were per-

formed using a Marianas 2 spinning disk confocal (SDC) imaging system on a Zeiss Axio Observer inverted microscope platform.

HeLa cells were plated in 4-well lab-Tek chambered coverglass and transfected with indicated plasmids. Before imaging, change

the medium to FluoroBrite medium. When imaging, cells were maintained in a humidified 5%CO2 incubator at 37
�Cwith an environ-

mental control chamber. Multi-positions and definite focus were used during the imaging. Time-lapse images were collected for

870 min using a Zeiss Plan-Apochromat 40 1.3 NA oil objective and Evolve 512 EMCCD camera. Images were analyzed with Slide-

Book 6 software. For statistical analysis, the imaging time points at which a cell formed stress granules and a cell died were defined.

Kaplan–Meier curves were used to estimate hazard functions for stress granule formation and cell death with commercially available

software (Prism 6). Differences in Kaplan–Meier curves were assessed with the log-rank (Mantel-Cox) test.

Cell Toxicity Analysis
Cell toxicity of Neuro-2a cells was assayed using Vybrant MTT Cell Proliferation Assay Kit according to the manufacturer’s instruc-

tions. Briefly, Neuro-2a cells were seeded at a density of 5000 cells per well into 96-well plates, and after 24h incubation, were trans-

fected with DPR expressing plasmids. 48h after transfection, the media was replaced with fresh culture media andMTT reagent was

added at a 1:10 volumetric ratio to the media. After a 4h incubation at 37�C, 100mL SDS-HCL solution was added, and the plate was

incubated at 37�C for another 4h. Absorbance of the samples was read at 570 nm and DPR toxicity was determined from the growth

relative to the control.

Immunoblotting
ForDrosophila samples, adult flies were frozen with dry ice and vortexed to remove the head or thorax. Samples from each genotype

were homogenized in RIPA buffer with proteinase inhibitor cocktail added. For cultured cells, cells were lysed in RIPA buffer with

proteinase inhibitor cocktail added. Sample was mixed with 4X sample buffer (1 M Tris-HCl (pH 6.8), 8% SDS, 40% glycerol,

0.1%bromophenol blue) and boiled for 5min, separated on an SDS gel and transferred to amembrane. Themembrane was blocked,

probed with primary antibody, and incubated with secondary antibody. The signal was visualized with either chemiluminescent

substrate (SuperSignal West Pico; Pierce) or by using an Odyssey Fc (Li-Cor). Primary western blot antibodies were anti-GFP

(AB3080, Millipore or SC-9996 Santa Cruz Biotechnology), anti-b-actin antibody (4967; Cell Signaling Technology or sc-1616, Santa

Cruz Biotechnology), anti-KPNA2 (ab70160, Abcam), anti-LBR (ab32535, Abcam), anti-Nucleolin (ab22758, Abcam), anti-NPM1

(MA5-12508, Thermo), anti-C1QBP (#5734, Cell signaling), anti-PABPC1 (Ab21060, Abcam), anti-PTBP1 (MABE623, Millipore),

anti-G3BP1 (6111126, BD biosciences), anti-SRSF7 (11044-1-AP, Proteintech), anti-Flag (F7425, Sigma), anti-His (ab18184,

Abcam), and anti-GST (71-7500 or MA4-004, Thermo). Species-specific IRDye secondary antibodies were used and visualized

using Odyssey� FC imaging system, and the acquired images were analyzed using Image Studio (LI-COR) software according to

the manufacturer’s instructions.

Puromycin Incorporation Assay and [35S]-Methionine Labeling
HeLa cells were incubated for 48 hr after DPR expressing plasmids transfection. Then the media was removed and replaced with

freshmedia containing 1 mMpuromycin and incubated for 1 hr. Following incubation, the cells were fixed, permeabilized, and stained

with anti-puromycin (3RH11, Kerafast) and anti-EIF4G (Santa Cruz Biotechnology). Alexa Fluors 555 and 647 were used as second-

aries for visualization. Imageswere captured using a LSM780NLO (Zeiss) confocal microscope with a 63x objective. The percentage

of DPR expressing cells with impaired translation was determined from the absence of puromycin signal. For [35S]-Methionine label-

ing, DPR expressing plasmidswere transfected into HEK293T, and incubated for 48h.Mediumwas exchanged toMet-/Cys-medium

for 15 min, then Met-/Cys- medium was replaced to [35S]Met/Cys medium. After 30min incubation, cells were washed with PBS and

harvested. Cells were lysised by RIPA buffer, then protein concentration and cpm/ul was measured. The [35S] signal was normalized

to protein concentration.

Peptide Synthesis
Flag, TAMRA or FAM labeled DPR peptides (GR20, PR20 GP20, and PA20) and the SURF6 peptide (299RRAQRQRRWEK

RTAGVVEKMQQRQDRRR326) were synthesized by the Hartwell Center for Bioinformatics and Biotechnology at St. Jude Children’s

Research Hospital, Molecular Synthesis Resource, using standard solid phase peptide synthesis chemistry. The peptides were re-

constituted from lyophilized form into the assay buffer, the pHwas re-adjusted accordingly and the concentration was determined by

absorbance at 280 nm.
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Circular Dichroism
200 mMpeptide stocks in 10mMTris, 150mMNaCl (pH 7.5) were diluted to 10 mMfinal concentration in 10mMTris (pH 7.5) or 10mM

Tris, 150 mM NaCl (pH 7.5) buffers to yield the low ionic strength and physiological ionic strength samples, respectively. CD spectra

were recorded at 25�C, in an Aviv 202 circular dichoism spectrometer (Aviv Biomedical, Inc, Lakewood, NJ), in a 1 mm path length

cuvette, with a signal averaging of 15 s.

Peptide Treatment in Cells
Prior to peptide treatment, cells were seeded onto 8-well chamber slides. After 24h incubation, DMSO solubilized 10 mM of FAM

labeled peptides were added to the medium for 60 min. Then cells were subjected to fixation and permeabilization step, and anti-

NPM1 antibody was used to validate nucleolus localization.

Protein Expression and Purification
The expression and purification of human hnRNPA1 protein were previously described (Freibaum et al., 2015). The human TIA-1

gene was subcloned into the pETite N-His SUMO Kan expression vector (Lucigen). Human TIA-1 was expressed as His-SUMO-

tagged fusion protein in HI-Control BL21(DE3) Chemically competent cells (SOLOS) (Lucigen) in LB medium. Cells were lysed in

50 mM HEPES (pH 7.5), 250 mM NaCl, 30 mM imidazole, 2 mM b-mercaptoethanol, and complete protease inhibitor cocktail

without EDTA (Roche) with a microfluidizer. The cleared lysate was loaded onto a gravity NiNTA column, washed with lysis buffer,

and eluted in 50 mM HEPES (pH 7.5), 250 mM NaCl, 300 mM imidazole, and 2 mM b-mercaptoethanol. The proteins were treated

with 0.1 mg/ml RNase A (Roche) for 5 min at 37oC. The protein was purified by linear gradient elution on ion exchange chroma-

tography with a HiTrap Q column (GE Healthcare). The fractions were analyzed by SDS-PAGE, pooled, and concentrated. They

were then subjected to size exclusion chromatography on a Superdex 200 16/60 column (GE Healthcare) equilibrated in 50 mM

HEPES (pH 7.5), 400 mM NaCl, and 5 mM DTT. The fractions were analyzed by SDS-PAGE, pooled, concentrated, and stored

at �80�C freezer for further use.

The human NPM1 gene was subcloned into the pET28 vector (Novagen, Darmstadt, Germany) with an N-terminal hexa-histidine

tag and a TEV protease cleavage site. NPM1 was expressed in E. Coli BL21 (DE3) strain (Novagen, Darmstadt, Germany) in Luria

broth, and expression was induced at OD600�0.6with 100mg/mL IPTG. The cultures were incubatedwith shaking at 20�Covernight.

The bacteria were harvested by centrifugation and lysed by sonication in buffer A (25 mM TRIS, 300 mM NaCl, 10 mM b-mercaptoe-

thanol [pH 7.5]), supplemented with EDTA-free protease inhibitors (SigmaFAST, Sigma-Aldrich, St. Louis, MO). The soluble fraction

of the lysate was loaded onto a NiNTA column and the bound protein eluted with a linear gradient of buffer B (25 mM TRIS, 300 mM

NaCl, 10mM b-mercaptoethanol, 500mM Imidazole [pH 7.5]). The hexa-histidine tag was removed by cleavage with TEV protease in

an overnight dialysis step, against 4 L of Buffer C (10 mM TRIS, 150 mM NaCl, 2 mM DTT [pH 7.5]) at 4�C. The cleaved product was

subsequently purified on aC4HPLC column, loaded in 0.1% trifluoroacetic acid (TFA) in H2O and elutedwith a linear gradient of 0.1%

TFA in acetonitrile. Fractions containing NPM1, confirmed by SDS-PAGE, were flash frozen and lyophilized. The lyophilized protein

was solubilized in 6 M guanidinium hydrochloride buffer at a NPM1 monomer concentration of 100 mM and refolded by dialysis

against 3 changes of a 100-fold excess of Buffer C at 4�C. Fluorescent labeling of NPM1 with AlexaFluor 488 was performed as pre-

viously described (Mitrea et al., 2016).

In vitro FLAG pull-down assay
Incubated the GR20-FLAG and PR20-FLAG peptides with anti-FLAG M2 antibody-conjugated magnetic beads (Sigma) in IP buffer

(150mMNaCl, 50 mMTris [pH 7.5], 1 mMEDTA, 0.5%NP40, 10%Glycerol) for 1h at 4�C, then added purified His-NPM1, GST-NCL,

His-SUMO-hnRNPA1, His-SUMO-TIA-1, or GST-G3BP1. Washed the beads for 3 times with washing buffer (150 mM NaCl, 50 mM

Tris [pH 7.5], 1 mM EDTA, 0.5%NP40, 10%Glycerol), followed by elution with FLAG peptides in elution buffer (150mMNaCl, 50 mM

Tris [pH 7.5], 1 mM EDTA, 0.05% NP40, 10% Glycerol, FLAG peptide: 500 mg /ml).

In vitro NPM1 Phase Separation Assays
All in vitro assays were performed in Buffer C. The ternary mixtures were prepared by first forming the complexes or liquid-like drop-

lets comprised of NPM1 (containing 1 mM AlexaFluor 488-labeled NPM1) with unlabeled SURF6 peptide, followed by the addition of

the poly-xR peptides. 1 mM Alexa488-NPM1 or 1 mM TAMRA-poly-xR peptides were included in the samples for fluorescence mi-

croscopy detection. The samples were incubated at room temperature for 1 hr and transferred to 16-well chambered slides (Grace

Bio-Labs, Bend, OR), pre-coated as described (Mitrea et al., 2016). Fluorescence confocal microscopy images were collected using

a Zeiss Axio Observer (Carl Zeiss Microscopy, Jena, Germany) microscope with a 63X 1.40 NA oil magnification objective. Images

were processed in Slidebook 6.0 (Intelligent Imaging Innovations, Gottingen, Germany).

In vitro Determination of hnRNPA1 and TIA-1 Phase Diagrams
For the phase separation of hnRNPA1 iwth DPRs, 50 mM hnRNPA1 were mixed with 50 mM TAMRA labeled polypeptides and DIC

imageswere taken at RT. 100mg/ml ficoll was added to the samples. For the phase diagramof hnRNPA1, experiment was performed

in 50 mMHEPES, 150 mM NaCl, 5 mM DTT at 16�C. For the phase separation of TIA-1 with DPRs, 5 mM TIA-1 were mixed with 5 mM

TAMRA labeled polypeptides at RT. 100 mg/ml ficoll was added to the samples. For the phase diagram of TIA-1, experiment was
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performed in 50 mM HEPES, 150 mM NaCl, 5 mM DTT at 22�C. The presence or absence of droplets was scored using a Linkam

PE100 thermal stage mounted on aMarianas spinning disk confocal (SDC) imaging system on a Zeiss Axio Observer inverted micro-

scope platform. Sealed sample chambers containing protein solutions comprised coverslips sandwiching Secure-Seal Imaging

Spacers (0.12 mm depth) were taped on the PE100 silver heating/cooling block.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the definitions and exact values of n (e.g., number of biological repeats, number of flies, number of

cells, etc), distributions and deviations are reported in the Figures and corresponding Figure Legends. Data of Drosophila viability

analysis, MTT assay, fibrillar center measurement, translation assay and FRAP assay were expressed as mean ± SEM p > 0.05,

not significant, *p < 0.05, **p < 0.01 and ***p < 0.001 by Two Way ANOVA, One Way ANOVA, Log-rank test or Student’s t test. Sta-

tistical analysis was performed in GraphPad Prism or Excel.

DATA AND SOFTWARE AVAILABILITY

Data Resources
Themass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository

with the dataset identifier PXD004938.
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Figure S1. The Identification of DPR Interactomes by Affinity Purification Followed by LC-MS/MS, Related to Figure 1
(A) HEK293T cells were transfected with GFP or the indicated GFP-tagged dipeptide and immunoprecipitated with an antibody targeting the GFP tag. The

samples were separated by SDS-PAGE, and proteins were visualized with SYPRO-Ruby.

(B) Western blot performed with an anti-GFP antibody was used to visualize transfected dipeptides (or GFP control) in both input and immunoprecipitated

samples.

(C) Western blot analysis of immunoprecipitated proteins with indicated antibodies to validate results from proteomic analysis.

(D) Venn diagrams illustrating the overlap among DPR-interacting proteins at various confidence levels as indicated by SAINT analysis.
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Figure S2. DPR Protein Interactors Are Genetic Modifiers of GR50-Mediated Toxicity in Drosophila, Related to Figure 2

(A) GFP-GR50 protein levels, but not mRNA levels, were decreased in a dose dependentmanner in both pupae and adultDrosophila by expression of an intrabody

(deGradFP) targeted against the GFP sequence.

(B) Expression of the deGradFP intrabody rescues the rough eye phenotype caused by GFP-GR50 dipeptide in a dose dependent manner when protein

expression is restricted to the Drosophila eye using the GMR driver.

(C) A genetic screen of RNAi lines targeting DPR interacting proteins inDrosophila using egg-to-adult viability as a read out. Genetic suppressors GR50 toxicity are

labeled in green whereas enhancers of GR50 toxicity are labeled in red, as indicated in the key. W1118 and v60100 lines were used as controls.

(D) Integration of the genetic screen with gene ontology results depicting GR50 suppressors in green and enhancers in red.

(E) Strong suppressors of GR50 toxicity were predominantly found to suppress expanded G4C2-mediated toxicity using the (G4C2)58 Drosophilamodel (Freibaum

et al., 2015). Common suppressors were largely specific as most of these RNAi lines failed to suppress non-specific toxicity caused by expression of the

androgen receptor polyQ expansion (ARpolyQ)52. Cluster dendrogram analysis demonstrated that the overlap of shared modifiers of GR and (G4C2)58 toxicities

was significantly greater than shared modifiers with AR(polyQ)52 toxicity.

(F) Strong enhancers of GR50 toxicity were predominantly found to enhance C9orf72 mediated toxicity using a (G4C2)58 model.
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Figure S3. GR and PR Dipeptides Localize to Specific Substructures within Nucleoli, Related to Figure 3

(A) HeLa cells expressing either transfected GFP or GFP-tagged DPR were immunostained with NPM1 (red) and G3BP1 (purple) specific antibodies. DAPI was

used to visualize the nucleus. GR50 and PR50 but not other DPRs or GFP were found to colocalize with NPM1 and induce the formation of G3BP1 positive

cytoplasmic stress granules. Scale bar, 10 mm.

(B) The percentage of cells in which the transfected DPR was found to localize to nucleoli.

(C) FAM-labeled GR20 or PR20 peptides (green, 10 mM) were incubated in HeLa cell culture media for 60min and their nucleolar localization was determined using

an NPM1 specific antibody (red). Scale bar, 10 mm.

(D) HeLa cells were transfected with GFP, GFP-GR50, GFP-PR50 or GFP-GA50. GFP-positive nucleoli were analyzed by FRAP. The yellow circle marks the

photobleached region. Representative images of the same area before and after photobleaching at different times are shown. Scale bar, 10 mm. ‘

(E) Signal intensity of GFP fluorescence in the photobleached yellow circle region was plotted over time. The average fluorescence before photobleaching was

counted as 100%. Data are represented as mean ± SEM n = 10 cells per sample, p values for GFP-GR50, GFP-PR50 or GFP-GA50 (over GFP control) < 0.001 by

Student’s t test, paired.

(F) HeLa cells were transfected with GFP-GR50, GFP-PR50, or GFP-GA50 for 48 hr, then changed the media with 3.5% 1,6-hexanediol and imaged the cells

continuously for 1 hr.

(G) HEK293T cells were transfected with GFP, GFP-GR50, GFP-PR50, GFP-GA50, GFP-GP47, or GFP-PA50, incubated for 48 hr, and then sequentially extracted

with RIPA buffer and urea buffer. Immunoblotting was conducted with anti-GFP antibody.



(legend on next page)



Figure S4. GR and PR Interact Directly with Components of Membrane-Less Organelles and Alter their Dynamics and Function in Living

Cells, Related to Figures 3 and 4

(A) Circular dichroism spectra of 10 mM peptides at 25�C, in 10 mM Tris (pH 7.5 buffer), under low ionic strength (red) and physiological ionic strength (black)

conditions.

(B) Flag pull-down assay reveals that GR20 and PR20 peptides directly interact with NPM1, NCL, hnRNPA1, G3BP1, and TIA-1 in vitro.

(C) Titrations of GP20, PA20, GR20 and PR20 (concentrations indicated at the top) into liquid-phase droplets comprised of 1:1 NPM1:SURF6 peptide prepared at

20 mM. The GR20 and PR20 peptides entered into the NPM1:SURF6 peptide droplets at concentrations at and below 1:1 stoichiometry with NPM1 (DPR:NPM1)

but the droplets were disrupted at higher stoichiometries. The GP20 and PA20 peptides neither entered into nor disrupted the NPM1:SURF6 peptide droplets at

any concentrations tested. Alexa488-NPM1 (left in each panel) and TAMRA-DPR peptides (middle) were detected using confocal fluorescence microscopy.

These colors were merged on the right of each panel. Scale bar, 10 mm.

(D) HeLa cells transfected with DDX47-GFP either with mCherry-GR50 or mCherry-PR50 constructs were analyzed using FRAP. The yellow circle marks the

photobleached region. Representative images of the same area before and after photobleaching at different times are shown. Scale bar, 5 mm.

(E) Signal intensity of fluorescence of DDX47-GFP in the photobleached yellow circle region was plotted over time. The average fluorescence before photo-

bleaching was counted as 100%. Data are represented as mean ± SEM n = 15 cells per sample. p > 0.05 by Student’s t test, paired.



Figure S5. GR and PR Induce Spontaneous Assembly of Poorly Dynamic Stress Granules and Impair Translation, Related to Figure 5

(A–E) Stress granules in HeLa cells expressing either transfected GFP-GR50 or GFP-PR50 (GFPwas used as a control) were visualized using immunofluorescence.

Antibodies specific to (A) G3BP1 (red) and eIF3h (purple), (B) PABPC1 (red) and G3BP1 (purple), (C) PTBP1 (red) and EIF4G (purple), (D) IPO7 (red) and eIF4G

(purple), or (E) TIA-1 (red) were used to visualize stress granules. DAPI was used to visualize the nucleus. Scale bar, 10 mm.

(F) western blot revealing total protein levels of GFP, GFP-GR50 or GFP-PR50 in transfected and untransfected cells treated with S35 from Figure 5G.
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Figure S6. GR and PR Directly Interact with hnRNPA1 and TIA-1 and Retain Them in Liquid Droplets, Related to Figure 6
(A) Schematic diagram of hnRNPA1 domain structure and amino acid sequence of the LCD domain. Aromatic amino acids (phenylalanine and tyrosine) are

highlighted with purple color, positively charged amino acids are highlighted with blue, and negatively charged amino acids are highlighted with red color.

(B) Oregon-green labeled hnRNPA1 droplet was analyzed by FRAP. The yellow circle marks the photobleached region. Representative images of the same area

before and after photobleaching at different times are shown. Scale bar, 10 mm.

(C) Signal intensity of fluorescence of Oregon-green hnRNPA1 in the photobleached yellow circle region was plotted over time. The average fluorescence before

photobleaching was counted as 100%. Data are represented as mean ± SEM n = 10 droplets per sample, ***p < 0.001 by Student’s t test, paired.

(D) Schematic diagram of TIA-1 domain structure and amino acid sequence of the LCD domain. Amino acids are highlighted with different colors as described

in (A).

(E) Oregon-green labeled TIA-1 droplet was analyzed by FRAP. The yellow circle marks the photobleached region. Representative images of the same area

before and after photobleaching at different times are shown. Scale bar, 10 mm.

(F) Signal intensity of fluorescence of Oregon-green TIA-1 in the photobleached yellow circle region was plotted over time. The average fluorescence before

photobleaching was counted as 100%. Data are represented as mean ± SEM n = 9-10 droplets per sample, ***p < 0.001 by Student’s t test, paired.
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Figure S7. The Effect of GR and PR on the Mobility of LCD-Containing Proteins Is Specific to Its Binding Partners, Related Figure 7

(A) HeLa cells transfected with SRSF2-GFP either with mCherry-GR50 or mCherry-PR50 constructs were analyzed using FRAP. The yellow circle marks the

photobleached region. Representative images of the same area before and after photobleaching at different times are shown. Scale bar, 5 mm.

(B) Signal intensity of fluorescence of SRSF2-GFP in the photobleached yellow circle region was plotted over time. The average fluorescence before photo-

bleaching was counted as 100%. Data are represented as mean ± SEM n = 6 cells per sample, p > 0.05 by Student’s t test, paired.
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SUMMARY

Two complementary approaches were used in
search of the intracellular targets of the toxic PR
poly-dipeptide encoded by the repeat sequences
expanded in the C9orf72 form of amyotrophic lateral
sclerosis. The top categories of PRn-bound proteins
include constituents of non-membrane invested
cellular organelles and intermediate filaments.
PRn targets are enriched for the inclusion of low
complexity (LC) sequences. Evidence is presented
indicating that LC sequences represent the direct
target of PRn binding and that interaction between
the PRn poly-dipeptide and LC domains is polymer-
dependent. These studies indicate that PRn-medi-
ated toxicity may result from broad impediments to
the dynamics of cell structure and information flow
from gene to message to protein.

INTRODUCTION

The most prevalent form of familial amyotrophic lateral sclerosis

(ALS) involves expansion of theGGGGCC (G4C2) hexanucleotide

repeat located within the first intron of a gene designated

C9orf72 (DeJesus-Hernandez et al., 2011; Renton et al., 2011).

Unaffected individuals contain a modest number of the G4C2 re-

peats. Affected patients exhibit expansions to upward of 1,000

or more of the repeats. Various concepts have emerged con-

cerning the molecular basis of disease pathophysiology,

including impediments to expression of the C9orf72 gene itself

(van Blitterswijk et al., 2015), expression of putatively toxic sense

or anti-sense transcripts of the repeats (Donnelly et al., 2013;

Haeusler et al., 2014; Lagier-Tourenne et al., 2013; Mizielinska

et al., 2013), and expression of putatively toxic repeat-associ-

ated, non-ATG (RAN) translation products (Ash et al., 2013;

Mori et al., 2013; Zu et al., 2013).

Among the five poly-dipeptides encoded by the sense and

anti-sense transcripts of the expanded repeat (GAn, GPn, GRn,

PAn and PRn), two display significant toxicity—GRn and PRn

(Kwon et al., 2014; Mizielinska et al., 2014). Recent studies indi-

cate that the GRn and PRn poly-dipeptides impede nucleo:cyto-

solic transport, pre-mRNA splicing, and rRNA biogenesis (Frei-

baum et al., 2015; Jovi�ci�c et al., 2015; Kwon et al., 2014; Wen

et al., 2014).

Missing to date are unbiased studies of the direct intracellular

targets of GRn and PRn that may explain the toxicity of these

poly-dipeptides. Here, we have used two complementary ap-

proaches to identify proteins bound by the PRn poly-dipeptide.

Evidence is presented indicating binding of PRn to numerous

proteins associated with nuclear and cytoplasmic puncta not

surrounded by investing membranes, as well as nucleoli, nuclear

pores, and intermediate filaments. Concordant data from Taylor

and colleagues report a distribution of 514 PRn andGRn interact-

ing proteins (Lee et al., 2016, this issue), the identities of which

overlap significantly with the PRn targets identified herein. These

independent studies indicate that PRn toxicity may result from

widespread impediments to cell organization and function.

Common among PRn target proteins are low complexity (LC)

domains shown herein to be both necessary and sufficient for

PRn binding. In previous studies we have found that LC domains

can polymerize into amyloid-like fibers (Kato et al., 2012; Han

et al., 2012). A key feature of LC-domain polymers is their lability

to de-polymerization. Here, we have employed several indepen-

dent assays giving evidence that PRn binding to its targets

require that LC domains exist in a cross-b polymeric state.

Most surprising among newly discovered targets of the toxic

PRn poly-dipeptide are intermediate filament proteins. The PRn

poly-dipeptide binds to polymeric forms of the LC domains

located at the amino terminal ends of intermediate filament pro-

teins. These and other data favor the possibility of direct interac-

tion between RNA granules and intermediate filaments. Such

observations may offer mechanistic insight into the manner in

which RNA granules segregate to spatially restricted regions

within eggs, embryos, or individual cells.

RESULTS

A synthetic peptide consisting of 20 repeats of the PRn poly-

dipeptide was modified to contain a benzophenone for photo-

crosslinking, an alkyne moiety for the use of click chemistry,
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and an HA epitope (PR20BAH) for immunoprecipitation or

western blotting (STAR Methods). This PR20BAH peptide readily

enters cultured mammalian cells and displays toxicity indistin-

guishable from the PR20 peptide characterized in earlier studies

(Figure S1) (Kwon et al., 2014). Cells treated with the PR20BAH

peptide were exposed ± to UV light followed by lysis and click

chemistry-mediated conjugation of the peptide to diazo-biotin.

After acetone precipitation, the samples were resuspended

in 7 M urea/4% SDS, mixed with streptavidin beads and recov-

ered by centrifugation. Recovered materials were boiled in SDS

sample buffer, resolved on denaturing SDS-PAGE gels, and

visualized by silver staining (Figure 1A). Prominent silver-stained

polypeptides were observed in samples exposed to both PR20-

BAH and ultraviolet light. Elimination of either peptide or UV light

significantly diminished recovery of the majority of PR20-bound

proteins.

Proteins recovered in this manner were extracted from SDS-

PAGE gels, identified by shotgun mass spectrometry, and are

listed in Table S1. Gene ontology analysis of the 1,240 proteins

identified by mass spectrometry gave evidence of enrichment

in proteins associated with cellular puncta not bound by invest-

ing membranes and intermediate filaments. Interaction of the
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Figure 1. Intracellular Targets of the PRn

Poly-Dipeptide

(A) Silver-stained SDS-PAGE gel of HeLa cell

proteins crosslinked toPR20BAH (STARMethods).

Left lane shows proteins from cells exposed to

both PR20BAH probe and UV light, right lane

shows proteins from cells exposed to PR20BAH

probe but not UV illumination. Proteins were ex-

tracted from the gel and identified by shotgun

mass spectrometry (See also Figure S1, Table S1).

(B) Silver-stained SDS-PAGE gel of immunopre-

cipitated proteins bound by the 3xFlag:PR100

protein conditionally expressed in U2OS cells.

3xFlag:PR100 expression was either induced with

doxycycline (+) or not (�). Proteins were extracted

from the gel and identified by mass spectrometry

(See also Table S2).

(C) Venn diagram showing overlap of 120 proteins

commonly identified both by photo-crosslinking

to the PR20-BAH probe (PR-Xlink) and immuno-

precipitation with the conditionally inducible

3xFlag:PR100 protein (PR-IP). Table below Venn

diagram lists the number of proteins associated

with low complexity sequences (LCS) in the entire

human proteome as compared with the lists of

proteins identified to interact with either or both of

the PRn probes (See also Table S3).

(D) Coomassie stained SDS-PAGE gel of

GFP:hnRNPA1 fusion proteins co-precipitated

with the PR20-HA probe. Input and immunopre-

cipitated PR20HA signals are shown below com-

massie stained gel as dot blots.

PR20BAH probe with the former category

of proteins, including RNA binding

proteins and DEAD box RNA helicase

enzymes, was anticipated from earlier

studies (Kwon et al., 2014). More surpris-

ing was apparent interaction of the probe with intermediate

filament proteins. In addition to RNA binding proteins, RNA

helicases and intermediate filaments, the PR20BAH probe

cross-linked components of nuclear pores, nucleoli, and the nu-

clear lamina.

As an alternative method of identifying PRn cellular targets,

U2OS cells were programmed to conditionally express a PR100

poly-dipeptide containing three copies of a Flag epitope at its

amino terminus (3xFlag:PR100). We further employed cryo-mill

technology (Shi et al., 2015; Taylor et al., 2013), coupled with re-

suspension at very high protein concentration and rapid immu-

noprecipitation, in efforts to preserve cellular complexes subject

to post-lysis dissolution. Following doxycycline-mediated

induction of 3xFlag:PR100 expression, cells were frozen in liquid

nitrogen and cellular materials were crushed and powdered in a

cryo-mill (STARMethods). Frozen powder was resuspended in a

minimal amount of buffer, yielding extracts of roughly 100mg/ml,

and rapidly subjected to immunoprecipitation using beads

appended with antibodies to the Flag epitope.

PR100-dependent precipitation revealed multiple polypeptide

bands not observed in the un-induced sample (Figure 1B). Pro-

teins co-precipitating with the 3xFlag:PR100 polypeptide were
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excised from the gel and identified by shotgun mass spectrom-

etry (Table S2). The top categories of the 177 PR100-bound

proteins included RNA binding proteins, intermediate filament

proteins, and DEAD box RNA helicase enzymes. The Venn dia-

gram shown in Figure 1C compares proteins identified by both

approaches. 72% of the 177 proteins co-precipitated with the

3xFlag:PR100 probe were also cross-linked to the PR20BAH

probe (Table S3). The statistical probability of this level of overlap

is exceedingly low (p = 7.2 3 10�103).

The PRn Poly-Dipeptide Preferentially Interacts with LC
Domains
Both categories of PRn-bound proteins were enriched for the in-

clusion of proteins containing low complexity (LC) domains. By

use of a straightforward algorithm (SEG program) (Wootton,

1994), the lists of proteins either cross-linked or co-precipitated

by the PRn probes were inspected for species containing an LC

domain of 50 or more amino acids. This algorithm can be de-

ployed using amino acid windows variable in size. The 50 amino

acid window we have employed is relatively stringent for the

identification of LC domains and follows the recommendations

articulated by others (Dyson and Wright, 2005). Compared with

the human proteome, wherein LC domains are found in 10.3%

of all proteins, 15.1% of PR20BAH cross-linked proteins con-

tained LC domains, and 20.9% of 3xFlag:PR100-bound proteins

contained LC domains. Of the 120 proteins found in both lists

(Table S3), 21.7% contained LC domains. In summary, irrespec-

tive of method used, the PRn poly-dipeptide was found to

interact preferentially with LC domain-containing proteins

(Figure 1C).

To more directly investigate polypeptide domains required for

PRn interaction, three GFP:hnRNPA1 fusion proteins were pre-

pared. One fusion protein linked GFP to the full-length hnRNPA1

protein, another linked GFP to the two RRM domains of

hnRNPA1, and a third linked GFP to the C-terminal LC domain

of hnRNPA1. Each fusion protein was expressed in bacteria,

purified, and incubated with a synthetic peptide consisting of

20 PR dipeptide repeats linked to an HA epitope tag (PR20HA).

Following incubation, the samples were immunoprecipitated

with beads linked to antibodies to the HA epitope, eluted, elec-

trophoresed on a denaturing SDS-PAGE gel, and visualized

by Coomassie blue staining (Figure 1D). Clear evidence of

PR20HA-mediated precipitation was observed for the GFP

variant fused to either the intact hnRNPA1 polypeptide or the

variant containing only the LC domain of hnRNPA1. By contrast,

no precipitation was observed for the GFP fusion containing only

the two, N-terminal RRM domains. These observations provide

evidence for both the necessity and sufficiency of the LC domain

of hnRNPA1 for interaction with the synthetic PR20HA poly-

dipeptide.

Hierarchical Melting of LC Domain Polymers and
Liquid-Like Droplets by Aliphatic Alcohols
When incubated at neutral pH and physiologic ionic strength, the

LC domains of numerous RNA binding proteins polymerize into

labile, cross-b fibers. It has been hypothesized that these amy-

loid-like polymers may help organize intracellular structures not

surrounded by investing membranes (Han et al., 2012; Kato

et al., 2012). Knowing that targets of the toxic PRn poly-dipeptide

are enriched for the inclusion of LC domains (Figures 1A–1C),

and that LC domains are both necessary and sufficient for PRn

binding (Figure 1D), the question arises as to whether PRn bind-

ing might require LC domains to exist in a cross-b polymeric

state?

Obvious utility might be found in the form of chemical agents

capable of correlatively affecting labile cross-b polymers and

intracellular puncta enriched in LC-bearing proteins. Aliphatic

alcohols, including 1,6-hexanediol (1,6-HD), are known to

melt nucleopores, RNA granules, polar granules, and certain

other nuclear and cytoplasmic puncta not bound by investing

membranes (Kroschwald et al., 2015; Patel et al., 2007; Updike

et al., 2011). Knowing that these intracellular puncta are en-

riched in both PRn targets and LC sequences, we investigated

the effects of four related aliphatic alcohols on LC domain

polymers.

In order to study the effects of aliphatic alcohols on labile,

amyloid-like polymers formed from LC domains, we exposed

mCherry:FUS hydrogel droplets to a series of aliphatic alcohols

including 1,6-HD, 2,5-hexanediol (2,5-HD), 1,5-pentanediol

(1,5-PD) and 1,4-butanediol (1,4-BD). As shown in Figure 2A,

and the video accessible fromMovie S1, mCherry:FUS hydrogel

droplets were melted by 1,6-HD largely to the exclusion of the

other three aliphatic alcohols. 1,5-PD required overnight incuba-

tion to melt mCherry:FUS hydrogel droplets, and no hydrogel

melting was observed for either 2,5-HD or 1,4-BD.

More quantitative assessment of polymer disassembly was

conducted using light scattering assays. Fibrous, pre-gelation

preparations of mCherry:FUS were monitored by light scattering

as a function of exposure to the four aliphatic alcohols listed

above. 1,6-HD attenuated light scattering in a concentration-

dependent manner. mCherry:FUS polymers dissolved partially

in a time-dependent manner when exposed to 5% 1,6-HD.

More prominent melting was observed at 10% and 15% levels

of 1,6-HD (Figure S2). Among the four aliphatic alcohols, little

or no diminution in light scattering was observed for 2,5-HD

or 1,4-BD (Figure 2B). Fiber melting was observed when

mCherry:FUS polymers were exposed to 15% 1,5-PD, but to a

lesser extent than the same concentration of 1,6-HD. In contrast

to its ability to melt labile cross-b polymers formed from LC do-

mains, 1,6-HD failed to affect the polymeric state of Ab amyloid

fibers (Figure 2C).

The LC domains of RNA binding proteins participate in the for-

mation of liquid-like droplets (Lin et al., 2015; Molliex et al., 2015;

Patel et al., 2015). This phenomenon of phase separation is

believed to be reflective of the chemical forces involved in forma-

tion of intracellular puncta including RNA granules. Various lines

of evidence have supported the hypothesis that cross-b poly-

merization of LC domains may participate in the formation of

liquid-like droplets (Xiang et al., 2015).

Two types of liquid-like droplets were used to test the effects

of aliphatic alcohols on phase-separated protein samples. A

fusion protein containing maltose binding protein (MBP) linked

to the RNA binding domain of poly-pyrimidine track binding pro-

tein (PTB) and the LC sequence of hnRNPA2 was treated with

TEV protease to remove the solubilizing MBP and simulta-

neously exposed to a synthetic RNA containing five PTB binding
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sites (STAR Methods). Liquid-like droplets began to appear

within minutes after TEV protease cleavage and could be de-

tected spectrophotometrically by light scattering or visualized

by light microscopy. Samples of liquid-like droplets were

exposed to four aliphatic alcohols at concentrations ranging

from 0.5%–4%. As shown in Figure 2D, liquid-like droplets

were melted most substantially by 1,6-HD, less so by 1,5-PD,

and least by 2,5-HD or 1,4-BD.
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Figure 2. Melting of Hydrogels, LC Domain Polymers, and Liquid-Like Droplets by Aliphatic Alcohols

(A) mCherry:FUS hydrogel droplets were incubated with 15% levels of indicated aliphatic alcohols for varying intervals from 30 min to 20 hr (See also Movie S1).

(B) Melting of mCherry:FUS polymers in suspension with 15% of indicated aliphatic alcohols as measured by light scattering at 395 nm (n = 3, data are presented

as means ± SD. Note that error bars for most of the data points are smaller than the symbols. See also Figure S2).

(C) Exposure of Ab amyloid fibers to 15% levels of indicated aliphatic alcohols. No change in turbidity (395nm) was observed for up to 90 min.

(D) Liquid-like droplets were formed by mixing an MBP:PTB:hnRNPA2 triple fusion protein with TEV protease and a synthetic RNA substrate (STAR Methods),

followed by exposure to 0.5%–4% levels of the indicated aliphatic alcohols (n = 2, data are presented as means ± SD).

(E) FUS liquid-like droplets were exposed to 0.5%–6% levels of the indicated aliphatic alcohols (n = 2, data are presented as means ± SD).
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A similar pattern of effects was observed when the same four

aliphatic alcohols were applied to liquid-like droplets formed by

the LC domain of FUS. The LC domain of FUS became phase-

separated into liquid-like droplets upon dilution of concentrated,

urea solubilized protein into urea-free aqueous buffer (STAR

Methods). Exposure of the FUS droplets to aliphatic alcohols re-

sulted in melting as deduced by either light microscopy or light

scattering. The rank order of droplet melting activity by the four

aliphatic alcohols—1,6-HD > 1,5-PD > 2,5-HD = 1,4-BD—was

the same for FUS liquid-like droplets as for melting of mCherry:

FUS hydrogels (Figure 2A), mCherry:FUS pre-gelation polymers

(Figure2B), andhnRNPA2 liquid-likedroplets (Figures2Cand2D).

Hierarchical Melting of Intracellular Structures by
Aliphatic Alcohols
Having observed a rank order of different aliphatic alcohols on

the melting of hydrogels, cross-b polymers, and liquid-like drop-

lets, we next tested the abilities of the four alcohols to melt

various cellular structures. Cytoplasmic stress granules were

visualized in cultured HeLa cells with antibodies to the TIA1

RNA binding protein, Cajal bodies were visualized with anti-

bodies to coilin, and nuclear speckles were visualized with anti-

bodies to the SC35 pre-mRNA splicing factor. Before fixation

and immunoflourescent visualization of the various puncta, cells

were exposed to either vehicle or 6%–8% levels of 1,6-HD,

2,5-HD, 1,5-PD, or 1,4-BD. Stress granules, Cajal bodies, and

nuclear speckles were melted in response to 1,6-HD and 1,5-

PD, but not 2,5-HD or 1,4-BD (Figure 3A).

Similar studies were extended to visualize the effects of

aliphatic alcohols on cytoskeletal structures including actin fila-

ments, microtubules, and intermediate filaments. None of the

aliphatic alcohols were observed to perturb actin filaments or

microtubules (Figure 3B). By contrast 1,6-HD and 1,5-PD mark-

edly changed the cytoplasmic organization of both keratin and

vimentin intermediate filaments. The prototypic network of inter-

mediate filaments rapidly dispersed into hundreds of small

puncta following brief exposure to 8% levels of either of the

two aliphatic alcohols. No alterations in the intermediate filament

networks of either keratin or vimentin were observed in cells

treated with either 2,5-HD or 1,4-BD.

Pharmacologic Evidence of Polymer-Dependent PR20

Binding to the LC Domain of hnRNPA2
Previous studies have shown that the PRn and GRn poly-dipep-

tides encoded by the C9orf72 repeat expansion bind to hydro-

gels composed of amyloid-like polymers of the LC domains of

various RNA binding proteins (Kwon et al., 2014). It has been

hypothesized that the iterative nature of the PRn poly-dipeptide

repeats might engage epitopes repetitively displayed on the

surface of LC domain polymers. If so, PRn interaction would be

expected to be enhanced for polymeric forms of LC domains

relative to their unfolded, monomeric state.

To test this idea, polymeric fibers formed from the LC domain

of hnRNPA2 were exposed to varying concentrations of either

1,6-HD or 2,5-HD. As deduced by measurements of light scat-

tering, 1,6-HD caused fiber melting between 5% and 7% of

added alcohol (Figure 4A). By contrast, only minimal evidence

of fiber melting was observed in samples exposed to as much

as 9% 2,5-HD. Post-exposure to either of the two aliphatic alco-

hols, samples weremixed with the PR20HA peptide, immunopre-

cipitated with antibodies specific to the HA tag present on the

PR20 peptide, and run on denaturing SDS gels. The 20 kDa LC

domain of hnRNPA2 was visualized by Coomassie staining. As

shown in Figures 4B, incubation of the binding mixtures with

1,6-HD attenuated PRn-mediated precipitation of the hnRNPA2

LC domain. Binding began to diminish at 5% of the aliphatic

alcohol and was eliminated by the 8% level. Unlike 1,6-HD,

2,5-HD did not diminish PR20-mediated precipitation of the LC

domain of hnRNPA2 even at the highest alcohol concentration

tested (9%).

Having observed 1,6-HD-mediated impediments to the bind-

ing of PR20 to the LC domain of recombinant hnRNPA2, we

tested whether aliphatic alcohols might impede binding of the

PR100 poly-dipeptide to its native, intracellular targets. U2OS

cells conditionally expressing the 3xFlag:PR100 protein were

induced with doxycycline, frozen, and powdered using cryo-

mill technology. Frozen powder was resuspended at 100 mg/

ml and rapidly subjected to immunoprecipitation using anti-flag

magnetic beads (STAR Methods). Samples were resuspended

in the absence of aliphatic alcohols, or in the presence of 6%

1,6-HD. As shown in Figure 4C, the majority of PR100-co-precip-

itated proteins were lost upon exposure of the lysate to the

aliphatic alcohol. Western blot assays were used to interrogate

the effects of 1,6-HD on the co-precipitation of PRn intra-

cellular targets. Significant reductions were effected by 1,6-HD

on co-precipitation of the vimentin, FUS, and C1QBP proteins

(Figure S3).

Molecular Genetic Evidence of Polymer-Dependent
Binding of PR20 to the LC Domain of hnRNPA2
Human genetic studies have described mutations in the genes

encoding three different hnRNPs that lead to amyotrophic lateral

sclerosis (Kim et al., 2013), frontotemporal dementia (Lee et al.,

2013), or limb girdle muscular dystrophy (Vieira et al., 2014).

Remarkably, the same aspartic acid within the LC domains is

mutated, most frequently to valine, in each of the different pro-

teins/diseases. LC domain fibers formed from the mutated vari-

ants are more stable than those formed from the LC domains

of the wild-type versions of the three proteins. When run on

agarose gels in the presence of varying concentrations of SDS,

polymeric fibers of each of the native LC domains dissolved

upon dilution and migrated as monomers (Figure S4). By

contrast, the mutated variants of the LC domains of hnRNPA1,

hnRNPA2, and hnRNPDL all migrated as polymeric aggregates

largely unaffected by the addition of SDS.

As tested by immunoprecipitation, the D290V variant of the

hnRNPA2 LC domain bound HA-tagged PR20 as well or better

than the native form of the protein (Figure 4D). Phenylalanine-

to-serine mutation of the residue (F291) on the immediate, C-ter-

minal side of the aspartic acid commonly mutated in various

disease settings severely limits polymerization of the LC domain

of hnRNPA2 (Xiang et al., 2015). This polymer-incompetent

variant of the LC domain of hnRNPA2 failed to bind the HA-

tagged PR20 peptide (Figure 4D). In summary, either pharmaco-

logic or mutational disruption of LC domain polymers signifi-

cantly impeded PR20 binding.
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Figure 3. Effects of Aliphatic Alcohols on RNA Granules, Cajal Bodies, Nuclear Speckles, and Cytoskeletal Filaments

(A) HeLa cells were exposed to indicated aliphatic alcohols for 5 min, fixed and stained with antibodies diagnostic of stress granules (TIA1), Cajal bodies (coilin) or

nuclear speckles (SC35).

(B) HeLa cells were exposed to indicated aliphatic alcohols for 5 min, fixed and stained with either dye-labeled phalloidin or antibodies to tubulin, keratin or

vimentin.
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PRn Poly-Dipeptides Bind the Head Domains of
Intermediate Filament Proteins
Mammalian genomes encode upward of 70 different types of in-

termediate filaments. These proteins contain centrally located

alpha helical domains that initially align in parallel to form

coiled-coil dimers. Dimers further associate in an anti-parallel

manner to form tetramers, and fully assembled intermediate fila-

ments organize eight tetramers to form their long, cylindrical

morphology (Herrmann et al., 2007). All intermediate filaments

contain LC domains on both the amino- and carboxyl-terminal

sides of the central coiled coil domain. The amino-terminal LC

sequences of intermediate filament proteins are referred to as

head domains, the carboxyl-terminal LC sequences are termed

tail domains. Conversion of coiled-coil tetramers into fully

assembled intermediate filaments is critically dependent upon

the head domain, yet can proceed in certain instances in the

absence of the tail domain (Hatzfeld and Burba, 1994; Herrmann

et al., 1996).

The head domains of intermediate filaments range in size from

60–150 amino acids and have been characterized as intrinsically

disordered sequences that function in a structure-independent

manner (Castaing and Harf, 1986). The tail domains of intermedi-

ate filaments vary widely in size, and have also been character-

ized as intrinsically disordered and of low complexity with regard

to amino acid sequence.

Isolated head and tail domains of various intermediate fila-

ments, including vimentin, peripherin, and the light, medium

and heavy isoforms of neurofilaments, were fused to mCherry,

expressed, purified, and incubated under conditions suitable

for LC domain polymerization. All five fusion proteins linking

the head domains of intermediate filaments to mCherry were

observed to polymerize and gel (Figures 5A and S5A). Fibrous

polymers of the head domains of vimentin, peripherin, and all

three neurofilament isoforms revealed X-ray diffraction rings of

4.7 and 10 Å prototypic of cross-b amyloid fibers, andwere labile

to depolymerization upon dilution as deduced by SDD-AGE (Fig-

ures S5B and S5C). Using the same experimental conditions,

no evidence of polymerization was observed for mCherry fusion

proteins linked to the tail domains of vimentin, peripherin, or any

of the three neurofilament isoforms.

Hydrogel droplets composed of labile amyloid-like fibers

formed from the head domains of either vimentin or the light

chain neurofilament protein were probed with both GFP and

the GFP derivative linked to twenty repeats of the PRn poly-

dipeptide (GFP:PR20). The former protein penetrated the porous

hydrogel droplets but was not bound. By contrast, GFP:PR20

bound avidly to both mCherry:vimentin and mCherry:neurofila-

ment hydrogel droplets (Figure 5A).

Hierarchical Melting of Intermediate Filaments by
Aliphatic Alcohols
Polymers composed of the head domain of vimentin fused to

mCherry melted in response to 1,6-HD, but not the related 2,5-

HD (Figure 5B). Similarly selective fibril melting by 1,6-HD was
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Figure 4. Effects of Aliphatic Alcohols on

Interactions between the PRn Poly-Dipep-

tide and Its Cellular Targets

(A) Turbidity of hnRNPA2 low complexity poly-

mers in response to indicated concentrations

of either 1,6-hexanediol or 2,5-hexanediol as

measured by light scattering at 395 nm (n = 2, data

are presented as means ± SD).

(B) Coomassie stained SDS-PAGE gel of im-

munoprecipitatated samples of the low complexity

domain of hnRNPA2 by the PR20:HA probe as a

function of exposure to between 1%and 9%of the

indicated aliphatic alcohol. Band intensities were

quantified from SDS-PAGE gel (top) by ImageJ,

and thenplotted (bottom) (n=2, data arepresented

as means ± SD).

(C) Silver stained SDS-PAGE gel of immunopre-

cipitated proteins from U2OS cells expressing the

3xFlag:PR100 protein. Left lane shows proteins

co-precipitated in the absence of aliphatic alco-

hols, right lane shows proteins co-precipitated in

the presence of 6% 1,6-hexanediol (see also

Figure S3).

(D) Western blots showing native hnRNPA2 pro-

tein or variants bearing single amino acid sub-

stitutions (DV = aspartic acid residue 290

changed to valine, or FS = phenylalanine residue

291 changed to serine) as input to immunopre-

cipitation reactions (left panels), or as immuno-

precipitated in response to varying concentra-

tions of the PR20:HA probe (right panels) (see also

Figure S4).
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Figure 5. Binding of GFP:PR20 tomCherry:IF HeadDomain Hydrogel, and Sensitivity of Vimentin Intermediate Filaments to Aliphatic Alcohols

(A) Hydrogel droplets containing fusion proteins made from mCherry linked to the low complexity head domains of vimentin (left) or neurofilament light isoform

(right) were incubated with either GFP (top images) or GFP:PR20 (lower images) and visualized by confocal microscopy (STAR Methods) (see also Figure S5).

(B) Turbidity measurements as determined by light scattering at 395 nm of polymers formed from anmCherry:vimentin head domain fusion protein in response to

15% of indicated aliphatic alcohols for indicated times (n = 3) data are presented as means ± SD. Note that error bars for most of the data points are smaller than

the symbols (see also Figure S6A).

(C) Electron microscope images of vimentin intermediate filament proteins exposed to indicated aliphatic alcohols for indicated times, scale bar = 1 mm (see also

Figure S6B).

(D) Quantitation of lengths of intermediate filaments as a function of exposure to indicated aliphatic alcohols for indicated times.
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also observed for polymers formed frommCherry fusion proteins

linked to the head domains of peripherin, and all three isoforms

of neurofilaments (Figure S6A).

The effects of aliphatic alcohols were further tested on purified

microtubules, actin filaments, and intermediate filaments as

visualized by transmission electron microscopy. Neither 1,6-

HD nor 2,5-HD affected the length or integrity of either microtu-

bules or actin filaments even after an exposure time of 30 min

(Figure S6B). By contrast, 1,6-HD caused rapid disassembly of

vimentin intermediate filaments (Figures 5C and 5D). Within

2 min post-exposure, filament length was significantly reduced,

and filaments were fully disassembled into punctate dots within

5 min. Exposure of vimentin intermediate filaments to the same

concentration (2.5%) of the related aliphatic alcohol, 2,5-HD,

did not significantly affect filament length or morphology (Figures

5C and 5D). These findings give evidence that the two aliphatic

alcohols display the same pattern of effects on isolated cytoskel-

etal proteins as compared with the same filaments in living cells

(Figure 3).

GFP:PR20 and GFP:FUS Bind as Repetitive Puncta along
Vimentin Intermediate Filaments
Vimentin intermediate filaments were prepared from the intact

protein, exposed to one of three test proteins, and rapidly depos-

ited onto electron microscope grids (STAR Methods). When

exposed to GFP, no change in intermediate filament morphology

was observed. By contrast, when vimentin intermediate fila-

ments were exposed to the GFP variant fused to 20 repeats of

the PRn poly-dipeptide (GFP:PR20), repetitive knobs were

observed to decorate the filaments (Figure 6A). Similar treatment

of either microtubules or actin filaments with the GFP:PR20

fusion protein failed to alter fiber morphology (Figure S6C).

Repetitive particles also decorated vimentin intermediate fila-

ments exposed to a fusion protein linking the LC domain of

FUS to GFP (Figure 6A).

The knob-to-knob distance of 1,000 particles observed to

decorate vimentin intermediate filaments exposed to GFP:PR20

measured 47.0 ± 13.5 nm (Figures 6B and 6C). Small angel

X-ray scattering studies of intermediate filaments have led to

the conclusion that the head and tail LC domains are distributed

along intermediate filaments with a periodicity of 46 nm (Mücke

et al., 2004; Sokolova et al., 2006). We tentatively conclude that

the GFP:PR20 and GFP:FUS fusion proteins bind to intermediate

filaments via direct interaction with the periodic repeats where

head and tail LC domains converge along the length of interme-

diate filaments.

Inspection of micrographs, of which Figure 6B is representa-

tive, gave evidence of two categories of vimentin-interacting

puncta. Both, we propose, correspond to aggregates of the

GFP:PR20 fusion protein. The majority of vimentin-bound puncta

were 15–20 nm in diameter. At roughly 10% of the frequency of

this predominant category of puncta, we observed GFP:PR20

aggregates of roughly double the normal size (Figure 6D). Im-

ages were evaluated for the frequency of vimentin-bound puncta

proximal to either of these two size categories. As shown in Fig-

ure 6E, approximately 80% of the smaller puncta displayed a

neighboring protein aggregate within 60 nm along the vimentin

filament. By contrast, only 20%–30% of the larger puncta were

found to be proximal to another protein aggregate. Although

we do not understand why this might be, we offer the interpreta-

tion that the larger protein aggregates have assimilated one or

more neighboring particles in proximity along the axis of the vi-

mentin filament. This simplistic idea might account for both vari-

ation in aggregate size and the paucity of puncta neighboring the

larger aggregates.

Derivatives of vimentin missing LC sequences specifying the

N-terminal head domain, or the C-terminal tail domain, were ex-

pressed in bacteria, purified and assayed for assembly into inter-

mediate filaments (STARMethods). Consistent with the observa-

tions of others (Herrmann et al., 1996), the headless variant of

vimentin failed to form intermediate filaments, yet the tail-less

variant did assemble into intermediate filaments. When incu-

bated with GFP:PR20, these tail-less filaments failed to become

decorated with periodic puncta upon exposure to the GFP:PR20

fusion protein (Figure S6D). Such data give evidence that LC se-

quences associated with both head and tail domains may be

required for GFP:PR20 to coalesce into puncta along the axial

length of vimentin intermediate filaments.

DISCUSSION

The work described in this article covers three related phenom-

ena. First, we have used several methods in search of the intra-

cellular targets of the toxic PRn poly-dipeptide encoded by the

C9orf72 repeat expansion. Both photo-crosslinking and affinity

purification methods revealed PRn interaction with a variety of

cellular proteins (Tables S1 and S2). Whereas nuclear and cyto-

plasmic puncta not surrounding by investing membranes and in-

termediate filaments topped the list of PRn-bound proteins, we

also observed interaction with proteins involved in many other

aspect of cell organization and function. We therefore conclude

that the PRn poly-dipeptide exerts its toxicity by interfering with

multiple features of cellular physiology and function.

Domains of low complexity (LC) sequence are shared bymany

targets of the toxic PRn poly-dipeptide. For the hnRNPA1 pro-

tein, it was possible to demonstrate that its LC domain was

both necessary and sufficient for PRn binding (Figure 1D). We

have provided several lines of evidence indicative of polymer-

dependent binding of the PRn poly-dipeptide to certain of its tar-

gets. Either pharmacologic or mutational disruption of LC

domain polymers impeded PRn interaction with the hnRNPA2

RNA binding protein (Figures 4B and 4D). Likewise, the condi-

tionally-induced 3xFlag:PR100 protein failed to co-precipitate

its intracellular targets when cellular lysates were exposed to a

polymer melting aliphatic alcohol (1,6-HD) (Figure 4C). We inter-

pret polymer dependence to reflect the idea that iterative PR

repeats can exploit their inherent multi-valency when bound to

polymeric targets that themselves offer iteratively repeated epi-

topes for PR interaction. This simplistic interpretation is at odds

with numerous other studies that consider labile LC domain

polymers to be of no biologic utility (Bergeron-Sandoval et al.,

2016; Guo and Shorter, 2015; Wu and Fuxreiter, 2016).

A second feature of this work concerns the effects of aliphatic

alcohols on the integrity of cellular structures not invested by

surrounding membranes as compared with the abilities of the

same alcohols to disassemble cross-b polymers formed from
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Figure 6. GFP:PR20 and GFP:FUS Bind Periodically to Vimentin Intermediate Filaments

(A) Electron microscope images of vimentin intermediate filaments exposed to GFP (left), GFP:PR20 (middle) or GFP:FUS (right). Scale bar = 500 nm (see also

Figures S6C and S6D).

(B) Representative image showing the puncta-to-puncta distance of GFP:PR20 bound to a single vimentin intermediate filament. Scale bar = 50 nm.

(C) Quantification of puncta-to-puncta distances of GFP:PR20 bound to vimentin intermediate filaments (n = 1,000). The curve was fitted by Gaussian distribution.

(D) Representative images of different sized puncta (15�25 nm or > 30 nm) of GFP:PR20 bound to vimentin intermediate filaments.

(E) Quantification of frequency to have puncta of GFP:PR20 puncta within 60 nm of small or large puncta.

(F) Quantification of puncta-to-puncta distance of GFP-PR20 bound to vimentin intermediate filaments as a function of puncta size. p < 0.001 (n = 200)
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LC sequences. Cellular structures including RNA granules, Cajal

bodies, nuclear speckles, and intermediate filaments were dis-

solved effectively by 1,6-HD, less so by 1,5-PD, but not by 2,5-

HDor 1,4-BD (Figure 3). A similar pattern of effects was observed

with respect to the abilities of these aliphatic alcohols to melt

both hydrogels composed of LC polymers and liquid-like drop-

lets formed in part via the chemical properties of the LC domains

of FUS and hnRNPA2 (Figure 2). That aliphatic alcohols melt

cellular puncta and intermediate filaments in a manner correla-

tive to the melting of LC domain polymers is supportive of the

thesis that cross-b polymerization of LC sequences may be

broadly employed to facilitate cell organization (Han et al.,

2012; Kato et al., 2012).

The means by which aliphatic alcohols melt membrane-free

cellular bodies and polymeric fibers formed from LC domains re-

mains enigmatic. Among the four aliphatic alcohols used in these

studies, 1,6-HD is the most hydrophobic as assessed by four

different computational measures (Table S4). Hydrophobicity

alone, however, may not account for the hierarchal abilities of

the four aliphatic alcohols to melt membrane-free organelles, in-

termediate filaments, and cross-b polymers. All four measures

of hydrophobicity predict 2,5-HD to be more hydrophobic than

1,5-PD, yet the former chemical is considerably less active

than the latter in all assays performed herein.

In an extended conformation, the hydroxyl groups on either

end of 1,6-HD are separated by 10 Å. X-ray diffraction analyses

of cross-b polymers formed from the LC domains of hnRNPA2

and FUS reveal diffraction rings at 4.6/4.7 and 10 Å (Kato

et al., 2012). The former ring corresponds to the distance sepa-

rating aligned subunits along the fibril axis and is invariant in

cross-b polymers (Astbury et al., 1935; Marsh et al., 1955). The

latter, 10 Å diffraction ring likely corresponds to some element

of structure built within individual polypeptide subunits. In the

many cross-b, amyloid-like fibers characterized over the past

half-century, the dimensions of these intra-peptide interactions

vary from 6 to 11 Å (Greenwald and Riek, 2010). For reasons

we do not yet understand, all of the LC domain polymers we

have studied to date—including the five new examples shown

in Figure S5—reveal an invariant 10 Å diffraction ring. We spec-

ulate that thematching, 10 Å dimensions of the extended confor-

mation of 1,6-HD, coupled with its inherent hydrophobicity, may

hint as to why this particular aliphatic alcohol is most effective in

melting cross-b polymers formed from the LC domains we have

studied to date.

The third andmost surprising aspect of this work concerns the

finding that the PRn poly-dipeptide may interact directly with in-

termediate filaments. Studies of recombinant vimentin revealed

that this interaction involves PRn binding to the amino-terminal

head domain (Figure 5A). The vimentin head domain is of low

complexity and forms labile, cross-b polymers selectively sensi-

tive to dissolution by 1,6-HD. These observations raise the pos-

sibility that the dynamic behavior of intermediate filaments may

be informed by our earlier conceptualizations regarding cellular

puncta not invested by surrounding membranes (Han et al.,

2012; Kato et al., 2012).

The head and tail LC domains of intermediate filaments are

well-known targets of phosphorylation (Eriksson et al., 2004;

Geisler et al., 1989), andmutations in the head domains of neuro-

filament proteins have been causally linked to certain forms of

neurodegenerative disease (Brownlees et al., 2002; Fabrizi

et al., 2004; Georgiou et al., 2002; Perez-Olle et al., 2004; Shin

et al., 2008). We speculate that the dynamic behavior of interme-

diate filaments may be influenced both by post-translational

modifications that impede cross-b interactions involving head

domains, or mutations that improperly stabilize polymers.

It may be useful to compare these studies with recent obser-

vations coming from the laboratories of Anne Ephrussi (Gaspar

et al., 2016) and Denise Montell (Cho et al., 2016). Mutations

affecting deposition of polar granules in fruit fly eggs have

recently been understood to act by blocking the formation of

an alternatively spliced variant of tropomyosin. Unlike the con-

ventional tropomyosin well understood to participate in the actin

cytoskeleton, the spliced variant critical for polar granule depo-

sition contains LC domains on the amino- and carboxyl-terminal

sides of the tropomyosin coiled coil domain. Other than nuclear

lamins, the Drodophila melanogaster genome does not encode

intermediate filament proteins. The beautiful work from the Eph-

russi and Montell labs reveals an alternatively spliced tropomy-

osin variant that is, for all intents and purposes, an intermediate

filament protein critical for proper deposition of polar granules

and germ cell specification.

Interactions between the LC domains of RNA granule proteins

and intermediate filaments may be centrally involved in the con-

trol of localized translation. Studies concerning the selective

deposition of the Veg1 mRNA within the vegetal hemisphere of

Xenopus laevis oocytes upward of three decades ago revealed

interaction with intermediate filament proteins (Pondel and

King, 1988). Polar asymmetry of the frog egg has been beautifully

correlated with asymmetry in the organization of cortical inter-

mediate filaments (Klymkowsky et al., 1987). Intriguingly, punc-

tate staining of the vegetal pole of Xenopus eggs has been

observed with two distinct antibodies that selectively bind to

amyloid polymers (Hayes and Weeks, 2016). Finally, it has

been reported that asymmetric partitioning of vimentin interme-

diate filaments during cell division may facilitate asymmetric par-

titioning of puncta composed of aggregated proteins (Ogrodnik

et al., 2014).

Proper spatial partitioning of RNA granules is particularly

important to nerve cells. We speculate that neuronal granules

used to facilitate localized translation in the vicinity of active

synapses might employ interactions with the LC domains ar-

ranged periodically along the length of neurofilaments. The elec-

tron microscope images of GFP:PR20 and GFP:FUS binding to

vimentin are interpreted to give evidence that puncta, possibly

representative of RNA granules, might pass longitudinally from

transient interaction with one zone of low complexity sequence

to another along intermediate filaments (Figure 6). Whereas

these interactions would not offer any means of establishing

directionality to the movement of neuronal granules along

neuronal appentages, they might offer a confining advantage

to the process. Given the close apposition of neurofilaments to

microtubules that themselves align parallel to nerve cell append-

ages (Chang and Goldman, 2004; Fletcher and Mullins, 2010;

Schnapp and Reese, 1982), the proximal combination of these

two forms of cytoskeletal filaments might conspire to facilitate

movement of neuronal granules to the appropriate subcellular
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compartments. Proper trafficking of neuronal granules to the

synapses of neurons might be impeded were the PRn poly-

dipeptide to bind to LC domains associated with neurofilament

proteins.

Finally, we offer that our concept of PRn-mediated toxicity

aligns with interpretations coming from a wide spectrum of

studies of human mutations causative of neurodegenerative dis-

ease. Mutations in the LC domains of RNA binding proteins are

beginning to be understood to abet the stability of cross-b poly-

mers (Kim et al., 2013; Patel et al., 2015; Vieira et al., 2014). Our

own studies of D-to-V mutations in three different hnRNPs give

evidence that the inherent tuning of LC domains between mono-

meric and polymeric state can be significantly impacted by sin-

gle amino acid changes causative of human disease (Figure S4).

We speculate that binding of the toxic PRn poly-dipeptide to

otherwise labile cross-b polymers associated with membrane-

free cellular organelles and intermediate filaments might also

cause an imbalance in polymer stability. If correct, this concep-

tualization may offer a unifiedmeans of considering mechanisms

of pathogenicity for a broad spectrum of neurodegenerative

diseases.
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Zu, T., Liu, Y., Bañez-Coronel, M., Reid, T., Pletnikova, O., Lewis, J., Miller,

T.M., Harms, M.B., Falchook, A.E., Subramony, S.H., et al. (2013). RAN pro-

teins and RNA foci from antisense transcripts in C9ORF72 ALS and frontotem-

poral dementia. Proc. Natl. Acad. Sci. USA 110, E4968–E4977.

802 Cell 167, 789–802, October 20, 2016

http://refhub.elsevier.com/S0092-8674(16)31384-8/sref46
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref46
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref47
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref47
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref47
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref47
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref48
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref48
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref48
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref48
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref49
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref49
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref49
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref49
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref49
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref50
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref50
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref51
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref51
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref52
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref52
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref52
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref52
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref53
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref53
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref53
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref54
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref54
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref54
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref54
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref55
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref55
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref55
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref55
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref56
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref56
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref56
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref56
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref57
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref57
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref57
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref58
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref58
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref58
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref58
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref58
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref59
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref59
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref59
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref59
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref60
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref60
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref60
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref60
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref60
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref61
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref61
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref62
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref62
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref63
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref63
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref63
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref64
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref64
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref64
http://refhub.elsevier.com/S0092-8674(16)31384-8/sref64


STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Flag Sigma-Aldrich Cat#F3165; RRID: AB_259529

Rabbit polyclonal anti-HA Santa Cruz Cat#SC-805; RRID: AB_631618

Goat polyconal anti-TIA1 Santa Cruz Cat#SC-1751; RRID: AB_2201433

Mouse polyclonal anti-coilin Abcam Cat#AB-167253

Rabbit polyclonal anti-SC35 Santa Cruz Cat# SC-28720; RRID: AB_2185049

Rabbit monoclonal anti-vimentin Cell-signaling Cat#5741S

Mouse monoclonal anti-keratin Cell-signaling Cat#4545S

Mouse monoclonal anti-tubulin Sigma-Aldrich Cat#T5168; RRID:AB_477579

Goat-anti-rabbit IgG-HRP conjugate Bio-rad Cat#170-6515; RRID: AB_11125142

Goat-anti-mouse IgG-HRP conjugate Bio-rad Cat#172-1011; RRID: AB_11125936

AlexaFluor 488 conjugated donkey anti-goat IgG Thermo Fisher Scientific Ref# A11055; RRID: AB_142672

AlexaFluor 488 conjugaed donkey anti-mouse IgG Thermo Fisher Scientific Ref# A21202; RRID: AB_2535788

Anti-flag magnetic beads Conjugated using anti-Flag antibody

(Sigma) and Dynabeads (invitrogen)

Ref#14301

Anti-HA magnetic beads Thermo Fisher Scientific Prod#88837

Chemicals, Peptides, and Recombinant Proteins

Ni-NTA agarose resin QIAGEN Cat No./ID: 30230

PR20HA UT Southwestern Protein Chemistry Core N/A

PR20BAH UT Southwestern Protein Chemistry Core N/A

Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] amine TCIchemicals Cat#T2993

CuSO4 Sigma-Aldrich Cat#451657

Tris(2-carboxyethyl) phosphine hydrochloride TCIchemicals Cat#T1656

Diazo Biotin-Azide Click Chemistry Tools Cat#1041

1,6-Hexandiol Sigma-Aldrich Cat#240117

2,5-Hexandiol Sigma-Aldrich Cat#H11904

1,5-Pentandiol Sigma-Aldrich Cat#76892

1,4-Butandiol Sigma-Aldrich Cat#493732

Ab-40 fibrils Dr. Robert Tycko N/A

Sup35NM Dr. Randal Halfmann N/A

FITC-phalloidin Sigma-Aldrich Cat#P5282

tubulin Cytoskeleton Inc. Cat#T240-A

actin Cytoskeleton Inc. Cat#AKL95-B

Guanosine-50-[(a,b)-methyleno]triphosphate Jena Bioscience Cat#NU-405

Critical Commercial Assays

Pierce BCA protein assay kit Thermo Scientific Cat#23227

Recombinant DNA

pCW-3xFlag-PR100-HA This paper N/A

pMD2.g Addgene 12259

pSPAX2 Addgene 12260

pHis-Parallel-mCherry-FUS N214 Kato et al., 2012 N/A

pHis-Parallel-FUS N214 Kato et al., 2012 N/A

pHis-Parallel-GFP-FUS N214 Kato et al., 2012 N/A

MBP-PTB-hnRNPA2 LC Xiang et al., 2015 N/A

(Continued on next page)
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METHOD DETAILS

Synthesis of PR20HA and PR20BAH Peptide
Peptide containing 20 repeats of PR with an HA epitope tag at the C terminus (PR20HA) was synthesized from the Protein Chemistry

Core at UT Southwestern Medical Center, as described previously (Kwon et al., 2014). To make a photo crosslinkable PR20BAH pep-

tide, benzophenone was conjugated to the peptidyl-resin using HATU activation. Deprotection and cleavage of the peptide was

achieved using 95% TFA containing thiol scavengers. The cleavage reaction was performed at room temperature for 2.5 hr and

the cleaved peptide was precipitated in cold diethyl ether, centrifuged and the pellet washed several times with fresh diethyl ether.

Purification of the peptide was achieved using a C18 Vydac (Hisperia CA) semi-preparative reversed-phase high-pressure liquid

chromatography column (2503 10 mm) on a Waters 600 HPLC system. Fractions were analyzed on a Vydac C18 analytical column

(150 3 4.6 mm). Separations were achieved using linear gradients of 0 to 100% buffer B for 180 or 30 min, at a flow rate of 3 or

1 ml/min, respectively. Buffer A was water/0.045% TFA and buffer B was acetonitrile/0.036% TFA. Detection at 220 nm. The identity

of the peptide was confirmed using an Agilent Q-TOF ESI-MS, model 6500 series.

Live-Cell Crosslinking Using PR20BAH Probe
HeLa cells were incubated with 10 mMof PR20BAH in culture medium for 3 hr at 37�C, followed by UV (306 nm) crosslinking using the

Stratalinker 2400 (Stratagene). Cells were harvested, washed with PBS and resuspended in lysis buffer (Tris-HCl [pH7.5], 200 mM

NaCl, 20 mM b-mercaptoethanol, 0.5 mM EDTA, and Sigmafast protease inhibitor [Sigma-Aldrich,. St. Louis, MO]). After sonication,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pHis-Parallel-GFP-hnRNPA2 LC Kato et al., 2012 N/A

pHis-Parallel-GFP-hnRNPA1 full-length This paper N/A

pHis-Parallel-GFP-hnRNPA1 LC Kato et al., 2012 N/A

pHis-Parallel-GFP-hnRNPA1DLC This paper N/A

pHis-Parallel-GFP-hnRNPDL LC This paper N/A

pHis-Parallel-mCherry-Neurofilamnet Light/Medium/

Heavy Head

This paper N/A

pHis-Parallel-mCherry-Vimentin Head This paper N/A

pHis-Parallel-GFP-Peripherin Head This paper N/A

pET28-Vimentin Full length This paper N/A

pET28-Vimentin Tailless This paper N/A

pET28-Vimentin Headless This paper N/A

pHis-GFP-PR20 Kwon et al., 2014 N/A

pHis-GFP Kato et al., 2012 N/A

Software and Algorithms

Prism 6 Graphpad Software http://www.graphpad.com/scientific-

software/prism/

SEG Prediction of low complexity regions IMP Bioinformatics Group www.biology.wustl.edu/gcg/seg.html

VCCLAb www.vcclab.org

ACD/Labs www.acdlabs.com

EPISuite www.epa.gov/tsca-screening-tools/epi-

suitetm-estimation-program-interface

ChemAxon www.chemaxon.com

Experimental Models: Cell Lines

U2OS ATCC HTB-96

HeLa ATCC CCL-2

HEK293T Lenti-X Clontech Cat# 632180

U2OS PR100-3xFlag stable cell line This paper N/A
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cell debris were removed by centrifugation at 13,400 rpm. To perform the copper-catalyzed click reaction, 100 mMTris [(1-benzyl-1H-

1,2,3-triazol-4-yl) methyl] amine, 2 mM CuSO4, 1 mM Tris (2-carboxyethyl) phosphine, and 100 mM Diazo Biotin-Azide (Click Chem-

istry Tools 1041) were added to cell lysates and the mixture was incubated for 1 hr at room temperature with constant agitation.

Proteins were then precipitated by adding four volumes of cold acetone and re-solubilized for overnight in PBS containing 4%

SDS and 7 M urea. Lysates were cleared by filtration through 0.22 mm filters. Streptavidin agarose resins (Thermo Fisher Scientific,

Waltham, MA) were added to the re-solubilized protein and incubated for 1 hr with mild rotation at 25�C. After three washes with 4%

SDS in PBS, bound proteins were eluted in Laemmli sample buffer by boiling at 95�C for 10 min. Eluted proteins were resolved via

SDS-PAGE, and the gel was stained with the Instant Blue (Expedeon, San Diego, CA). The resolved proteins were excised and sent

for mass spectrometric analysis.

To attach fluorescent tag to PR20BAH-crosslinked proteins, a similar click reaction was performed as described above. For this

reaction, 100 mMAlexa 532 azide was added instead of Diazo Biotin-Azide. After 1 hr of reaction, samples were mixed with Laemmli

sample buffer and the proteins were resolved by SDS-PAGE. Fluorescence was imaged using a Typhoon scanner (GE Healthcare

Bio-Sciences, Pittsburgh, PA).

Construction of Flag-PR100-HA Stable Cell Line
DNA fragment encoding 100 repeats of PR, with 3xFlag at the N terminus and HA epitope tag at the C terminus, was synthesized by

Genewiz (South Plainfield, NJ) and subcloned into the pCW57.1 doxycycline-inducible lentiviral plasmid. To generate lentiviral par-

ticles, pCW-3xFlag-PR100-HA plasmid was co-transfected with pMD2.g (Addgene 12259) and pSPAX2 (Addgene 12260) into 293T

cells (Naldini et al., 1996). To generate an inducible stable cell lines for 3xFlag:PR100, U2OS cells were infected with lentivirus

collected from transfected 293T cells in the presence of 8 mg/ml polybrene. Infected cells were selected with 2 mg/ml puromycin

for 3 days.

Cryogenic Extraction and Affinity Purification of PR100

After induction of Flag-PR100-HAwith doxycycline for 48 hr, cells were detached, washed in PBS and then collected in liquid nitrogen.

Cells were then ground using a cryomill (Retsch, Newtown, PA). In brief, frozen cells were placed in a grinding chamber with stainless

steel balls, all pre-cooled by liquid nitrogen. Cryomill grinding was performed for three cycles of 1min, 30 Hz. The grinded cell powder

was stored at �80�C. Anti-Flag antibody (Sigma-Aldrich, St. Louis, MO) was coupled to Dynabeads M-270 epoxy (Thermo Fisher

Scientific, Waltham, MA) at the ratio of 10 ug of antibody/mg beads. For immunoprecipitation, 100 mL of IP buffer (20 mM HEPES

[pH 7.4], 110 mM potassium acetate, 2 mM MgCl2, 150 mM NaCl, 0.05% NP-40) was added to 100 mg of cell powder. After brief

sonication and a quick spin at 13,400 rpm at 4�C, the supernatant was collected. 5 mL of anti-Flag Dynabeads were incubated

with cell lysate for 1 min and the immune complex was washed with IP buffer three times. Bound proteins were eluted with

1 mg/ml 3xFlag peptide, followed by SDS-PAGE.

Proteomic Analysis and Computation Analysis of LC Sequences
The Commassie-stained gel was sent to the Taplin Biological Mass Spectrometry Facility at Harvard Medical School for proteomic

analysis. LC sequences were identified using the SEG algorithm (Wootton, 1994), with window = 25, locut = 2.2 and hicut = 2.5. En-

tries containing continuous LC sequences no shorter than 50 amino acids were considered LC containing proteins. P values were

calculated assuming hypergeometric distribution using web server https://www.geneprof.org/GeneProf/tools/hypergeometric.jsp.

Immunoprecipitation of hnRNPA1 Domain Constructs
Full-length (residue 2-320), DLCS (2-185) or DRRM (186-320) of human hnRNPA1 were subcloned into pHis-parallel-GFP vector and

transformed into BL21 (DE3) competent cells. Expression of hnRNPA1 proteins was induced by 1 mM IPTG at 25�C for 3 hr. Cells

were harvested and frozen in liquid nitrogen, followed by five cycles of 1 min cryomill grinding at 30 Hz. Cell powder was homoge-

nized in a lysis buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 20 mM BME, 0.5 mM EDTA, 0.1 mM PMSF supplemented with Sigma-

fast protease inhibitor) by sonication for 30 s. Cell debris was removed by 20 min of ultracentrifugation at 35,000 rpm. All three pro-

teins were first purified through a Ni-NTA column. hnRNPA1 DLCS was then subject to size-exclusion chromatography using a

HiLoad 26/60 Superdex 200 column (GE Healthcare, Marlborough, MA). The hnRNPA1 full-length and DRRM proteins were further

purified by a Phenyl Superose FPLC column (GE Healthcare, Marlborough, MA). Purified proteins were dialyzed with gelation buffer

and concentrated to 20 mg/ml. For immunopurification, proteins were diluted to 1 mg/ml in gelation buffer containing 0.05% NP-40,

rotated for 1 hr at room temperature, and PR20HA peptide and anti-HA beads were added, followed by 30min incubation. The beads

were washed three times and eluted with glycine buffer (pH 2.6). Eluted proteins were subject to SDS-PAGE analysis. The amount of

PR20HA was quantified by dot blot, using anti-HA antibody (Santa Cruz, Dallas, TX).

Preparation of GFP- and mCherry-Fusion Proteins
GFP: or mCherry:FUS LC domain (residue 2-214) was prepared as described previously (Kato et al., 2012). DNA fragments encoding

the head domains of human IF proteins (Neurofilament (NF) Heavy: residue 3-100, NF Medium: 2-104, NF Light: 2-100, Vimentin:

2-95, Peripherin: 2-99) were amplified by PCR using human cDNA as a template. The DNA fragments were inserted into the

BamHI/XhoI sites of the pHis-parallel-GFP or pHis-parallel-mCherry plasmid (Kato et al., 2012). Pathogenic mutations in the hnRNP
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LC domains (hnRNPA1: residue 186-320, hnRNPA2: 181-341, and hnRNPDL: 323-420) were introduced by a quickchange method

using wild-type GFP:hnRNP constructs as templates. Expression and purification of the wild-type andmutants of GFP:hnRNPs were

carried out as described previously (Xiang et al., 2015).

All IF head domains were overexpressed in E. Coli BL21 (DE3) cells with 0.5 mM IPTG at 20�C for overnight. Harvested cells were

lysed with 0.4 mg/mL lysozme in a lysis buffer containing 50 mM Tris-HCl pH7.5, 500 mM NaCl, 20 mM b-mercaptoethanol (BME),

1% Triton X-100, 2 M guanidine hydrochloride (GdnHCl) and protease inhibitor cocktail (Sigma-Aldrich, USA) for 30 min on ice, and

then sonicated for 2 min. The cell lysates were centrifuged at 35,000 rpm for 1 hr. The supernatants were mixed with 10 ml Ni-NTA

resin (QIAGEN, USA) for 30min at 4�C. The Ni-NTA resin was packed in a glass column and then washed with washing buffer (300ml)

containing 20 mM Tris-HCl pH7.5, 500 mM NaCl, 20 mM imidazole, 20 mM BME, 0.1 mM PMSF and 2 M GdnHCl. The resin was

further washed with the washing buffer (50 ml) containing 2 M Urea instead of GdnHCl. Bound proteins were eluted from the resin

with an elution buffer containing 20 mM Tris- HCl pH7.5, 500 mM NaCl, 250 mM imidazole, 20 mM BME, 0.1 mM PMSF and 2 M

Urea. EDTA was added to the elution at a final concentration of 0.5 mM. The purified proteins were concentrated with Amicon Ultra

centrifugal filters (Millipore, USA). Glycerol was added to the GFP fusion proteins at a final concentration of 50%. The protein

solutions were kept at �20�C. The mCherry fusion proteins were kept at �80�C without glycerol. Protein purity was checked by

SDS-PAGE, and concentrations were determined by absorbance at UV280.

Preparation and Characterization of Fibers/Hydrogels
Fibers or hydrogel droplets ofmCherry:FUS LCdomain andGFP:hnRNPA2 LCdomainswere prepared as described previously (Kato

et al., 2012; Xiang et al., 2015). Fibers or hydrogel droplets of the head domains of intermediate filament proteins were prepared as

follows: the mCherry:head domains were dialyzed in a gelation buffer containing 20 mM Tris-HCl pH 7.5, 50 mM NaCl, 20 mM BME,

0.5 mM EDTA and 0.1 mM PMSF for overnight at room temperature (RT). Dialyzed proteins were sonicated briefly (1 s x 3 times),

centrifuged to remove precipitates, and then concentrated to approximately 50-100 mg/ml. Small droplets (0.5 ml) of the protein so-

lution were made in glass-bottomed 35-mm culture dishes (MatTek, USA) and left at RT for 2-3 days.

To inspect fiber formation, the concentrated protein solution was diluted 10-fold with gelation buffer and deposited on a surface of

a TEM grid (CF-400-Cu from Electron Microscopy Sciences, USA). The surface of the grid was washed three times with 10 mL of

distilled water. The grid was subsequently stained for a few seconds with a 5 mL drop of 2% uranyl acetate. After the uranylacetate

solution was blotted, the grid was dried in air. TEM images were obtained with a JEOL 1200EX electron microscope at 120 kV.

For fiber X-ray diffraction, the hydrogels or precipitated fiber materials were resuspended in 0.2 ml milli-Q water and dialyzed in 1 L

milli-Q water for 12 hr twice. The dialyzed samples were lyophilized for overnight and then exposed to an X-ray beam to obtain cross-

b diffraction as described previously (Kato et al., 2012).

The stability of cross-b fibers of IF head domains and pathogenic mutants of hnRNPs were examined by SDD-AGE. Fiber solutions

were diluted in gelation buffer and sonicated briefly tomake fibers short. The short fibers were incubated in gelation buffer containing

different concentrations of SDS (0–2%) at 37�C for 10 min. As a control, amyloid fibers of yeast Sup35NM protein were treated in the

same way. The reaction mixtures were loaded on 1.5% agarose gel to separate fibers and monomers. The agarose gel was scanned

by a fluorescent imager (Typhoon 9200, GE) to visualize GFP or mCherry-fusion proteins. Subsequently, proteins were transferred

onto a cellulose membrane and analyzed by western blotting with a His-tag antibody to visualize Sup35NM bands as described pre-

viously (Kato et al., 2012).

Melting of Fibers/Hydrogels by Aliphatic Alcohols
Hydrogel droplets of mCherry:FUS LC domain were exposed to 2ml 15%of different aliphatic alcohols at 37�C, andmCherry signals

of the droplets were scanned by a confocal fluorescent microscope at indicated time points.

Fiber melting by aliphatic alcohols was monitored by turbidity measurements (absorbance at a 395 nm wavelength). Fibers of

mCherry:FUS LC domain or mCherry:IF head domains were diluted in gelation buffer to obtain a final protein concentration of

100 mM (monomer based). A brief 1 s sonication was applied to break down longer fibers. Sonicated fibers were further diluted to

obtain initial OD395 of 0.06–0.1. The fiber solution was incubated at 37�C in the presence of various concentrations of 1.6-HD or

15% of different alcohols, and the OD395 was measured at indicated time points. For the melting of A2 LC domain fibers, samples

with indicated concentrations of aliphatic alcohols were dispensed (100 ml) onto a 384-well plate (Greiner Bio-One) and incubated

at 37�C. The absorbance at 395nm (turbidity) was monitored as a function of time by the Bio-Tek Cytation 5 imaging reader.

Melting of Sub-cellular Structures by Aliphatic Alcohols
To test the effect of aliphatic alcohols on stress granules, HeLa cells were treated with 0.5 mM sodium arsenite for 1 hr, exposed to

6% aliphatic alcohols for 5 min, and fixed with 4% PFA for 15 min. The fixed cells were incubated with 1:300 goat anti-TIA1 (Santa

Cruz, Dallas, TX) overnight at 4�C, and developed with 1:300 AlexaFluor 488 conjugated donkey anti-goat (Thermo Fisher Scientific,

Waltham, MA) for 1 hr at room temperature. To study other subcellular granules, non-treated HeLa cells were exposed to 6% - 8%

level of aliphatic alcohols, fixed with 4% PFA, incubated with mouse anti-coilin (Pdelta, 1:1,000, Abcam, Cambridge, MA) or mouse

anti-SC35 (1:500, Abcam, Cambridge, MA), respectively, at 4�C overnight, and stained with AlexaFluor 488 conjugated secondary

antibody against mouse IgG (1:500, Thermo Fisher Scientific, Waltham, MA).
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Tostudy theeffectsofaliphaticalcoholsoncytoskeletonfilaments,HeLacellswere treatedwith8%aliphaticalcohols for fiveminutes

at room temperature and fixed. Cells fixed by 4% PFA were stained with 1.5 mg/ml FITC-labeled phalloidin dissolved in PBST (PBS

added with 0.2% Triton X-100) at 4�C overnight to visualize F-actin, or incubated with mouse anti-tubulin (1:1,500, Sigma-Aldrich,.

St. Louis,MO) at 4�Covernight, anddevelopedwithAlexaFluor 488 conjugated secondary antibody againstmouse IgG (1:500, Thermo

Fisher Scientific, Waltham, MA). Cells fixed with ice-cold methanol were incubated with pan-keratin mouse antibody (C11, 1:300, Cell

Signaling Technologies, Danvers, MA) or rabbit monoclonal antibody against vimentin (D21H3, 1:100, Cell Signaling Technologies,

Danvers,MA)at 4�Covernight, andstainedwithAlexaFluor488conjugatedsecondaryantibodies (1:500,ThermoFisherScientific,Wal-

tham,MA). Images showing the effect of aliphatic alcohols on vimentin filamentswere takenwith Leica TCSSP5 confocalmicroscope.

All other imageswere taken using aDelta Vision Elitemicroscope (GEHealthcareBio-SciencesPittsburgh, PA) using the FITC channel.

Melting of PTB:hnRNPA2 LC Liquid-Like Droplets by Aliphatic Alcohols
Liquid-like droplets of PTB:hnRNPA2 LC were prepared as described (Xiang et al., 2015). Briefly, triple fusion protein

MBP:PTB:hnRNPA2 LC was mixed with RNA substrate and TEV protease, and incubated for 20 min at room temperature. The

liquid-like droplets were exposed to 0%–4% level of aliphatic alcohols, incubated at room temperature for oneminute andmeasured

by light scattering at 395 nm.His6-tagged FUS LCSwas concentrated to 2.5mM in urea buffer (25mMHEPESpH 7.4, 2Murea, 5mM

BME). The protein stock was diluted 40 times in droplet buffer (10 mM HEPES pH 7.4, 100 mM KCl, 2% glycerol) supplemented with

aliphatic alcohols to indicated concentration. The formation of liquid-like droplets was measured by light scattering at 395 nm.

Immunoprecipitation of hnRNPA2 LCS in the Presence of Aliphatic Alcohols
His-3xFlag tagged recombinant proteins of wild-type, D290V or F291S hnRNPA2 LCS (181-341 aa) were purified as described

previously (Kato et al., 2012). For immunoprecipitation, the proteins were diluted to 0.05 mg/ml in gelation buffer containing

0.05% NP-40 supplemented with indicated concentrations of aliphatic alcohol and then rotated for 1 hr at RT. After addition of

both PR20HA peptide and anti-HA beads, samples were further incubated for another 30 min. Anti-HA beads were washed three

times with PBS and bound proteins were eluted by glycine buffer (pH 2.6). Eluted proteins were subjected to western-blot analysis

against anti-Flag antibody (Sigma, St. Louis, MO).

Assembly of Recombinant Vimentin Intermediate Filaments
Recombinant proteins of human vimentin [full length (2-466 AA), Dhead (82-466 AA), Dtail (2-411 AA)] were expressed and purified.

Bacterial pellet was solubilized in lysis buffer (50 mM Tris-HCl, pH7.5, 500 mM NaCl, 20 mM BME, 1% Triton X-100 with protease

inhibitor cocktail), and inclusion bodies were isolated by centrifugation. Inclusion bodies were solubilized with urea lysis buffer

(8 M urea, 50 mM Tris-HCl, pH7.5, 20 mM BME), and the solubilized protein samples were further purified by Q-Sepharose column

chromatography and gel-filtration. Purified vimentins were kept in 8 M urea at 2-6 mg/mL and stored at�80�C. For intermediate fila-

ment assembly, vimentin was dialyzed into 2 mM sodium phosphate buffer (pH7.5) containing 1 mMDTT. Dialysis was performed at

room temperature in a stepwisemanner (8, 4, 2, and 0M urea) for two hour intervals and continued at 4�Cwith 0M urea for over night.

The protein sample was further dialyzed into 2 mM sodium phosphate buffer without DTT for an additional hour. For starting assem-

bly, the dialyzed protein solution at 0.2 mg/mL was mixed with an equal amount of 2x assembly buffer (200 mM KCl, 2 mM sodium

phosphate buffer, pH7.5), and incubated at 37�C for 1 hr.

Assembly of Actin and Tubulin Filaments
Actin protein (> 95%pure) from rabbit skeletal muscle (Cytoskeleton Inc, Denver, CO) was dissolved in buffer A (0.5mMATP, 0.2mM

CaCl2, 0.5 mMDTT, 0.02%NaN3, 2mMTris-HCl, titrated at 4�C to pH 8.0 with KOH). Actin filament assembly was initiated by adding

10% volume of 10xKMEI buffer (500 mM KCl, 10 mM MgCl2, 10 mM EGTA, 100 mM Imidazole HCl, pH 7.0) directly into the protein

solution, and incubate at 37�C for 1 hr.

Tubulin protein (> 99% pure) from porcine brain (Cytoskeleton Inc,. Denver, CO) was dissolved in BRB80 buffer (80 mM PIPES,

1 mM MgCl2, 1 mM EGTA, pH 6.8 with KOH) with 1 mM DTT and 1 mM guanosine-50-[(a,b)-methyleno]triphosphate (GMPCPP,

non-hydrolyzable GTP analog) (Jena Bioscience, Germany) to obtain a concentration of 2 mg/mL on ice. The protein was assembled

into microtubule by diluting the protein sample to 0.2 mg/mL with BRB80 buffer with 1 mM DTT. Assembly was carried out by incu-

bating the sample at 37�C for 1 hr.

Melting of Filaments by Aliphatic Alcohols
Preassembled filaments (vimentin intermediate filament, actin filament, tubulin filament) at 0.2mg/mLwere challenged by hexanediol

melting at 2.5% by adding equal volume of 5% hexanediols in each assembly buffer conditions. The mixtures were incubated for

indicated time at 37�C, and the reaction was stopped by adding equal amount of buffer containing 0.2% glutalaldehyde.

GFP:PR20 Binding to Cytoskeletal Filaments
Preassembled filaments (vimentin, actin andmicrotubules) at 1 mMwere mixed with 0.3 mMof GFP, GFP:PR20 or GFP:FUS and incu-

bated for 1 min at RT. Reaction were stopped by adding an equal volume of buffer containing 0.2% glutalaldehyde. Samples were

then examined by transmission electron microscopy.
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Hydrophobicity Analysis of Aliphatic Alcohols
Four independent methods were used to predict hydrophobicity of aliphatic alcohols: VCCLab (Tetko et al., 2005), ACD/Labs (ACD/

Structure Elucidator, 2015), EPISuite (US EPA, 2016), ChemAxon (http://www.chemaxon.com).

QUANTIFICATION AND STATISTICAL ANALYSIS

Fiber/liquid-droplet melting experiments shown in Figures 2B, 2D, 2E, 4A, 4B, 5B, S2, and S6 were carried out in multiple measure-

ments. The number of the experimental replication was indicated by ‘‘n’’ in the respective figure legends. Statistical analysis of the

PR20-bound proteins shown in Figure 1C is carried out with the web server https://www.geneprof.org/GeneProf/tools/

hypergeometric.jsp, assuming hypergeometric distribution. Quantification of distances/sizes of the RP20 knobs along vimentin

filaments shown in Figure 6 was carried out with the program ImageJ (Schneider et al., 2012). The number of measurements is

indicated by ‘‘n’’ in the figure legends. Curve fittings shown in Figures 6C and 6F were performed using the program Prism 6

(GraphPad Software, USA).
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Figure S1. Dose-Dependent Cell Death in Response to Either PR20HA or PR20BAH, Related to Figure 1

U2OS cells were seeded in 96-well plates at the density of 3,000 cells/well. After overnight incubation, cells were treated with indicated concentration of PR20HA

or PR20BAH. After 72 hr cells were lysed and viability was measured as described previously (Kwon et al., 2014).
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3xFlag:PR100 expression was either induced with doxycycline (+) or without (-). The right two lanes show proteins co-precipitated with 3xFlag:PR100 in the

presence or absence of 6% 1,6-hexanediol.
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Figure S4. Disease Mutations Provoke Stabilized Polymers of hnRNP LC Domains, Related to Figure 4

(A) Electronmicrographs of polymeric fibers formed fromGFP fused to the native LC domains of hnRNPA2, hnRNPA1 and hnRNPDL, or mutated variants bearing

D-to-V (hnRNPA2), D-to-V (hnRNPA1) or D-to-N (hnRNPDL) mutations. Scale bar = 200 nm.

(B) SDD-AGE gel analysis of cross-b fibers depicted in (A). Ascending triangles reflect incubation for 15 min at 37�C in buffer supplemented with SDS con-

centrations ranging from 0 (left lane of each gel) to 0.1%, 0.5%, 1% or 2%. GFP signals were detected on a fluorescence scanning imager.
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Figure S5. Electron Microscope Images, X-Ray Diffraction Images and SDD-AGE Assays of mCherry Fusions to the Head Domains of Five

Intermediate Filament Proteins, Related to Figure 5

(A) Electron microscope images of polymeric forms of the yeast Sup35 protein and fusion proteins linking the low complexity head domains of the heavy, medium

and light neurofilament isoforms and vimentin to mCherry, and the head domain of peripherin to GFP. Scale bar = 100 nm.

(B) X-ray diffraction patterns of hydrogels formed from the five indicated intermediate filament proteins.

(C) SDD-AGE assays of the stability of polymeric fibers made from the yeast Sup35 protein and the head domains of the five indicated intermediate filament

proteins. Ascending SDS concentrations went from 0% to 0.1%, 0.5%, 1% or 2% (left to right).
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Figure S6. Polymeric Fibers Formed from Low Complexity Domains Derived from Intermediate Filament Head Domains in Response to the

Indicated Aliphatic Alcohols, and Electron Microscope Images of Intermediate Filaments, Related to Figures 5 and 6

(A) Time-dependent melting of mCherry:NFH, mCherry:NFM, mCherry:NFL and mCherry:peripherin head domain polymers in suspension with 15% of indicated

aliphatic alcohols as measured by light scattering at 395 nm (n = 2 or 3, data are presented as means ± SD. Note that error bars for most of the data points are

smaller than the symbols).

(B) Electron microscope images of F-actin filaments and microtubules exposed to 1,6-hexanediol for indicated times. Scale bar = 1 mm.

(C) Electron microscope images of F-actin filaments and microtubules exposed to GFP:PR20. Scale bar = 500 nm.

(D) Electron microscope image of ‘‘tailless’’ vimentin intermediate filaments exposed to GFP:PR20.
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SUMMARY

Do young and old protein molecules have the same
probability to be degraded? We addressed this
question using metabolic pulse-chase labeling and
quantitative mass spectrometry to obtain degrada-
tion profiles for thousands of proteins. We find
that >10% of proteins are degraded non-exponen-
tially. Specifically, proteins are less stable in the first
few hours of their life and stabilize with age. Degra-
dation profiles are conserved and similar in two cell
types. Many non-exponentially degraded (NED) pro-
teins are subunits of complexes that are produced
in super-stoichiometric amounts relative to their
exponentially degraded (ED) counterparts. Within
complexes, NED proteins have larger interaction
interfaces and assemble earlier than ED subunits.
Amplifying genes encoding NED proteins increases
their initial degradation. Consistently, decay profiles
can predict protein level attenuation in aneuploid
cells. Together, our data show that non-exponential
degradation is common, conserved, and has impor-
tant consequences for complex formation and regu-
lation of protein abundance.

INTRODUCTION

Pioneering experiments by Rudolph Schönheimer established

that proteins are in a dynamic state of synthesis and degradation

(Schoenheimer, 1942). The subsequent discovery of lysosomes

and the ubiquitin-proteasome system (UPS) provided detailed

insights into the molecular mechanisms of cellular protein ho-

meostasis. It is now well-established that proteins are exten-

sively turned over, that this process is specific, and that the sta-

bility of individual proteins can vary under different physiological

conditions (Ciechanover, 2005).

Despite these mechanistic insights, the kinetics of cellular

protein degradation are still not well understood. Early analyses

indicated that intracellular protein degradation follows first order

kinetics (Goldberg and Dice, 1974; Schimke and Doyle, 1970).

Accordingly, protein degradation is thought to be an exponential

decay process in which young and old proteins have the same

degradation probability per unit time (i.e., degradation rate) (Fig-

ure1A).However, there is substantial evidence thatproteindegra-

dationdoesnot always followfirst-order kinetics. Pulse-chaseex-

periments by Wheatley et al. (1980) indicated that a substantial

fraction of proteins are degraded within the first 2 hr after synthe-

sis. In addition, thenewly synthesized immature formsof proteins,

like the cystic fibrosis transmembrane conductance regulator

(CFTR) and basigin (CD147), were found to be rapidly degraded

while the ‘‘older’’ mature forms were stable (Tyler et al., 2012;

Ward and Kopito, 1994). It was also observed that proteins can

be ubiquitinated co-translationally (Duttler et al., 2013), that

most ubiquitinated proteins in a cell are relatively young (Kim

et al., 2011), and that MHC class I peptides sometimes show

higher turnover than their source proteins (Bourdetsky et al.,

2014). Finally, it has been estimated that �30% of newly synthe-

sized proteins are quickly degraded (Schubert et al., 2000),

although this number was questioned in later studies (Vabulas

and Hartl, 2005). Collectively, these studies suggest that decay

probabilities of proteins can vary as a function of their molecular

age. However, to the best of our knowledge, the degradation ki-

neticsof individual proteinshasnot yetbeen investigatedglobally.

To systematically assess cellular protein degradation kinetics,

we sought to perform pulse-chase experiments on a proteome-

wide scale. The general idea is to metabolically label a popula-

tion of proteins with a short pulse and then to quantify how

much of this population is left after different lengths of chase.

We and others have previously used stable isotope labeling by

amino acids in cell culture (SILAC) to study protein synthesis

and turnover (Andersen et al., 2005; Doherty et al., 2009; Hinkson

and Elias, 2011; Jovanovic et al., 2015; Kristensen et al., 2013;

Larance et al., 2013; Schwanhäusser et al., 2011; Selbach

et al., 2008). A disadvantage of these approaches is that they
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require rather long labeling times. Metabolic labeling with bio-

orthogonal amino acids has emerged as an attractive alternative

(Dieterich et al., 2006). Cells can incorporate the artificial amino

acid azidohomoalanine (AHA) into newly synthesized proteins

instead of methionine (Kiick et al., 2002). AHA contains an azide

group enabling capture of proteins via click chemistry (Dieterich

et al., 2006). Combining AHA with SILAC enables relatively short

pulse times (Eichelbaum and Krijgsveld, 2014; Eichelbaum et al.,

2012).
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Figure 1. Global Quantification of Protein

Degradation Kinetics by AHA Pulse-Chase

(A) Exponential decay can be recognized as a

straight line (in a semi log plot) indicating that the

degradation rate is constant, i.e., young and old

molecules have the same degradation probability

per unit time.

(B) Experimental setup for global pulse-chase ex-

periments. SILAC-labeled cells are pulse-labeled

with azidohomoalanine (AHA) and either directly

harvested (time point 0 hr) or chased in medium

without AHA (cold chase). Samples are combined,

AHA containing proteins are enriched, digested, and

analyzed by liquid chromatography-tandem mass

spectrometry (LC-MS/MS).

(C) Measured MS1 spectra for three peptides

representing the major types of decay profiles

detected. Filamin alpha (Flna, ASGPGLNTTGVPAS

LPVEFTIDAK) shows slow exponential degradation,

cathepsin L1 (Ctsl1, NLDHGVLLVGYGYEGTDSNK)

shows fast exponential degradation, basigin (Bsg,

VLQEDTLPDLHTK) shows non-exponential degra-

dation.

(D) Decay profiles of individual proteins based on the

median of three biological replicates (gray traces).

Note that due to the experimental design not all

proteinswere detected at all time points. Increases in

protein levels over time are theoretically impossible

and probably reflect measurement noise. High-

lighted profiles depict proteins shown in (C) and are

based on all three replicates (mean ± SD). Outliers

(>130% protein left) were removed.

See also Figures S1, S2, and S3.

Here, we combined AHA and SILAC to

obtain a global survey of protein degrada-

tion kinetics. We find that a sizable fraction

of proteins are degraded non-exponen-

tially. Many non-exponentially degraded

(NED) proteins aremembers of heteromeric

protein complexes that are over-produced

relative to other members of the same

complex. Thus, in contrast to recent find-

ings in bacteria (Li et al., 2014), dispropor-

tional protein synthesis appears to be

common and evolutionarily conserved in

metazoans. Our data allowed us to predict

how protein levels change in response

to gene copy-number alterations in aneu-

ploid cells. Global quantification of protein

degradation kinetics reveals an unex-

pected layer of posttranslational regulation with important func-

tional implications.

RESULTS

Combining Metabolic Pulse Labeling and
Click-Chemistry for Global Pulse-Chase Experiments
To perform proteome-wide pulse-chase experiments we com-

bined AHA and SILAC labeling (Figure 1B). First, cells are fully
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labeled heavy, medium-heavy, or light using SILAC. Second, all

three cell populations are pulse-labeled with AHA for 1 hr. This

relatively long pulse labeling time was chosen to allow sufficient

label incorporation. Heavy cells are harvested immediately after

the pulse while medium-heavy and light cells are chased in

AHA-free medium for different lengths of time. All three cell pop-

ulations are then combined and lysed. AHA-containing proteins

are purified from the mixed lysate. After digestion into peptides,

SILAC-based quantification reveals how much of the pulse-

labeled fraction remains at different time points.

We first confirmed that click chemistry-based capturing of

heavy AHA-labeled proteins is highly specific and reproducible

(Figures S1A–S1C). Next, we checked if AHA might itself affect

protein degradation kinetics and found no evidence for this

(Figures S1D–S1G). Peptides derived from both the N-terminal

and C-terminal halves of AHA-labeled proteins had similar

intensities, suggesting that AHA does not induce premature

termination (Figure S1H). Collectively, these data indicate that

AHA pulse-chase (AHA p-c) enables specific enrichment of

newly synthesized proteins with no apparent impact on protein

stability, consistent with previous reports (Cohen et al., 2013; Di-

eterich et al., 2006; Howden et al., 2013; tom Dieck et al., 2015).

For global quantification of protein degradation kinetics, we

performed three parallel triple-SILAC experiments with different

chase times (1, 2, 4, 8, 16, and 32 hr) in mouse fibroblasts

(NIH 3T3). Heavy cells were always harvested immediately after

the pulse and served as a common reference point. Exemplary

mass spectra for a stable protein (filamin A [Flna]) andan unstable

protein (cathepsin L [Ctsl1]) show expected slow and fast

degradation, respectively (Figure 1C). The levels of basigin

(Bsg) quickly decreased after the chase but then stabilized after

�4 hr. This is consistent with the observation that most of the

newly synthesized immature basigin is degraded while the

mature form of the protein is stable (Tyler et al., 2012). We com-

bined the data from the three triple-SILAC experiments to obtain

kinetic profiles with seven time points. To compensate for differ-

ences in cell numbers, we normalized the data using a selected

set of very stable proteins (Figure S2; STAR Methods). We also

subtracted background signals which could otherwise give rise

to erroneous degradation profiles. The entire large-scale experi-

mentwas carried out three times, thus yielding data from three in-

dependent biological replicates. In total, we obtained profiles for

5,247 proteins (Figure 1D). After applying several quality filters

(Figure S3A) we kept 3,605 profiles for further analysis (Fig-

ure S3E). Approximately half of these profiles were derived from

at least two biological replicates, allowing us to assess reproduc-

ibility. Overall, reproducibility was very good with coefficients of

variation (CVs, computed in log space) of <10% at time point

32 hr for �90% of the proteins (Figure S3F).

Stochastic Modeling Reveals Extensive
Non-exponential Degradation
To model our experimental protein degradation profiles, we

adapted a Markov chain-based approach previously used to

study mRNA decay (Figure 2A) (Deneke et al., 2013). We consid-

ered two different models. In the first model proteins only exist in

a single state ‘‘A’’ that is characterized by a constant decay prob-

ability. This ‘‘1-state model’’ therefore describes exponential

degradation (ED). The second model has an additional state:

newly synthesized proteins first populate state A from where

they can either be degraded or transit to state B, which is char-

acterized by a different decay probability. This ‘‘2-state model’’

thus describes non-exponential degradation (NED). To distin-

guish between both scenarios, we compared the relative quality

of both models for each protein degradation profile using the

Akaike information criterion (AIC) (Akaike, 1974). This approach

considers the trade-off between the goodness of fit and model

complexity (that is, the number of parameters). Hence, the

2-state-model is only preferred when the improved fit outweighs

the increased complexity. The AIC thus provides a conservative

estimate of the fraction of NED proteins. Degradation profiles of

Ctsl1 and Flna were better explained by the 1-state model (Fig-

ure 2B). In contrast, the degradation profile of basigin was better

explained by the 2-state model.

Overall, we found that the profiles of 509 proteins are better

explained by the 2-state model (Figure 2C, AIC probability

>0.8). This corresponds to �14% of the 3,605 proteins that

passed our quality criteria (Figure S3). We conclude that a

sizable number of proteins show a tendency toward NED.

In principle, the 2-state model can describe two different sce-

narios: when the degradation rate in state A is higher than in state

B (kA > kB) the model describes proteins that become more

stable as they age. Alternatively, when the degradation rate in

state B is higher than in state A (kB > kA) the model describes

destabilization of older proteins. Intriguingly, we only observed

age-dependent stabilization (Figure 2D). This is surprising, as

we originally expected proteins to become more unstable over

time due to the cumulative effects of age-related damage. How-

ever, in our cell line model and within the time period monitored

(32 hr) we did not find any evidence for this.

While our AIC probability describes the relative quality of both

models, it does not provide information about the extent of NED

for individual proteins. We therefore also measured the distance

of intermediate data points from the linear fit in the semi log plot

(Figure 2E). This delta score (D-score) is a simple measure for

theextent of non-exponentiality of individual degradationprofiles.

We then defined NED and ED proteins based on their AIC proba-

bilities andD-scores (STARMethods).With these filters,�10%of

proteins were classified as NED and�50% as ED. The remaining

proteins were classified as undefined (‘‘UN,’’ Figure 2F). For all

subsequent analyses, we relied on this classification (Table S1).

In summary, our global quantification of cellular protein degrada-

tion kinetics reveals thatmanyproteins becomemore stable once

they have survived the first few hours of their existence.

NED Can Be Validated by Independent Methods
Although AHA labeling does not appear to globally affect protein

degradation (Figure S1), it is still possible that labeling with an arti-

ficial amino acid introduces systematic biases. We therefore

wanted to validate our data with independent methods. First, we

compared protein degradation rates in the present study with

previously published dynamic SILAC data from the same cell

line (Schwanhäusser et al., 2011) and found overall good agree-

ment (Figures S4A–S4D). Second, we used classical radioactive

pulse-chase and immunoprecipitation to confirm degradation

kinetics of an ED and an NED protein (Figure S4E). Finally, to
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systematically validate our classification, we designed a novel

SILAC-based strategy (Figure 3A): we pulse-labeled light cells

with heavySILACmedium for 4 hr. At this timepoint, the proteome

consists of two populations of protein molecules: light proteins,

which are older than 4 hr, and heavy proteinswith an age between

0 and4hr.Weharvested half of the cells to quantify theH/L ratio at

this time point. Because NED proteins become more stable with

age, the younger heavy protein molecules should degrade faster

than the older light ones. We therefore cultivated the other half

of cells on medium-heavy growth medium for 8 additional hours.

This resulted in the expected decrease in H/L ratios for NED but

not for ED proteins (Figures 3B–3D). Label swap experiments

and different chase times confirmed this finding (Figures S4F–

S4H).We computed aNED validation score based on the average

rank of proteins across these SILAC pulse-chase experiments

(Figures3Eand3F).Thisscore indicateshowwell non-exponential

degradation could be validated for individual NED proteins and is

included in Table S1. Because these validation experiments have

A

B

C D

E F

Figure 2. Many Proteins Are Degraded Non-

exponentially

(A) Graphical representation of the two Markov

models applied. The 1-state model and 2-state

model reflect exponential degradation and non-

exponential degradation, respectively.

(B) Fitting both models to the exemplary profiles

from Figure 1D. For Flna and Ctsl1, both models

have residual sum of squares (RSS) of similar size.

The Akaike information criterion (AIC) therefore

recommends the simpler 1-state model. The profile

of Bsg is better explained by the 2-state model.

(C) Histogram of all probabilities for the 2-state

model for all proteins that passed our quality

criteria.

(D) All proteins with a 2-state probability >0.8 had

a larger initial (kA) than subsequent degradation

rate (kB).

(E) The delta score (D-score) as a measure for the

extent of non-exponential degradation. For each

profile, a straight line is drawn between the 0 and

8 hr time point (in semi log plot). The D-score

corresponds to the distance of the measurement

at 4 hr from this line. Positive and negativeD-scores

indicate age-dependent stabilization and destabi-

lization, respectively.

(F) Fractions of exponentially degraded (ED),

non-exponentially degraded (NED), and undefined

(UN) proteins defined by their AIC probabilities and

D-scores.

See also Figure S3.

longer pulse times and thus lower sensi-

tivity, a low validation score of a NED pro-

tein should not be interpreted as evidence

for erroneous classification.

The Ubiquitin Proteasome System
Mediates NED
Havingshown that a sizable number of pro-

teins are non-exponentially degraded, we

next asked how degradation occurs. The

two major cellular protein degradation systems are the protea-

some and the lysosome. We therefore used drugs, MG132 or

wortmannin in combinationwith bafilomycin A1, to inhibit protea-

somal or lysosomal degradation, respectively. To assess non-

exponential degradation, we performed AHA p-c experiments

with 4 and 8 hr chase times in the presence of the inhibitor or car-

rier controls (DMSO). The impact of both pathway inhibitions on

NED was quantified by measuring their impact on the D-score

(Figure 4A). Proteasome inhibition reduced D-scores of most

NEDproteins (Figures 4Band4D; TableS2). In contrast, inhibition

of the lysosome did not have an observable impact (Figures 4C

and 4E; Table S2). We conclude that the ubiquitin proteasome

system is involved in the initial degradation ofmostNEDproteins.

Many NED Proteins Are Members of Multiprotein
Complexes
Wenext characterized features that distinguish ED andNED pro-

teins and found that NEDproteins are on averagemore abundant
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and have a higher degree of secondary structure (Figure S5A).

Moreover, many NED proteins are members of annotated

heteromeric complexes (Figures S5A and S5B). Mapping the

data to protein structures showed that 70% of NED proteins

are members of heteromeric protein complexes, which is a sig-

nificant enrichment relative to ED and UN proteins (Figures 5A

and S5C; Table S3).

Many complexes contain both NED and ED proteins. There-

fore, we investigated if the properties of NED and ED proteins

in complexes differ. We found that NED proteins have signifi-

cantly larger interaction interfaces within complexes (Figure 5B;

Table S3). It has been shown that complexes form via ordered

and evolutionarily conserved assembly pathways (Marsh et al.,

2013). We found that NED subunits assemble significantly earlier

than ED subunits (Figure 5C; Table S3). Finally, we found that the

NED subunits show stronger correlated coexpression with other

subunits of the same complex, while the ED subunits show less

coherent expression (Figures 5D and S5D; Table S3). Together,

these data indicate that NED proteins are typically core compo-

nents of multiprotein complexes while ED proteins tend to be

more peripheral.

A long-standing hypothesis is that proteins are stabilized by

complex formation (Goldberg, 2003). While several individual ex-

amples support this idea (Blikstad et al., 1983; Lam et al., 2007;

Toyama et al., 2013) it has, to the best of our knowledge, not yet

been investigated systematically. We reasoned that complex

formation could explain non-exponential degradation (Figure 5E):
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Figure 3. Validation of AHA p-c Data

(A) Experimental design for direct validation of non-

exponential decay. Light (L) cells are pulsed with

heavy (H) SILAC medium for 4 hr and split into

two populations. The first population is harvested

immediately while the second is chased for 8 hr in

medium-heavy SILAC medium (M chase). If new

proteins are less stable than old proteins their H/L

ratio is expected to decrease during the chase.

(B and C) Two example spectra from an ED (B) and

a NED protein (C) confirm this expectation.

(D) Proteins in the SILAC p-c experiment were

classified according to their degradation profile.

Only NED proteins show significantly (alpha = 0.05)

reduced H/L ratios after the chase compared to all

proteins. ***p value <0.0001 from a one-sided

Wilcoxon rank-sum test.

(E) Density distributions of ranked SILAC ratios for

NED and ED proteins averaged across all four ex-

periments (D and Figures S4F–S4H). NED proteins

were assigned a validation score (0 = low validation

score; 5 = high validation score) that scales relative

to the median of the ED protein distribution.

(F) Counts of NED proteins for the different vali-

dation score bins.

See also Figure S4.

if NED proteins were produced in excess

relative to ED proteins, the degradation

of the non-assembled subunits would

lead to non-exponential decay. We there-

fore analyzed the abundance of newly

synthesized proteins directly after the pulse. To this end, we

normalized the data in a complex-centric manner (Figure 5F).

We found that NED proteins are indeed over-synthesized relative

to ED proteins in the same complex. Moreover, while the initial

degradation rates (i.e., the degradation rates of state A) of NED

proteins within a complex varied considerably, their second

(state B) degradation rates were more similar and close to the

degradation rates of the ED subunits (Figure S6). Thus, many

NED proteins in complexes appear to be produced in super-stoi-

chiometric amounts relative to their ED counterparts.

To independently validate these findings, we performed the

same complex-centric analysis on ribosome profiling data (Sub-

telny et al., 2014) and observed the same trend (Figure 5G). To

directly assess the link between complex assembly and NED

we focused on the ribosome—a complex rich in NED proteins.

Because the ribosome consists of proteins and rRNAs, ribosome

assembly can be inhibited by blocking rRNA transcription. We

found that actinomycin D treatment increased the initial degra-

dation of ribosomal proteins (Figure 5H), consistent with our hy-

pothesis and with previous data (Lam et al., 2007).

NED Is Evolutionarily Conserved
All data presented so far are based on the analysis of mouse

fibroblasts (NIH 3T3). We therefore asked if our findings are due

to specific features of this model system. For example, even

though NIH 3T3 cells are derived from primary cells, a recent

cytogenetic study revealed a complex rearranged karyotype
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(Leibiger et al., 2013). It is therefore possible that the super-stoi-

chiometric synthesis of NED proteins is due to genomic amplifi-

cation of the corresponding genes. In this case, our data would

have little relevance for other model systems.

To test this possibility, we analyzed the diploid human retinal

pigmented epithelial cell line RPE-1. Low coverage whole

genome sequencing of this cell line confirmed that, with the

exception of partial trisomies for chromosome 10 and 12, it is

mostly diploid (Figure S7). We performed three independent

large AHA p-c experiments to obtain degradation profiles for

4,079 proteins. A total of 47% and 9.4% of the proteins that

passed the quality filters (n = 3,133) were classified as ED and

NED, respectively (Figure 6A, left bar; Table S4). These fractions

are similar to the mouse fibroblast data. We then grouped the

human proteins according to the degradation profiles of their

mouse orthologs (Figure 6A). Human orthologs of mouse NED

proteins were enriched in NED proteins. Conversely, human or-

thologs of mouse ED proteins were enriched in ED proteins. In

addition, theD-scores of the human proteins and their mouse or-

thologs were significantly correlated (Figure 6B). This is surpris-

ing, especially because there aremany reasonswhy degradation

profiles may actually differ (cell-cycle properties, overall prote-

ome composition that may drastically differ between both cell

types). We also found that human NED proteins that are part of

multiprotein complexes tend to be produced in super-stoichio-

metric amounts (Figure 6C), consistent with the mouse data

(Figure 5F). This observation still holds when human proteins

are classified according to the degradation profile of their mouse

orthologs, further supporting the notion of conservation.

To further assess the conservation of NED, we used ribosome

profiling data from different species (human, HEK293 [Liu et al.,

2013], mouse [Shalgi et al., 2013], zebrafish [Chew et al., 2013],

and Caenorhabditis elegans [Nedialkova and Leidel, 2015]). We

classified proteins in these datasets according to the degrada-

tion profiles of their human orthologs (in RPE-1 cells). We then

normalized the ribosome protected fragment (RPF) reads in a

complex-centric manner. We found that orthologs of human

NED proteins tend to be over-synthesized in mouse and zebra-

fish (Figure 6D). The trend also holds in C. elegans although it

is not significant. Together, these data show that non-exponen-

tial degradation is not mainly due to ‘‘erroneous’’ protein over-

production caused by genomic rearrangements in a specific

cell line. Instead, our findings show that protein degradation ki-

netics are—at least partially—conserved between species and

independent of the cell type.

NED Predicts Protein Level Attenuation in Aneuploidy
Based on our findings, we propose a simple model that explains

the relationship between protein degradation kinetics and com-

plex formation (Figure 7A). Accordingly, NED proteins are over-

produced relative to the ED proteins in the same complex.

Therefore, only a fraction of the overproduced proteins are

stabilized by complex formation while the rest are degraded.

Importantly, this overproduction occurs in disomic cells and is

thus not generally due to aneuploidy. However, we reasoned

that aneuploid cells would allow us to test the model: genomic

amplification of NED proteins should increase their over-pro-

duction and thus the initial degradation (Figure 7A). Conse-

quently, amplification of genes encoding NED proteins should

not lead to correspondingly increased protein levels. Instead,

NED proteins should be attenuated, i.e., their protein levels

should remain relatively constant despite the genomic amplifi-

cation (Dephoure et al., 2014; Geiger et al., 2010; Stingele

et al., 2012).

A CB D

E

Figure 4. NED Is Decreased by Proteasome Inhibition

(A) To quantify the impact of inhibitors on non-exponential degradation the D-score in treated and control cells is compared.

(B and C) Distributions of net D-scores for ED, UN, and NED proteins displayed as boxplots. The proteasome inhibitor MG132 significantly reduced D-scores of

NED proteins (one-sided Wilcoxon rank-sum test; ***p < 0.0001) while the autophagy inhibitors wortmannin and bafilomycin A had no significant impact (alpha =

0.05). Numbers of proteins in each group are depicted. Classification of proteins is based on the original AHA p-c experiment (Figure 2F).

(D) We estimated the effect of MG132 on general protein degradation by plotting ‘‘% protein remaining’’ for all proteins with or without treatment. MG132

stabilized the majority of the measured proteins.

(E) To control for inhibition of lysosomal degradation, samples acquired in parallel to the MS experiment were analyzed by western blot and probed against the

autophagy marker LC3-II and for b-actin. ‘‘Autophagy’’ in the plot refers to the inhibitor combo.
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Figure 5. NED and Protein Complexes

(A) NED proteins are significantly overrepresented in heteromeric protein complexes (Fisher’s exact test, heteromeric versus monomeric or homomeric subunits).

Numbers within bars represent raw subunit counts. The trend holds when ribosomal proteins are excluded (Figure S6C).

(B) NED proteins tend to form larger interfaces in complexes than ED proteins. Subunits were binned by the number of unique subunits per complex to control for

the fact that NED proteins are overrepresented in larger complexes. P values were calculated using Wilcoxon rank-sum tests, comparing NED to ED. Subunit

counts are given along the bottom.

(C) NED subunits of large complexes (greater than five unique subunits) tend to assemble earlier than ED subunits. Normalized assembly scores of 0-to-1 indicate

the first-to-last steps of a given (dis)assembly pathway. P values were calculated using Wilcoxon rank-sum tests. Raw subunit counts are given within each box.

The difference in assembly order was not significant for smaller complexes.

(D) NED proteins show stronger coexpression (mRNA level). For each subunit, the average coexpression correlation coefficient is calculated with all other

subunits within the same complex. P value is calculated with the Wilcoxon rank-sum test comparing NED to ED.

(E) A simple model can explain non-exponential degradation of subunits of a heteromeric complex: NED proteins (turquoise) are synthesized in super-stoi-

chiometric amounts relative to ED proteins (red). Only a fraction of the NED protein molecules is stabilized by complex formation while the excess is degraded.

(F) NED proteins tend to be produced in super-stoichiometric amounts. Protein abundances after the pulse (t = 0 hr) were normalized in a complex centered

manner. p values are based on one-sided Wilcoxon rank-sum tests.

(legend continued on next page)
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To test this prediction, we took advantage of RPE-1 cells that

were engineered to carry one additional copy of specific chro-

mosomes (Stingele et al., 2012). Low coverage genome

sequencing (Figures S7A and S7B) and chromosome painting

(Figures S7C and S7D) verified that these cells are trisomic for

chromosome 5 and part of chromosome 11. We therefore also

performed AHA p-c experiments with these ‘‘RPE-1 trisomic’’

cells (Table S5). We then compared protein production in

RPE-1 and RPE-1 trisomic cells using abundance levels after

the pulse as a proxy. As expected, proteins encoded by trisomic

regions were upregulated in trisomic cells (Figure 7B). Note

that chromosome 10 and 12 were also partially trisomic in the

parental cell line and therefore excluded from subsequent

analyses.

We next compared the extent of non-exponential degradation

in RPE-1 and RPE-1 trisomic cells using the D-score. Proteins

encoded in disomic regions of the genome had similar D-scores

in both cell lines (Figure 7C). However, consistent with our pre-

diction, NED proteins in trisomic regions displayed significantly

increased non-exponential degradation as measured by the

change in their D-scores. Importantly, this behavior was specific

for NED proteins and not observed for ED proteins. We conclude

that increasing over-production of NED proteins tends to in-

crease their initial degradation.

Aneuploidy has severe developmental effects, it is the leading

cause of mental retardation and spontaneous abortions, as well

as a hallmark of cancer (Santaguida and Amon, 2015). However,

the functional consequences of aneuploidy are only beginning to

emerge. Studies in yeast and mammalian cell lines have shown

that mRNA levels generally scale with gene copy numbers. How-

ever, protein levels are sometimes attenuated toward the euploid

state. It has also been noted that most attenuated proteins are

members of multiprotein complexes (Dephoure et al., 2014; Gei-

ger et al., 2010; Stingele et al., 2012). However, not all proteins in

multiprotein complexes are attenuated and not all proteins that

are attenuated are part of (known) multiprotein complexes.

Our model predicts that NED proteins should be attenuated.

To test this idea, we directly quantified relative changes in

steady-state protein levels in RPE-1 and RPE-1 trisomic cells

in a separate SILAC experiment. We found that NED proteins en-

coded in trisomic regions were more attenuated than ED pro-

teins (Figure 7D). This is consistent with our model, even though

interpreting the data is complicated by the rather small number

of NED proteins in trisomic regions. We also observed this effect

in the subset of proteins that are part of annotated complexes

(Figure 7E). Hence, protein degradation kinetics can explain

why some proteins in complexes show more attenuation (NED

proteins) than others (ED proteins). Moreover, even for the sub-

set of proteins that are not part of an annotated complex, NED

proteins showed more attenuation than ED proteins (Figure 7F).

Collectively, these data show that NED can help to predict pro-

tein level attenuation in aneuploidy.

DISCUSSION

Our kinetic analysis of protein stability reveals widespread

age-dependent degradation. We find that kinetic profiles are

similar in two different cell types and conserved between

mouse and humans. Many non-exponentially degraded pro-

teins are subunits of multiprotein complexes that are produced

in excess. Accordingly, we propose a simple model in which

only a fraction of newly synthesized NED proteins is stabilized

by complex formation while the rest are degraded. This model

can help to predict how changes in DNA copy-number affect

protein levels.

While the AHA p-c method employed here has many advan-

tages, it is also important to keep its limitations in mind. For

example, due to the technical challenges of AHA p-c, our data

are not comprehensive. We do not know how our findings

extrapolate to the uncovered part of the proteome. Also, the

pulse time of 1 hr is too long to capture events on the timescale

of minutes. Therefore, our data cannot be used to estimate the

extent of co- or peri-translational degradation (Duttler et al.,

2013; Schubert et al., 2000; Wheatley et al., 1980). Moreover,

because our longest chase time is 32 hr, we cannot tell what hap-

pens to older proteins. It is possible that longer chase times

would reveal age-dependent destabilization. Additionally, the

seven time points we covered allowed us to distinguish between

a 1-state and a 2-state model, whereas more complex multi-

stage models would require measurements at more time points.

Increasing the number of data points per profile would also

decrease the number of proteins we could not classify as NED

or ED. We classified these unclear cases as ‘‘undefined’’—a

purely technical definition that has probably no biological signif-

icance. Finally, despite validation by independent methods, we

cannot fully rule out biases in our AHA p-c data.

We find that some proteins become very stable after they

have survived the first few hours of their molecular life. We

have experienced that this surprises many scientists because

they intuitively believe that all proteins are constantly turned

over. However, our finding is consistent with other observations.

For example, SILAC labeling of post-mitotic cells typically re-

mains incomplete despite long labeling times (Liao et al.,

2008). Moreover, using metabolic labeling of rats, Toyama

et al. (2013) identified several proteins with extraordinarily long

lifespans in the rat brain. The latter study also provided evidence

that the high stability of one protein, Nup96, is due to its deposi-

tion into a stable complex.

The observation that mammalian cells overproduce specific

subunits of multiprotein complexes is surprising and in marked

contrast to Escherichia coli where subunits were reported to

be made in precise proportion to their required stoichiometry

(Li et al., 2014). Why are mammalian cells producing excess

amounts of specific proteins? We would like to discuss four

potential answers to this question:

(G) Complex-centered analysis of ribosome profiling data supports super-stoichiometric production of NED proteins. p values are based on one-sided Wilcoxon

rank-sum tests.

(H) Inhibition of rRNA synthesis with actinomycin D selectively increased D-scores of ribosomal proteins. See Figure 4A for experimental design. P values are

based on one-sided Wilcoxon rank-sum tests.

See also Figure S5 and Table S3.
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(1) It is possible that only a fraction of newly synthesized pro-

teins adopt a functional state while the rest are terminally

misfolded and thus degraded. However, because NED

proteins tend to be relatively short and well-structured

(Figure S5A) this explanation does not seem to generally

hold.

(2) The observation that ED proteins tend to be disordered

(Figure S5A) suggests an alternative explanation: disor-

dered proteins are often harmful when overexpressed,

which is probably due to their tendency to make promis-

cuous interactions (Vavouri et al., 2009). Overproduction

of NED proteins may have evolved to ensure that poten-

tially harmful ED proteins are never alone: The super-stoi-

chiometric synthesis of ‘‘benign’’ NED subunits would be

a failsafe mechanism against deleterious effects of unbal-

anced production of the more harmful ED proteins. NED

proteins would thus have a chaperone-like function to-

ward their cognate ED proteins.

(3) ED proteins might have evolved as limiting factors to facil-

itate the coordinated regulation of protein complex abun-

dance: Upregulating an ED protein would stabilize inter-

acting NED proteins and thus increase the abundance

of the entire complex. Conversely, reducing the expres-

sion of the limiting ED protein would decrease complex

abundance. This explanation resonates well with the

finding that mRNAs encoding ED proteins show less co-

expression with mRNAs encoding other subunits and

have longer 50 and 30 UTRs (Figure 5D and data not

A B

C D

Figure 6. NED Is Evolutionarily Conserved

(A) Relative fractions of NED (turquoise), ED (red), and undefined (gray) proteins in the diploid human epithelial cell line RPE-1. Wemapped human proteins to their

mouse orthologs and grouped them according to their degradation profile in mouse fibroblasts. Human proteins with ED mouse orthologs are enriched in ED

proteins. Similarly, human proteins with NED mouse orthologs are enriched in NED proteins. P values are based on a hypergeometric test.

(B) Orthologous human and mouse proteins show significantly correlated D-scores. Pearson’s correlation coefficient (R) is derived from all plotted D-score pairs.

(C) NED subunits of protein complexes are synthesized in super-stoichiometric amounts relative to other subunits in human (left). This is even the case when the

mouse definitions (for ED, UN, and NED) are used on the human dataset (right).

(D) Analysis of ribosome profiling data from several species confirms that the super-stoichiometric synthesis of NED proteins is evolutionarily conserved.

Depicted p values are based on one-sided Wilcoxon rank-sum tests.

See also Figure S7.
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shown). It also fits to data from yeast showing that most

complexes consist of both constitutive and periodically

expressed subunits (de Lichtenberg et al., 2005) and to

the finding that complex stoichiometry can vary across

tissues in mammals (Ori et al., 2016).

(4) Overproduction of NED proteins may be important for

ordered complex assembly (Marsh et al., 2013; Matalon

et al., 2014): because the formation of protein-protein

interactions depends on protein concentration, the rela-

tive abundance of proteins may in part determine the

assembly order. This explanation is consistent with our

observation that NED proteins tend to assemble earlier

(Figure 5C).

Which (if any) of these four possibilities explains protein over-

production and NED remains to be investigated. It is likely that

different reasons are relevant for different proteins. It is also

important to note that not all NED proteins are components of

(known) multiprotein complexes. NED of monomers could be

due to many different molecular mechanisms. For example,

NED of CFTR and basigin appears to be due to failed protein

folding in the ER (Tyler et al., 2012; Ward and Kopito, 1994).

More generally, biphasic degradation can be due to the exis-

tence of distinct pools of a protein. For example, these pools

may reflect residency in different compartments (cytosol, nu-

cleus, mitochondria, extracellular, etc.), different posttransla-

tional modification states (glycosylation, phosphorylation, etc.),

or assembly into different complexes. While our manuscript

focuses on the latter possibility, this is by no means the only

possible explanation. Finally, while we have interpreted the

age-dependent rate as giving information on the aging of every

individual molecule, we would like to note that an alternative

interpretation based on frailty theory (Aalen, 1994) would give

similar fitting quality.

A B

C D E F

Figure 7. NED, Aneuploidy, and Attenuation

(A) A model depicting the expected impact of gene amplification on protein synthesis and degradation. In normal (that is, disomic) cells NED proteins are over-

synthesized relative to ED proteins in the same complex. Degradation of the excess molecules gives rise to their NED profile. Genomic amplification of NED

proteins further increases over-production and thus initial degradation.

(B) Log2 fold changes of protein abundances after pulse in RPE-1 cells and RPE-1 cells carrying extra copies of specific chromosomes (sorted by chromosome

and genomic position). The data were divided into disomic (black), trisomic (orange) and ambiguous regions (gray) based on genome sequencing data (Figure S7).

Regionswith significantly different protein abundance in comparison to the disomic cells aremarkedwith asterisks (one-sidedWilcoxon rank-sum; ***p < 0.0001).

(C) NED proteins show increased initial degradation (D-scores) when the corresponding genes are in trisomic regions. Degradation of ED proteins is not affected.

(D–F) NED predicts protein level attenuation. We compared steady-state protein levels in RPE-1 and RPE-1 trisomic cells using standard SILAC. Boxplots show

log2 fold changes for ED and NED proteins in trisomic regions compared to all proteins in disomic regions. This analysis is shown for all proteins (D), proteins that

are part of complexes (E), and proteins that are not part of complexes (F). The number of analyzable protein pairs is displayed below each boxplot. P values were

computed using one-sided Wilcoxon rank-sum tests and are shown for significantly different distributions (alpha = 0.05).

See also Figure S7.
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Our results have significant implications for aneuploidy. First,

we confirm the previous observation that amplified genes en-

codingmembers of multiprotein complexes are often attenuated

at the protein level (Dephoure et al., 2014; Geiger et al., 2010;

Stingele et al., 2012). This finding was interpreted in the light

of the longstanding idea that unassembled subunits of com-

plexes are unstable (Goldberg, 2003). Accordingly, overproduc-

tion caused by gene amplification is attenuated for proteins

in complexes. Our findings considerably extend this concept.

The important difference is that we already observe unbalanced

subunit production at baseline (Figure 7A). Consequently, our

model can explain why only some subunits of complexes show

attenuation (Figure 7E). More broadly, our data help to predict

how protein levels change in response to altered protein produc-

tion. We expect that this will turn out to be useful for compre-

hending the complex cellular phenotypes of aneuploidy and so-

matic copy-number alterations in cancer. The data might also

help to explain posttranslational buffering (Battle et al., 2015).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-VCP LifeSpan BioSciences Cat# LS-C287469

Rabbit polyclonal anti-CCT3 Proteintech group Cat# 10571-1-AP RRID: AB_2073658

Mouse monoclonal anti-beta-actin Sigma-Aldrich Cat# A5441 RRID: AB_476744

Rabbit polyclonal anti-LC3 Novus Biologicals Cat# NB100-2220 RRID: AB_10003146

Chemicals, Peptides, and Recombinant Proteins

Actinomycin D Sigma-Aldrich Cat#A9415; CAS: 50-76-0

(S)-MG-132 (MG132) Cayman chemical Cat#10012628; CAS: 133407-82-6

Bafilomycin A1 InvivoGen Cat#tlrl-baf1; CAS: 88899-55-2

Wortmannin Merck Millipore Cat#681676; CAS:19545-26-7

Cycloheximide Sigma-Aldrich Cat#C4859; CAS: 66-81-9

Demecolcine (Colchicine) Sigma-Aldrich Cat#D1925; CAS: 477-30-5

L-Azidohomoalanine (AHA) Anaspec Cat#AS-63699

L-Cysteine [35S] PerkinElmer Cat#NEG022T005MC

L-Lysine 4,4,5,5-D4 (Lys4) Cambridge Isotope Laboratories Cat#DLM-2640

L-Lysine 13C6
15N2 (Lys8) Cambridge Isotope Laboratories Cat#CNLM-291-H

L-Arginine 13C6 (Arg6) Sigma-Aldrich Cat#643440

L-Arginine 13C6
15N4 (Arg10) Sigma-Aldrich Cat#608033

Critical Commercial Assays

Click-iT protein enrichment-kit Invitrogen Cat#C10416

EasyTag EXPRESS35S Protein Labeling Mix PerkinElmer Cat#NEG772014MC

TruSeq ChIP Library Prep Kit Illumina Cat#IP-202-1012

SureSelectXT Target Enrichment System Kit for

Illumina Multiplexed Sequencing

Agilent Publication Number G7530-90000

Blood and Cell Culture DNA kit QIAGEN Cat#13323

Deposited Data

DNA sequencing dataset This paper NCBI BioProject: ID PRJNA339199

http://www.ncbi.nlm.nih.gov/bioproject/339199

Proteomic datasets This paper ProteomeXchange: PXD004929;

ProteomeXchange: PXD004915

Human UniprotKB/Swiss-Prot data base

(Human UniProt 2014-10)

N/A http://www.uniprot.org/proteomes/

Mouse UniprotKB/Swiss-Prot data base

(Mouse UniProt 2014-10)

N/A http://www.uniprot.org/proteomes/

Human reference genome NCBI (hg19) N/A http://genome.ucsc.edu/

Ribosome profiling data (Human) (Liu et al., 2013) http://sysbio.sysu.edu.cn/rpfdb/index.html

Ribosome profiling data (Zebrafish) (Chew et al., 2013) http://sysbio.sysu.edu.cn/rpfdb/index.html

Ribosome profiling data (Worm) (Nedialkova and Leidel, 2015) http://sysbio.sysu.edu.cn/rpfdb/index.html

Ribosome profiling data (Mouse) (Shalgi et al., 2013; Subtelny

et al., 2014)

N/A

Co-expression data COXPRESdb (Okamura et al., 2015) http://coxpresdb.jp/

mouse dataset: Mmu.v13-01.G20959-S31479;

human dataset: Hsa.v13-01.G20280-S73083

Protein structure datasets PDB http://www.rcsb.org/

Protein complex annotation dataset (CORUM

downloaded 2015-10-20)

(Ruepp et al., 2008) http://mips.helmholtz-muenchen.de/genre/

proj/corum/index.html
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding author Matthias Selbach

(matthias.selbach@mdc-berlin.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
NIH 3T3Mouse fibroblast cells were acquired from ATCC. The human retinal pigmented epithelium cell line RPE-1 hTERT, referred to

as ‘‘RPE-1,’’ was a kind gift from Stephen Taylor (University of Manchester, UK). The trisomic cell line, referred to as ‘‘RPE-1

trisomic,’’ was generated using microcell-mediated chromosome transfer (Stingele et al., 2012) but has spontaneously gained a

part of chromosome 11 specific to this study.

Cells were, if nothing else is stated, cultured in SILAC DMEM (life technologies) complemented with glutamine (Glutamax, life tech-

nologies), 1% Penicillin and Streptomycin (life technologies) and 10% dialyzed fetal calf serum (Pan-Biotech). The SILAC DMEMwas

supplemented with standard L-arginine (Arg0, Sigma-Aldrich) and L-lysine (Lys0, Sigma-Aldrich) as in (Schwanhäusser et al., 2011)

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Protein complex annotation dataset (Ori et al., 2016) N/A

Experimental Models: Cell Lines

NIH 3T3 mouse fibroblast cells ATCC N/A

RPE-1 hTERT human retinal pigmented

epithelial cells

Stephen Taylor (University of

Manchester, UK)

N/A

RPE-1 5/3 11/3 12/3 human retinal pigmented

epithelium cells

(Stingele et al., 2012) and this study N/A

Software and Algorithms

R version 3.2.2 (2015-08-14) N/A https://cloud.r-project.org/

R package: ggplot v2.0.0 N/A http://ggplot2.org/

R package: dplyr v0.4.3 N/A https://cran.r-project.org/web/packages/dplyr/

index.html

R package: gridExtra v2.0.0 N/A https://cran.r-project.org/web/packages/

gridExtra/index.html

R package: dgof v1.2 N/A https://cran.r-project.org/web/packages/

dgof/index.html

R package: pracma v1.8.6 N/A https://cran.r-project.org/web/packages/

pracma/index.html

R package: Vennerable 3.0 N/A https://r-forge.r-project.org/R/?group_id=474

R package: Uniprot.ws 2.10.4 N/A https://bioconductor.riken.jp/packages/3.2/

bioc/html/UniProt.ws.html

R package: grImport 0.9-0 N/A https://cran.r-project.org/web/packages/

grImport/index.html

R package: diagram 1.6.3 N/A https://cran.r-project.org/web/packages/

diagram/index.html

R package: biomaRt 2.26.1 N/A https://bioconductor.org/packages/release/

bioc/html/biomaRt.html

AREAIMOL N/A http://www.ccp4.ac.uk/

Assembly-prediction N/A https://github.com/marshlab/assembly-prediction

Bowtie2 v2.1.0 N/A http://bowtie-bio.sourceforge.net/bowtie2

MATLAB R2013a N/A http://www.mathworks.com/products/matlab/

MATLAB package: Statistics Toolbox N/A http://www.mathworks.com/products/optimization/

MATLAB package: Optimization Toolbox N/A http://www.mathworks.com/products/statistics/

MATLAB package: Global Optimization Toolbox N/A http://www.mathworks.com/products/global-

optimization/

MaxQuant v1.5.1.2 (Cox and Mann, 2008) http://www.biochem.mpg.de/5111795/maxquant
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and referred to as ‘‘Light SILAC DMEM’’ below. Alternatively, Arg6 and Lys4 or Arg10 and Lys8 were added in place of their light

counterparts these media are referred to as ‘‘Medium-heavy SILAC DMEM’’ and ‘‘Heavy SILAC DMEM,’’ respectively (Ong et al.,

2002). Cells were cultured at 37�C and 5% CO2.

For the radioactive pulse-chase in combination with AHA or methionine experiments cells were cultured in Light SILAC DMEM.

Confluent cells in 6-well plate wells were washed in pre-warmed PBS before being starved of methionine and cysteine for 45 min

in DMEM free of both amino acids (Sigma-Aldrich) supplemented with glutamine, 1% Penicillin and Streptomycin and 10% dialyzed

fetal calf serum referred to as ‘‘methionine and cysteine starvation DMEM.’’ Cells were then pulsed for 1 hr with 80 mCi final concen-

tration of 35S-Cysteine (Perkin Elmer) in combination with either 1 mM AHA or 1 mM methionine (Dieterich et al., 2006). Cells were

washed twice in Light SILAC DMEM before either being directly lyzed or chased for 6 or 24 hr in ‘‘cold’’ medium with either

50 mM cycloheximide or 10-fold cysteine (Sigma-Aldrich) added to prevent re-incorporation of the radiolabeled amino acids.

For the radioactive pulse-chase coupled to immunoprecipitation experiments the mouse cells were grown in 15 cm plates in Light

SILAC DMEM. Cells were washed twice in pre-warmed PBS before being starved for 1 hr in methionine and cysteine starvation

DMEM supplemented with 5% HEPES buffer (life technologies) added to compensate for the incubator lacking a CO2 source. Cells

were then pulsed for 1 hr in the same medium supplemented with radioactive 35S methionine and cysteine (Perkin Elmer) at a

125 mCi/mL final concentration. After the pulse cells were washed twice in pre-warmed PBS before being chased in Light SILAC

DMEM containing 10-fold cysteine and methionine.

For the enrichment specificity experiments mouse cells were cultured in a 15 cm plate with Heavy SILAC DMEM. The cells were

washed twice in pre-warmed PBS before being starved of methionine for 1h in Heavy SILAC DMEM depleted of methionine (custom

made from Biosera) referred to as ‘‘methionine starvation SILAC DMEM’’ below. The methionine starvation was followed by a 2.5 hr

long incubation with 1mM AHA.

For the AHA pulse-chase experiments mouse and human cells were cultured in either Light SILAC DMEM, Medium-heavy SILAC

DMEM or Heavy SILAC DMEM until fully labeled. Experiments were started when cells reached �25% density. For the first two bio-

logical replicates two 10 cm plates were used per time point and for the third biological replicate two 15 cm plates were used per time

point to increase the starting material. After 1 hr in the respective Light, Medium-heavy or Heavy methionine starvation SILAC DMEM

cells were labeled with 1 mM AHA for 1 hr. After the pulse Medium and Light cells were washed in PBS then Light or Medium-heavy

SILAC DMEM, respectively, before being chased in the same medium.

TheAHApulse-chase ofmouse fibroblasts in combinationwith inhibitor treatments experimentswereperformed in amanner similar

to the AHA p-c experiments. Methionine starved cells were pulsed with 1 mMAHA for 1 hr before being washed twice in pre-warmed

PBS and then chased in Light or Medium-heavy SILAC. In these experiments different inhibitors or the vector control DMSO (Biomol)

were added as follows. Proteasomes were blocked using 20 mM (S)-MG-132 (MG132, Cayman chemical) and inhibition of autophagy

was secured by a combination of 250 nM Bafilomycin A1 (Invivogen) and 500 nM wortmannin (Calbiochem) both treatments were

added only during the chase. In contrast, 100 nM Actinomycin D (Sigma-Aldrich) was added both during the pulse and chase.

For SILAC pulse-chase the mouse fibroblasts were grown to 80% confluency in 15 cm plates in Light SILAC DMEM. Cells were

washed three times in PBS before being pulsed in Heavy SILAC DMEM for 4 hr (or as annotated in fig. S4 F-H). Cells were then

washed in PBS before being trypsinated for 2 min at 37�C. Cells were resuspended in PBS before half of the cells were transferred

to a 10 cm plate containing Medium-heavy SILAC DMEM and the other half spun down and pellet then frozen.

For measurements of relative protein levels at steady state in RPE-1 and RPE-1 trisomic cells fully Heavy SILAC labeled RPE-1 and

Light labeled RPE-1 trisomic cells were grown to 70% confluency in 10 cm plates as described above. A label swap experiment was

also performed.

For the chromosome spreads RPE-1 and trisomic RPE�1 cells weremaintained at 37�Cwith 5%CO2 in DMEMGlutaMax (GIBCO)

containing 10% fetal bovine serum (FBS), 100U penicillin and 100U streptomycin. The cells were grown to 70%–80% confluency

before being treated with 50 ng/ml colchicine for 3-5 hr.

METHOD DETAILS

35S Cysteine Pulse-Chase in Combination with AHA or Methionine
NIH 3T3 mouse fibroblast cells were grown in Light SILAC DMEM. Confluent cells in 6-well plate wells were washed in pre-warmed

PBS before being starved of methionine and cysteine for 45min in methionine starvation SILAC DMEM. Cells were then pulsed for 1h

with 80 mCi final concentration of 35S-Cysteine in combination with either 1mM AHA or 1mM methionine. Cells were then washed

twice in Light SILAC DMEM before either being directly lyzed or chased for 6 or 24 hr in ‘‘cold’’ medium with either 50 mM cyclohex-

imide or 10-fold cysteine (Sigma-Aldrich) added to prevent re-incorporation of the radiolabeled amino acids. After chase, cells were

scraped and lyzed in modified radio-immunoprecipitation buffer (50 mM Tris HCl (pH 7.4), 1 mM EDTA, 150 mM NaCl, 1% Nonidet

P-40, 0.25% Na-deoxycholate and 0.1% SDS) containing 2-fold protease inhibitor cocktail (Roche). All samples were frozen at

�80�C before being thawed on ice for 30 min in the presence of an endonuclease (Benzonase, Merck). Samples were spun down

to clear cell debris. The resulting supernatant was diluted in LDS sample buffer (Invitrogen) complemented with DL-DTT (Sigma-

Aldrich) before being boiled at 95�C for 5 min. Proteins were resolved by SDS-PAGE using a 10% polyacrylamide gel. Proteins

were fixed in the gel by 5% Acetic acid and 50% methanol and then Commassie stained (colloidal blue stain kit, Novex). The gel

was vacuum dried for 2 hr using a gel drying system (Bio Rad) at 75�C. Vacuum dried gels were scanned using a scanner (Canon)
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for quantification of total loaded protein. The radioisotope signal was measured by exposing the gel to a magnetic photostimulable

phosphor plate overnight. The plate was then scanned on a phosphorimager (Typhoon FLA 9500, GE Healthcare). Radioactive and

Coomassie images were quantified using the ImageQuant software (GE Healthcare). Each lane was quantified separately and back-

ground signal was estimated by marking a lane with no proteins loaded. The measured background was subtracted from the signal.

The radioactive signal was then further normalized to total protein input estimated by the Coomassie staining. Three biological rep-

licates were performed each containing technical triplicates. Statistics and plotting was performed in Excel (Microsoft).

Enrichment Specificity of AHA-Labeled Proteins
Fully Heavy SILAC labeled mouse fibroblasts were cultured in a 15 cm plate until 50% confluent. The cells were washed twice in pre-

warmed PBS before being starved of methionine in Heavy methionine starvation SILAC DMEM for 1 hr. The starvation was followed

by a 2.5 hr long incubation with 1 mMAHA. The AHA-labeled Heavy cells were then washed and scraped in ice cold PBS, spun down

and mixed 1:1 with fully Light labeled cells not labeled by AHA (see Figure S1A for experimental design). Two reversed experiments

were also performed in where the Light cells were AHA-labeled and the Heavy cells not. The cells were lyzed using urea lysis buffer

from the Click-iT protein enrichment-kit supplementedwith 2-fold protease inhibitors (Roche). The lysatewas treatedwith benzonase

for 10 min before being sonicated in a water bath. Samples were spun down at 20,000 rcf and supernatants were transferred to new

tubes containing alkyne agarose beads. The click reaction was performed overnight following the ‘‘Click-iT protein enrichment kit’’-

protocol as described earlier (Hou et al., 2015). Proteins were reduced by heating to 70�C in the presence of 10mMDTT in SDS buffer

and later alkylated by the addition of 40 mM iodoacetamide (Sigma-Aldrich) final concentration. Beads were sequentially washed in

SDSbuffer, 8MUrea in 100mMTris (pH 8) and 80%acetonitrile by centrifugation and decanting supernatant. Proteins were digested

‘‘on bead’’ in 5% acetonitrile in ABC buffer first 3 hr by LysC and then over night with trypsin. The peptide solution was acidified by

addition of trifluoroacetic acid (TFA, Sigma-Aldrich) before peptides were desalted and stored on StageTips (Rappsilber et al., 2003).

In short, stageTips were prepared by inserting 3 discs of C18 material (3M) into 200 ml pipette tips. The C18 was activated by meth-

anol. Organic solvents were washed away by Buffer A (5% acetonitrile and 0.1% formic acid) before peptides were loaded onto the

stageTips. Salts were washed away by washing the retained peptides in Buffer A. Peptides were eluted using Buffer B (80% Aceto-

nitrile and 0.1% formic acids) and organic solvent was evaporated using a speedvac (Eppendorf). Samples were diluted in Buffer A

(5% acetonitrile and 0.1% formic acid) before being put on SCX tips (3 M) (Kulak et al., 2014). In brief, 3 discs of SCX material (3 M)

were added to a 200 ml pipette tip and activated by sequentially washing in methanol, buffer B and 500 mM ammonium acetate

in 15% acetonitrile and 0.5% formic acid. SCX tips were washed three times in 0 mM salt buffer (15% acetonitrile and 0.5%

formic acid) before the samples were added. Flow through was collected and the remaining peptides were eluted by increasing

the salt concentration in three steps using 50, 150 and 500 mM ammonium acetate. Eluted peptides were once again desalted on

stageTips.

In parallel, peptides from the input to the click chemistry (lyzed cells mixed 1:1) were prepared byWessel-Flügge precipitation and

‘‘on pellet’’ digest as previously described (Sheean et al., 2014). In short proteins from the input were precipitated by sequentially

adding, MS-grade methanol, chloroform, and finally, water before spinning down the samples at 10,000 rcf (Puchades et al.,

1999). The upper water phase was removed, methanol was added, the sample was centrifuged again and supernatant discarded.

The retrieved protein pellet was air-dried before being resuspended in 6 M Urea, 2 M Thiourea in 10 mM HEPES (pH8). Proteins

were denatured by adding 10 mM DTT in 50 mM ammoniumbicarbonate (ABC buffer) and then alkylated by the addition of

55 mM iodoacetamide in ABC buffer. Proteins were then digested by the addition of LysC for 3 hr. The sample was diluted in

ABC buffer until the concentration of urea was less than 2 M before trypsin was added over night. Resulting peptides were desalted

on stageTips.

Input and on bead digested peptides were separated on a 2,000 mm monolithic column with a 100-mm inner diameter filled with

C18 material that was kindly provided by Yasushi Ishihama (Kyoto University) (from now on referred to as ‘‘2 m monolithic column’’)

using a 4 hr linear gradient with a 300 nl/min flow rate of increasing Buffer B concentration on a High Performance Liquid Chroma-

tography (HPLC) system (ThermoScientific). Peptides were ionized using an electrospray ionization (ESI) source (ThermoScientific)

and analyzed on a Q Exactive mass spectrometer (ThermoScientific). The mass spectrometer was run in data dependent mode

selecting the top 10 most intense ions in the MS full scans (Orbitrap resolution: 70,000; target value: 3,000,000 ions; maximum

injection time of 20 ms) for higher energy collision induced dissociation. The resulting MS/MS spectra from the Orbitrap had a

resolution of 17,500 after a maximum ion collection time of 60 ms with a target of reaching 1,000,000 ions.

The resulting raw files were analyzed using MaxQuant software version 1.5.1.2 (Cox and Mann, 2008). Default settings were kept

except that ‘match between runs’ was turned on. Lys8 and Arg10 were set as labels and oxidation of methionines, n-terminal acet-

ylation and deamidation of aspargine and glutamine residues were defined as variable modifications. Carbamidomethyl of c-termini

was set as fixed modification. The in silico digests of the mouse Uniprot database (2014-10) and a database containing common

contaminants were done with Trypsin/P. The false discovery rate was set to 1% at both the peptide and protein level and was as-

sessed by in parallel searching a database containing the reversed sequences from the Uniprot database. The resulting text files

were filtered to exclude reverse database hits, potential contaminants, and proteins only identified by site. Plotting and statistics

were done using R and figures were modified in Illustrator (Adobe). The median H/L ratios from the input samples were used to es-

timate the mixing ratio of the input and the H/L ratios after the enrichment were adjusted correspondingly.
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AHA Pulse-Chase of SILAC-Labeled NIH 3T3 Mouse Fibroblasts
Fully Light, Medium and Heavy SILAC labeled mouse fibroblast were grown as in the ‘‘enrichment efficacy experiment.’’ Experi-

ments were performed when cells reached�25% cell density so that full confluency would not be reached during the 32 hr of chase

time (See Figure 1B for experimental design). For the first two replicates two 10 cm plates were used per time point and for the third

replicate two 15 cm plates were used to increase the starting material. During the whole experiment cells were grown in the pres-

ence of arginine and lysine in their respective labeling sate (Light, Medium-heavy or Heavy). After 1 hr in methionine starvation SI-

LAC DMEM cells were labeled with 1 mM AHA for 1h. After the pulse Medium and Light cells were washed first in PBS then SILAC

DMEM before being chased in the same medium. Heavy cells used for time point 0 hr were instead washed in ice cold PBS before

being scraped in the same and spun down, and cell pellets were frozen. After the chase the Medium and Light cells were also

scraped and frozen.

The frozen pellets were thawed and lyzed as described for ‘‘enrichment efficacy experiment.’’ Also the click reaction and washing

of beads, denaturation, alkylation, and digestion was performed as above. In one, out of the three experiments, the peptides were

pre-fractionated by isoelectric focusing into 12 fractions as described in (Eravci et al., 2014). In two experiments the peptides were

separated using strong anion exchange (SAX). The SAX protocol was performed as in (Wi�sniewski et al., 2009). In short SAX

material (3M) was put in 200 ml pipette tips and activated by methanol. The SAX tip was then washed by high pH buffer (20 mM

Acetic acid, 20 mM phosphoric acid, 20 mM boric acid, pH was adjusted to 11 by titrating in 1 M sodium hydroxide) before peptides

were loaded onto the SAX material. The peptides were then eluted stepwise by decreasing the pH of the buffer in discrete steps (pH

of 11 (flow though), 8, 5 and 3 all prepares as above with the addition of 0.25 M NaCl to the pH 3 buffer). The eluted peptides were

stored on stageTips.

IEF and SAX fractionated peptides were separated on a HPLC system as described above by either 4 or 2 hr gradients with a

250 nl/min flow rate on a 15 cm column with an inner diameter of 75 mm packed in house with ReproSil-Pur C18-AQ material

(Dr. Maisch, GmbH). Peptides were ionized using an ESI source and analyzed on a Q Exactive with the above described settings.

The acquired raw-files were analyzed usingMaxQuant with the same settings as for the enrichment specificity experiment but with

Arg10 and Lys8 set as heavy labels and Arg6 and Lys4 as medium-heavy labels.

For all downstream analysis we used non-normalized SILAC ratios (see below for normalization procedure) with a minimum of 2

SILAC counts. Reverse database hits, potential contaminants, and proteins only identified by site were all excluded.

Data Normalization
Normalization is a common challenge for experiments measuring abundances – differences in starting material, labeling efficiency,

instrument sensitivity, etc. are all contributors to deviations in the scale of measurements. A common normalization strategy is to

normalize the data to the median value in each experiment or replicate, assuming that the median values should not change through

the series of experiments. However, for pulse chase experiments, we expect the measured quantities (and thus also the median) to

decay over time, thus this strategy cannot be used. In our data, we expect each time point to have an unknown and potentially

different multiplicative factor which affects all measurements at that time point. Thus, we aim to estimate the average value of the

multiplicative factor that affects the real data at each time point without assuming any protein degradation rates a priori while being

robust to experimental errors.

Our normalization scheme is based on the assumption that there are stable proteins within the pool of proteins measured, whose

amounts decay very little during the time course of the experiment (Figure S4) (Schwanhäusser et al., 2011; Toyama et al., 2013).

Without noise, the signals corresponding to these proteins would remain unchanged and equal to 100% left throughout the exper-

iment. With noise, these very stable proteins can still be identified; theMedium/Heavy and Light/Heavy SILAC ratios of these proteins

should be among the highest throughout the experiment. Using this method, we identify the most stable proteins and then calculate

the multiplicative factor necessary to normalize the data for each time point such that the geometric mean of the measurements of

these very stable proteins will have a signal of 100% (see Figure S2 for overview of normalization strategy).

To find the most stable proteins, we consider proteins with data at all time points in all replica – one reason for this is that it ensures

that all the potential candidates are able to contribute to the normalization factor. Furthermore, being in this subset suggests that

these proteins are reliably measurable. For each of these proteins, we assign a score, defined as

scorei =
X

t˛f8;16;32g
PercentileRankiðtÞ

where the index i denotes the protein and PercentileRanki(t) maps the rank of each protein’s signal strength (from smallest to largest,

at time t) to the interval (0, 1). Proteins with higher signals at each time point will have higher scores. Thus for a protein who has the

highest signal at all time points would have a score equal to the number of time points, which we call maxScore (i.e., the range of

scores is (0, maxScore]). Each protein has up to 3 scores, one from each replica. From the three scores, we calculate the deviation

of the score from the maximum score:

devi =
X

j˛#replicas

ðmaxScore� scorei; jÞ2
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Candidates for normalization are those proteins with the lowest deviations. This normalization scheme is based on 4 key

assumptions:

1. All groups of cells (heavy/medium/light) produce and degrade proteins equally.

2. Proteins degrade at different rates, which can be differentiated in the timescale of our experiments)

3. Proteins degrading the slowest have the highest Medium and Light to Heavy ratios (and thus lowest deviations)

4. The slowest degrading proteins do not degrade at all in the timescale of our experiment. Note that protein dilution due to cell

division does not impact our data since we harvest the entire cell population.

From the data, we find the population of proteins with the lowest score deviations (LSD, n = 200, < 5%of total population) and deem

these to be the stable proteins (i.e., the LSD-proteins). This set is chosen intentionally large in order to mitigate the effects of outlying

data points.

In addition, based on the enrichment efficacy experiments (Figures S1A–S1C) described above we applied a stringent cut-off

excluding all data points smaller than 10% protein remaining after normalization. Alternatively, we also tried to subtract protein spe-

cific background based on the fact that the background was highly reproducible (Figure S1C). This did not have any major impact on

the protein classification and we therefore stayed with the simpler 10% cut-off.

Parameter Fitting
In this study, we consider two simple models: a 1-state model (exponential decay, ED) and a 2-state model (non-exponential decay,

NED). In the 1-statemodel, proteins are in stateA just after synthesis. FromstateA, they are degradedat the rate kA. The system ismem-

oryless, meaning that the life expectancy for any single protein molecule does not change as the molecules age. For true exponential

decay, the data should resemble a straight line when plotted in a log-linear plot. While the one-statemodel is a good approximation for

some decay patterns, other decay patterns have dynamics that are not well described by a one-state model (Deneke et al., 2013).

In the two-statemodel, proteins are in state A after synthesis. From state A, themolecule can immediately degrade at the rate of kA,

or it can transition to state Bwith the rate kAB. Molecules that reach state B are degradedwith rate kB. From the analysis point of view,

one important distinction between the 1-state and 2-statemodels is that we lose the property ofmemorylessness; for 2-statemodels,

the history of a specificmolecule (which determineswhether themolecule is in state A or state B) changes the expected residual life of

the molecule. In short, the residual life of the molecule depends on the age of the molecule. In pulse-chase experiments, the duration

of the pulse affects the composition ofmolecule ages at the beginning of the chase – for a very short pulse, themolecules synthesized

in the pulse are likely to have the same age. However, for a longer pulse, molecules synthesized at the beginning of the pulse are

‘‘older’’) while there are somemolecules which are just newly synthesized. In short, the length of the pulsemust be taken into account

for the calculations to accurately uncover the dynamics of degradation.

The derivation of the mathematical description consists of two steps: First is to translate the single molecule dynamics model (e.g.,

the one-state or two-state model) into the degradation from steady state at the level of population averages. The translation of single

molecule dynamics to population averages has been covered in (Deneke et al., 2013). The second step takes the pulse into account

and returns the degradation curve of the population averages (e.g., the measurements from the experiments). Calculation of the

response of the system resulting from a pulse has been covered in (Sin et al., 2016).

In our formalism, the functionLðtÞ defines the theoretical decay pattern, namely the fraction of molecules left after a decay of t time

units. This function is expressed in terms of parameters defined through the underlying degradationmodel. In our degradationmodel,

we have assumed that the proteins follow either a 1-state model, in which there is only one degradation parameter, or a 2-state

model, where there are three parameters. The equations used for fitting are as follows:

LðtÞ= e�kAt for the 1state model

Lðtp + tÞ= GðtÞ �Gðtp + tÞ
Gð0Þ �GðtpÞ for the 2state model

where GðtÞ= kABðkAB + kAÞe�kBt + kBðkA � kBÞe�ðkAB + kAÞt, and t is the measurement time after the end of the pulse whereas tp is the

pulse length (Sin et al., 2016).

Parameter estimation is performed by MATLAB through nonlinear fitting by minimizing the square deviation from the logarithm of

the experimental data and the logarithm of the theoretical function. The routine employed for the nonlinear fit is fmincon.

After parameter fitting we applied two quality criteria for selection of proteins for downstream analysis. First, only proteins which

had measurements for more than four data points were kept. Second, profiles with RSS > 0.05 were not considered for downstream

analysis.

Model Selection by the Akaike Information Criterion
The Akaike Information Criterion (AIC) indicates the quality of themodel for a given set of data (Burnham and Anderson, 2002). Based

on information theory, the AIC aims to find the model with minimal Kullback-Leibler distance between the proposed model and the

Cell 167, 803–815.e1–e12, October 20, 2016 e6



‘‘true’’ model (as assessed from the data). Models with more parameters have more degrees of freedom during the parameter esti-

mation process, and can often deliver a more accurate fit to the data. However, a more accurate fit to the data does not necessarily

imply a higher quality model – instead of a model describing the system’s dynamics, these ‘‘overfitted models’’ describe quantities

not related to degradation, such as measurement noise. To decide which model we should adapt for each protein, we calculate the

AIC for each model. The model resulting in the lowest AIC is the preferred model. We use the AIC with correction for small sample

sizes to evaluate each of the two models fitted to each protein degradation pattern:

AIC= 2k + n ln

�
RSS

n

�
+
2kðk + 1Þ
n� k�1

where n is the number of data points, k is the number of parameters, and RSS is the residual sum of squares. The AIC penalizes

models with more parameters, worse fits, and less data. That is, the AIC quantifies the tradeoff between fit accuracy and model

complexity.

Furthermore, we can calculate the probability that a particular model i is the preferred one (relative to the other models we

consider) by:

PAICi
=

exp

�
AICmin�AICi

2

�

P
j

exp

�
AICmin�AICj

2

�:

Ourmodeling approach connects to amore general approach based on the hazard rate, which is the key functional in survival anal-

ysis (Aalen and Gjessing, 2001). In our models, the hazard rate is the age-dependent degradation rate (Deneke et al., 2013). Based on

biological reasoning, we have interpreted the age-dependent rate as giving information on the aging of every individual molecule. We

would like to point out that an alternative interpretation based on frailty theory (Aalen, 1994) would give similar fitting quality.

D-Score Calculations
For proteins that decay exponentially, one can derive the relative protein abundance at any time point by drawing a straight line be-

tween time point 0 hr (100% protein left) and any other measurement. Making allowances for measurement noise and quantification

errors, all other measurements should fall on this line. If a measurement does not fall on this line, the protein is non-exponentially

degraded. We used this relationship to estimate the size and direction (increased or decreased stability with age of the molecule)

of non-exponentiality of degradation for each protein. We used the median log ‘‘protein remaining [%]’’ at time point 8 hr (tp8)

after chase to calculate the expected relative protein abundance at time point 4 hr assuming exponential degradation. For this we

solved the linear equation (y = mx + c) for x = 4 hr, where the intercept c is log(100%), and the slope m is calculated using the value

at tp8:

yð4 hrÞ= � ðlogð100%Þ � tp8Þ
8

�4+ logð100%Þ:

Finally, we calculated the distance from the measured median log ‘‘protein remaining [%]’’ at time point 4 hr (tp4), to the expected

value, y(4 hr):

D� score= yð4 hrÞ � tp4:

This calculation was repeated for all proteins. The time points 4 and 8 hr were selected because of the observation that most of the

initial degradation of NED proteins had already happened after 4 hr chase. Thereby we expected to be able to catch age-dependent

stabilization (or destabilization) by comparing these two time points. Also, few proteins (see Table S1) had a half-life shorter than

2.5 hr and could thereby theoretically not be detected at the 8 hr time point. In addition, these short lived proteins were almost exclu-

sively exponentially degraded according to the AIC call.

SILAC Pulse-Chase (Confirmation Experiment)
To exclude issues related to using non-natural amino acids and to the enrichment process (e.g., background binders) we performed a

pulse-chase experiment using only stable isotope labeled amino acids. Mouse fibroblasts were grown to 80% confluency in 15 cm

plates in Light SILAC DMEM. Cells were washed three times in PBS before being pulsed in Heavy SILAC DMEM for 4 hr (or as an-

notated in Figure S4). Cells were then washed in PBS before being trypsinated for 2 min at 37�C. Cells were resuspended in PBS

before half of the cells were transferred to a 10 cm plate containing Medium SILAC DMEM and the other half spun down and pellet

then frozen. After the Medium chase (see Figures 4 and S4, for different chase length) cells were spun down and frozen. In addition,

‘‘label-swap’’ experiments were also performed in this fashion. However, in the label-swap experiments the cells were pulsed with

Medium-heavy and chased in Heavy amino acids. Cell pellets were lyzed and proteins denatured in 0.2%SDS, 0.1MDTT and 50mM

ABC (pH 8) by boiling for 10 min at 95�C. After cooling, Benzonase was added for 10 min before cell lysates were spun down and

supernatants were transferred to fresh tubes. Proteins were alkylated by adding iodoacetamide to a 0.25 M final concentration, in
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the dark, for 20 min. Proteins were precipitated by Wessel-Flügge precipitation as described above. The retrieved protein pellet was

resuspended in 6 M Urea, 2 M Thiourea in 10 mMHEPES (pH8). Proteins were digested with LysC before being diluted in ABC buffer

and trypsinated overnight. The resulting peptide solution was desalted on StageTips before being eluted in buffer B as described

above. The peptides were resolved on a 4 m long monolithic column (23 2 m column combined) using a 12 hr gradient of increasing

buffer B concentration and a flow rate of 500 nl/min. Peptides were ionized by ESI and analyzed on a Q-exactive orbitrap all with

previous settings. Resulting raw-files were analyzed with MaxQuant with the same parameter settings as above. Plotting and statis-

tics were performed using R and figures were modified in Illustrator.

35S Cysteine and Methionine Pulse-Chase Coupled with Immunoprecipitation
NIH 3T3mouse fibroblasts were grown in 15 cm plates as described above. Cells were washed twice in pre-warmed PBS before be-

ing starved in methionine starvation SILAC DMEM for 1 hr. Cells were then pulsed for 1 hr in the same medium supplemented with

radioactive 35S methionine and cysteine (Perkin Elmer) at a 125 mCi/mL final concentration. After the pulse cells were either washed

twice in pre-warmed PBS before being chased in medium containing 10-fold cysteine and methionine or scraped in ice cold PBS,

spun down and pellets frozen (0 hr time point). After being chased, either for 4 or 8 hr, cells were collected as the 0 hr time point.

Cell pellets were lyzed for 15 min in RIPA buffer (50 mM Tris (pH8), 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM

EDTA, 1% NP40) supplemented with benzonase and 2-fold protease inhibitors. Lysates were spun down at 15 0000 rcf for 5 min

and supernatant was transferred to new tubes. Lysates were precleared for 30 min by incubation with protein-A sepharose beads

(Biovision) at 4�C while turning over head. Beads were spun down and supernatant was split into two fresh tubes (i.e., time point

0 hr were split in two, time point 4 hr was split in two and so forth). Polyclonal antibodies raised in rabbit against either VCP (LSBio,

LS-C287469) or CCT3 (Proteintech, 10571-1-AP) were added overnight to one tube each. Thereby the VCP and CCT3 immunopre-

cipitations were performed on the same lysate this to limit differences in radioactive labeling. Two tubes had no antibody added and

were subsequently used as bead controls. In the morning, protein-A sepharose beads were added to each tube and incubated while

turning head over heel at 4�C for 3 hr. Afterward the beads were washed 3 times in lysis buffer. Supernatant was fully decanted and

leftover liquid boiled off. Immunoprecipitated proteins were then eluted by cooking the beads in 1-fold LDS loading buffer with DTT.

Beads were spun down and the same volume of supernatant was loaded onto a 4%–12% gradient SDS-polyacrylamide gel

(ThermoFisher) and separated using electrophoresis as described above. The proteins were then further transferred to a PVDFmem-

brane (Merck Millipore) using a wet western blot contraption (Invitrogen) set to a constant current of 250 mA for 2 hr. The radioactive

signal from metabolically labeled proteins was detected by exposing a magnetic phosphor plate overnight and then measuring in a

PhosphorImager as described above. As loading control the samemembranes were also probed by the same antibodies as used for

the IPs. Briefly the membranes were first blocked by incubating in 1% milk powder in Tris-buffered saline (TBS) and then incubated

with the protein specific antibody diluted 1:5000 in 1%milk in TBS overnight while rotating at 4�C. Membranes were washed in TBS

and 1% Tween before being incubated at RT for 1 hr with protein-A conjugated to horseradish peroxidase (Merck Millipore). Mem-

branes were washed again before chemiluminescence substrate (PerkinElmer) was added and X-ray films (Fujifilm) were exposed to

the membranes and developed using an Optimax 2010 machine (Protec). Two biological replicates were performed.

Inhibitor Treatments + Controls
Inhibitor treatment experiments were performed as the AHA p-c experiments but only with three time points (0, 4 and 8 hr). In addition

to pulsing the cells with 1mMAHAdifferent inhibitors or vector control DMSO (Biomol) were added. Proteasomeswere blocked using

20 mM MG132 (Cayman chemical) and a robust inhibition of autophagy was secured by a combination of 250 nM Bafilomycin A1

(Invivogen) and 500 nM wortmannin (Calbiochem). Both treatments were added only during the chase. 100 nM Actinomycin D

(Sigma-Aldrich) was added both during the pulse and chase.

Inhibition of autophagy by Bafilomycin A1/Wortmannin was monitored by in parallel taking samples for western blotting as

previously described (Sury et al., 2015). In short, scraped cells were spun down and directly lyzed in LDS sample buffer supple-

mented with DTT. Samples were run on 4%–12%Bis-Tris gradient gels (NuPAGE, Invitrogen) before being blotted onto PVDF mem-

brane (Immobilion-P, Millipore) using a wet blotting contraption (Invitrogen). The Autophagy blocked cells were probed against LC3-II

and afterwards the membrane was stripped at 37�C for 15 min in stripping buffer (2% SDS (Roth), 2% b-mercaptoethanol in 65 mM

Tris Base (pH 6.7, Roth)) before being re-blotted using an anti-b-actin antibody.

Treated cells for mass spec analysis were scraped, lyzed, and had their AHA labeled proteins clicked to alkyne-agarose beads as

described above. Proteins were reduced with DTT and alkylated before beads were washed all as in the main AHA p-c experiment.

Proteins were digested ‘‘on bead’’ by LysC and then trypsinated overnight. Peptide solution were put on 4 mm/1 ml C18 columns

(Empore, 3 M) and washed in buffer A. Peptides were eluted in buffer B and vacuum dried.

MG132 treated samples were separated using an online SCX/WAX approach. Samples were loaded on a column packed first with

C18material ‘‘trap’’ and thenwith a 2:1mixture ofWAX 3 mmbeads (PolyLC PolyWAX LP) and 3 mmSCX beads (PolyLC PolyWAX LP)

(Motoyama et al., 2007). The peptideswere subsequently elutedwith increasing salt concentration (ammonium acetate in 4, 8, 16, 32,

64 and 500 mM steps) onto the C18 trap part of the pre-column. Each fraction eluted from the SAX/SCX material where then sepa-

rated as normal on a 15 cm C18 column with 2 hr gradients of increasing buffer B concentration with a 250 nl/min flow rate. Bafilo-

mycin A1/ Wortmannin treated samples were put on SCX tips and washed in no salt buffer, as described above, to minimize polymer

contamination. Samples were then eluted with 500 mM ammonium acetate before being desalted on stageTips (Kulak et al., 2014).
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Samples were eluted from stageTips by Buffer B, vacuum dried, re-suspended in Buffer A and then separated on a HPLC system

using a 2 m column and an 8 hr gradient as previously described (Hou et al., 2015). Actinomycin D samples were also put on SCX

tips but further manually fractionated by eluting in steps by increasing salt concentration (8, 16, 32 and 500 mM ammonium acetate)

before being put back on stageTips (Kulak et al., 2014). Peptides eluted from stageTips were vacuumdried and resuspended in buffer

A before being separated on a 15 cmC18 column as described above. In all three cases above, eluted peptides were ionized using an

ESI source and analyzed on a Q Exactive with the above described settings. ESI and mass spectrometer settings were, for all sam-

ples, as described above. The resulting raw files were analyzed by MaxQuant with the same settings as the standard AHA p-c

experiment.

Timelines were reassembled from non-normalized protein ratios, resulting into three time points (0, 4 and 8 hr) for each inhibitor

treatment and the corresponding DMSO control. Proteins were filtered for being represented by at least two peptide identification

events. Each time point was normalized to the geometric mean of the identified intersection of the LSD proteins that were identified

in the mouse dataset used for the mathematical modeling and then values below 10% were removed. From this normalized dataset

D-scores were calculated for each, treatment and control, as described above. The difference of the D-scores between treatment

and DMSO control was compared for the three protein subsets identified as NED, ED and UN. Differences between distributions

were tested using the Wilcoxon rank-sum test. The corresponding p value is reported in the figure legend for each treatment.

Degradation Profile Prediction from Different Protein Features
The following features were selected to test each for prediction power of protein degradation profiles. The ‘‘Part of a Complex’’

feature distinguished proteins that are part of a complex from proteins that are not part of a complex (Ori et al., 2016). Proteins

were defined as being part of a complex, if they are listed in a published manually curated protein complex database (unfiltered

version; Ori et al., 2016). Protein Length refers to the protein sequence length and was taken from the UniProt fasta table (version

10.2011). ‘‘Protein abundances in steady state’’ refer to average protein copy numbers per cell (Schwanhäusser et al., 2011) mapped

by Uniprot accessions and gene names if the Uniprot accession was not mapped. The feature ‘‘Low Complexity Region’’ were ob-

tained from the ‘‘mmusculus_gene_ensembl’’ dataset from the biomart database (status 14.10.2015). Listed lengths of Low

Complexity regionswere summed up per protein. Disordered, Helix and Beta Sheet fractions per protein were obtained by secondary

structure prediction using the s2d method (Sormanni et al., 2015). All structural features (‘‘Low complexity,’’ ‘‘Disorder,’’ ‘‘Helix’’ and

‘‘Beta Sheet’’) were normalized to protein length. For each feature a ROC-curve was generated and the area under the curve calcu-

lated using the pracma R-package. The robustness of the calculated AUCs was tested by running 200 bootstrap repetitions. The

90% confidence intervals of the resulting AUCs are shown as error bars in the corresponding bar plot. Each feature prediction

was tested for being absent or present by reversing the sorting vector and the AUC > 0.5 was reported.

Protein Structural Dataset
Starting from the entire set of protein structures in the Protein Data Bank on 2016-02-24, we searched for all polypeptide chains

with > 70% sequence identity to a human or mouse gene. For genes that map to multiple chains, we selected a single chain sorting

by sequence identity, then number of unique subunits in the complex, and then the number of atoms present in the chain. Pairwise

interfaces were calculated between all pairs of subunits using AREAIMOL (Winn et al., 2011). The normalized assembly order was

calculated for all complexes, excluding those containing nucleic acid chains, by first predicting the (dis)assembly pathway as pre-

viously described using all the pairwise interfaces from each heteromeric complex (Marsh et al., 2013) and implemented in the as-

sembly-prediction package (Wells et al., 2016). For subunits withmultiple copies within a single complex, the average assembly order

of each subunit type was considered. The normalized assembly order was defined so that the first subunit to assemble has a value

of 0, the last has a value of 1, and the average value for all unique subunits in a complex is equal to 0.5.

Non-structural Dataset
To complement the analysis of protein complexes of known structure, we also performed coexpression analyses on the non-redun-

dant ‘‘core’’ set of mammalian complexes from CORUM (Ruepp et al., 2008) (downloaded 2015-10-20). As CORUM preferentially

uses human complexes in its non-redundant set, homologous mouse versions of each complex were generated by replacing

each subunit/gene with its mouse counterpart, provided sequence identity was at least 70%. Sequence identities were calculated

by collecting all mouse sequences for which NED/ED classifications were available and running BLAST on these against all genes

in the CORUM core set. In cases where the identity of a subunit was ambiguous (as defined by CORUM), the first possible subunit

for which homology data were available was selected.

Coexpression Analyses
Coexpression data were downloaded from COXPRESdb (Okamura et al., 2015) (mouse dataset: Mmu.v13-01.G20959-S31479; hu-

man dataset: Hsa.v13-01.G20280-S73083). For each complex, themean coexpression of each available subunit was calculated, us-

ing all other subunits in the complex. Caseswhere fewer than three unique subunits were present in the complex were discarded, due

to calculations of average coexpression being superficially identical.
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Estimation of Relative Protein Abundance after Pulse (iBAQ)
To estimate the protein abundance after the pulse (i.e., the relative amount of newly synthesized proteins) we used intensity based

absolute quantification (iBAQ, (Schwanhäusser et al., 2011)). First, all the intensities reported directly after the pulse, i.e., the H-in-

tensities, for each protein group were divided by the number of observable peptides to correct for observability biases. Second,

all the corrected H-intensities were normalized by using the median H-intensities for the LSD-proteins (see normalization strategy

above). This allowed the combination of experiments. Finally, we reported the median H-Intensity from all experiments as the relative

abundance. The median was used to avoid counting highly abundant proteins which show up in all replicates multiple times.

For a complex centered analysis of the relative protein abundances after pulse, identified proteins from the mouse dataset were

mapped to a filtered version of a protein complex database (Ori et al., 2016)(see previous section) using gene names. Protein

abundances were normalized in a complex centered manner: First all proteins that mapped to a complex were extracted. Second,

abundances of all proteins of a complex were normalized to the average abundance of each complex. Subsequent filtering was

applied to complex-centered values. For each protein only the average value derived from the complex(es) with the highest number

of subunits is reported. The resulting filtered complex-centered abundances were compared between the protein subsets ED, NED

and UN. Only proteins from complexes with at least one ED or one NED subunit but with at least two different categories (ED, NED or

UN) were considered for the analysis.

Preparation of Chromosome Spreads and Chromosome Painting
Cells were grown to 70%–80%confluency before treatment with 50 ng/ml colchicine for 3-5 hr. Subsequently, cells were collected by

trypsinization and centrifuged at 250rcf for 10min. Pellets were then resuspended in 75 mMKCl and incubated for 10-15min at 37�C.
After centrifugation at 150 rcf for 10 min, cell pellets were resuspended in 3:1 methanol/acetic acid for fixation. Finally, cell pellets

were washed several times in 3:1 methanol/acetic acid, spread on a wet glass slide and air-dried at 42�C for 5 min. Each sample

was labeled with probes for two different chromosomes. Probes (Chrombios GmbH, Raubling, Germany) for chromosomes 5 and

11 were tagged with FITC and TAMRA, respectively. The chromosomes were labeled according to the manufacturer’s instructions

and counterstained with DAPI. Images were obtained by a fully automated Zeiss inverted microscope.

Genomic DNA Sequencing and Copy-Number Estimation of RPE-1 and RPE-1 Trisomic Cells
DNA was isolated using the Blood and Cell Culture DNA kit (QIAGEN) according to the manufacturer’s recommendations. 1 mg

genomic DNA was sheared following the SureSelectXT Target Enrichment System for Illumina Paired-End Multiplexed Sequencing

Library Protocol (Agilent Technologies, Publication Number G7530-90000). Genomic DNA sequencing library was prepared with

100 ng sheared genomic DNA using TruSeq ChIP Library Prep Kit according to the manufacturer’s guidance (Illumina). The libraries

were sequenced in 1x 100 nt manner on HiSeq 2000 platform with a depth of �30 million reads per library (Illumina). Sequencing

reads were aligned to the human reference genome (hg19) using Bowtie (version 2.1.0) with default parameters, and only uniquely

mapped reads were kept for downstream analysis. With a sliding window of size 100Kb and a step size of 50-Kb, mapped reads in

each window were then counted and used for copy-number estimation. With the assumption that most genomic regions for the cells

were diploid, we took Ci given by the following formula as the copy-number estimates for genomic location at the ith window:

Ci = 23
Ri

median
j ˛ I

Rj

where Ri is the read counts of the ith window. To avoid underestimating copy numbers for regions with multi-aligned reads, we

adjusted for mappability based on mapping of simulated reads with uniform coverage across the genome. The original read counts

were divided by the read counts in the same window obtained from the simulation data, and the adjusted read counts were instead

used for copy-number estimation.

AHA Pulse-Chase of SILAC-Labeled RPE-1 and RPE-1 Trisomic Cells
RPE-1 and RPE-1 trisomic cells were grown, methionine starved, AHA pulsed, chased, and lyzed as described for the mouse fibro-

blast. Experiments were started when cells reach�30% confluency and two 15 cm plates were used per time point. Click chemistry,

denaturation, alkylation, washing, and digestion were performed as described for the mouse cells. Peptides were stageTipped on

4 mm/1 ml C18 columns (3M). Peptides were eluted using 500 ml buffer B and dried in a speed-vac until a few ml liquid was left.

For two of the samples Buffer A was added to 10 ml final volume. 5 ml of sample was loaded onto a 15 cm column and 5 ml onto a

2mmonolithic column using a HPLC system. The 15 cm column and 2mmonolithic column samples were analyzed on a Q-Exactive

orbitrap system, as described above, deploying 4 and 6 hr gradients of increasing Buffer B, respectively. For one sample the peptides

were further SCX fractionated into 2 fractions eluted with 125 mM and 500 mM ammonium acetate as described above. These sam-

ples were analyzed using 4 hr gradients of increasing Buffer B concentration over a 15 cm column. The resulting raw files were

analyzed using MaxQuant with the previously described parameter settings with the exception that the Andromeda search engine

was matching the acquired MS/MS spectra to the human Uniprot database (2014-10). 3 biological replicates were performed per

cell line.
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Normalization, fitting of models, D-score and abundance after pulse calculations were performed as for the mouse fibroblasts. For

all downstream analysis proteins derived from genes located on autosomes were used except when from chromosome 10 (fully

trisomic in both parental and trisomic cell line) and chromosome 12 (clonal expansion of trisomic cells among control cells).

Relative Protein Levels at Steady State in RPE-1 and RPE-1 Trisomic Cells
Fully Heavy SILAC labeled RPE-1 and Light labeled RPE-1 trisomic cells were grown to 70% confluency in 10 cm plates. Cells were

scraped in ice cold PBS before being spun down at 1000rcf and PBS decanted. Cell pellets were lyzed in 1.3% SDS, 0.1 M DTT in

50 mM ammonium bicarbonate solution. Samples were heated to 95�C for 10 min. After cooling the samples, Benzonase was

added for another 10 min. The samples from the two cell lines were then mixed 1:1 and spun down at 20,000 rcf to clear cell debris.

Proteins in supernatant were alkylated by the addition of 0.25 M iodoacetamide, final concentration, and left in the dark at room

temperature for 20 min. After alkylation proteins were directly precipitated, to get rid of SDS, by Wessel-Flügge precipitation as

described above. The resulting protein pellet was solubilized by shaking the sample in 6 M Urea/2 M thiourea in 10 mM HEPES

(ph8). Proteins were digested ‘‘on pellet’’ by Lys-C for 3 hr at room temperature before the sample was diluted in ABC buffer

and Trypsin was added overnight. Peptides were acidified by triflouroacetic acid before being stored on stageTips. Peptides

were prepared for HPLC as described above and analyzed using a 6 hr gradient on a 15 cm column packed with C18 material

as described above. The Q-exactive was run with standard setting and the raw files were analyzed as described for the AHA

enrichment specificity experiment. MaxQuant output was filtered as described above but this time normalized SILAC ratios

were used for downstream analysis. A label swap experiment was also performed in where RPE-1 cells were grown in light SILAC

medium and RPE-1 trisomic cells were grown in heavy SILAC medium. The analysis used the average SILAC ratio for the two

experiments.

Bioinformatics of RPE-1 Cells
D-scores and abundances after pulse were calculated for the datasets of the RPE-1 and the RPE-1 trisomic cell line as described in

the previous sections. For the conservation analysis proteins identified in RPE-1 were mapped to proteins from the mouse data

using always the first entry in the gene name column from both protein-groups tables (proteinGroups.txt, as provided by

MaxQuant). Mapped proteins from mouse that fell into the categories ED, UN and NED were compared to different subsets of

mapped proteins identified in RPE-1: RPE-1 proteins that mapped to the mouse dataset (all, mapped to mouse orthologs),

RPE-1 proteins that mapped to the ED subset of mouse (ED in mouse), and RPE-1 proteins that mapped to the NED subset

(NED in mouse). Enrichment of RPE-1 ED or NED definitions in the fraction ED or NED in mouse against the corresponding fraction

of all mapped proteins was tested applying a hypergeometric test (phyper function as implemented in R setting lower.tail to False).

D-scores of mapped RPE-1 and Mouse Genes were compared and Pearson correlation of all available data points was calculated

(using cor.test function as implemented in R). The corresponding p value indicating the significance of the observed correlation co-

efficient is given in (Figure 5B). RPE-1 and RPE-1 trisomic datasets were merged using the leading protein ID in each protein-group.

Proteins were linked to chromosome positions using the human reference genome (hg19). Proteins were first mapped to chromo-

some positions based on uniprot IDs. Remaining unmapped proteins were mapped using gene name entries as provided in the

uniprot fasta file. Proteins were further grouped into the categories disomic, trisomic or ambiguous. Disomic proteins included

all proteins that mapped to disomic chromosomes as identified by genome sequencing (see previous section). Trisomic regions

included proteins mapping to chromosome 5 and part of chromosome 11 downstream from position 62 650 000. Chromosome

12 and a part of 10 starting from nucleotide position 62 500 000 were considered to be ambiguous since they show partial aneu-

ploidy already in the RPE-1 cell line. Only autosomes were considered for the subsequent analysis. Distributions of the D-scores

and steady-state protein levels were compared between proteins from disomic and trisomic regions. P-values were derived from a

one-sided Wilcoxon rank-sum test (wilcox.test as implemented in R). Steady-state protein levels were further split into two subsets:

proteins in a complex (listed in the manually curated protein complex database from (Ori et al., 2016)) and proteins not in a complex

(not listed in the protein complex database).

Ribosomal Profiling Data Analysis
The datasets for Human (SRA061778; HEK293 cells no treatment;(Liu et al., 2013)), Zebrafish (GSE46512; 28hours post-

fertilization; (Chew et al., 2013)) and Worm (GSE67387; wild-type L4 stage; (Nedialkova and Leidel, 2015)) were downloaded

as precompiled RPKM tables from RPFDB (Xie et al., 2016). If available, for the subsequent analysis CDS-RPKM values

were used. For the worm dataset Gene-RPKM values were used. Datasets including ribosomal profiling data for mouse were

obtained from (Subtelny et al., 2014) (Figure 5) and Shalgi et al. (2013) (Figure 6). RPKM values with the same gene name

were summed up and median was taken in log2 space across available replicates. Ribosomal datasets were mapped to degra-

dation profile definitions (ED, NED or UN) from either the human or mouse dataset using official gene names. Mappings of

orthologous genes between human and worm were obtained from http://www.ensembl.org/biomart/martview. Subsequently,

the assembled data table was complex centered as described above using the filtered version of the protein complex database

from (Ori et al., 2016).
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QUANTIFICATION AND STATISTICAL ANALYSIS

The type of statistical test (e.g., Wilcoxon rank-sum or hypergeometric test) is annotated in the Figure legend and/or in the Methods

and Resources segment specific to the analysis. In addition, statistical parameters such as the value of n, mean/median, SEM, SD

and significance level are reported in the Figures and/or in the Figure Legends. An alpha of 0.05 was set for significance in all ana-

lyses. Higher p values are sometimes displayed in the figures but are not referred to as significant. When * are used to signify the

significance level the key is reported in the respective Figure legend. Statistical analyses were performed using MATLAB or R as

described in Methods and Resources for each individual analysis.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The accession numbers for the mouse fibroblast and human RPE-1 datasets reported in this paper are ProteomeXchange:

PXD004929 and ProteomeXchange: PXD004915, respectively. The accession number for the human RPE-1 DNA sequencing data-

sets is NCBI BioProject: PRJNA339199.
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Supplemental Figures

Figure S1. Establishing AHA Pulse-Chase, Related to Figure 1

(A) Enrichment specificity of AHA labeled proteins. SILAC labeled heavy mouse fibroblasts were labeled for 2.5 hr with AHA. The cells were lyzed and mixed 1:1

with Light unlabeled proteins. The AHA labeled proteins were enriched and the samples were analyzed using LC-MS/MS. In theory, only heavy labeled proteins

should be enriched.

(B) The majority of proteins show up only in the heavy form (infinite ratio (Inf), n = 3034) with few exceptions that were exclusively identified in the light form (-Inf,

n = 47). Light proteins included proteins with very few peptides identified and extracellular proteins (e.g., serum albumin) probably representing exogenous

contaminants. A number of abundant proteins (n = 1556) showed up in both channels.

(C) Comparison of SILAC ratios between the experiment in B) and two label-swap experiments show that they are strongly negatively correlated. The median

SILAC ratio was > 11 (excluding Inf values) for the three biological replicates (inversed ratios were used for the label-swap experiments). Thus, enrichment is

overall highly specific.

(D) AHA labeling has no apparent impact on protein degradation. NIH 3T3 mouse fibroblasts were starved for methionine and cysteine for 45 min before being

pulsed with 35S cysteine in combination with either methionine or azidohomoalanine for 1 hr. Cells were then washed before being chased in either excess of

cysteine (10-fold normal concentration) or cycloheximide (50 mM). Proteins were resolved by SDS-PAGE.

(E–G) Radioactivity was measured by a phosphorImager and total protein was assessed by Coomassie blue staining. Quantification of protein degradation using

(F) Cysteine (n = 3) or (G) Cycloheximide (n = 3) chase. Error bars: SE, n.s.: not significant based on two sided t test (alpha 0.05).

(H) AHA does not induce premature ribosomal fall-off. All proteins in the mouse Uniprot database were split in half resulting in a C-terminal and N-terminal part of

each protein. All peptides detected in one AHA p-c experiment were matched back to the new database and sorted in the two categories N or C-terminal

(peptides matching to the middle were excluded). Plotted is the distribution of heavy intensities (�abundance after the pulse) for the detected peptides. If AHA

labeling would induce premature Ribosomal fall-off we expected to see a high N to C-terminal ratio in the number of detected peptides and a higher abundance of

N-terminal peptides.
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Figure S2. Normalization Strategy, Related to Figure 1

(A–C) The raw data required normalization due to input differences (caused by pipetting errors, cell density variation, and so forth). Plot (A) displays the non-

normalized raw data from one biological replicate. For normalization an assumption of non-changing data points over time or conditions are required (e.g., median

normalization). In our case we look for very stable proteins. We defined the most stable proteins over all biological replicates as proteins with the consistently

lowest (H/L or H/M) ratios at all time points (LSD proteins, seeMaterial andMethods). Example LSD proteins for mouse are shown in the left gray arrow. Each time

point was then independently normalized by setting the geometric means for the LSD proteins (red points in (B) to 100% (i.e., no degradation). The resulting shift in

the data can be seen in (C) with new median values for the LSD proteins as red dots.



Raw Data

Mouse NIH3T3 
 5247  Proteins

FDR = 0.01
PSM and Protein Level
SILAC Count > 1
> 10 % protein remaining

Fig 1:

Fig 2 C:

Fig 2 F:

3605 Proteins

> 4 data points
< 0.05 RSS

Measurement at
4 and 8 h
for Δ -scores

3292 Proteins

ED
 1622

UN
 1339

NED
 331

Modeling & Δ-score

5247 proteins
FDR 0.01; SILAC Count > 1

co
ef

fic
ie

nt
 o

f v
ar

ia
tio

n
(s

d/
m

ea
n)

C

time [h]
1 8 16 32

0.00

0.02

0.04

0.06

0.08

0.10

10%
25%
50%

75%

90%

P
ro

te
in

s 
w

ith
in

 a
re

an = 2011

1 2 4 8 16 32

5247 Proteins

P
ro

te
in

s

0

1000

2000

3000

4000

5000
Data Points

per
Time Point

0
1
2
3

time [h]

D

E 3605 proteins
> 4 data points; < 0.05 RSS

co
ef

fic
ie

nt
 o

f v
ar

ia
tio

n
(s

d/
m

ea
n)

F

time [h]
1 8 16 32

0.00

0.02

0.04

0.06

0.08

0.10

10%
25%
50%

75%

90%

P
ro

te
in

s 
w

ith
in

 a
re

an = 1797

1 2 4 8 16 32

3605 Proteins

P
ro

te
in

s

0
500

1000
1500
2000
2500
3000
3500

Data Points
per

Time Point
0
1
2
3

time [h]

G

H 3292 proteins
Δ-score available

co
ef

fic
ie

nt
 o

f v
a r

ia
tio

n
(s

d/
m

ea
n)

I

time [h]
1 8 16 32

0.00

0.02

0.04

0.06

0.08

0.10

10%
25%
50%

75%

90%

P
ro

te
in

s 
w

ith
in

 a
re

an = 1729

1 2 4 8 16 32

3292 Proteins

P
ro

te
in

s

0
500

1000
1500
2000
2500
3000

Data Points
per

Time Point
0
1
2
3

time [h]

J

Replicate 1

Replicate 2

Replicate 3

Replicate 1

Replicate 2

Replicate 3

Replicate 1

Replicate 2

Replicate 3

A B C D

JIH

GFE

Figure S3. AHA Pulse-Chase Is Reproducible over Biological Replicates, Related to Figures 1 and 2
(A–J) The reproducibility of the mouse NIH 3T3 AHA p-c data was evaluated at each of the three different filtering steps (A): i) 1% FDR filtering on PSM and protein

level; SILAC Count > 1 and 10% cutoff (subfigures B, C and D). ii) Proteins were filtered to have more than four data points and an RSS smaller 0.05 (subfigures E,

F and G). iii) Proteins were required to have a D-score based on the 4 and 8 hr time points (subfigures H, I and J). The overlap of proteins across the three

experiments is shown as weighted Venn diagrams (B, E and H). The coefficient of variation (CV) was calculated for each time point from the intersecting proteins

across the experiments (C, F and I). The corresponding number of proteins with a CV is given in each plot. Within the outermost gray area in the plot 90% of the

decay profiles reside. The second area contains 75% of decay profiles and so forth. Available data points per protein and time point are shown in D, G and J.
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Figure S4. Validation Experiments, Related to Figure 3

(A–D) Comparison of half-lives measured by AHA p-c to published half-lives measured by dynamic SILAC (Schwanhäusser et. al., 2011). A) We initially assumed

exponential degradation and calculated protein half-lives from the exponential fit (‘‘exponential half-life’’). For ED proteins this resulted in good agreement with the

dynamic SILAC data. This is reassuring, especially since dynamic SILAC does not involve artificial amino acids and the way in which half-lives are computed is

different. (B) In contrast, NED proteins had overall shorter half-lives in AHA p-c data when we assumed exponential degradation. This is expected since the

exponential fit does not take into account that these proteins become stabilized at later time points. (C) We therefore used our Markov chain-based model to

compute ‘‘steady-state half-lives’’ (Deneke et al., 2013). This half-life corresponds to the time it takes for half of the protein molecules present at steady state to be

degraded (STAR Methods). (D) Importantly, this led to better overall agreement with the dynamic SILAC data. Proteins with half-lives > 300 hr were excluded in

A-D because they cannot be accurately quantified.

(E) Radioactive pulse-chase experiments coupled to immunoprecipitation (IP). Mouse fibroblasts were pulsed for 1 hr with 35S cysteine and methionine and then

either directly collected (0 hr time point) or chased for 4 or 8 hr in medium containing excess unlabeled methionine and cysteine. The cells were then lysed and

VCP and Cct3 were immunoprecipitated from the same lysate. Eluted proteins were analyzed by western blotting and the membranes were probed for VCP or

Cct3 as loading control (‘‘Western blot’’ in figure). The amount of newly synthesized proteins surviving the chase were detected using a phosphorImager

(‘‘PhosphorImager’’). The ED protein VCPwas found to be very stable consistent with the half-life of > 100 hr reported by the AHA p-c experiment. In contrast, the

NEDprotein Cct3 had decreased considerably after 4 hr chase but then stayed stable until the 8 hr time point. The figure shows one representative experiment out

of two. F-H) SILAC pulse-chase experiments confirm NED assignments. Confirmation experiments as shown in Figure 3. Differences from the experimental

procedure in the main figure are highlighted in red before each corresponding plot.

(F) A label swap experiment in where the Heavy medium used for the pulse was swapped with the Medium-heavy used for the pulse.

(G) The chase time was limited to 4h.

(H) Also with 4 hr chase but with the same label swap as in F. *** = p value < 0.0001 from a one sided Wilcoxon rank-sum test. Stars are displayed on top for

significantly different distributions (alpha = 0.05).
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Figure S5. Characteristics of NED and ED Proteins, Related to Figure 5

(A) Prediction of ED and NED based on different features. Protein features were tested to predict either exponential (ED) or non-exponential degradation (NED) in

mouse by calculating the area under the curve (AUC) of a receiver operating characteristic (ROC) curve. Error bars were derived from 200 bootstrap repetitions

and indicate the 90%confidence interval of the corresponding calculated AUCs. Features were additionally categorized as being present (blue) or absent (gray) in

(legend continued on next page)



the tested protein fraction. For example, the bar for ‘‘protein length’’ is colored gray for NED proteins, indicating that NED proteins tend to be shorter than ED and

undefined proteins.

(B) NED proteins are more likely to belong to multiprotein complexes. Displayed are the fraction of proteins listed in a manually curated protein complex database

(CORUM). Fractions are shown for all, exponentially degraded (ED), non-exponentially degraded (NED) and undefined (UN) proteins. The p value is derived from a

hypergeometric test for enrichment against all proteins.

(C) Due to the very large size of ribosomes, they can significantly skew small datasets. Here, we repeated the analysis shown in Figure 5A after excluding ri-

bosomal proteins. The observed tendency of NED proteins to form heteromeric complexes is still apparent after excluding ribosomal proteins.

(D) Coexpression analyses repeated using CORUMcomplexes. In order to confirm that the observations displayed in Figure 5D are not an artifact of the structural

data, we replicated the procedure using data from the ‘‘core’’ (i.e., non-redundant) set of CORUM complexes (Ruepp et al., 2008). To maximize available data,

non-mouse protein complex subunits were mapped to mouse genes wherever sequence identity was at least 70% (STAR Methods).



Figure S6. The Second Degradation Rate of NED Proteins Is Similar to the Exponential Degradation Rate of ED Proteins in the Same

Complex, Related to Figure 5

(A) NED proteins have two degradation rates (see also Figure 2A and Table S1): The initial one (kA) is in our model related to the free subunit or subunits residing in

partially assembled protein complexes. The second degradation rate (kB) is associated with subunits in the fully assembled complex. ED proteins only have a

single degradation rate which is equivalent to the degradation rate of the fully assembled complex.We plotted degradation rates A and B for NED proteins and the

single ED degradation rate for selected complexes

(B–H). In all cases, degradation rate kB of NED proteins is lower and more similar than kA to the ED degradation rates of proteins in the same complex.



Figure S7. Genomic Characteristics of RPE-1 and RPE-1 Trisomic Cells, Controls for Figures 6 and 7

(A and B) Low coveragewhole genome sequencing of RPE-1 and RPE-1 trisomic cells. Gene copy-number estimates based on sequencing of genomic DNA from

RPE-1 parental and RPE-1 trisomic cells. Copy-number estimates are based on mappability corrected read counts (STAR Methods) and ordered over the

chromosomes. (A) RPE-1 parental cell-line is trisomic for part of chromosome 10 and displays clonal expansion of a population of cells also trisomic for

chromosome 12. (B) The trisomic RPE-1 cells are fully trisomic for chromosome 5, 10 and 12 and a region of chromosome 11. For the downstream analysis only

chromosome 5 and part of 11 where used while chromosomes 10 and 12 where ignored.

(C–D) Chromosome painting of parental and Trisomic RPE-1 cells. Chromosome paintings labeling chromosome 11 (magenta) and 5 (green). (C) RPE-1 parental

cell line is disomic for chromosome 5 and 11. (D) RPE-1 trisomic cells are trisomic for chromosome 5 and part of 11. The trisomic part of chromosome 11 has fused

to an unidentified chromosome.
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SUMMARY

tRNA is a central component of protein synthesis
and the cell signaling network. One salient feature
of tRNA is its heavily modified status, which can
critically impact its function. Here, we show that
mammalian ALKBH1 is a tRNA demethylase. It medi-
ates the demethylation of N1-methyladenosine (m1A)
in tRNAs. The ALKBH1-catalyzed demethylation of
the target tRNAs results in attenuated translation
initiation and decreased usage of tRNAs in protein
synthesis. This process is dynamic and responds to
glucose availability to affect translation. Our results
uncover reversible methylation of tRNA as a new
mechanism of post-transcriptional gene expression
regulation.

INTRODUCTION

In contrast to epigenetic regulations of DNA and histones, which

have been intensively studied (Jenuwein and Allis, 2001; Klose

and Zhang, 2007; Kohli and Zhang, 2013; Strahl and Allis,

2000; Suzuki and Bird, 2008), only recently have researchers

begun to appreciate the importance of reversible RNA modifi-

cations in regulating gene expression (Fu et al., 2014; He,

2010). The discoveries of the ‘‘writer,’’ ‘‘reader,’’ and ‘‘eraser’’

proteins of the N6-methyladenosine (m6A) of mRNAs and certain

long noncoding RNAs (lncRNAs) have opened a new realm of dy-

namic regulation of gene expression at the post-transcriptional

level (Dominissini et al., 2012; Jia et al., 2011; Liu et al., 2014;

Ping et al., 2014; Wang et al., 2014, 2015; Zheng et al., 2013).

Defects of the m6Amethyltransferase complex result in a battery

of development problems in various eukaryotic species (Yue

et al., 2015). The YTH domain proteins, the m6A readers, influ-

ence the stability, translation, and splicing of the m6A-containing

mRNAs (Wang et al., 2014, 2015; Xiao et al., 2016; Xu et al., 2014;

Zhou et al., 2015).

Two RNA m6A demethylases, FTO and ALKBH5, have been

identified since 2011 as being capable of removing the methyl

group of m6A on poly-adenylated RNA through an iron-depen-

dent oxidative demethylation mechanism (Fu et al., 2013; Jia

et al., 2011; Zheng et al., 2013). These two demethylases have

been shown to impact human body weight (Dina et al., 2007;

Do et al., 2008; Frayling et al., 2007) and mouse fertility (Zheng

et al., 2013), respectively. Thus far, m6A is the only documented

reversible RNA modification that impacts the metabolism and

fate of RNA (Dominissini et al., 2012; Liu et al., 2015; Meyer

et al., 2012; Wang et al., 2014, 2015), although new dynamic

marks have recently been identified on mRNA (Dominissini

et al., 2016; Li et al., 2016).

All the aforementioned studies reveal the prominent impor-

tance of the dynamic mRNA modifications in affecting gene

expression. tRNAs are known to be heavily modified (Phizicky

and Hopper, 2010; Suzuki and Suzuki, 2014; El Yacoubi et al.,

2012). Many tRNA modifications affect cell viability, fitness,

development, and a range of other cellular functions (Anderson

et al., 1998; Begley et al., 2007; Chan et al., 2012; Kaiser et al.,

2014; Saikia et al., 2010; Songe-Møller et al., 2010). However,

a reversible tRNA modification process that could noticeably

affect gene expression has yet to be shown.

FTO and ALKBH5 are RNA demethylases that belong to the

human AlkB family dioxygenases that utilize a nonheme iron(II)

to catalyze biological oxidation (Falnes et al., 2002; Gerken

et al., 2007; Loenarz and Schofield, 2008; Trewick et al., 2002).

Almost all of the AlkB family members with known biological

functions work on nucleic acid substrates (Fedeles et al.,

2015). Human ALKBH1 is another member of the AlkB family

proteins. The deletion of Alkbh1 in mice could lead to embryonic

lethality, with the survived mice exhibiting neural development

defects and sex-ratio distortion (Nordstrand et al., 2010; Oug-

land et al., 2012; Pan et al., 2008). The exact molecular function

of ALKBH1 remains elusive, although DNA has been suggested

as a potential substrate (Müller et al., 2010;Westbye et al., 2008).

Here, we present ALKBH1 as an RNA demethylase that medi-

ates removal of the methyl group from N1-methyladenosine

(m1A) in tRNA.We further show that ALKBH1 can tune translation
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initiation and elongation by regulating the cellular levels of

tRNAiMet and the association of other ALKBH1 target tRNAs to

polysomes, respectively, thereby affecting protein synthesis.

This discovery reveals a new pathway and mechanism of trans-

lation control through reversible tRNA methylation.

RESULTS

ALKBH1 Binds tRNA inside Cells
We utilized crosslinking and immunoprecipitation (CLIP) (Ule

et al., 2005) followed by gel analysis to probe and identify poten-

tial RNA species bound by ALKBH1 in HeLa cells. To our

surprise, CLIP identified mature tRNAs as main RNA species

bound by ALKBH1 (Figure 1A). We subsequently performed

high-throughput sequencing of the RNA products obtained

from CLIP. Although reverse transcription and amplification of

tRNAs are known to be significantly inhibited because of their

heavily modified nature as compared to other RNA species

(Cozen et al., 2015; Mohr et al., 2013), replicate experiments

consistently showed that certain tRNAs are enriched in the

ALKBH1-based CLIP products compared to the total RNA con-

trol using small RNA library preparation (Figures S1A and S1B).

The composition of these tRNA species bound by ALKBH1 is

quite different from that of cellular tRNAs in HeLa cells (Figures

1B and 1C). Further analysis of all tRNAs enriched in the CLIP

products of ALKBH1 indicates that all of them contain the

m1A58 modification (Machnicka et al., 2013).

Intrigued by this observation, we performed protein sequence

alignments of ALKBH1with known tRNA-binding motifs. Indeed,

we found that ALKBH1 possesses a tRNA-binding domain that is

usedby eukaryotic tRNA ligases to recognize tRNAs (Figure S1C)

(Ghosh and Vishveshwara, 2007; Nakanishi et al., 2005).

The tRNA m1A Demethylation by ALKBH1
The CLIP results suggested that tRNAs are potential substrates

of ALKBH1. We thus tested whether ALKBH1 exhibits biochem-

ical activity on tRNA by treating the purified total tRNA fromHeLa

cells with recombinant ALKBH1 protein. The levels of known

tRNA methylations including m1A, m7G, m5C, and m3C were

measured with ALKBH1 treatment in the presence or absence

of EDTA (EDTA chelates iron and inhibits the demethylation ac-

tivity) using liquid chromatography-tandem mass spectrometry

(LC-MS/MS, Figure S1D) (Jia et al., 2011; Zheng et al., 2013). In-

cubation of total tRNA with ALKBH1 led to a dramatic decrease

of the m1A level, but not levels of m7G, m5C, or m3C, in compar-

ison to the control samples (Figure 1D; Figure S2A), suggesting

that m1A58 in tRNAs is a major substrate of ALKBH1 (Figure 1E);

m1A58 has been shown to be the predominant m1A modification

in tRNAs as revealed by recent m1A sequencing experiments

(Cozen et al., 2015; Tserovski et al., 2016).

To analyze the observed tRNA demethylation, ALKBH1 was

transiently knocked down or overexpressed in HeLa cells, and

the level of m1A was quantified using LC-MS/MS. An �6% in-

crease and an �16% decrease of the m1A level in total tRNA

was consistently observed in the knockdown and overexpres-

sion samples, respectively (Figure 2A). Moreover, an ALKBH1

stable overexpression HeLa cell line showed an�28% decrease

of the m1A level in tRNA compared to control cells. We also

studied the Alkbh1 homozygous knockout (Alkbh1�/�) mouse

embryonic fibroblast (MEF) cells that we obtained previously

(Nordstrand et al., 2010). We observed an �42% increase of

the m1A level in tRNA from the Alkbh1�/� MEF cells in compari-

son to thewild-typeMEF cells (Figure 2B). A dot-blot assay using

anm1A-specific antibody was also applied to the same samples,

and results were consistent with LC-MS/MS measurements

(Figures S2B and S2C). As expected, neither knockdown nor

overexpression of ALKBH1 caused any changes of the levels

of m7G, m5C, or m3C in total tRNA (Figure S2D).

Because the m1A level of the total tRNA is significantly

affected by ALKBH1 (Figures 2A and 2B) and all tRNAs identified

by CLIP contain m1A58 (Figure 1B), we further validated the m1A

demethylation activity of ALKBH1 on selected target tRNAs.

Biotin-labeled DNA probes complementary to tRNA species

were used to specifically isolate the corresponding tRNA

from HeLa and MEF cells (Figure S2E). The m1A level of

the purified specific tRNA was then measured using LC-MS/

MS. The results demonstrated that the knockout of Alkbh1

led to increases of the m1A level in most tRNAs tested,

including tRNAGlu(CUC), tRNAHis(GUG), tRNAGln(CUG), tRNALys(yUU),

tRNAAla(hGC), tRNAVal(mAC), tRNAGly(GCC), tRNAAsn(GUU), and

tRNATyr(GUA) (Figure 2C; Table S1). Likewise, we measured the

m1A levels of these tRNAs in the ALKBH1 stable overexpression

HeLa cell line and the control cell line. Results again revealed

that overexpression of ALKBH1 led to reduced m1A in these

tRNAs (Figure 2D). Therefore, the majority of tRNAs identified

by CLIP-sequencing (CLIP-seq) are substrates of ALKBH1.

Taking tRNAHis(GUG) as an example, which has a relatively

high m1A level, an �65% increase and an �39% decrease of

the m1A/G ratio were observed in the Alkbh1 knockout and

ALKBH1 overexpression cells compared to corresponding

controls, respectively.

m1A in tRNA as the Primary Substrate of ALKBH1
To probe whether ALKBH1 also mediates demethylation of nu-

cleic acid substrates other than m1A in tRNA, we measured the

levels of m1A and m6A in various RNA species in the Alkbh1

knockout mouse embryonic stem cells (mESCs), MEF cells,

and ALKBH1 knockdown HeLa cells and compared them to

the corresponding control cells. No significant changes were

observed for m1A or m6A in ribosome RNA (rRNA) when

comparing Alkbh1 heterozygous knockout (Alkbh1+/�) mESCs

to Alkbh1�/� mESCs or between the wild-type MEF cells or

Alkbh1�/� MEF cells, respectively. Similarly, transient knock-

down of ALKBH1 did not alter the m1A or m6A level in rRNA

in comparison to the corresponding controls (Figure S2F).

Similar measurements were performed on mRNA, and the

results showed that ALKBH1 does not noticeably affect the

mRNA m6A level (Figure S2G). Biochemical experiments further

confirmed that m6A in RNA is less likely a substrate of ALKBH1

(Figure S2H).

We observed a slight increase of the total m1A in mRNA in

Alkbh1�/� mESCs when compared to Alkbh1+/� mESCs, while

overexpression of ALKBH1 in HeLa cells induced a slight m1A

decrease in mRNA (Figure S2G). These results suggested that

ALKBH1 may mediate demethylation of m1A in mRNA; however,

these changes are quite small compared to those observed for
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Figure 1. Human ALKBH1 Binds tRNA and Catalyzes Oxidative Demethylation of m1A in tRNA

(A) TBE-urea gel of ALKBH1-bound RNA species. The image shows RNA species immunoprecipitated by ALKBH1 (lane 1), eEF1a (lane 2), and IgG (lane 3), with

purified total human tRNA (lane 4) used as a size marker for mature tRNAs; eEF1a was used as a known tRNA-binding protein control and IgG as a negative

control. The majority of RNAs crosslinked to ALKBH1 are intact mature tRNAs.

(B) Pie chart showing ALKBH1-bound tRNAs identified by CLIP-seq.

(C) Pie chart showing tRNAs identified in the total RNA control.

(D) Demethylation of m1A in total tRNA isolated from HeLa cells by recombinant ALKBH1 in vitro. Ratios of m1A versus the sum of all four bases are shown. Error

bars represent mean ± SD, n = 8 (four biological replicates 3 two technical replicates).

(E) Proposed oxidative demethylation of m1A at the 58 position in tRNA by ALKBH1.

See also Figure S1.
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Figure 2. ALKBH1-Mediated m1A Demethy-

lation of tRNAs inside Cells

(A) Quantification of the m1A/G ratio in total tRNA

purified from HeLa cells by LC-MS/MS. The tran-

sient knockdown and overexpression of ALKBH1

in HeLa cells led to an�6% increase and an�16%

decrease of the m1A/G ratio in total tRNA,

respectively. Stable overexpression of ALKBH1 in

HeLa cells resulted in an �21% decrease of the

m1A/G ratio compared to control cells.

(B) In the Alkbh1�/� MEF cell line, the m1A/G

ratio is �42% higher compared to control cells.

Control samples are shown in light gray. G is the

most abundant base in tRNAs and is used to more

accurately quantify the m1A level in tRNA.

(C) Quantification of them1A/G ratio in tRNAGlu(CUC),

tRNAHis(GUG), tRNAGln(CUG), tRNALys(yUU),

tRNAAla(hGC), tRNAVal(mAC), tRNAGly(GCC),

tRNAAsn(GUU), and tRNATyr(GUA) by LC-MS/MS.

Knockout of Alkbh1 in MEF cells led to a noticeable

increase of the m1A/G ratio in these tRNAs

compared to controls. y = U,C; h = A,C,U; m = A,C.

(D) Stable overexpression of ALKBH1 in HeLa

cells led to a noticeable decrease of the m1A/G

ratio in these tRNAs compared to controls.

p values were determined using two-tailed

Student’s t test for paired samples. Error bars

represent mean ± SD, n = 8 (four biological

replicates 3 two technical replicates). *p < 0.05,

**p < 0.01.

See also Figure S2 and Table S1.
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tRNA. Because ALKBH1 possesses a tRNA-binding domain and

the substrate m1A58 resides in the loop region of a stem-loop

motif in tRNA, we reasoned that ALKBH1 may preferentially

mediate m1A demethylation in tRNA with selectivity toward a

stem-loop. We synthesized four RNA probes with m1A in

stem-loop sequences mimicking the TJC loops in tRNAiMet

and tRNAHis(GUG) as well as in two unstructured sequences as

controls (Figure S2I). Both tRNAiMet and tRNAHis(GUG) contain

m1A58 at the TJC loop region with distinct sequences. Indeed,

ALKBH1 showed a high preference for the stem-loop structure

because themeasuredmaximal velocity values ofm1A demethy-

lation toward both stem-loop probes were much higher than

those for the unstructured probes. This biochemical result,

combined with quantifications of modification changes in

various cells and CLIP-seq data, strongly support m1A in tRNA

as the primary substrate of ALKBH1. We could not exclude the

possibility that certain structured m1A sites in mRNA may also

serve as substrates of ALKBH1.

Lastly, DNA N6-methyldeoxyadenosine (6mA) has been pro-

posed as a substrate of ALKBH1 in a recent study (Wu et al.,

2016). Our biochemical assay did not reveal observable DNA

6mA demethylation activity by ALKBH1 (Figure S2H). In addition,

we havemeasured the genomic DNAN6-methyldeoxyadenosine

(6mA) levels in Alkbh1+/� and Alkbh1�/� mESCs without notice-

able changes of 6mA observed (Figure S2J).

ALKBH1 Affects Cellular tRNAiMet Level and Translation
Initiation
Although ALKBH1 can demethylate most m1A sites in

tRNAs, there are exceptions. The m1A levels of tRNAPhe(GAA)

and tRNASec(UCA) did not appear to be affected by ALKBH1 (Fig-

ures S3A and S3B); these tRNAs are not among CLIP targets

found for ALKBH1 and tRNASec(UCA) that are known to possess

structural features distinct from other tRNAs (Itoh et al., 2009).

Our CLIP-seq also did not reveal tRNAiMet as a potential binding

substrate of ALKBH1. However, previous studies have reported

that m1A58 is essential for the function of tRNAiMet in yeast, and a

loss of m1A leads to polyadenylation and subsequent degrada-

tion of tRNAiMet (Anderson et al., 1998). The m1A58-dependent

tRNAiMet stability may also be true in human cells. The demethy-

lation of m1A58 in tRNAiMet may lead to rapid degradation of

the demethylated tRNAiMet, leaving the isolated tRNAiMet in our

experiment always fully methylated.

To biochemically probe potential m1A demethylation of

tRNAiMet by ALKBH1, we pulled down tRNAiMet by using its

cDNA probe. For comparison, we also pulled down an elongator

tRNA, tRNAeMet(CAU), which also was not present as a binding

substrate in our CLIP-seq experiment. Biochemical results

showed that ALKBH1 is capable of demethylating m1A in both

tRNAiMet and tRNAeMet(CAU) (Figure S3C). Genome-wide tRNA

sequencing was performed to estimate levels of every tRNA

species in the Alkbh1�/� and control cells (Zheng et al., 2015).

The result showed modest change for many tRNAs in the

Alkbh1�/� cells compared to the wild-type control; however,

the level of tRNAiMet was increased by �1.9-fold (Figure S3D).

Northern blot analysis was used to further probe changes in

theAlkbh1�/� and control cell lines, with a significantly increased

tRNAiMet level (�1.6-fold) observed in theAlkbh1�/� cell line (Fig-

ure S3E). We further probed the level of tRNAiMet using transient

knockdown of ALKBH1 in comparison to the control HeLa cells.

The northern blot result revealed that transient knockdown of

ALKBH1 in HeLa cells led to an �3-fold increase of the tRNAiMet

level compared to the control (Figure 3A).

Our observations suggest that tRNAiMet is a substrate of

ALKBH1 and that the ALKBH1-mediated m1A58 demethylation

may affect the stability of tRNAiMet, which could impact the

global programming of tRNAs. The cellular level of tRNAiMet is

known to significantly impact translation initiation and cell prolif-

eration (Macari et al., 2016; Pavon-Eternod et al., 2013). Indeed,

a noticeably increased cell proliferation was observed in the

ALKBH1 knockdown cells compared to control cells (Figure 3B).

To probe the impact of the elevated tRNAiMet caused by ALKBH1

knockdown on translation initiation, a key step critical to cell pro-

liferation, we treated the ALKBH1 knockdown and control HeLa

cells with ribosome E site inhibitor lactimidomycin (LTM) and

separated the initiating ribosome (Lee et al., 2012).Wemeasured

the absolute levels of tRNAiMet in the initiating ribosome and the

total RNA with 5s rRNA as the loading control. We consistently

observed that ALKBH1 knockdown leads to increased cellular

tRNAiMet as well as increased tRNAiMet in the initiating ribosome

(Figure 3C; Figure S3F). The polysome profile results support

increased 80S monosome assembly upon ALKBH1 knockdown

(Figure S3G). Taken together, the elevated tRNAiMet induced by

ALKBH1 knockdown promotes translation initiation and cell pro-

liferation as a functional consequence.

m1A Methylated tRNAs Are Enriched in Polysomes
Our previous studies have shown that hypermodification at

the m1A58 site can alter the association of certain tRNAs with

polysomes (Saikia et al., 2010). The ALKBH1-catalyzed deme-

thylation could function as a switch to regulate the utilization of

certain tRNAs in protein synthesis by tuning their m1A58 levels.

We separated tRNA in the translation-inactive non-polysome

fractions (< 80S) as well as tRNA associated with translation-

active polysomes (> 80S) from HeLa cells. Three selected

tRNAs (tRNAVal(mAC), tRNAHis(GUG), and tRNAGly(GCC)) were sub-

sequently extracted from these fractions using biotinylated

cDNA probes that are specific for each tRNA. LC-MS/MS mea-

surements confirmed that the m1A-hypermodified tRNAVal(mAC),

tRNAHis(GUG), and tRNAGly(GCC) preferentially associate with the

translation-active polysomes (Figure 4A). We further examined

HeLa cells with stable overexpression of ALKBH1, in which

tRNAHis(GUG) and tRNAGly(GCC) were hypomethylated. Northern

blot analysis revealed significantly reduced populations of these

two tRNAs (73% reduction for tRNAGly(GCC) and 57% reduction

for tRNAHis(GUG)) in the translationally active pool versus the inac-

tive pool (Figures S4A and S4B).

We next studied how m1A-methylated tRNAs might be prefer-

entially recognized and delivered to translation-active poly-

somes. We pulled down eEF1a, the elongation factor protein

known to deliver aminoacyl tRNA to translation-active poly-

somes, from HeLa cells using an anti-eEF1a specific antibody

(Figure S4C). The immunoprecipitated eEF1a was incubated

with total tRNA purified from the same cells. We observed an

�2.5-fold enrichment of m1A in the eEF1a-bound fraction

(Figure 4B), confirming enrichment of m1A-methylated tRNAs
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in the translation-active pool. eEF1a may preferentially bind

m1A-methylated tRNA. It is also possible that the methylated

tRNAs are preferentially aminoacylated and subsequently recog-

nized by eEF1a, although fully unmodified tRNAs can be readily

charged in vitro and many tRNA synthetases are not known

to interact with the tRNA region where m1A58 resides (Giegé

et al., 1998).

The ALKBH1-Mediated tRNA Demethylation Impacts
Translation Elongation
In order to confirm the effect of the ALKBH1-dependent tRNA

demethylation on protein synthesis, we used an alkyne-modified

glycine analog, L-homopropargylglycine (HPG), to metabolically

label newly synthesized proteins in Alkbh1�/�and wild-type MEF

cells as well as in ALKBH1 stable overexpression HeLa cells

versus control cells. The HPG-labeled cells were then fluores-

cently modified and analyzed by flow cytometry. The results

showed a notable increase of protein synthesis rate in the

Alkbh1�/� cells compared to the wild-type cells. In contrast,

ALKBH1 overexpression led to a reduction of the protein synthe-

sis rate compared to the control (Figure 4C; Figures S4D–S4I).

These results are consistent with the promotion of the translation

initiation by the knockdown of ALKBH1. The results also support

the preferential recruitment of m1A-methylated tRNAs to the

active translation pool, which promotes translation elongation.

Because we observed up to a 3-fold change of the total

cellular tRNAiMet level and an �2-fold increase of tRNAiMet in

initiating ribosome with ALKBH1 knockdown inside HeLa cells,

the effect of ALKBH1 on translation initiation is significant. To

investigate the translation elongation effect of ALKBH1 that is

independent of translation initiation, we first designed a reporter

assay with six repeated specific codon sequences [63CAC(His)

for tRNAHis(GUG) and 63GGC(Gly) for tRNAGly(GCC)] added to the

50 of firefly luciferase (F-luc) (Figure 5); a secondRenilla luciferase

(R-luc) encoded in the same plasmid was used to normalize

the expression efficiency. To further normalize translation differ-

ences between Alkbh1�/� and wild-type MEF cells introduced

by any other factor including initiation (i.e., the cellular levels of

tRNAiMet and other tRNAs), a control reporter (F-luc plus R-luc)

devoid of these 6 3 sequences was also transfected. The

normalization factor from this control reporter was applied

to the 6 3 CAC(His)-reporter signal. For the mRNA reporter

fused with 6 3 CAC(His), an �1.6-fold-elevated translation was

observed in the Alkbh1�/� MEF cells compared to the wild-

type MEF cells (Figure 5A). Similarly, 63 GGC(Gly) was inserted

in the reporter plasmid. tRNAGly(GCC) cannot decode the GGA

codon; therefore, we also inserted 6 3 GGA(Gly) into a negative

control reporter. We observed elevated translation (�1.8-fold)

for the 6 3 GGC(Gly)-reporter in the Alkbh1�/� cell compared

to the wild-type MEF cells, but not the negative control reporter

with 6 3 GGA(Gly) sequences (Figure 5B).

We further constructed two mutant reporters with selected

codons mutated from matching tRNA anti-codons that are

substrates of ALKBH1 to codons matching isoacceptor

tRNAs that are not substrates of ALKBH1 (Figure S5). Mutant

reporter 1 contained mutations of three codons (Lys8, Lys9,

A B C

Figure 3. ALKBH1 Affects the Cellular Level of tRNAiMet and Cell Proliferation

(A) The knockdown of ALKBH1 in HeLa cells increased the cellular level of tRNAiMet compared to the control (5s rRNA was used as the loading control). One

representative result was shown in the upper panel. Four biological replicates were performed with statistic errors calculated. The relative ratios of tRNAiMet to 5s

rRNA were compared in the ALKBH1 knockdown HeLa cells (red) and control samples (gray).

(B) The knockdown of ALKBH1 promoted proliferation of HeLa cells.

(C) The knockdown of ALKBH1 in HeLa cells increased the tRNAiMet level in the initiating ribosome compared to the control.

See also Figure S3.
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and Gly10; see Method Details) and mutant reporter 2 con-

tained mutations of three codons (Ala64, Ala66, and Lys68;

see Method Details) of F-luc, respectively. We transfected

the mutant reporters with the wild-type reporter control to

ALKBH1 knockdown cells and control cells, respectively. We

observed that the mutations led to noticeably reduced

protein synthesis when normalized to the control reporter

(without mutations) upon ALKBH1 knockdown (Figures S5A

and S5B). Together, these results indicate that a deficiency of

ALKBH1 leads to increased m1A levels of specific tRNAs and

augments translation elongation from the corresponding

codons.

An ALKBH1-Dependent Translation Control in
Responses to Glucose Deprivation
We then investigated the dynamics of ALKBH1 under different

physiological conditions. We noticed an increased expression

of ALKBH1 in HeLa cells under glucose deprivation conditions,

while the level of the m1A58 methyltransferase heterodimer

Trmt6/Trmt61 remained mostly unchanged (Figure 6A; Fig-

ure S6). The elevated ALKBH1, induced by the reduced glucose

concentration in the growth medium, led to progressively

decreased m1A methylation in tRNAHis(GUG) and tRNAGly(GCC)

as expected (Figure 6B); the expression level of tRNAiMet also

decreased under glucose deprivation, which can be reversed

by the knockdown of ALKBH1 (Figure 6C). After treating cells

with ribosome E site inhibitor LTM and separating the initiating

ribosome, we measured the levels of tRNAiMet in the initiating

ribosome. The knockdown of ALKBH1 induced a noticeable

increase of tRNAiMet in the initiating ribosome in comparison

to the knockdown control, indicating a translation repressing

role of ALKBH1 (Figures 6C and 6D). The inhibition of transla-

tion initiation induced by the elevated ALKBH1 is likely a mech-

anism cells employ to globally repress translation upon glucose

deprivation.

To examine effects on translation elongation with elevated

ALKBH1 upon glucose deprivation, we again employed the

6 3 CAC(His)-reporter normalized to the control (Figure 5A) in

HeLa cells growing with different concentrations of glucose.

Significantly decreased protein synthesis from the reporter

mRNA was observed in cells growing in the medium with

reduced glucose; this effect could again be reversed by the

transient knockdown of ALKBH1 (Figure 6E). In addition, the

knockdown of ALKBH1 in HeLa cells (growing at 25mMglucose)

resulted in an increased translation of the 63 CAC(His)-reporter

(Figure 6F). This effect could be reversed by transient overex-

pression of the wild-type ALKBH1, but not a catalytically inactive

ALKBH1 H231A/D233A mutant, further confirming that the

ALKBH1-catalyzed demethylation affects protein synthesis in

response to the availability of glucose (Figure 6G). With mutant

reporters (Figure S5) we also observed that the mutations led

to noticeable increases in the normalized protein synthesis

over the control reporter upon glucose starvation (Figure S5C),

consistent with the elevated cellular ALKBH1 in glucose starving

cells. Thus, ALKBH1 can affect both translation initiation and

translation elongation upon glucose deprivation.

A B C

Figure 4. The Methylated tRNA Species Are Preferentially Used to Promote Translation

(A) Hypermethylated tRNAVal(mAC), tRNAHis(GUG), and tRNAGly(GCC) preferentially associate with the polysomes. Quantification of the m1A/G ratio in tRNAVal(mAC),

tRNAHis(GUG), and tRNAGly(GCC) extracted from the translationally inactive portions (< 80S) and the translationally active portions (> 80S) in ALKBH1 stable

overexpression HeLa cells and the control cells. Error bars represent mean ± SD, n = 8 (four biological replicates 3 two technical replicates).

(B) The elongation factor-1 protein (eEF1a) was pulled down from HeLa cells using a specific anti-eEF1a antibody and then incubated with an excess amount of

total tRNA purified from same cells. LC-MS/MS measurements showed enrichment of m1A in the eEF1a-bound portion and depletion of m1A in the flow through

portion. Error bars represent mean ± SD, n = 8 (four biological replicates 3 two technical replicates).

(C) Quantification of protein synthesis in MEF cells by flow cytometry. HPG incorporation into MEF control cells (gray), Alkbh1�/� MEF cells (red), HeLa control

cells (yellow), and ALKBH1 stable overexpression HeLa cells (blue) were recorded 1 hr after administration. Six biological replicates were performed; for ALKBH1

stable overexpression compared to the control, p = 0.012. For Alkbh1�/� MEF versus control, p = 0.003. p values were determined using two-tailed Student’s

t test for paired samples. *p < 0.05, **p < 0.01. Error bars represent mean ± SD, n = 9 (three biological replicates 3 three technical replicates).

See also Figure S4.
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DISCUSSION

Here, we report ALKBH1 as a tRNA demethylase that catalyzes

demethylation of m1A in tRNAs. A tRNA-binding motif exists in

ALKBH1, and it preferentially demethylates m1A in a stem-loop

structure. CLIP sequencing data showed that ALKBH1 binds

m1A58-containing tRNAs. Further biochemistry characteriza-

tions revealed that ALKBH1 possesses effective tRNA m1A

demethylation activity in vitro and inside cells. We showed

that ALKBH1 controls cellular levels of tRNAiMet to affect transla-

tion initiation and that the m1A-methylated tRNAs are preferen-

tially recruited to polysomes to promote translation elongation.

The ALKBH1-mediated tRNA demethylation controls the utility

of the target tRNAs in translation, thereby directly influencing

protein synthesis. This process is dynamic and is used by human

cells to respond to glucose deprivation. This discovery opens

a potential new paradigm of reversible tRNA methylation in

affecting gene expression.

Nucleic Acid Substrate(s) of ALKBH1
ALKBH1 has been suggested to work on nucleic acid substrates

in the past (Fedeles et al., 2015). A recent publication describes

ALKBH1 as a 6mAdemethylase (Wu et al., 2016).We have tested

the activity of ALKBH1 toward 6mA in DNA in vitro and inside

cells. The reported demethylase activity toward 6mA DNA was

too low to be observed in our experiments (Figure S2H).

Althoughwe could not completely exclude 6mA in DNA as a sub-

strate of ALKBH1, all of our biochemical studies of the same

mESC lines aswell as othermammalian cell lines do not currently

support 6mA in DNA as a substrate of ALKBH1.

ALKBH1 possesses a tRNA-binding motif. Our CLIP

sequencing data and demethylation activity analysis of ALKBH1

indicate that ALKBH1 binds and acts preferentially on tRNA over

mRNA in cell lines we studied. If ALKBH1 can gain access to

mRNA, it is possible that ALKBH1 may also mediate mRNA

m1A demethylation to affect specific developmental or cellular

processes in mammalian systems, which should be investigated

in the future. A recent publication by Haag et al. (2016) showed

that ALKBH1 also oxidizes m5C34 to 5-formyl-cytosine (f5C)

in mitochondrial tRNAiMet, suggesting an additional tRNA modi-

fication function of ALKBH1 in a distinct cellular compartment.

tRNA m1A Demethylation by ALKBH1
The m1A methylation endows tRNA with a positive charge that

can significantly affect its structure and interaction with potential

partner proteins. This methylation is known to be critical to the

stability of tRNAiMet (Anderson et al., 1998). m1A has recently

been discovered as another mRNA modification, in addition to

m6A, pseudouridine, and m5C. The presence of m1A at the 50

UTR region in mRNA has been suggested to promote translation

A B

Figure 5. A Reporter Assay Confirming Translation Regulation by the ALKBH1-Mediated tRNA Demethylation

(A) Scheme of the reporter assay on the left: the RNA reporter vector encodes firefly luciferase (F-luc) as the primary reporter and Renilla luciferase (R-luc) on the

same plasmid as the internal transfection control. The effect of tRNAHis(GUG) in protein translation was revealed by a reporter assay. 6 3 CAC(His)-coding

sequences (recognized by tRNAHis(GUG)) were inserted after the PLK promoter region of F-luc as the positive reporter [noted as 6 3 CAC(His)]; this insertion in

the luciferase reporter led to a noticeable increase of protein synthesis in the Alkbh1�/� MEF cells compared to the wild-type MEF cells. The control reporter

without any insertion was used to normalize the translation differences between the two cells lines. Error bars represent mean ± SD, n = 12 (three biological

replicates 3 four technical replicates).

(B) Scheme of the reporter assay on the left. The effect of tRNAGly(GCC) in protein translation was revealed by a reporter assay. 63 GGC(Gly)-coding sequences

were inserted after the promoter region of F-luc as the positive reporter [noted as 6 3 GGC(Gly)]; 6 3 glycine-coding sequences of GGA(Gly) were fused to

the 50end of F-luc as the negative control [noted as 63GGA(Gly)]; another control vector is devoid of any amino acid insertion (noted as control). The insertion of

63GGC(Gly)-coding sequences in the luciferase reporter led to an�1.8-fold increased protein translation in the Alkbh1�/�MEF cells compared to the wild-type

MEF cells; this effect was not observed with the negative control of 63 GGA(Gly) insertion. The control reporter without any insertion was used to normalize the

translation differences between the two cells lines. Error bars represent mean ± SD, n = 12 (three biological replicates 3 four technical replicates).

See also Figure S5.
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(Dominissini et al., 2016; Li et al., 2016). ALKBH3, a DNA repair

enzyme that demethylates N1-methyldeoxyadenosine in single-

stranded DNA (Aas et al., 2003; Duncan et al., 2002), has been

suggested as a potential demethylase of m1A in mRNA (Li

et al., 2016), the functional relevance of which still requires

further investigations. ALKBH3 is also capable of repairing

tRNA alkylation damages (Aas et al., 2003); again, the biological

relevance of which was not clear. We show that m1A in tRNA is

the main substrate of ALKBH1. Many tRNA species contain

this methylation (Machnicka et al., 2013), with a substantial frac-

tion of which subjected to ALKBH1-mediated demethylation.

The cellular level of tRNAiMet can be significantly affected by

ALKBH1, suggesting an ALKBH1-mediated demethylation of

m1A58 of tRNAiMet. m1A58 is essential for the stability and func-

tion of tRNAiMet in yeast (Anderson et al., 1998); this is also likely

to be the case in humans. In human cells, it is possible that

ALKBH1 encounters tRNAiMet and catalyzes its m1A58 demethy-

lation, which then leads to tRNAiMet degradation. Subsequent

dissociation of ALKBH1 from tRNAiMet may explain the lack of

tRNAiMet as a binding substrate of ALKBH1 in the CLIP result.

Importantly, we observed significant effects of ALKBH1 on

the total cellular tRNAiMet level and subsequent translational

initiation.

Translation Regulation through Reversible tRNA
Methylation
Translational control is an essential means in the regulation of

gene expression in a myriad of cellular events. The pathways of

translation regulation are complex in mammals, reflecting the

complexity of mammalian development, signaling, and response

to environmental cues. Global regulation of translation is often

done by influencing the activity of the translation initiation factors

and the availability of the ribosomes (Gebauer and Hentze, 2004;

Hershey et al., 2012). The rate-limiting step in translational con-

trol is typically at the initiation step. Phosphorylation of eIF2a,

4E-BPS, and other initiation factors negatively impacts transla-

tion (Pavitt and Ron, 2012). In addition to the regulation of trans-

lation initiation, mRNA can be sequestered into stress granules

or P-bodies upon translation inactivation in response to stresses

(Decker and Parker, 2012). Nonsense-mediated decay ensures

translation fidelity by screening mRNAs for premature stop co-

dons and mediating their decay (Hentze and Kulozik, 1999; Ma-

quat, 2004). In contrast to the global translational regulation, mi-

croRNA can attenuate translation by interacting directly to the

target mRNAs (Bartel, 2009; Ha and Kim, 2014). Trans-acting

proteins can affect translation rate by specifically recognizing a

particular mRNA site, such as the 30 UTR (Gebauer et al., 2012).

Dynamic RNA modifications also emerged as a new type of

regulatory mechanism of translation. For instance, the m6A

reader protein YTHDF1 specifically associates with them6A sites

and promotes translation by interacting with the translation initi-

ation complex (Wang et al., 2015). The recently identified mRNA

modification m1A in mRNA is suggested to be related to active

translation as well (Dominissini et al., 2016; Li et al., 2016),

although them1A-binding protein and the underlyingmechanism

have yet to be unveiled.

tRNA modifications have long been thought to affect transla-

tion by fine-tuning tRNA structures and their interactions with

the corresponding mRNA codons (Agris, 2008; Agris et al.,

2007). Most of the known cases involve tRNA modifications

that impact specific tRNAs. For example, m1A58 is indispens-

able for the proper folding of tRNAiMet; under stressed condi-

tions, such as heat shock, the loss of m1A58 results in tRNAiMet

degradation (Wang et al., 2008). We show here that a group

of tRNAs can be subjected to a more global regulation

through the ALKBH1-mediated demethylation of a common

m1A modification. tRNAs are abundant in all cells; however,

the m1A-modified tRNAs, at least those that are ALKBH1 sub-

strates, preferentially associate with polysomes to support

translation. The current work represents the discovery of the first

tRNA demethylase and the first reversible tRNAmodification that

could broadly affect protein synthesis.

Cytosine-5 RNA methylation has very recently been shown to

protect tRNA from cleavage andmodulate global protein synthe-

sis and cell fate (Blanco et al., 2016). The ALKBH1-mediated

tRNA demethylation directly affects translation initiation by con-

trolling the cellular levels of tRNAiMet and impacts translation

elongation by tuning the methylation status and availability of

Figure 6. The ALKBH1-Mediated tRNA Demethylation in Response to Glucose Availability

(A) Western blot showing increased concentrations of glucose in the growth medium led to decreased ALKBH1 expression in HeLa cells; protein levels of the

m1A58-transferase Trmt6/Trmt61 heterodimer remained mostly unchanged.

(B) LC-MS/MS quantification of the m1A/G ratio in tRNAHis(GUG) and tRNAGly(GCC) in HeLa cells cultured with 5 and 25mMof glucose. The increased concentration

of glucose led to increased m1A methylation in tRNAHis(GUG) and tRNAGly(GCC). Error bars represent mean ± SD, n = 8 (four biological replicates 3 two technical

replicates).

(C) Glucose deprivation decreased the cellular level of tRNAiMet, which could be reversed by ALKBH1 knockdown (5s rRNA was used as the loading control).

Glucose deprivation also noticeably decreased the level of tRNAiMet in the initiating ribosome. The knockdown of ALKBH1 led to elevated tRNAiMet in the initiating

ribosome in comparison to the control in HeLa cells cultured with 5 mM and 25 mM glucose, respectively. 500 ng of total RNA extracted from the initiating

ribosomes were applied in the northern blot analysis. One representative result was shown.

(D) The levels of tRNAiMet as shown in (C) were quantified by using Quantity One.

(E) The 63CAC(His)-reporter assay showing increased translation in HeLa cells with elevated glucose levels in the culture medium. This effect could be reversed

by transient knockdown of ALKBH1. Error bars represent mean ± SD, n = 12 (three biological replicates 3 four technical replicates).

(F) Knockdown of ALKBH1 in HeLa cells growing at 25 mM glucose led to an increased translation of the 63 CAC(His)-reporter. The effect could be reversed by

transient overexpression of the wild-type ALKBH1, but not a catalytically inactive ALKBH1 H231A/D233A mutant. p values were determined using two-sided

Student’s t test for paired samples. *p < 0.05, **p < 0.01. Error bars represent mean ± SD, n = 12 (three biological replicates 3 four technical replicates).

(G) A proposed model of ALKBH1-dependent regulation of translation. The m1A58 methylated tRNAs are preferentially used in the translation-active pool;

the ALKBH1-mediated tRNA m1A demethylation, which responds to the glucose deprivation, tunes the association of specific tRNAs to polysomes and thus

represses protein synthesis.

See also Figure S6.
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target tRNAs. These effects enable rapid responses to cellular

signaling cues, such as the glucose deprivation shown in this

work (Figure 6G). Severe embryonic development defects had

been reported in Alkbh1 knockout mice (Nordstrand et al.,

2010). The survived Alkbh1 knockout mice show defects in tis-

sues originating from the ectodermal lineage (Pan et al., 2008)

and impaired neuronal development (Ougland et al., 2012).

These phenotypes all indicate the functional significance of

ALKBH1 in mammals. Our previous discoveries of FTO and

ALKBH5 as mRNA m6A demethylases sparked the emergence

of the epitranscriptomics field (Jia et al., 2011; Zheng et al.,

2013). The discovery presented here, on tRNA m1A demethyla-

tion by ALKBH1, should stimulate future studies on reversible

tRNA methylation in translation control and its impacts on

mammalian developments.
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METHOD DETAILS

Luciferase Reporter Assay
pmirGlo luciferase expression vector (Promega) was used to construct the reporter plasmid, which contained both a firefly luciferase

(F-luc), and a Renilla luciferase (R-luc). F-luc-6 3 His(CAC) reporter plasmid was obtained by inserting CACCACCACCACCACCAC

before the F-luc coding region; F-luc-63Gly(GGC) reporter plasmid was obtained by inserting GGCGGCGGCGGCGGCGGC before

the F-luc coding region; F-luc-6 3 Gly(GGA) reporter plasmid was obtained by inserting GGAGGAGGAGGAGGAGGA before the

F-luc coding region. Two F-luc mutant reporters were made by using site-directed mutagenesis. For mutant reporter 1, the se-

quences of Lys8, Lys9, and Gly10 were mutated from the tRNA anti-codons being the substrates of ALKBH1 to the ones not. For

mutant reporter 2, the sequences of Ala64, Ala66, and Lys68 were mutated from the tRNA anti-codons being the substrates of

ALKBH1 to the ones not. Basic setting: 500 ng of reporter plasmids (pmirGlo empty vector or pmirGlo-specific tRNA anti-codon in-

serted vector) were transfected into Alkbh1�/� and wild-type MEF cells in a six-well plate. After 6 hr, each well was re-seeded into a

96-well plate (1:20). After 24 hr, the cells in 96-well plate were assayed by Dual-Glo Luciferase Assay system (Promega).Renilla Lucif-

erase (R-luc) was used to normalize firefly luciferase (F-luc) activity to evaluate the translation efficiency of the reporter. Glucose

deprivation was applied 4 hr after the reporter plasmids were transfected and kept for another 12 hr prior to the luciferase assay.

CLIP
10 plates of HeLa cells in 15 cm petri dish were grown until confluency of 80% (�8 million cells). The medium was aspirated and 5 ml

of ice-cold PBS was subsequently added to the culture dish. Cells were irradiated once with 400 mJ/cm2 at 254 nm in Stratalinker on

ice. After irradiation, cells were harvested by centrifugation at 4000 rpm for 3min at 4�C. The cell pellets were then lysed in lysis buffer

(13 PBS supplemented with 0.1% SDS, 1% Nonidet P-40, 0.5% Sodium Deoxycholate, Protease Inhibitor Cocktail (1 tablet/50 ml)

and RNase inhibitor) and kept on ice. After 4 hr of incubation, the cell pellets were subjected to centrifugation at 17,000 g at 4�C for

30min; the supernatant was carefully collected. 50 ml of protein A beads were added into the supernatant to preclear the supernatant

at 4�C for 1 hr which was then subjected to centrifugation at 17,000 g at 4�C for 10min. The supernatant was collected in a fresh tube.

50 ml of antibody-conjugated protein A beadswere subsequently added to the supernatant and kept at 4�C for overnight with rotation.

On the next day, the supernatant was discarded. The beads were then washed for 3 times with 1 ml of high salt buffer (53 PBS sup-

plemented with 0.1% SDS, 1% Nonidet P-40 and 0.5% Sodium Deoxycholate) and another 3 times with 1 ml of wash buffer (20 mM

Tris-HCl, pH 7.4, 10 mM MgCl2 and 0.2% Tween-20). The RNAs were then isolated by 200 ml of elution buffer (100 mM Tris-HCl,

pH 7.4, 10 mM EDTA, and 1% SDS) containing 2 mg/ml proteinase K under incubation at 50�C for 30 min. Subsequently, the sample

was subjected to centrifugation at 17,000 g at 4�C for 15 min. The beads were removed and RNAs were recovered by Phenol/chlo-

roform extraction. The RNA species were then 30 32P-labeled and subjected to TBE-Urea-PAGE separation. eEF1a and IgG were

employed as positive and negative controls in this experiment while human total tRNA was utilized as a size marker for intact

tRNA. The TBE-Urea gel was finally exposed to phosphoimager.

Analysis of RNA Sequencing Results
(1) CLIP

Raw reads from CLIP samples were first trimmed according to recommended settings using Trimmomatic with a minimum length of

25 nucleotides (Bolger et al., 2014). Processed reads were thenmapped to the hg19 genome using bowtie with the following settings

(-v 2 -m 10 -best -strata -p 12), and the subsequent SAM outputs were analyzed with default PARalyzer parameters. From genomic

coordinates, refseq IDs and region ID (genomic, tRNA, intergenic, rRNA, etc.) were assigned using custom scripts in order to classify

PARalyzer clusters. Conversion rate and cluster assignment and enrichment were determined using custom Python scripts from

PARalyzer output. Ratios of each class of small RNAs in the total RNA dataset were calculated and compared to the RNA classes

in the CLIP dataset.

(2) tRNA Seq

Data analysis method was adapted from our previous work (Zheng et al., 2015). Briefly, tRNA-seq raw reads were trimmed and pro-

cessed using Trimmomatic (Bolger et al., 2014) with a minimum length of 16 nucleotides. Processed reads were then aligned with

bowtie2 to culled tRNA fasta libraries from the Genomic tRNA database for mm10 and hg19 with CCA appended to every sequence.

Bowtie2 parameters were sensitive settings, which allowed for up to 2 mismatches. Reads mapping to multiple isodecoders were

discarded. Downstream isodecoder abundance was performed using custom Python scripts.

Cloning, Expression, and Purification of ALKBH1
The human ALKBH1 gene (GenBank: NM_006020.2) with deletion of the N-terminal 36 amino acids was subcloned into a pMCSG19

vector by ligation-independent cloning (LIC) to generate the plasmid pMCSG19-His-ALKBH1 (Donnelly et al., 2006). Human ALKBH1

was then expressed in a BL21 (DE3) E. coli strain containing the plasmid pRK1037. Cells were induced with 1 mM isopropyl b-D-1-

thiogalactopyranoside (IPTG) for 24 hr at 16�C. The soluble fraction was purified using a Ni-NTA column (QIAGEN), a gel-filtration

column (Superdex-200, Pharmacia), and finally an ion-exchange column (PE 4.6/100, Mono Q). FLAG-tagged ALKBH1 was cloned

into vector pcDNA 3.0 (between EcoRI and XhoI restriction enzyme cutting site). High-purity plasmids used for mammalian cell trans-

fection were prepared using HiSpeed Plasmid Maxi Kit (QIAGEN).
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The plasmid with site-directed mutagenesis was constructed using QuikChange II site-directed mutagenesis kit (QIAGEN).

The following pair of primers were used:

H231A/D233A_forward: GGAATCGCCGTAGCCAGATCTGAG

H231A/D233A_reverse: CTCAGATCTGGCTACGGCGATTCC

Reporter mutant 1: Lys8(CUU to UUU) Lys9(CUU to UUU) Gly10(GCC to CCC)

Mutant1_forward: GAAAAACATTAAAAAAGGGCCAGCGCCATTCTACCCACTCGAAG

Mutant1_reverse: GCATCTTCCATGGTGGCTTTACCAACAGTACCGGATTG

Reporter mutant 2: Ala64(UGC to CGC) Ala66(AGC to CGC) Lys68(CUU to UUU)

Mutant2_forward: TGGCGGAAGCGATGAAACGCTATGGGCTGAATACAAACCATC

Mutant2_reverse: GCCGAACGCTCATCTCGAAGTACTCGGCGTAGGTAATG

Mammalian Cell Culture, siRNA Knockdown (KD), and Plasmid Transfection
HeLa cell line was purchased from ATCC (CCL-2) and grown in DMEM (GIBCO, 11965) media supplemented with 10% FBS (GIBCO,

10438-026) and 13 Pen/Strep (GIBCO, 15140). Transfections were performed using Lipofectamine RNAiMAX (Invitrogen) for siRNA

knockdown, and Lipofectamine 2000 (Invitrogen) for plasmid transfection, respectively, following themanufacturer’s procedure. Two

synthesized duplex RNAi oligos targeting human ALKBH1 mRNA sequences were used: 50-ACAAGUACUUCUUCGGCGA-30 (392-
410 bp); 50-GCGCCGUCAUCAACGACUA-30 (566-584 bp); a scrambled duplex RNAi oligo (50-UUCUCCGAACGUGUCACGU) was

used as a negative control.

The Alkbh1 knockout MEF cell line and the control cell line as well as Alkbh1 knockout MES cell line and the control cell line were

previously reported (Ougland et al., 2012).

ALKBH1 Stable Overexpression HeLa Cell Line Construction
The plasmid for pMSCV-FLAG-HA-ALKBH1 expression was transfected into HeLa cells. The cells were selected under 1 mg/ml pu-

romycin for twoweeks. During the selection period, cells were resuspended every two days with fresh DMEMmedium supplemented

with 10% FBS and puromycin. After 7 days, the survived cells were separated as single cell in 96-well plate and subjected to puro-

mycin selection for another 7 days. The survived cells from each of the 96-well plate were collected as monoclonal ALKBH1 stable

overexpression HeLa cell lines. The expression of ALKBH1 was confirmed by using both anti-FLAG and anti-HA antibodies.

Glucose Deprivation
Cells were subjected to glucose deprivation (glucose-depleted medium supplemented with 2% FBS, 1 3 Pen/Strep, and 5 mM

glucose) for 8 hr. The cells were subsequently harvested for western blot analysis; the tRNAs were extracted from the treated cells

for LC-MS/MS analysis.

In the reporter assay, the experiments were carried out right after 8 hr of glucose starvation in ALKBH1 knockdown versus control

cells, overexpression of ALKBH1 wild-type or inactive mutant ALKBH1 (H231A/D233A) versus control cells.

tRNA Isolation
RNA species smaller than 200 nucleotides were extracted using mirVana miRNA Isolation Kit (Life Technologies). The small RNAs

were further loaded onto a 15% TBE-Urea gel and the specific tRNA bands were sliced and recovered from the gel. Streptavidin-

conjugatedM-280magnetic Dynabeads (Invitrogen) were used for specific tRNA isolation. 20 ml of RNase-free beadswere generated

according to the manufacturer’s instructions, washed once with buffer A (10 mM Tris-HCl, pH 7.5, 2 mMEDTA, 2 MNaCl), and finally

resuspended in 20 ml of buffer A. Subsequently, 200 mM of biotinylated oligonucleotides in 10 ml of water were mixed with an equal

volume of Dynabeads in buffer A and incubated at room temperature for 30 min with gentle mixing. After the incubation, the oligo-

nucleotide-coated Dynabeads were then washed for four times in buffer B (5 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 M NaCl) and equil-

ibrated in 63SSC solution (13SSC is 0.15MNaCl plus 0.015Msodium citrate, pH 7.0). The oligonucleotide-coated Dynabeads and

total tRNA in 63 SSC solutions were heated for 10 min at 75�C before they were pooled and incubated together at 75�C for another

10 min. Thereafter, the suspension was placed at room temperature for 3 hr to allow binding of the tRNAs to the cDNA strands on the

dynabeads. The oligonucleotide-coated Dynabeads were washed, in succession, three times with 33 SSC, twice with 13 SSC, and

several times with 0.13 SSC until the absorbance of the wash solution at 260 nmwas close to zero. tRNA retained on the beads was

eluted three times using RNase-free water.

Biotinylated Single-Stranded DNA Probes
DNA probes were designed to complement with the 30 gene sequences of tRNAVal(mAC), tRNAGly(GCC), tRNAHis(GUG), tRNAGlu(CUC),

tRNAGln(CUG), tRNALys(yUU), tRNATyr(GUA), tRNAAla(hGC), tRNAiMet(CAU), tRNAeMet(CAU), tRNAPhe(GAA), tRNASec(UCA), and tRNAAsn(GUU).

Probe for tRNATyr(GUA) is located in the middle of the mature tRNA. Because human and mouse share identical sequences in these

regions of the selected tRNAs, the same DNA probes were utilized for both human and mouse tRNA selection. The probes used for

tRNA selection are listed below:
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For tRNAVal(mAC) selection: (m = A,C)

50biotin-TGTTTCCGCCCGGTTTCGAACCGGGGACCTTTCGCGT

For tRNAGly(GCC) selection:

50biotin-TGCATTGGCCGGGAATCGAACCCGGGGCCTC

For tRNAHis(GUG) selection:

50-biotin-TGCCGTCACTCGGATTCGAACCGAGGTTGCTG

For tRNAGlu(CUC) selection:

50biotin-TTCCCTGACCGGGAATCGAACCCGGGCCG

For tRNAGln(CUG) selection:

50biotin-AGGTCCCACCGAGATTTGAACTCGGATCGCTGG

For tRNALys(yUU) selection: (y = C,U)

50biotin-CCAACGTGGGGCTCGAACCCACGACCCT

For tRNATyr(GUA) selection:

50biotin-CTAAGGATCTACAGTCCTCCGCTCTACCAGCT

For tRNAAla(hGC) selection: (h = A,C,U)

50biotin-TGGAGGATGCGGGCATCGATCCCGCTACC

For tRNAAsn(GUU) selection:

50biotin-CGTCCCTGGGTGGGCTCGATCCACCAACC

For tRNAiMet(CAU) (tRNAiMet) selection:

50biotin-TAGCAGAGGATGGTTTCGATCCATCA

For tRNASec(UCA) selection:

50biotin-CGCCCGAAATGGAATTGAACCACTCTGTCG

For tRNAeMet(CAU) selection:

50biotin-TGCCCCGTGTGAGGATCGAACTCACGACCT

For tRNAPhe(GAA) selection:

50biotin-TGCCGAAACCCGGGATCGAACCAGGGAC

Biochemistry Assay of ALKBH1 Activity in vitro
The demethylation activity assay was performed in standard 100 ml of reaction mixture containing ALKBH1 (2 nmol), TBE-Urea gel

purified tRNA (400 ng), KCl (100 mM), MgCl2 (2 mM), SUPERNase In (0.2 U/ml, life technology), L-ascorbic acid (2 mM), a-ketoglu-

tarate (300 mM), (NH4)2Fe(SO4)2$6H2O (150 mM), and 50 mM of MOPS buffer (pH 6.5). The reaction was incubated overnight at 16�C,
and quenched by addition of 5 mM of EDTA. 60 ml of phenol-chloroform was added to the reaction tube and mixed well (an equal

volume of phenol/CHCl3 must be always used). The water phase, which contained the RNA, was collected and subjected to ethanol

precipitation. The pellet was finally dissolved into the desired amount of water and analyzed.

Biochemical demethylation assays of ALKBH1 towardm1A andm6A in single-stranded RNA (ssRNA) and 1mA and 6mA in double-

stranded DNA (dsDNA) were conducted in 50 ml of reaction mixture containing 1 nmol ALKBH1, 100 ng probes, KCl (100mM), MgCl2
(2 mM), SUPERNase In (0.2 U/ml, life technology), L-ascorbic acid (2 mM), a-ketoglutarate (300 mM), (NH4)2Fe(SO4)2$6H2O (150 mM),

and 50 mM of MOPS buffer (pH 6.5). The reaction was incubated at 37�C for 1 hr and quenched by addition of 5 mM of EDTA. The

samples were then centrifuged at 13,000 g for 30 min. The supernatant was collected for RNA or DNA digestion prior to LC-MS/MS

analysis.

For the steady-state kinetics of the ALKBH1-catalyzed demethylation of m1A in the stem-loop structured RNA and in unstructured

RNA probes, all reactions were performed at 37�C with 50 mol% of ALKBH1 used.

For the annealing of dsDNA, the complementary strands were kept at 10 mM and heated at 95�C for 3 min before cooling down to

room temperature over 2 hr.

The sequences of the probes are listed below:

(1) 6mA-containing dsDNA oligo (#1):

50-CATGATACCTTATGGAA(6mA)AGCATGCTTGTATTT-30

30-AAATACAAGCATGCTTTTCCATAAGGTATCATG-50

(2) 1mA-containing dsDNA oligo (#2):

50-CATGATACCTTATGGAA(1mA)AGCATGCTTGATTT-30

30-AAATACAAGCATGCTTTTCCATAAGGTATCATG-50

(3) m6A-containing unstructured single-stranded RNA oligo (#3):

50-GAUGGAUCG(m6A)AACCAUCG

(4) m1A-containing unstructured single-stranded RNA oligo (#4):

50-AGUUCCGCG (m1A)AACCAUG

(5) m1A-containing unstructured single-stranded RNA oligo (#5):

50- CACGGUUCG (m1A)UUCAAAG
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(6) m1A-containing stem-loop RNA oligo 1 (TJC loop in tRNAiMet, #6):

50-GAUGGAUCG(m1A)AACCAUCG

(7) m1A-containing stem-loop RNA oligo 2 (TJC loop in tRNAHis(GUG), #7):

50-CCCGGUUCG(m1A)UUCCCGG

Quantitative Analysis of the m1A Level Using LC-MS/MS
400 ng of tRNA, purified by using TBE-Urea gel, was digested by nuclease P1 (2 U) in 30 ml of buffer containing 25 mM of NaCl, and

2.5 mM of ZnCl2 at 37
�C for 1 hr, followed by the addition of NH4HCO3 (100mM) and alkaline phosphatase (0.5 U). After an additional

incubation at 37�C for 1 hr, the solution was diluted to 100 ml, filtered through PVDF filter, and 10 ml of the solution was injected into

HPLC-QQQ-MS/MS. Nucleosides were separated by reverse-phase ultra-performance liquid chromatography on aC18 columnwith

online mass spectrometry detection using Agilent 6410 QQQ triple-quadruple LC mass spectrometer in positive electrospray ioni-

zation mode. The nucleosides were quantified using the nucleoside-to-base ion mass transitions of 282.1 to 150.0 (m1A), 268.0 to

136.0 (A), 298.1 to166.1 (m7G, extension time 0.8 min.), 258.2 to 126.1 (m3C), 258.0 to 126.0 (m5C), 245.0 to 113.1 (U), 244.0 to

112.0 (C) and 244.0 to112.0 (G). Quantification was performed by comparison with the standard curve obtained from pure nucleoside

standards running at the same batch. The ratio of m1A to the sum of A, U, G, and C was determined based on the calculated

concentrations.

Dot Blot Assay
In the dot-blot analysis, a m1A monoclonal antibody was used to measure the m1A levels in total tRNA of HeLa cells with transient

overexpression of ALKBH1 versus control (empty vector pcDNA 3.0 transfection), in total tRNA of Alkbh1�/� versus wild-type MEF

cells, and in total tRNA of HeLa cells of ALKBH1 stable overexpression versus the control. tRNA was first isolated and denatured by

heating at 95�C for 1 min, followed by chilling on ice directly. Two-fold serial dilutions were spotted on an Amersham Hybond-N+

membrane optimized for nucleic acid binding (GEHealthcare). After UV crosslinking in a Stratagene Stratalinker 2400 UVCrosslinker,

the membrane was washed by 1 3 PBST buffer, blocked with 5% of milk in 1 3 PBST, and incubated with anti-m1A monoclonal

antibody (1: 1,000; MEDICAL&BIOLOGICAL LABORATORIES CO., LTD) overnight at 4�C. After incubating with horseradish perox-

idase (HRP)-conjugated anti-mouse IgG secondary antibody, the membrane was visualized by ECL western Blotting Detection Kit

(Thermo). To ensure an equal amount of mRNAwas spotted on themembrane, the same blot was stainedwith 0.02%methylene blue

in 0.3 M sodium acetate (pH 5.2).

To test the specificity of m1A antibody (1: 1,000; MEDICAL&BIOLOGICAL LABORATORIES CO., LTD) andm6A antibody (1: 2,000),

we applied these antibodies to a synthesized oligonucleotide encoding an ACAUG sequence; the second A was in the form of

unmodified A, m6A, and m1A, respectively.

Western Blot
The expression levels of ALKBH1 and the heterodimer TRMT6/TRMT61 in HeLa cells growing at different glucose concentrations

were analyzed by western blot. HeLa cells were cultured at different glucose concentration for 8 hr before they were lysed and sub-

jected to western blot analysis. Monoclonal rabbit anti-ALKBH1 antibody (Abcam, ab128895) was applied with a dilution of 1: 1,000

for western blot. Polyclonal rabbit anti-TRMT6 antibody (Sigma, SAB2107213) and polyclonal rabbit anti-TRMT61 antibody(Sigma

SAB2700607) were both used with 1: 400 dilution. Monoclonal rabbit anti-eEF1a antibody (Abcam, ab157455) was used with 1:

1,000 dilution.

Cell Viability Assay
Cell viability was measured by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells with ALKBH1

knockdown and control cells were seeded into 96-well plate at equal quantity of 3,000 cells per well. MTT assay was conducted on

every other day till the eighth day; 20 ml of MTT solution (1mM) was added to eachwell and themixture was incubated at 37�C for 4 hr.

The solution in each well was aspirated. The resulted purple crystals were dissolved in 100 ml DMSO and subsequently transferred

into a new 96-well plate for UV-Vis measurement. The absorbance at 620 nm was recorded and plotted.

Northern Blot
In the Northern blot analysis, 1 mg of total RNA was mixed with Novex� TBE-Urea Sample Buffer (23 ) and heated at 95�C for 3 min.

Samples were chilled on ice before being subjected to a 15% TEB-Urea gel for electrophoresis separation. After electrophoresis, the

RNA was transferred to positively charged Amersham Hybond-N+ membrane and subsequently immobilized by UV-crosslinking by

using UV stratalinker 2400. Themembrane was further subjected to prehybridization with buffer containing 53SSC, 53Denhardt’s-

solution, 0.1% SDS; 100 mg/ml salmon sperm DNA for 2 hr prior to the incubation with 50-32P labeled tRNA detecting probes.

After incubation, the membrane was washed several times with washing buffer containing 2 3 SSC and 0.5% SDS. The washed

membrane was finally subjected to phosphoimager exposure.
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In order to quantify the levels of tRNAiMet, His(GUG), Gly(GCC), Val(mAC) in ALKBH1 knockdown cells versus knockdown control cells,

Alkbh1 knockout cells versus knockout control cells, total RNAs were extracted from cultured cells. 1mg of total RNAs were used

for each sample in the Northern blot analysis. 5s rRNA was used as a loading control.

In order to quantify the levels of tRNAHis(GUG) and tRNAGly(GCC) in the translational active (> 80S) and inactive component (< 80S), the

translational active and inactive components were separated using sucrose gradient. The total RNAs were extracted and then fol-

lowed the aforementioned procedure. 5s rRNA was used as a loading control.

The sequences of the northern probes are listed below:

1. For tRNAGly(GCC): 50-GCATTGGCCAGGAATCGAAGCCCGG

2. For tRNAHis(GUG): 50-TGCCGTGACTCGGATTCGAACCGA

3. For tRNAiMet:

50TGGTAGCAGAGGATGGTTTCGATCCATCGACCTCTGGGTTATGGGCCCAGCACGCTTCCGCTGCGCCACTCTGCT

4. For tRNAVal(mAC): 50-AGGCGAACGTGATAACCACTACACTACGGAAAC

5. For 5S rRNA: 50-GGCCATACCACCCTGAACGCGCCCGATC

Quantification of tRNAiMet in the Initiating Ribosome
Cells were treated with 50 mMLactimidomycin (LTM) for 30min. And then cells were harvested and lysed prior to size exclusion chro-

matography using MicroSpin S-400 HR Columns. 100 ml of cell lysate were saved as input. The collected flow-through from the size

exclusion column contains the initiating ribosomes. The total RNAs from the whole cell lysate and the initiating ribosomes were ex-

tracted for Northern blot analysis. 5s rRNA was used as the loading control.

eEF1a Immunoprecipitation
Three plates of HeLa cells were lysed and the supernatant was saved for immunoprecipitation. 50 ml of eEF1a antibody-conjugated

protein A beads were subsequently added to the supernatant and kept at 4�C overnight with rotation. On the next day, one portion of

the immunoprecipitated protein was subjected towestern blot analysis to test eEF1a pull-down specificity.�300 ng eEF1awas incu-

bated with 1 mg of tRNA purified from HeLa cells in 200 ml IPP buffer (150 mMNaCl, 0.1% NP-40, 10 mM Tris, pH 7.4, 40 U/ml RNase

inhibitor, 0.5 mM DTT) for 2 hr. The unbound tRNA was also collected from the flow-through fraction. After three times of wash with

IPP buffer, proteinase K was supplemented to the incubation pool to release the tRNAs that were bound to eEF1a. LC-MS/MS was

used to measure the level of m1A in the tRNAs in the input, flow-through, and eEF1a–bound fractions.

Measurement of the Protein Synthesis Rate
HPG (Life Technologies; 50 nM final concentration) was added to the culture medium, and incubated for 1 hr. Cells were then

removed from plates and washed twice in Ca2+- and Mg2+-free phosphate buffered saline (PBS). Cells were fixed in 0.5 ml of 1%

paraformaldehyde (Affymetrix) in PBS for 15 min on ice. Cells were washed in PBS, and permeabilized in 200 ml PBS supplemented

with 3% fetal bovine serum (Sigma) and 0.1% saponin (Sigma) for 5 min at room temperature. The azide-alkyne reaction was per-

formed with the Click-iT Cell Reaction Buffer Kit (Life Technologies) and azide-modified Alexa Fluor 488 (Life Technologies) at

5 mM final concentration. After a 30 min reaction, cells were washed twice in 3% BSA. All cells were filtered through a 40-mm cell

strainer to obtain single cell suspensions. For flow cytometric analysis, all sorted fractions were double sorted to ensure high purity.

Data were analyzed by FlowJo (Tree Star) software.

QUANTIFICATION AND STATISTICAL ANALYSIS

p values were determined using two-tailed Student’s t test for paired samples. *p < 0.05, **p < 0.01. Error bars represent mean ± SD.

n.s. means not significant.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The accession number for the high-throughput sequencing data reported in this paper is GEO: GSE65299 (see also Table S2).
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Supplemental Figures
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Figure S1. tRNAs Are Enriched in ALKBH1 CLIP Samples in Comparison to the Control, Related to Figure 1

(A) Pie chart classification of the identified RNA species in the total RNA controls and

(B) ALKBH1-CLIP samples from Figure 1A.

(C) Sequence alignment of human ALKBH1 and human methionine tRNA ligase MSE1. Highly conserved residues were shown in red text and boxed in blue;

strictly conserved residues were shown in red background. The tRNA-binding domain was depicted in black box. This figure was prepared by using ESPript

(Robert and Gouet, 2014).

(D) The amount of each nucleoside was quantified by its integrated area in the corresponding LC-MS/MS chromatogram. Them1A standard calibration curve was

obtained using five standard samples with different concentrations of pure m1A.
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Figure S2. Validation of the m1A Specific Antibody and LC-MS/MS Quantifications of Other tRNA Modifications, Related to Figure 2

(A) The in vitro demethylation by ALKBH1 in total RNA extracted from HeLa cells. Demethylation reactions were performed in the presence (depicted in gray) or

absence of EDTA (depicted in red); EDTA chelates cofactor iron and inactivates ALKBH1. The levels of m3C/G, m7G/G, and m5C/G in total tRNA were measured.

n.s. represents not significant. Error bars represent mean ± s.d., n = 8 (four biological replicates 3 two technical replicates).

(B) From left to right: dot-blot analysis of m1A levels in total tRNA of HeLa cells with transient knockdown of ALKBH1 by siALKBH1 and control siRNA; the m1A

levels in total tRNA of HeLa cells with transient overexpression of ALKBH1 versus the control (empty vector pcDNA 3.0 transfection); the m1A levels in total tRNA

of Alkbh1�/� versus wild-type MEF cells; the m1A levels in total tRNA of HeLa cells with ALKBH1 stable overexpression versus the control (empty vector).

(C) The specificities of m1A and m6A antibodies were tested against ACAUG RNA oligonucleotides; the underlined A was in the form of unmethylated A, m6A, or

m1A, respectively.

(D) The levels of m3C/G, m7G/G, andm5C/G in total tRNAwere measured in the samples of ALKBH1 knockdown, ALKBH1 overexpression, and relevant controls.

The expression changes of ALKBH1 do not appear to induce any noticeable changes on the ratios of m3C/G, m7G/G, and m5C/G in HeLa cells.

(E) The gel image of 32P-labeled total tRNA and tRNA using the tRNAHis(GUG)-specific biotinylated cDNA oligo after selection. tRNA array image showing signals in

the application of total tRNA (left), tRNAHis(GUG) after selection using the biotin-labeled DNA complementary oligo (middle), and the array layout with the probes for

tRNAHis(GUG) indicated in black squares. The result showed that the biotin-labeled DNA complementary oligo to tRNAHis(GUG) was able to specifically isolate only

tRNAHis(GUG).

(F) Neither m6A nor m1A level in rRNA was significantly perturbed by the ALKBH1 knockdown or Alkbh1 knockout.

(G) The m6A level in mRNA was not significantly perturbed by changes of ALKBH1. The m1A level in mRNA was slightly altered by changing ALKBH1.

(H) Biochemical demethylation assays of dsDNA probes containing 6mA and 1mA (#1 and #2, sequences are listed in the Supplementary Information), m6A and

m1A in linear ssRNA probes (#3, and #4), and m1A in a stem-loop structured probe (#6) using recombinant ALKBH1 in vitro. The reactions were run with 2 nmol

ALKBH1 and 100 ng of each probe at 37�C for 1 hr. The demethylation percentagemediated by ALKBH1 on the individual probe was shown. Error bars represent

mean ± s.d., n = 4 (four biological replicates).

(I) The plot of the ALKBH1-catalyzed demethylation (%) versus time (min) toward m1A in stem-loop structured RNA probes that mimic the TJC loops of tRNAiMet

and tRNAHis(GUG) and in unstructured RNA probes at pH 7.0 at 37�C. Error bars represent mean ± s.d., n = 3 (three biological replicates).

(J) The basal level of 6mA in genomic DNA from mouse embryonic stem cells (mESCs) is low. We did not observe noticeable changes of the 6mA level in the

Alkbh1 knockout mESCs compared to the wild-type control.
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Figure S3. LC-MS/MS Quantification of m1A/G in tRNAPhe(GAA), tRNASec(UCA), tRNAiMet, tRNAeMet(CAU), and the tRNA Level Changes upon

Alkbh1 Knockout or ALKBH1 Knockdown, Related to Figure 3

(A) Specific tRNAs were isolated from the Alkbh1�/� and wild-type MEF cells; the extracted tRNAs were then subjected to LC-MS/MS analysis. No significant

changes of the m1A level were observed for these tRNA species in cells with Alkbh1�/� versus the wild-type and

(B) ALKBH1 stable overexpression versus control. n.s. represents not significant. Error bars represent mean ± s.d., n = 8 (four biological replicates 3 two

technical replicates).

(C) Demethylation of m1A in tRNAiMet and tRNAeMet(CAU) extracted from HeLa cells by recombinant ALKBH1 in the presence or absence of EDTA. Error bars

represent mean ± s.d., n = 4 (four biological replicates).

(D) tRNA sequencing (DM-tRNA-seq) was performed to compare the levels of tRNAs in the ALKBH1 knockdown cells and the control cells. The levels of tRNAs in

the ALKBH1 knockdown cells were normalized to the knockdown controls; the ratios were shown in the heat map where tRNAs were grouped according to the

anticodon nucleotides.

(E) The total RNA were extracted from wild-type and Alkbh1�/�MEF cells. The levels of tRNAiMet, tRNAGly(GCC), tRNAVal(mAC), and tRNAHis(GUG) were quantified by

Northern blots using the radioactively labeled complementary oligos. Slight increases of tRNAGly(GCC), tRNAHis(GUG), and tRNAVal(mAC) were observed accom-

panied by a �1.6-fold increase of tRNAiMet in the Alkbh1�/� MEF cells in comparison to the wild-type MEF cells.

(F) The knockdown of ALKBH1 increased tRNAiMet level in the initiating ribosome as well as the cellular level of tRNAiMet compared to the knockdown control (5s

rRNAwas used as the loading control). The representative result was shown in the left panel. The level of tRNAiMet in the initiating ribosome and the relative ratios

of tRNAiMet to 5s rRNA were compared in the ALKBH1 knockdown HeLa cells (red) and control samples (gray).

(G) Polysome profiling suggests increased assembly of 80S monosomes upon ALKBH1 knockdown.
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Figure S4. Overexpression of ALKBH1 Reduces the Association of tRNAHis(GUG) and tRNAGly(GCC) with the Actively Translating Polysomes

and Affects Translation, Related to Figure 4

(A) The translation-active pool (> 80S) and translationally inactive pool (< 80S) were separated and then subjected to TBE-Urea gel separation and Northern blot.

The result revealed that ALKBH1 overexpression reduced the level of tRNAHis(GUG) and tRNAGly(GCC) in the translationally active pool. Error bars represent mean ±

s.d., n = 2 (two biological replicates).

(B) The representative images of the Northern blot analysis of the translationally active pool (> 80S) and translation-inactive pool (< 80S).

(C) The anti-eEF1a antibody can specifically pull down eEF1a from HeLa cells. Silver staining of a SDS-PAGE gel showing the purity of eEF1a in the IP fraction.

(D) Translation rates in wild-type MEF cells were measured by using flow-cytometry (FACS) analysis, after incorporation of HPG and labeling with Alexa 488

fluorophore. The same gating criteria were used to study other cells in E-G.

(E) The gating strategy is applied to Alkbh1�/� MEF cells.

(F) The gating strategy is applied to control HeLa cells.

(G) The gating strategy is applied to ALKBH1 stable overexpression HeLa cells. FSC denotes forward scatter, SSC denotes side scatter.

(H) HPG incorporation into wild-type (dark blue) and Alkbh1�/� (red) MEF cells.

(I) HPG incorporation into ALKBH1 stable overexpression (magenta) and control (gray) HeLa cells.



Figure S5. A Reporter Assay Confirming the Effect of ALKBH1-Mediated tRNA Demethylation on Translation Elongation, Related to Figure 5

(A) Scheme of the reporter assay: the RNA reporter vector encodes firefly luciferase (F-luc) as the primary reporter and Renilla luciferase (R-luc) on the same

plasmid as the internal transfection control. The codon usage effect resulted by the ALKBH1-mediated tRNA demethylationwas revealed by recording themutant

reporter protein synthesis normalized over the control reporter without mutations.

(B) Mutant reporter 1 contains three mutations, Lys8(CUU to UUU), Lys9(CUU to UUU), Gly10(GCC to CCC), and mutant reporter 2 contains three mutations,

Ala64(UGC to CGC), Ala66(AGC to CGC), Lys68(CUU to UUU), at the F-luc region (noted as mut-F-luc); both F-luc mutants led to noticeable decreases of

normalized protein synthesis (over the control reporter without mutations) in ALKBH1 knockdown cells versus control cells.

(C) Bothmutant reporters also showed increases of normalized protein synthesis (over the control reporter withoutmutations) under glucose starvation conditions

versus glucose rich conditions. The control reporter without mutations was used to normalize the translation differences between the two cells lines. Error bars

represent mean ± s.d., n = 8 (four biological replicates 3 two technical replicates).



Figure S6. Western Blot Analysis of the Protein Levels of ALKBH1, TRMT6, and TRMT61 and the Subsequently Plotted Standard Curves,

Related to Figure 6

(A) Western blot analysis of the levels of 0.3, 0.75, 1.5, and 3 mg ALKBH1.

(B) Western blot analysis of the levels of 0.5, 1, 3, and 10 mg of TRMT6.

(C) Western blot analysis of the levels of 0.5, 1, 3, and 10 mg of TRMT61. The standard curves were obtained by fitting the intensities of the individual proteins as

the function of the protein concentrations. Using these standard curves, we determined the levels of ALKBH1, TRMT6, and TRMT61 at 5, 25, and 50 mM of

glucose growth conditions. The results revealed the decreased cellular levels of ALKBH1 (�3.8, �3.2, and �1.1 mg for the amount of protein applied) with the

increase of the concentrations of glucose in the growth medium; however, the levels of TRMT6 and TRMT61 remained almost unchanged at 5, 25, and 50 mM of

glucose growth conditions (TRMT6, �9.2, �8.8, and �8.3 mg for the amount of protein applied; and TRMT61, �6.8, �6.5, and �6.6 mg for the amount of protein

applied).
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SUMMARY

Metabolic activity is intimately linked to T cell fate
and function. Using high-resolution mass spectrom-
etry, we generated dynamic metabolome and prote-
ome profiles of human primary naive T cells following
activation. We discovered critical changes in the
arginine metabolism that led to a drop in intracellular
L-arginine concentration. Elevating L-arginine levels
induced global metabolic changes including a shift
from glycolysis to oxidative phosphorylation in acti-
vated T cells and promoted the generation of central
memory-like cells endowed with higher survival ca-
pacity and, in a mouse model, anti-tumor activity.
Proteome-wide probing of structural alterations, vali-
dated by the analysis of knockout T cell clones, iden-
tified three transcriptional regulators (BAZ1B, PSIP1,
and TSN) that sensed L-arginine levels and promoted
T cell survival. Thus, intracellular L-arginine concen-
trations directly impact the metabolic fitness and
survival capacity of T cells that are crucial for anti-
tumor responses.

INTRODUCTION

Upon antigenic stimulation, antigen-specific naive T cells prolif-

erate extensively and acquire different types of effector func-

tions. To support cell growth and proliferation, activated T cells

adapt their metabolism to ensure the generation of sufficient

biomass and energy (Fox et al., 2005). Unlike quiescent T cells,

which require little nutrients and mostly use oxidative phosphor-

ylation (OXPHOS) for their energy supply, activated T cells

consume large amounts of glucose, amino acids, and fatty acids

and adjust their metabolic pathways toward increased glycolytic

and glutaminolytic activity (Blagih et al., 2015; Rolf et al., 2013;

Sinclair et al., 2013; Wang et al., 2011).

At the end of the immune response, most T cells undergo

apoptosis, while a few survive as memory T cells that confer

long-term protection (Kaech and Cui, 2012; Sallusto et al.,

2010). T cell survival is regulated by extrinsic and intrinsic

factors. Prolonged or strong stimulation of the T cell receptor

(TCR) of CD4+ and CD8+ T cells promotes ‘‘fitness’’ by

enhancing survival and responsiveness to the homeostatic cyto-

kines IL-7 and IL-15, which in turn sustain expression of anti-

apoptotic proteins (Gett et al., 2003; Schluns and Lefrançois,

2003; Surh et al., 2006). Metabolic activity is also critical to deter-

mine T cell fate and memory formation (MacIver et al., 2013;

Pearce et al., 2013; Wang and Green, 2012). For instance, tri-

glyceride synthesis is central in IL-7-mediated survival of mem-

ory CD8+ T cells (Cui et al., 2015), while increased mitochondrial

capacity endows T cells with a bioenergetic advantage for

survival and recall responses (van der Windt et al., 2012). Mito-

chondrial fatty acid oxidation is required for the generation of

memory T cells (Pearce et al., 2009), while the mammalian target

of rapamycin (mTOR), a central regulator of cell metabolism, has

been shown to control T cell memory formation (Araki et al.,

2009).

Metabolic fitness and T cell survival are particularly crucial in

anti-tumor responses because nutrients are often scarce in the

tumor microenvironment leading to T cell dysfunction (Chang

et al., 2015; Ho et al., 2015), stress, and apoptosis (Alves et al.,

2006; Maciver et al., 2008; Siska and Rathmell, 2015). Depletion

of glucosemay decrease production of interferon (IFN)-g (Chang

et al., 2013) and modulate the differentiation of regulatory T cells

(De Rosa et al., 2015). In addition, degradation of L-arginine by

myeloid-derived suppressor cells leads to reduced expression

of the CD3z chain, resulting in impaired T cell responsiveness

(Bronte and Zanovello, 2005; Rodriguez et al., 2007). L-arginine

is a versatile amino acid that serves as a building block for pro-

tein synthesis and as a precursor for multiple metabolites,

including, polyamines, and nitric oxide (NO) that have strong

immunomodulatory properties (Grohmann and Bronte, 2010).

In this study, we took advantage of recent developments

in mass spectrometry (Bensimon et al., 2012; Meissner and

Mann, 2014; Zamboni et al., 2015) to obtain dynamic prote-

ome and metabolome profiles of human primary naive T cells

following activation and found several changes in metabolic

pathways. In particular, we found that L-arginine controls
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glycolysis andmitochondrial activity and enhances T cell survival

by interaction with transcriptional regulators. Moreover, L-argi-

nine enhanced the generation of central memory-like T (Tcm)

cells with enhanced anti-tumor activity in a mouse model.

RESULTS

Proteomic and Metabolomic Changes following
Activation of Human Naive CD4+ T Cells
To investigate the metabolic adaptations underlying T cell acti-

vation, we analyzed the cellular proteome and metabolome of

human primary naive T cells using high-resolution mass spec-

trometry. Naive CD45RA+ CCR7+ CD4+ T cells were sorted up

to >98% purity from blood of healthy donors (Figure S1A) and

either analyzed immediately after sorting or at different time

points following activation with antibodies to CD3 and CD28.

After cell lysis, proteins were digested and analyzed by liquid

chromatography-coupled mass spectrometry (LC-MS) (Meiss-

ner and Mann, 2014; Nagaraj et al., 2011). In parallel, polar

metabolites were extracted from cells at each time point and

analyzed by non-targeted flow-injection metabolomics, a semi-

quantitative method that allows rapid and deep profiling of me-

tabolites, with the limitations that isobaric compounds cannot

be discriminated and of possible in-source degradation (Fuhrer

et al., 2011) (Figure 1A).

We identified a total of 9,718 proteins, quantified the abun-

dance of 7,816 at each time point, and estimated their absolute

A

B C

Figure 1. Metabolic and Proteomic

Profiling Reveals Distinct Changes in

L-Arginine Metabolism in Activated Hu-

man T Cells

(A) Schematic view of the experimental approach.

(B) Comparison of protein abundances be-

tween 72-hr-activated (CD3 + CD28 anti-

bodies) and freshly isolated non-activated hu-

man naive CD4+ T cells. Closed circles indicate

proteins that changed significantly (FDR = 0.05,

S0 = 1). Colored dots are enzymes of the argi-

nine and proline metabolism that changed

significantly.

(C) Comparison of metabolite abundances in

72 hr-activated and freshly isolated non-activated

human naive CD4+ T cells. Closed circles indi-

cate metabolites that changed significantly

(jLog2 fcj > 1, p < 0.01). Colored dots are me-

tabolites of the arginine and proline metabolism

that changed significantly. Similar changes were

observed when 72 hr-activated CD4+ T cells

were compared with naive CD4+ T cells cultured

overnight in the absence of TCR stimulation.

See also Figure S1 and Tables S1, S2, and S3.

copy numbers. Expression profiles of

characteristic T cell proteins were in

agreement with the literature and copy

numbers of stable protein complexes

had correct ratios (Figures S1B–S1G;

Table S1). Non-targeted metabolomics

led to the identification of 429 distinct

ion species, which were putatively mapped to human metabo-

lites (Table S2).

A comparative analysis of the proteome and metabolome

of 72 hr activated and non-activated naive T cells identified

2,824 proteins whose relative expression changed significantly

(Welch-test, false discovery rate [FDR] = 0.05, S0 = 1), reflecting

the fundamental morphological and functional alterations that

T cells undergo upon activation (Figure 1B; Table S3). Upregu-

lated proteins were enriched in enzymes of several metabolic

pathways, including nucleotide synthesis, folate-mediated one-

carbon metabolism, as well as arginine and proline metabolism.

Out of 429 metabolites, 49 increased significantly (Log2 fold

change [fc] > 1; p < 0.01), but only 14 were less abundant in acti-

vated T cells, of which three, arginine, ornithine, and N-acetylor-

nithine, belonged to the same metabolic pathway (Figure 1C).

Collectively, these data provide a comprehensive resource on

the dynamics occurring in the proteome and metabolome of

activated human primary naive CD4+ T cells.

Intracellular L-Arginine Is Rapidly Metabolized in
Activated T Cells
Based on the data obtained, we inspected the changes in the

arginine metabolism more closely. The decrease in intracellular

arginine occurred abruptly between 24 and 48 hr after T cell acti-

vation (Figure 2A). This finding was surprising in view of the high

concentration of L-arginine in the medium (1 mM) and of the high

uptake rate of 3H-L-arginine in activated T cells, which exceeded
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the requirement for protein synthesis by more than 2-fold (Fig-

ures 2C and 2B).

To gain insights into the metabolic fate of L-arginine, we

analyzed the activation-induced changes in metabolites and

proteins of the surrounding metabolic network (Figure 2D). While

metabolites around the urea cycle were decreased, the arginine

transporter cationic amino acid transporter 1 (CAT-1) and the

A

B

D E

C Figure 2. L-Arginine Is Rapidly Metabolized

upon Activation

(A) Intracellular abundance of L-arginine in non-

activated (non-act) and activated naive CD4+

T cells (CD3 + CD28 antibodies). Boxplot, n = 30

from three donors, each in a different color.

(B) Kinetics of 3H-L-arginine uptake during a

15-min pulse. Box plot, n = 5 from three donors.

(C) Uptake, proteome incorporation and intracel-

lular abundance of the indicated amino acids.

Barplot (left): 5 3 104 cells were activated for

4 days and consumption of amino acids from me-

dium was analyzed. Essential amino acids are in

gray; n = 4 from four donors, error bars represent

SEM. Barplot (center): proteome incorporation of

amino acids estimated from the copy numbers of

each protein. Heat map (right): intracellular amino

acid abundance relative to naive T cells over time

as determined by mass spectrometry (MS) n = 30

from three donors. Leucine and isoleucine could

not be distinguished as they have the same mass.

(D) Changes in the abundance of metabolites and

proteins of the arginine and proline metabolism

between non-activated and 72 hr-activated CD4+

T cells. Log2 fold changes of proteins and metab-

olites are color-coded. Significant changes are in

bold (FDR = 0.05, S0 = 1 for proteins; and p < 0.05

[two-tailed unpaired Student’s t test], jLog2 fcj > 1

for metabolites). Black dots are metabolites that

were not detected by MS. Only enzymes that were

detected by MS are shown.

(E) Metabolic tracing of L-arginine. Ninety-six hour-

activated T cells were pulsed with 13C6-L-arginine

and the metabolic fate was analyzed by LC-MS/

MS at different time points. AFL, apparent frac-

tional labeling; n = 4 from two donors. 13C Citrulline

was not detected. Error bars represent SEM.

For (A) and (B), upper whisker = min(max(x), Q_3 +

1.5 * IQR) and lower whisker = max(min(x), Q_1 –

1.5 * IQR).

enzymes arginase 2 (ARG2), ornithine

aminotransferase (OAT), and spermidine

synthase (SRM), which are required for

the conversion of L-arginine into ornithine,

L-proline, and spermidine, respectively,

were upregulated. These findings suggest

that L-arginine was rapidly converted into

downstream metabolites. Indeed, 13C-L-

arginine tracing experiments showed an

immediate and strong accumulation of
13C in ornithine, putrescine, agmatine,

and, to a lower extent, in spermidine

and proline (Figure 2E). Addition of the

arginase inhibitor norNOHA did not affect the conversion of

L-arginine into agmatine, but markedly reduced the conversion

into ornithine, putrescine, spermidine, and proline (Figure 2E).

This indicated that in T cells L-arginine is mainly catabolized

through arginase, likely through mitochondrial ARG2, because

the cytosolic enzyme arginase 1 (ARG1) was not detected in

T cells.
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Collectively, these data show that L-arginine is avidly taken up

by activated T cells in amounts exceeding the requirements for

protein synthesis and can be rapidly converted by metabolic

enzymes into downstream metabolites.

Elevated L-Arginine Levels Regulate Several Metabolic
Pathways
Because activated T cells showed a drop in their intracellular

arginine concentration—while all other amino acids either re-

mained steady or increased—we assessed the consequences

of increasing L-arginine availability on metabolism. We first per-

formed a kinetic metabolome analysis of naive T cells activated

in standardmedium (containing 1mML-arginine) or in medium in

which the concentration of L-arginine was increased 4-fold.

Intracellular arginine and ornithine levels were increased 1.5- to

2.5-fold at all time points in T cells activated in L-arginine-sup-

plemented medium as compared to controls (Figure 3A), while

nitric oxide, which is generated from L-arginine by nitric oxide

synthase (NOS), did not increase (Figure S2A). Notably, at late

time points after activation (72–120 hr), several other metabo-

lites, including intermediates of the urea cycle, nucleotides,

sugar derivatives, and amino acids were increased (Figure 3A).

In contrast, an increased availability of L-arginine’s downstream

metabolites L-ornithine or L-citrulline (added to the culture

medium at the same concentration as L-arginine) only had minor

effects onmetabolism (Figures 3A and S2B). These findings sug-

gest that L-arginine directly regulates several metabolic path-

ways in activated T cells.

A proteome analysis showed that the expression of 202 out of

7,243 proteins was significantly different in T cells activated in

L-arginine-supplemented medium (Table S4, ANOVA, FDR =

0.005, S0 = 5, jLog2 fcj > 1), indicating that T cells were reprog-

rammed under the influence of increased intracellular L-arginine

levels. In particular, PC, PCK2, and FBP1, which promote gluco-

neogenesis, were increased, while glucose transporters and

glycolytic enzymes were decreased (Figure 3B). Indeed, these

T cells consumed less glucose (Figure 3C), indicating that the

glycolytic flux was diminished by L-arginine supplementation.

Moreover, the serine biosynthesis pathway that branches from

glycolysis and several intermediates of the mitochondrial tricar-

boxylic acid (TCA) cycle were upregulated (Figure 3B). Consis-

tent with the fact that the TCA cycle fuels OXPHOS, L-arginine

supplementation increased oxygen consumption 1.7-fold and

augmented the mitochondrial spare respiratory capacity (SRC)

(Figures 3D–3F). Collectively, these data demonstrate that an

increase in intracellular L-arginine levels skewed the meta-

bolism in activated T cells from glycolysis toward mitochondrial

OXPHOS.

L-Arginine Influences Human T Cell Proliferation,
Differentiation, and Survival
Naive T cells start to divide after an initial period of growth that

lasts 24–40 hr. Subsequently, they divide rapidly and differen-

tiate into effector T cells that produce inflammatory cytokines,

such as IFN-g, and into memory T cells that survive through ho-

meostatic mechanisms (Schluns and Lefrançois, 2003; Surh

et al., 2006). We therefore asked whether elevated intracellular

L-arginine concentrations affect the fate of activated T cells.

Naive CD4+ T cells activated in L-arginine-supplemented me-

dium showed a slightly delayed onset of proliferation, but once

proliferation started, doubling rates were comparable to controls

(Figures S3A and S3B). The onset of proliferation was not

affected by D-arginine or by addition of L-lysine (a competitive

inhibitor of L-arginine uptake; Figure S3A) to L-arginine-supple-

mented cultures (Figure S3C). Importantly, T cells activated in

L-arginine-supplemented medium secreted much less IFN-g

than T cells cultured in control medium (Figure 4A). However,

when these cells were re-activated, they were able to secrete

IFN-g in comparable amounts (Figure 4B), indicating that

T cells primed in the presence of high L-arginine concentrations

retained the capacity to differentiate into Th1 effector cells upon

secondary stimulation. Because low production of cytokines is

characteristic of CCR7+ lymph node-homing Tcm cells (Sallusto

et al., 1999), we analyzed the expression of CCR7 on day 10 after

activation and found a higher fraction of proliferating CCR7+

T cells in L-arginine supplemented cultures than in control cul-

tures (Figure 4C). Collectively, these data indicate that increased

intracellular L-arginine levels limit T cell differentiation and main-

tain cells in a Tcm-like state.

To test whether L-arginine affects T cell survival, we activated

human naive CD4+ and CD8+ T cells, expanded them in the pres-

ence of IL-2 or IL-15, and measured their viability upon cytokine

withdrawal. Strikingly, L-arginine supplementation significantly

increased the survival of activated CD4+ and CD8+ T cells

when cultured in the absence of exogenous cytokines (Figures

4D and 4E). L-arginine was most effective when added during

the first 48 hr following T cell activation (Figure 4F). Conversely,

L-lysine or D-arginine, which both inhibit L-arginine uptake

Figure 3. L-Arginine Globally Influences Metabolism of Activated Human T Cells

(A) Human naive CD4+ T cells were activated in control medium (Ctrl) or in medium supplemented with 3 mM L-arginine (L-Arg) or 3 mM L-ornithine (L-Orn) and

harvested at different time points. The heat map shows the difference between the abundance of metabolites in T cells cultured in L-Arg or L-Orn-medium and

controls. Shown are only metabolites with a Log2 fc > 1 and an adjusted p value of < 0.05; n = 12 from two donors.

(B) Differential analysis of the glycolytic pathway between naive CD4+ T cells cultured in L-Arg medium or Ctrl medium, 96 hr after activation. Log2 fold changes

of proteins and metabolites are color-coded. Proteins or metabolites whose abundance changed significantly are in bold (for proteins FDR = 0.005, S0 = 5,

jLog2 fcj > 1 and for metabolites p < 0.05 (Student’s t test), jLog2 fcj > 1). 3-P-glycerate and 2-P-glycerate could not be distinguished as they have the samemass.

(C) Seventy-two hour-activated T cells were plated in fresh medium and glucose consumption was determined enzymatically after 24 hr; n = 9 from three donors.

Error bars represent SEM.

(D) Seahorse experiment performed with activated (96 hr) T cells from one donor. Oligomycin was injected after 56 min, FCCP after 96 min, and antimycin (to

inhibit the respiratory chain) after 136 min. Data are representative of five independent experiments with different donors; n = 4. Error bars represent SEM.

(E and F) Relative oxygen consumption rate (OCR) (E) and relative spare respiratory capacity (SRC) (F) of activated (96 hr) T cells; n = 12 from three donors. ****p <

0.0001 (Student’s t test). Error bars represent SEM.

See also Figure S2 and Table S4.
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Figure 4. L-Arginine Limits Human T Cell

Differentiation and Endows Cells with a

High Survival Capacity In Vitro

(A and B) Human naive CD4+ T cells were activated

in L-Arg medium or Ctrl medium in the presence of

10 ng/mL IL-12. IFN-g was quantified in culture

supernatants after 5 days (A) or after re-activation

for 5 hr with PMA/ionomycin (B); n = 9 from three

donors.

(C) Naive CD4+ T cells were labeled with CellTrace

Violet (CTV) and activated in L-Arg medium or

Ctrl medium. On day 10, proliferating CTVlo T cells

were stained with an antibody to CCR7 and

analyzed by flow cytometry; n = 15 from three

donors.

(D) Naive CD4+ T cells were activated for 5 days in

L-Arg or Ctrl medium in the presence of exoge-

nous IL-2, washed extensively, and cultured in Ctrl

medium in the absence of IL-2. Shown is the per-

centage of living T cells as determined by Annexin

V staining at different time points after IL-2 with-

drawal. One representative experiment out of

three performed.

(E) Same experiment as in (D). Shown is the dif-

ference of living activated CD4+ and CD8+ T cells

5 days after withdrawal of IL-2; n = 46, from 16

donors (CD4+ T cells); n = 13, from four donors

(CD8+ T cells).

(F) Difference of living activated CD4+ T cells

5 days after IL-2 withdrawal. Naive CD4+ T cells

were activated and L-Arg (3 mM) was added to the

culture medium at the indicated time points; n = 12

from four donors.

(G) Difference of living activated CD4+ T cells

5 days after IL-2 withdrawal. Naive CD4+ T cells

were activated in Ctrl medium or medium supple-

mented with the indicated metabolites (3 mM,

except for spermidine 0.1 mM). Ctrl, n = 21; D-Arg,

n = 9; L-lysine, n = 18; L-Arg-HCl, n = 10; L-Arg +

L-Lys, n = 12; L-Orn, n = 20; L-Cit, L-Pro, n = 12;

urea, creatine, agmatine, n = 6; putrescine, n = 18;

spermidine, n = 8, from at least three donors.

(H) Difference of living activated CD4+ T cells

5 days after IL-2 withdrawal. Naive CD4+ T cells

were activated in the presence or absence of

nitric oxide synthase inhibitors dimethylarginine

(DiMeArg) or L-NG-nitroarginine methyl ester

(L-NAME), both used at 1 mM. Ctrl and L-Arg,

n = 26; DiMeArg and L-NAME, n = 16; DiMeArg +

L-Arg and L-NAME + L-Arg, n = 12, from at least

three donors.

(I) Difference of living activated CD4+ T cells 5 days

after IL-2 withdrawal. Naive CD4+ T cells were

activated in absence (Ctrl) or presence of

the arginase inhibitors Nu-Hydroxy-nor-L-arginine

(norNOHA, 300 mM) or S-(2-boronoethyl)-L-

cysteine (BEC, 300 mM); n = 21, from seven

donors.

(J) Same as in (I) but cultures were performed in

medium containing 150 mM L-arginine.

(K) Effect of norNOHA and BEC on proliferation of

CTV-labeled naive T cells measured 72 hr after

activation. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001 (Student’s t test).

(A–J) Error bars represent SEM throughout.

See also Figures S3 and S4.
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(Figure S3C), decreased T cell survival significantly (Figure 4G),

indicating that reduced availability of intracellular L-arginine

negatively affects T cell survival. L-arginine’s downstream

metabolites ornithine, citrulline, proline, urea, and creatine, as

well as nitric oxide, had no effect, while agmatine, putrescine,

or spermidine decreased T cell survival (Figure 4G and 4H).

L-arginine-HCl enhanced T cell survival to a similar extent

than free base L-arginine, ruling out a possible influence of

pH. The increased T cell survival induced by elevated intracel-

lular L-arginine concentration was independent of mTOR

signaling (Araki et al., 2009), based on the finding that L-argi-

nine supplementation did not change phosphorylation levels

of two targets of mTOR (p70 S6K1 and 4E-BP) and inhibition

of mTOR by rapamycin, although enhancing T cell survival,

affected metabolism in an entirely different way than L-arginine

(Figures S4A–S4D).

To further support the notion that L-arginine regulates T cell

survival, we inhibited arginase (that converts L-arginine into

L-ornithine) with norNOHA or BEC, which increase intracellular

L-arginine levels (Monticelli et al., 2016). Inhibition of arginase

significantly increased the survival capacity of activated CD4+

T cells, even in medium containing physiological levels of L-argi-

nine (150 mM) (Figures 4I and 4J). Inhibition of arginase did not

affect proliferation (Figure 4K), indicating that polyamines can

be synthesized from other sources than L-arginine, i.e., from

L-glutamate (Wang et al., 2011), a finding that is consistent

with the experiments showing that polyamine synthesis only

partially depends on L-arginine (Figure 2E).

Collectively, these data indicate that elevated intracellular

L-arginine levels directly induced metabolic changes and

longevity of human CD4+ and CD8+ T cells, independently of

mTOR signaling or downstream metabolites.

L-Arginine Influences Mouse T Cell Survival In Vivo
To address the impact of changes in intracellular L-arginine

levels in vivo, we performed experiments in mice. Naive TCR

transgenic CD4+ T cells specific for a hemagglutinin peptide

(HA110–119) were adoptively transferred into BALB/c mice that

received daily supplements of L-arginine (1.5 mg/g body weight)

or PBS as a control. This amount of arginine doubled the daily

dietary intake present in chow. Mice were immunized with

HA110–119 in CFA and the amount of transgenic T cells in draining

lymph nodes was measured 15 days later. Three times more

CD44hi CD4+ TCR transgenic T cells were recovered in mice

fed with L-arginine compared to control mice (Figure 5A). In

control experiments, we found that 30 min after oral administra-

tion, L-arginine levels in the serum increased from �160 mM

to 700 mM (Figure S5A) and intracellular L-arginine levels of

CD44hi-activated T cells increased �2-fold (Figure S5B).

We then analyzed CD4+ and CD8+ T cells from Arg2-deficient

mice. When compared to wild-type T cells, Arg2–/– T cells

showed 20% higher baseline intracellular L-arginine levels (Fig-

ure S5C) and when stimulated in vitro with antibodies to CD3

and CD28, they survived significantly longer than wild-type

T cells after IL-2 withdrawal (Figures 5B and 5C). Moreover, acti-

vation in the presence of the arginase inhibitor norNOHA, while

increasing the survival of wild-type T cells, did not affect survival

of Arg2–/– T cells (Figures 5B and 5C), indicating that in mouse

T cells L-arginine degradation occurred mainly through ARG2.

Finally, equal numbers of congenically marked wild-type and

Arg2–/– CD8+ T cells were co-transferred into wild-type mice

that were immunized with the ovalbumin-peptide SIINFEKL

(OVA257–264) in CFA. Fifteen days after immunization, the number

of MHC-I H-2Kb haplotype (Kb)-restricted OVA257–264-specific

CD44hi CD8+ T cells was measured in lymph nodes by multimer
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Figure 5. Increased Intracellular L-Arginine

Levels Endow Mouse T Cells with a High

Survival Capacity In Vitro and In Vivo

(A) BALB/c CD90.1+ CD4+ TCR transgenic T cells

specific for the influenza HA110–119 peptide were

adoptively transferred into CD90.2+ host mice that

were then immunized subcutaneously (s.c.) with

HA110–119 in complete Freund’s adjuvant (CFA).

Mice were fed with L-arginine-HCl (1.5 mg/g body

weight) or PBS, administrated daily starting 1 day

before immunization. Fifteen days later, the

amount of CD44hi CD90.1+ CD4+ TCR transgenic

T cells in draining lymph nodes was measured by

fluorescence-activated cell sorting (FACS) anal-

ysis; n = 9 from two independent experiments.

(B and C) In vitro T cell survival experiment with

C57BL/6 wild-type (WT) or Arg2–/– T cells. Naive

CD62Lhi CD44lo CD4+ T cells and CD8+ T cells

were activated for 4 days in L-Arg or Ctrl medium

in the absence or presence of the arginase inhibitor norNOHA (500 mM). On day 2 exogenous IL-2 was added to the cultures, on day 4 cells were washed

extensively and cultured in medium without IL-2. Shown is the difference in the percentage of living CD4+ (B) and CD8+ (C) T cells relative to WT T cells as

determined by Annexin V staining 2 days after IL-2 withdrawal. WT, n = 6-19; WT norNOHA, n = 6–8; Arg2–/–, n = 4–6; Arg2–/– norNOHA, n = 4.

(D) Equal numbers of CD45.1+WT and CD45.2+ CD90.2+Arg2–/– naive CD8+ T cells were transferred into CD45.2+ CD90.1+ host mice. Mice were immunized with

the OVA257–264 peptide in CFA. Fifteen days after immunization, the amount of OVA257–264-specific CD44
hi CD8+ T cells wasmeasured in draining lymph nodes by

flow cytometry using OVA257–264/H-2Kb multimers; n = 4. One representative experiment out of two performed. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

(Student’s t test).

Error bars represent SEM throughout.

See also Figure S5.
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Figure 6. BAZ1B, PSIP1, and TSN Mediate the L-Arginine-Dependent Reprogramming of T Cells toward Increased Survival Capacity

(A) Scheme of the limited proteolysis workflow.

(B) Proteins that experience a structural change in response to 1mML-arginine but not to 1mMD-arginine or L-ornithine. Transcriptional regulators are in orange,

proteins are grouped according to their functions. Known interactions are indicated based on http://string-db.org/ and http://www.genemania.org/.

(C) Survival experiment with human CD4+ T cell clones devoid of the indicated proteins. Control (Ctrl), n = 39; Cas9-transduced control (Cas9 Ctrl),

n = 45; BAZ1B-KO, PSIP1-KO, and PTPN6-KO, n = 46, n = 9, and n = 29, respectively. Each T cell clone was analyzed in triplicate. Bars represent the

mean ± SEM.

(D) Same as in (C). Cas9 Ctrl, n = 20; TSN-KO and B2M-KO, n = 23 and n = 3, respectively.

(E) Percentage of living cells after IL-2 withdrawal of T cells cultured in Ctrl medium. Ctrl, n = 39; Cas9 Ctrl, n = 45; BAZ1B-KO, PSIP1-KO, and TSN-KO, n = 46,

n = 9, and n = 29, respectively.

(legend continued on next page)
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staining. As shown in Figure 5D, OVA-specific Arg2–/– T cells

were more numerous than OVA-specific wild-type T cells. Taken

together, these findings provide evidence that intracellular

L-arginine concentrations, which can be elevated by dietary

supplementation, can increase the survival capacity of antigen-

activated T cells in vivo.

Global Analysis of Structural Changes Identifies
Putative L-Arginine Sensors
To elucidate the mechanism by which L-arginine promotes

T cell survival, we first examined the list of differentially ex-

pressed proteins (Table S4) and found among the top hits Sir-

tuin-1, a histone deacetylase, which is known to increase the

lifespan of different organisms (Tissenbaum and Guarente,

2001). However, a role for Sirtuin-1 was excluded based on

the findings that human naive T cells activated in the presence

of the Sirtuin-1 inhibitor Ex-527 and Sirtuin-1-deficient T cells

generated using the CRISPR/Cas9 technology displayed a

L-arginine-mediated increase in survival comparable to con-

trols (Figure S6).

Given that L-arginine directly promotes T cell survival, we set

out to identify putative protein interactors that may be modified

by binding of L-arginine and initiate the pro-survival program.

For this, we probed structural changes across the T cell prote-

ome that occur in response to L-arginine following a recently

developed workflow (Feng et al., 2014) (Figure 6A). T cells

were homogenized and incubated in the absence or presence

of 1 mM L-arginine, D-arginine, or L-ornithine. Subsequently,

samples were subjected to limited proteolysis (LiP) with protein-

ase K, which preferentially cleaves flexible regions of a protein.

After denaturation and trypsin digestion, peptide mixtures were

analyzed by LC-MS. Because trypsin cleaves polypeptides

specifically after lysine or arginine, cleavages after other amino

acids were introduced by proteinase K, leading to half-tryptic

peptides. Significant changes in the abundances of half-tryptic

peptides (fc > 5, p < 0.05, > 2 peptides per protein) were used

as readout for structural changes induced by the addition of

metabolites.

Because L-arginine, but not D-arginine or L-ornithine, pro-

moted T cell survival, we searched for proteins that were exclu-

sively affected by L-arginine and were cleaved by proteinase K

at identical sites in all samples from six donors. Out of 5,856

identified proteins, only 20 candidates fulfilled these stringent

criteria (Figure 6B). These proteins differed widely in molecular

weight and abundance (Table S5), excluding a bias toward

large or abundant proteins. Most candidates were assigned

to four functional groups: mRNA splicing, DNA repair, regula-

tion of the cytoskeleton, and the ribosome, while seven were

transcriptional regulators (in orange in Figure 6B). Thus, our

global approach revealed several proteins with various func-

tions that structurally respond to elevated intracellular L-argi-

nine levels.

BAZ1B, PSIP1, and TSNAre Required for the L-Arginine-
Mediated Effect on T Cell Survival
To test whether selected candidates identified through the

structural analysis were involved in the L-arginine-mediated sur-

vival benefit, we generated gene knockout human T cell clones

using the CRISPR/Cas9 system that were screened for loss of

the corresponding protein by western blot or flow cytometry.

Knockout of PTPN6 (Shp-1) or B2M did not alter the effect of

L-arginine on T cell survival (Figures 6C and 6D), while no viable

clones were obtained after knockout of XRCC6, ACIN1, and

SSB (not shown). Strikingly, knockout of the transcriptional reg-

ulators BAZ1B, PSIP1, and TSN significantly reduced L-argi-

nine’s beneficial effect on T cell survival (Figures 6C, 6D, and

6F–6J). Importantly, when cultured in control medium prior to

the IL-2 withdrawal, T cell clones lacking these transcriptional

regulators proliferated and survived like controls (Figure 6E),

indicating that their viability was unaffected but they were un-

able to sense increased L-arginine levels and to induce the

pro-survival program. Taken together, these data provide evi-

dence that BAZ1B, PSIP1, and TSN interact with L-arginine

and play a role in the reprograming of T cells toward increased

survival capacity.

L-Arginine Improves Anti-tumor T Cell Response In Vivo
Because L-arginine increased the survival capacity of human

and mouse T cells and favored the formation of Tcm-like cells

that have been shown to be superior than effector memory

T cells (Tem) in eradicating tumors in mouse models (Klebanoff

et al., 2005), we reasoned that increased intracellular L-arginine

levels might positively affect anti-tumor T cell responses in vivo.

We stimulated naive TCR transgenic CD8+ OT-I T cells specific

for the OVA257–264 peptide in control or L-arginine-supple-

mented medium for 4 days and measured their survival in vitro

following IL-2 withdrawal and in vivo after adoptive transfer

into lymphopenic Cd3e–/– mice. Consistent with our previous

data, L-arginine endowed OT-I T cells with a higher survival ca-

pacity both in vitro and in vivo (Figures 7A and 7B). Moreover,

these T cells maintained a Tcm-like state and secreted less

IFN-g than controls after in vitro priming but upon reactivation,

they produced even more IFN-g than controls (Figures 7C–

7E). Remarkably, when adoptively transferred into wild-type

mice bearing B16 melanoma tumors expressing the OVA anti-

gen, L-arginine-treated OT-I T cells mounted a superior anti-

tumor response, as measured by the reduction of tumor size

and by the increased survival of mice (Figures 7F and 7G). Naive

OT-I T cells primed in vivo by OVA + Alum immunization of

tumor-bearing mice that were fed with L-arginine were also

superior in mediating an anti-tumor response compared to

OT-I T cells primed in mice fed with PBS (Figure 7H). Collec-

tively, these data demonstrate that elevated L-arginine levels

increased the survival capacity of CD8+ T cells and their anti-

tumor activity in vivo.

(F–I) Western blots or FACS analysis of T cell clones showing deletion of target proteins. C refers to Cas9 Ctrl clones. Unspecific bands are marked with asterisk.

An antibody to tubulin (Tub) was used as a loading control. B2M-KO was verified by staining cells with an antibody against MHC-I. *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001 (Student’s t test).

(C–E) Error bars represent SEM throughout.

See also Figure S6 and Table S5.
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DISCUSSION

Using proteomics, metabolomics, and functional approaches,

we have shown that increased L-arginine levels can exert pleio-

tropic effects on T cell activation, differentiation, and function,

ranging from increased bioenergetics and survival to in vivo

anti-tumor activity.

We found that activated T cells heavily consumeL-arginine and

rapidly convert it into downstream metabolites, which lead to a

marked decrease in intracellular levels after activation. Addition

of exogenous L-arginine to the culture medium increased intra-

cellular levels of free L-arginine and of several other metabolites

and induced a metabolic switch from glycolysis to OXPHOS,

thus counteracting the Warburg effect (Vander Heiden et al.,

2009). While the mechanism by which L-arginine induces the

broadmetabolic changes remainselusive, apossible explanation

for the switch towardOXPHOS is that increased L-arginine levels

upregulate the serine biosynthesis pathway, which has been

shown to fuel the TCA cycle and consequently OXPHOS (Posse-

mato et al., 2011). Suggestive evidence for a link between L-argi-

nine and the functionality of mitochondria has been provided by

earlier observations; L-arginine improves mitochondrial function

and reduces apoptosis of bronchial epithelial cells after injury

induced by allergic airway inflammation (Mabalirajan et al.,

2010) and had a beneficial effect for the treatment of patients

with a mitochondrial disorder (Koga et al., 2010).

A striking finding is that a 2-fold increase in intracellular L-argi-

nine concentrations induces human andmouse T cells to acquire
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Figure 7. CD8+ T Cells with Increased L-Arginine Levels Display Improved Anti-tumor Activity In Vivo

(A) Survival of activatedmouse CD8+ OT-I T cells (4 days) after IL-2 withdrawal. Data points represent the difference between the percentage of living T cells from

cultures performed in L-Arg medium or Ctrl medium; n = 11.

(B) CD90.1+ CD45.1/2+ and CD90.1+ CD45.1+ naive CD8+ OT-I T cells were activated for 4 days in Ctrl medium or L-Arg medium, respectively. Equal numbers of

the congenically marked activated OT-I cells were co-transferred into Cd3e–/– mouse and the number of living T cells was measured in pooled spleen and lymph

nodes at the indicated time points; n = 3 at each time point.

(C) Naive CD8+ OT-I T cells were activated with CD3 + CD28 antibodies in L-Arg medium or Ctrl medium. Five days after activation, the percentage of Tcm-like

cells (CD44hi, CD62L+) was measured by flow cytometry; n = 15.

(D) Naive OT-I CD8+ T cells were activated in L-Arg medium or Ctrl medium and IFN-g was quantified in culture supernatants after 5 days; n = 15.

(E) Same as in (D) but T cells were re-activated on day 5 day with PMA/Ionomycin; n = 15.

(F and G) B16.OVAmelanoma cells were injected into C57BL/6 mice and tumors were allowed to grow for 10 days. Naive OT-I CD8+ T cells were activated in vitro

in L-Argmedium or Ctrl medium and injected into tumor bearingmice. Tumor burden (F) and survival (G) were assessed over time. Data are representative of three

independent experiments, each performed with seven to nine mice per group.

(H) B16.OVAmelanoma cells were injected into C57BL/6mice and tumors were allowed to grow for 6 days. At day 6, naive CD8+ OT-I T cells were transferred into

tumor bearingmice and at day 7micewere immunizedwith OVA peptide. Starting one day before the T cell transfer, PBS or L-arginine (1.5mg/g bodyweight) was

orally administered daily; n = 19 from three independent experiments. Bars represent the SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (Student’s t test).

In (G), *p < 0.05 as determined by log-rank test comparison between curves.

Error bars represent SEM throughout.
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a Tcm-like phenotype with high expression of CCR7 and CD62L

and a decreased production of IFN-g. This may be a conse-

quence of decreased glycolysis induced by L-arginine, as previ-

ous studies demonstrated that glycolytic activity supports IFN-g

mRNA translation (Chang et al., 2013). Although we observed a

delayed onset of cell proliferation, L-arginine-treated T cells pro-

gressed through cell division in a way comparable to controls

and readily proliferated and differentiated to effector cells upon

secondary stimulation. Furthermore, inhibition of arginases in

human T cells or deletion of ARG2 in mouse T cells did not affect

cell proliferation, suggesting that the downstream fate of L-argi-

nine is less important in T cells than the levels of free L-arginine.

L-arginine may induce some of its pleiotropic effects through

interfering with arginine methyltransferases, which can affect

the functions of various proteins (Geoghegan et al., 2015).

Improved T cell survival is another striking effect induced by

elevated intracellular L-arginine levels. Having excluded a role

for L-arginine-derived nitric oxide and for themetabolic regulator

Sirtuin-1 that has been shown to increase lifespan of lower eu-

karyotes (Tissenbaum and Guarente, 2001) and reduce glyco-

lytic activity (Rodgers et al., 2005), which in T cells may enhance

memory T cell formation and anti-tumor responses (Sukumar

et al., 2013), we considered a direct effect of L-arginine on

protein functions. Metabolite-protein interactions are more

frequent than previously appreciated (Li et al., 2010), and in

some cases, such interactions may have functional conse-

quences. For instance, cholesterol binds to�250 proteins (Hulce

et al., 2013) and succinate, an intermediate of the TCA cycle, sta-

bilizes HIF-1a in macrophages, leading to increased secretion of

IL-1b (Tannahill et al., 2013). We took advantage of a novel

method that allows proteome-wide probing of metabolite-pro-

tein interactions without modifying metabolites (Feng et al.,

2014) and identified several proteins that changed their structure

in the presence of L-arginine, which were likely sensors required

to mediate the metabolic and functional response. We provide

evidence that three nuclear proteins (BAZ1B, PSIP1, and TSN)

were required in T cells for mediating L-arginine’s effect on sur-

vival. BAZ1B is a transcriptional regulator containing a PHD

domain that supposedly binds to methylated histones. PSIP1

is a transcriptional co-activator implicated in protection from

apoptosis (Ganapathy et al., 2003). Interestingly, the structural

changes induced by L-arginine affect the PHD domain of

BAZ1B and the AT-hook DNA-binding domain of PSIP1, which

may affect DNA binding and lead to the induction of the pro-sur-

vival program. Finally, TSN, a small DNA and RNA binding pro-

tein, has been implicated in DNA repair, regulation of mRNA

expression, and RNAi (Jaendling and McFarlane, 2010) and

can thus influence the cellular phenotype in various ways. The

conclusion that these three proteins are involved in the pro-sur-

vival effect mediated by L-arginine is based on the analysis of

several different knockout T cell clones. Yet, there was variability

in the response to L-arginine, which may suggest compensa-

tory mechanisms. This would be consistent with our finding

that several independent proteins can sense L-arginine and

contribute to the improved survival capacity. Future studies are

needed to clarify the mechanism of how L-arginine affects the

structure and functions of the identified sensors in vivo and

how this translates into increased survival.

While in this study we addressed the response to elevated

L-arginine levels, it is well established that T cells also sense

L-arginine depletion, as it may occur in tumor microenviron-

ments or when myeloid suppressor cells degrade L-arginine

through ARG1 (Bronte and Zanovello, 2005). We have shown

that moderately reduced uptake of L-arginine has a negative

impact on T cell survival without affecting proliferation. However,

when L-arginine was completely depleted from the culture me-

dium, T cells no longer proliferated (data not shown and Rodri-

guez et al., 2007). Lack of L-arginine in T cells can be sensed

by GCN2, leading to an amino acid starvation response (Rodri-

guez et al., 2007) and by SLC38A9, leading to inhibition of

mTOR (Rebsamen et al., 2015; Wang et al., 2015), which in

turn inhibits T cell growth and proliferation.

Our findings that T cells with increased L-arginine levels

display improved anti-tumor activity may be due to a combina-

tion of phenotypic changes, including improved survival capac-

ity, metabolic adaptations, and maintenance of a Tcm-like

phenotype. L-argininemay also impact on other cell types in vivo,

e.g., oral administration of L-arginine to healthy volunteers has

been shown to enhance the numbers and activity of natural killer

cells (Park et al., 1991). Future work is needed to address the

exact mechanism by which L-arginine acts in vivo and favors

memory T cell formation and anti-tumor responses.

Generally, metabolite levels can be influenced without genetic

manipulations, offering the possibility for therapeutic applica-

tions. The beneficial effect of L-arginine on T cell survival and

anti-tumor functionality may be exploited therapeutically, for

instance to improve adoptive T cell therapies. Additionally, our

dataset on the dynamics of the proteome and metabolome dur-

ing the T cell response constitute a framework for future studies

addressing the complex interplay between metabolism and

cellular functions.
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Human CD4-APC (clone 13B8.2) Beckman Coulter Cat#IM2468; RRID: AB_130781

Human CD45RA-PE (clone ALB11) Beckman Coulter Cat#IM1834U
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Human CD3 (clone TR66) In house Lanzavecchia and Scheidegger, 1987

Human CD28 (clone CD28.2) BD Biosciences Cat#555725; RRID: AB_396068

Human BAZ1B (WSTF) polyclonal Abcam Cat#AB50850; RRID: AB_870595
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Human 4E-BP1 Cell Signaling Cat#9644; RRID: AB_2097841

Human Phospho-4EBP1 (Thr37/46) Cell Signaling Cat#2855; RRID: AB_560835

Anti-mouse CD4, Pacific Orange (clone RM4-5) Invitrogen Cat#MCD0430

Anti-mouse CD8a, Pacific Blue (clone 53-6.7) Biolegend Cat#100725; RRID: AB_493425

Anti-mouse/human CD44, APC/Cy7 (clone IM7) Biolegend Cat#103028; RRID: AB_830785

Anti-mouse/human CD44, FITC (clone IM7) Biolegend Cat#103022; RRID: AB_493685

Anti-mouse/human CD44, APC (clone IM7) Biolegend Cat#103012; RRID: AB_312963

Anti-mouse CD62L, PE/Cy7 (clone MEL-14) Biolegend Cat#104418; RRID: AB_313103

Anti-mouse 90.1, APC/Cy7 (clone OX-7) Biolegend Cat#202520; RRID: AB_2303153

LEAF purified anti-mouse CD3ε (clone 145-2C11) Biolegend Cat#100331; RRID: AB_1877073

Purified hamster anti-mouse CD28 (clone37.51) BD Biosciences Cat#553295; RRID: AB_394764

Chemicals, Peptides, and Recombinant Proteins

L-arginine Sigma Cat#A5006

L-arginine monohydrochloride Sigma Cat#A4599

D-arginine Sigma Cat#A2646

L-Arginine-13C6 hydrochloride Sigma Cat#643440

L-[2,3,4-3H]-arginine-monohydrochloride Perkin Elmer Cat#NET1123001MC

Annexin-V-FITC Biolegend Cat#640906

Cell-Tak BD Biosciences Cat#354240

Oligomycin Sigma Cat#75351

Carbonyl cyanide-4-(trifluoromethoxy)

phenylhydrazone (FCCP)

Sigma Cat#C2920
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Recombinant human interleukin-12 Biolegend Cat#573002
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding author Antonio Lanza-

vecchia (lanzavecchia@irb.usi.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Primary T Cells
Blood from healthy male or female donors was obtained from the Swiss Blood Donation Center of Basel and Lugano, and used in

compliance with the Federal Office of Public Health (authorization no. A000197/2 to F.S).

Mice
Wild-type (WT) C57BL/6J and BALB/cmice were obtained fromHarlan (Italy).Cd3e–/– C57BL/6mice, which lack all T cells but exhibit

organized lymphoid organ structures and normal B cell development, have been described previously (Malissen et al., 1995). OT-I

Continued
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Phorbol 12-myristate 13-acetate (PMA) Sigma Cat#P1585

Ionomycin Sigma Cat#I0634

Rapamycin Sigma Cat#R8781

Proteinase K Sigma Cat#P2308

Critical Commercial Assays

Glucose (GO) Assay Kit Sigma Cat#GAGO20-1KT

Experimental Models: Cell Lines

Human: primary T lymphocytes This paper N/A

Mouse: primary T lymphocytes This paper N/A

HEK293T/17 ATCC Cat#CRL-11268

B16.OVA Matteo Bellone Bellone et al., 2000

Experimental Models: Organisms/Strains

Mouse: C57BL/6: (C57BL/6JOlaHsd) Harlan Cat#57

Mouse: BALB/c: (BALB/cOlaHsd) Harlan Cat#162

Mouse: Cd3e–/– C57BL/6 Malissen et al., 1995 N/A

Mouse: OT-I: (C57BL/6-Tg(TcraTcrb)1100Mjb/J) The Jackson Laboratory Cat#JAX003831

Mouse: Rag1–/–: (B6.129S7-Rag1tm1Mom/J) The Jackson Laboratory Cat#JAX002216

Mouse: Arg2–/–: C57BL/6 (Arg2tm1Weo/J) The Jackson Laboratory Cat#JAX020286

Mouse: Hemagglutinin (HA) TCR-transgenic (6.5)

BALB/c

Kirberg et al., 1994 N/A

Recombinant DNA

lentiCRISPR v2 Addgene Cat#52961

psPAX Addgene Cat#12260

pMD2.G Addgene Cat#12259

Sequence-Based Reagents

Short guide RNAs, see Table S6 This paper N/A

Software and Algorithms

MaxQuant Cox and Mann, 2008 http://www.coxdocs.org/doku.php?

id=maxquant:start

Perseus Cox and Mann, 2012 http://www.coxdocs.org/doku.php?id=perseus:start

Progenesis-QI Version 2.0 Nonlinear Dynamics, Waters http://www.nonlinear.com/progenesis/qi/

Proteome Discoverer 1.4 (SEQUEST HT search

engine)

Thermo Fisher https://www.thermofisher.com/order/catalog/

product/IQLAAEGABSFAKJMAUH

R environment for statistical computing N/A https://www.r-project.org/
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(JAX 003831) mice were bred and maintained on a Rag1–/– (JAX 002216) background. WT C57BL/6 mice with different CD45 and

CD90 alleles were bred in our facility, and crossed with Rag1–/– OT-I transgenic mice, to perform adoptive transfer experiments.

Arg2–/– C57BL/6 (JAX 020286) mice were kindly provided by W. Reith. Hemagglutinin (HA) TCR-transgenic (6.5) BALB/c mice (Kir-

berg et al., 1994) specific for peptide 111-119 from influenza HA were kindly provided by J. Kirberg and bred in our facility. All mice

were bred andmaintained under specific pathogen-free conditions. Animals were treated in accordance with guidelines of the Swiss

Federal Veterinary Office and experiments were approved by the Dipartimento della Sanità e Socialità of Canton Ticino.

METHOD DETAILS

Isolation of Human T Cells
Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll gradient centrifugation. CD4+ T cells were enriched with mag-

netic microbeads (Miltenyi Biotec). Naive CD4+ T cells were sorted as CD4+ CCR7+ CD45RA+ CD25– CD8– on a FACS Aria III cell

sorter (BD Biosciences). For cell staining, the following antibodies were used: anti-CD4-APC (allophycocyanin), clone 13B8.2;

anti-CD8-APC, clone B9.11; anti-CD8-FITC (fluorescein isothiocyanate), clone B9.11; anti-CD4-FITC, clone 13B8.2; anti-

CD45RA-PE (phycoerythrin), clone alb11; anti-CD25-FITC, clone B1.49.9 (all from Beckman Coulter); anti-CCR7-Brilliant Violet

421, clone G043H7 (Biolegend).

Cell Culture
Cells were cultured in RPMI-1640 medium supplemented with 2mM glutamine, 1% (v/v) non-essential amino acids, 1% (v/v) sodium

pyruvate, penicillin (50 U ml�1), streptomycin (50 mg ml�1; all from Invitrogen), and 5% (v/v) human serum (Swiss Blood Center). Hu-

man T cells were activated with plate bound anti-CD3 (5 mg/ ml, clone TR66) and anti-CD28 (1 mg/ml, clone CD28.2, BD Biosciences)

for 48 hr. Then, cells were cultured in IL-2 containing media (500 U/ml).

Metabolomics
Naive CD4+ T cells were either analyzed directly after isolation or at different time points after activation with CD3 and CD28 anti-

bodies. Cells were washed twice in 96-well plates with 75 mM ammonium carbonate at pH 7.4 and snap frozen in liquid nitrogen.

Metabolites were extracted three times with hot (> 70�C) 70% ethanol. Extracts were analyzed by flow injection – time of flight

mass spectrometry on an Agilent 6550 QTOF instrument operated in the negative mode, as described previously (Fuhrer et al.,

2011). Typically 5,000-12,000 ions with distinct mass-to-charge (m/z) ratio could be identified in each batch of samples. Ions

were putatively annotated by matching their measured mass to that of the compounds listed by the KEGG database for Homo sa-

piens, allowing a tolerance of 0.001 Da. Only deprotonated ions (without adducts) were considered in the analysis. In case of multiple

matching, such as in the case of structural isomers, all candidates were retained.

Metabolic Flux Experiments
Naive CD4+ T cells were activated and 4 days later extensively washed and pulsed with L-arginine free RPMI medium containing

1 mM [U-13C]-L-Arginine hydrochloride (Sigma). After increasing pulse-times, cells were washed and snap frozen in liquid nitrogen.

Metabolites were extracted and analyzed by HILIC LC-MS/MS.

Detection of Amino Acids and Polyamines by HILIC LC-MS/MS
Supernatants from extraction were dried at 0.12 mbar to complete dryness in a rotational vacuum concentrator setup (Christ, Oster-

ode am Harz, Germany) and dried metabolite extracts were stored at �80�C. Dry metabolite extracts were resuspended in 100 ml

water and 5 ml were injected on an Agilent HILIC Plus RRHD column (100 3 2.1mm 3 1.8 mm; Agilent, Santa Clara, CA, USA).

A gradient of mobile phase A (10 mM ammonium formate and 0.1% formic acid) and mobile phase B (acetonitrile with 0.1% formic

acid) was used as described previously (Link et al., 2015). Flow rate was held constant at 400 ml/min and metabolites were detected

on a 5500 QTRAP triple quadrupole mass spectrometer in positive MRM scan mode (SCIEX, Framingham, MA, USA).

Sample Preparation for Proteome MS Analysis
Samples were processed as described by (Hornburg et al., 2014). In brief, cell pellets were washed with PBS and lysed in 4% SDS,

10mMHEPES (pH 8), 10mMDTT. Cell pellets were heat-treated at 95�C for 10min and sonicated at 4�C for 15min (level 5, Bioruptor,

Diagenode). Alkylation was performed in the dark for 30 min by adding 55 mM iodoacetamide (IAA). Proteins were precipitated over-

night with acetone at �20�C and resuspended the next day in 8 M Urea, 10 mM HEPES (pH 8). A two-step proteolytic digestion was

performed. First, samples were digested at room temperature (RT) with LysC (1:50, w/w) for 3h. Then, they were diluted 1:5 with

50 mM ammoniumbicarbonate (pH 8) and digested with trypsin (1:50, w/w) at RT overnight. The resulting peptide mixtures were

acidified and loaded on C18 StageTips (Rappsilber et al., 2007). Peptides were eluted with 80% acetonitrile (ACN), dried using a

SpeedVac centrifuge (Eppendorf, Concentrator plus, 5305 000.304), and resuspended in 2% ACN, 0.1% trifluoroacetic acid

(TFA), and 0.5% acetic acid. For deeper proteome analysis a peptide library was built. For this, peptides from naive and activated

T cells were separated according to their isoelectric point on dried gel strips with an immobilized pH gradient (SERVA IPG BlueStrips,

3-10 / 11 cm) into 12 fractions as described by Hubner et al., 2008 (Hubner et al., 2008).
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LC-MS/MS for Analysis of Proteome
Peptides were separated on an EASY-nLC 1000 HPLC system (Thermo Fisher Scientific, Odense) coupled online to a Q Exactive

mass spectrometer via a nanoelectrospray source (Thermo Fisher Scientific)(Michalski et al., 2011). Peptides were loaded in buffer

A (0.5% formic acid) on in house packed columns (75 mm inner diameter, 50 cm length, and 1.9 mm C18 particles from Dr. Maisch

GmbH). Peptides were eluted with a non-linear 270 min gradient of 5%–60% buffer B (80% ACN, 0.5% formic acid) at a flow rate of

250 nl/min and a column temperature of 50�C. Operational parameters were real-time monitored by the SprayQC software (Schel-

tema and Mann, 2012). The Q Exactive was operated in a data dependent mode with a survey scan range of 300-1750 m/z and a

resolution of 70’000 at m/z 200. Up to 5 most abundant isotope patterns with a chargeR 2 were isolated with a 2.2 Th wide isolation

window and subjected to higher-energy C-trap dissociation (HCD) fragmentation at a normalized collision energy of 25 (Olsen et al.,

2007). Fragmentation spectra were acquired with a resolution of 17,500 at m/z 200. Dynamic exclusion of sequenced peptides was

set to 45 s to reduce the number of repeated sequences. Thresholds for the ion injection time and ion target values were set to 20 ms

and 3E6 for the survey scans and 120ms and 1E5 for theMS/MS scans, respectively. Data were acquired using the Xcalibur software

(Thermo Scientific).

Analysis of Proteomics Data
MaxQuant software (version 1.3.10.18) was used to analyze MS raw files (Cox and Mann, 2008). MS/MS spectra were searched

against the human Uniprot FASTA database (Version May 2013, 88’847 entries) and a common contaminants database (247 entries)

by the Andromeda search engine (Cox et al., 2011). Cysteine carbamidomethylation was applied as fixed and N-terminal acetylation

andmethionine oxidation as variablemodification. Enzyme specificity was set to trypsin with amaximumof 2missed cleavages and a

minimum peptide length of 7 amino acids. A false discovery rate (FDR) of 1% was required for peptides and proteins. Peptide iden-

tification was performedwith an allowed initial precursormass deviation of up to 7 ppmand an allowed fragmentmass deviation of 20

ppm. Nonlinear retention time alignment of all measured samples was performed inMaxQuant. Peptide identifications werematched

across different replicates within a timewindow of 1min of the aligned retention times. A library for ‘match between runs’ inMaxQuant

was built from additional single shot analysis at various time points aswell as fromOFF gel fractionated peptides of naive andmemory

CD4 T cells. Protein identification required at least 1 razor peptide. A minimum ratio count of 1 was required for valid quantification

events via MaxQuant’s Label Free Quantification algorithm (MaxLFQ)(Cox and Mann, 2008; Luber et al., 2010). Data were filtered for

common contaminants and peptides only identified by side modification were excluded from further analysis. In addition, it was

required to have a minimum of two valid quantifications values in at least one group of replicates. Copy numbers were estimated

based on the protein mass of cells (Wi�sniewski et al., 2012). We set the protein mass of a naive T cell to 25 pg and of an activated

T cell to 75 pg.

Limited Proteolysis and Mass Spectrometry
Naive CD4+ T cells were washed twice with PBS and homogenized on ice under non-denaturing conditions (20 mMHEPES, 150 mM

KCl and 10 mMMgCl2 [pH 7.5]) using a tissue grinder (Wheaton, Millville, NJ, NSA). Homogenates were further passed several times

through a syringe (0.45x12mm) on ice. Next, cell debris was removed by centrifugation and protein concentration of supernatants

was determined by BCA assay (BCA Protein Assay Kit, Thermo Scientific, Rockford, IL, USA). L-arginine, D-arginine or L-ornithine

was added to homogenates to a final concentration of 1 nmol per mg total protein, and incubated for 5 min at room temperature. As a

control, samples without added metabolites were processed in parallel. Then, proteinase K from Tritirachium album (Sigma) was

added at an enzyme to substrate ratio of 1:100, followed by an incubation of 5 min at room temperature. The digestion was stopped

by boiling the reactionmixture for 3min. Proteins were denatured by adding 10%sodiumdeoxycholate (DOC) solution (1:1, v/v) to the

reaction mixture, followed by a second boiling step of 3 min. Disulfide bridges were reduced with 5 mM Tris(2-carboxyethyl)phos-

phine hydrochloride (Thermo Scientific) at 37�C for 30 min and subsequently free cysteines were alkylated with 40 mM IAA at

25�C for 30 min in the dark. DOC concentration of the mixture was diluted to 1% with 0.1 M ammonium bicarbonate (AmBiC) prior

to a stepwise protein digestion with LysC (1:100, w/w) for 4 hr at 37�C and trypsin (1:100, w/w) overnight at 37�C. The resulting pep-

tide mixture was acidified to pH < 2, loaded onto Sep-Pak tC18 cartridges (Waters, Milford, MA, USA), desalted and eluted with 80%

acetonitrile. Peptide samples were dried using a vacuum centrifuge and resuspended in 0.1% formic acid for analysis by mass

spectrometry.

Peptides were separated using an online EASY-nLC 1000 HPLC system (Thermo Fisher Scientific) operated with a 50 cm long in

house packed reversed-phase analytical column (Reprosil Pur C18 Aq, Dr. Maisch, 1.9 mm) (Reprosil Pur C18 Aq, Dr. Maisch, 1.9 mm)

before being measured on a Q-Exactive Plus (QE+) mass spectrometer. A linear gradient from 5%–25% acetonitrile in 240 min at a

flowrate of 300 nl/minwas used to elute the peptides from the column. Precursor ion scansweremeasured at a resolution of 70,000 at

200m/z and 20MS/MS spectra were acquired after higher-energy collision induced dissociation (HCD) in the Orbitrap at a resolution

of 17,500 at 200 m/z per scan. The ion count threshold was set at 1,00 to trigger MS/MS, with a dynamic exclusion of 25 s. Raw data

were searched against the H. sapiens Uniprot database using SEQUEST embedded in the Proteome Discoverer software (both

Thermo Fisher Scientific). Digestion enzyme was set to trypsin, allowing up to two missed cleavages, one non-tryptic terminus

and no cleavages at KP (lysine-proline) and RP (arginine-proline) sites. Precursor and fragment mass tolerance was set at 10 ppm

and 0.02 Da, respectively. Carbamidomethylation of cysteines (+57.021 Da) was set as static modification whereas oxidation
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(+15.995 Da) of methionine was set as dynamicmodification. False discovery rate (FDR) was estimated by the Percolator (embedded

in Proteome Discoverer) and the filtering threshold was set to 1%.

Label-free quantitation was performed using the Progenesis-QI Software (Nonlinear Dynamics, Waters). Raw data files were im-

ported directly into Progenesis for analysis. MS1 feature identification was achieved by importing the filtered search results (as

described above) from Proteome Discoverer into Progenesis to map the corresponding peptides based on their m/z and retention

times. Annotated peptides were then quantified using the areas under their extracted ion chromatograms. Pairwise comparisons

were performed with the untreated (no metabolite added) sample as a reference and peptide fold changes were calculated using

three biological replicates per condition where the statistical significance was assessed with a two-tailed heteroscedastic Student’s

t test. A fold change was considered significant with an absolute change > 5 and a corresponding p value < 0.05. Only proteins with

two or more peptides changing significantly (according to the aforementioned criteria) were taken into consideration.

Quantitative Amino Acid Uptake and Calculation of Proteome Incorporation
150,000 freshly isolated naive CD4+ T cells were activated with plate bound CD3 and CD28 antibodies and cultured in the same me-

dium for four days. As a control, medium without cells was co-cultured. Then cell supernatants and control media were analyzed by

quantitative amino acid analysis (MassTrak, Waters) at the Functional Genomic Center in Zurich. Amino acid uptake was calculated

as the difference between control media and cell supernatants. At the time of the measurement, we counted on average 1 Mio cells.

We then calculated how much of each amino acid is incorporated into the proteome of 850,000 cells based on the amino acid

sequences and copy numbers of each protein. Average copy numbers from the time point 72 hr were used.

3H-Arginine Uptake Assay
Arginine uptake was measured as previously described for glutamine uptake (Carr et al., 2010). Briefly, resting or activated T cells

were resuspended at a concentration of 1.5x107 cells/ml in serum-free RPMI 1640 lacking L-arginine. 50 ml 8% sucrose/20%

perchloric acid were layered to the bottom of a 0.5 ml Eppendorf tube and 200 ml 1-bromododecane on top of it (middle layer), fol-

lowed by 50 ml L-arginine-free medium containing 1.5 mCi L-[2,3,4-3H]-arginine-monohydrochloride (Perkin Elmer). Then, 100 ml cell

suspension was added to the top layer and cells were allowed to take up radiolabeled L-arginine for 15 min at room temperature.

Cells were then spun through the bromododecane into the acid/sucrose. This stops the reaction and separates cells from unincor-

porated 3H-L-arginine. The bottom layer containing the cells was carefully removed and analyzed by liquid scintillation. As controls

cell-free media were used.

OCR Measurements
Measurements were performed using a Seahorse XF-24 extracellular flux analyzer (Seahorse Bioscience). Naive CD4+ T cells were

sorted and activated with plate-bound CD3 and CD28 antibodies in complete medium or medium supplemented with 3 mM L-argi-

nine. Four days later (in themorning), cells were pooled, carefully count and plated (73 105 cells/well) in serum-free unbufferedRPMI-

1640 medium (Sigma) onto Seahorse cell plates coated with Cell-Tak (BD Bioscience). The serum-free unbuffered medium was not

supplemented with L-arginine. Oligomycin (1.4 mM, Sigma), Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 0.6 mM,

Sigma) and antimycin (1.4 mM, Sigma) were injected.

IL-2 Withdrawal Assay
Naive CD4 T cells were activated with plate-bound CD3 and CD28 antibodies. 48 hr after activation IL-2 was added to culture media

(500 Uml�1). After a further 3 days of culturing, cells were washed, counted, and equal cell numbers were plated in medium devoid of

IL-2. The withdrawal medium was no longer supplemented with e.g., L-arginine. Cell viability was assessed with annexin V.

Cytokine Analysis
105 naive T cells were stimulated with plate bound anti-CD3 (5mg/ml�1) and anti-CD28 (1mg/ml�1) in the presence of IL-12

(10 ng/ml, R&D Systems) to polarize cells toward a Th1 phenotype. After 48 hr, cells were transferred into U-bottom plates and

IL-2 (10 ng/ml, R&D Systems) was added. Three days later, supernatants were collected and interferon-g was quantified using

FlowCytomix assays (eBioscience). Samples were analyzed on a BD LSR Fortessa FACS instrument and quantification was per-

formed with the FlowCytomix Pro 3.0 software. For re-stimulation, cells were cultured for 5 hr in the presence of 0.2 mM phorbol

12-myristate 13-acetate (PMA) and 1 mg/ml ionomycin (both from Sigma).

Glucose Consumption Assay
The amount of glucose in media was determined using the Glucose (GO) Assay Kit from Sigma. Consumption was calculated as the

difference between glucose content in reference medium (co-incubated medium without cells) and cell supernatants.

Analysis of Phosphorylation Levels of 4E-BP and S6K1
Naive CD4+ T cells were activated with plate-bound antibodies to CD3 and CD28. Four days after activation, cells were lysed and

analyzed by western blot with the following antibodies obtained from Cell Signaling Technology. Phospho-p70 S6K(Thr389)

#9205; p70 S6 Kinase #9202; Phospho-4E-BP1 (Thr37/46) #2855; 4E-BP1 #9644. Rapamycin (Sigma) was used at 100 nM.
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CRISPR/Cas9-Mediated Gene Disruption
Two to four short guide RNAs (sgRNAs) per gene (Table S6) were designed using the online tool provided by the Zhang laboratory

(http://tools.genome-engineering.org). Oligonucleotide pairs with BsmBI-compatible overhangs were annealed and cloned into the

lentiviral vector lentiCRISPR v2 (Addgene plasmid # 52961) (Sanjana et al., 2014). For virus production, HEK293T/17 cells were trans-

fected with lentiCRISPR v2, psPAX2 (Addgene # 12260) and pMD2.G (Addgene plasmid # 12259) at a 8:4:1 ratio using polyethyle-

nimine and cultured in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum (FBS), 1% sodium pyruvate,

1% non-essential amino acids, 1% kanamycin, 50 units/ml penicilin/streptomycin and 50 mM b-mercaptoethanol. The medium was

replaced 12 hr after transfection and after a further 48 hr virus was harvested from supernatant. Cell debris was removed by centri-

fugation (10 min at 2000 rpm followed) followed by ultra-centrifugation (2.5 hr at 24’000 rpm) through a sucrose cushion.

Freshly isolated naive CD4+ T cells were lentivirally transduced and activated with plate-bound CD3 and CD28 antibodies. 48 hr

after activation IL-2 was added to culture media (500 U/ml�1). 6 days after activation, cells were cultured for 2 days in medium sup-

plemented with 1 mg/ml puromycin to select for cells expressing the lentiCRISPR v2 vector. Subsequently, cells were cultured in

normal medium followed by additional two days inmedium containing puromycin for a second selection step. Then, single cell clones

were generated by limiting dilution as described in (Messi et al., 2003).

To screen for clones with disrupted target genes, individual clones were lysed with sample buffer containing 80 mM Tris (pH 6.8),

10.5% glycerol, 2% SDS and 0.00004% Bromophenol blue. Lysate of 100’000 cells was separated by SDS-PAGE followed, blotted

onto PVDF membranes and analyzed with antibodies to target proteins, Baz1B (Abcam, ab50850), PSIP1 (Bethyl, A300-848A),

DDX17 (Abcam, ab180190), PTPN6 (Santa Cruz, sc-287) or TSN (Sigma, HPA059561). As loading control membranes were reprobed

with an antibody to beta-tubulin (Sigma, T6074). To screen for clones with disrupted B2M, single cell clones were stained with an

antibody to MHC-I (eBioscience, HLA-ABC-FITC) and analyzed by flow cytometry.

Isolation and Culturing of Mouse CD8+ T Cells
Naive CD8+OT-I cells were isolated fromRag1–/– OT-I transgenic mice. Lymph nodes and spleens were harvested and homogenized

using the rubber end of a syringe and cell suspensions were filtered through a finemesh. Cells were first enriched with anti-CD8mag-

netic microbeads (CD8a, Ly-2 microbeads, mouse, Miltenyi Biotec) and then sorted on a FACSAria III Cell Sorter (BD Biosciences) to

obtain cells with a CD44lo CD62Lhi CD8+ phenotype. OT-I cells (CD90.1+) were cultured for 2 days in aCD3/aCD28 (2mg/ml) bound to

NUNC 96 well MicroWell MaxiSorp plates (Sigma-Aldrich M9410) in the presence or absence of 3 mM L-arginine in the culture

medium. On day 2 cells were transferred to U-bottom plates and cultured for 2 additional days in the presence of IL-2 (500 U/ml).

Adoptive T Cell Transfers and Survival Experiments
CD90.1+ CD45.1/2+ OT-I T cells were activated with plate-bound antibodies to CD3 and CD28 in control medium. OT-I cells with a

different congenic marker (CD90.1+ CD45.1+) were activated in L-arginine-supplemented medium. At day 4, equal cell numbers

were injected into the tail vein of Cd3e–/– host mice. To study the expansion of OT-I effector cells, host mice were sacrificed after

1, 3, 6, and 10 days post transfer and CD90.1+ OT-I T cells from lymphoid organs (spleen and lymph nodes) were enriched with

anti-CD90.1 microbeads (Miltenyi Biotec), stained and analyzed by FACS. The following monoclonal antibodies were used

a-CD8a (53-6.7), a-CD44 (IM7), a-CD62L (MEL-14), a-CD90.1 (OX-7), a-CD90.2 (30-H12), a-CD45.1 (A20), a-CD45.2 (104).

Tumor Experiments: In Vitro Activation of T Cells
B16-OVA melanoma cells were cultured in RPMI 1640 plus 10% FCS, 1% penicillin/streptomycin and 2mM glutamine. Before injec-

tion intomice, cells were trypsinized andwashed twice in PBS. Then, 5x105 cells were subcutaneously injected in the dorsal region of

WT C57BL/6 mice. Ten days post injection, 5x106 OT-I cells, that have been activated in vitro as described above, were injected into

the tail vein of tumor-bearing mice. The size of tumors was measured in a blinded fashion using calipers.

Tumor Experiments: In Vivo Priming of T Cells
B16-OVA melanoma cells were cultured and injected into WT C57BL/6 mice as described above. Five days post injection, when

tumors were very small, mice were g-irradiated (5 Gy) and 24 hr later they received 4x105 OT-I cells intravenously (i.v.). The day after

mice were immunized intraperitoneally (i.p.) with SIINFEKL peptide (OVA257-264) in Imject Alum Adjuvant (Thermo Fisher Scientific).

L-Arg (1.5 g/Kg bodyweight) or PBS, as control, was daily orally administrated, starting one day before T cell transfer and until the end

of the experiment. The size of tumors was measured in a blinded fashion using calipers.

Experiments with Arg2–/– Mouse T Cells
For in vitro experiments, 5x104 FACS-sorted naive T cells were activated with plate-bound antibodies to CD3 (2 mg/ml) and CD28

(2 mg/ml). Two days after activation, T cells were transferred into U-bottom plates and IL-2 was added to culture media. Four

days after activation, cells were washed extensively and plated in medium devoid of IL-2. Cell viability was measured two days after

IL-2 withdrawal by Annexin V staining. For in vivo experiments, 106 FACS-sorted WT CD8+ naive T cells (CD45.1+) were transferred

together with 106 FACS-sorted Arg2–/– CD8+ naive T cells (CD45.2+, CD90.2+), into slightly g-irradiated (3 Gy) WT mice (CD45.2+,

CD90.1+). The day after, hostmice were immunized subcutaneously (s.c.) withMHC class-I binding peptide SIINFEKL (Chicken Oval-

bumin, OVA, amino acids 257-264, 15 mg/mouse) emulsified in Complete Freund’s Adjuvant, CFA. CFA was prepared by adding
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4mg/ml ofM. tuberculosisH37RA (Difco) to Incomplete Freund’s Adjuvant, IFA (BDBiosciences). SIINFEKL peptide (OVA257-264) was

obtained from Servei de Proteòmica, Pompeu Fabra University, Barcelona, Spain. On day 15 post immunization, mice were eutha-

nized and draining lymph nodes were collected and analyzed by flow cytometry. Cells were counted according to the expression

of congenic markers and by gating on live CD44hi, H-2Kb/OVA257-264 multimer+, CD8+ cells. The H-2Kb/OVA257-264 multimers

were purchased from TCMetrix.

Mouse Experiments with Dietary L-Arginine
2x105 CD90.1+ CD4+HA TCR-transgenic T cells, on a BALB/c background, were adoptively transferred inWTCD90.2+ BALB/cmice.

The day after, host mice were immunized s.c. with influenza HA110-119 peptide (purchased from Anaspec) emulsified in CFA. L-Arg

(1.5 g/kg body weight) or PBS, as control, was daily orally administrated, starting 1 day before T cell transfer and until the end of the

experiment. Draining lymph nodes were analyzed on day 15 post immunization for the presence of transferred transgenic memory

CD44hi CD90.1+ CD4+ T cells. Sera were collected 30 min after oral L-arginine administration to mice and L-arginine and L-threonine

concentrations in sera were measured on a MassTrak (Waters) instrument at the functional genomics center in Zurich. To determine

intracellular L-arginine levels, activated T cells were isolated from draining lymph nodes 60 hr after activation and 30 min after the

daily L-arginine administration. Metabolites were extracted with hot 70% ethanol and analyzed by HILIC LC-MS/MS.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the exact value of n, the definition of center, dispersion and precision measures (mean ± SEM) and

statistical significance are reported in the Figures and Figure Legends. Data were judged to be statistically significant when p < 0.05

by two-tailed Student’s t test. In figures, asterisks denote statistical significance as calculated by Student’s t test (*, p < 0.05; **, p <

0.01; ***, p < 0.001; ****, p < 0.0001). Survival significance in adoptive cell transfer studies was determined by a Log-rank test. Sta-

tistical analysis was performed in R or GraphPad PRISM 6.

Proteome Data
Data analysis was performed using the Perseus software and the R statistical computing environment. Missing values were imputed

with a normal distribution of 30% in comparison to the SD of measured values and a 1.8 SD down-shift of the mean to simulate the

distribution of low signal values (Hubner et al., 2010). Statistical significance between time points was evaluated by one-way ANOVA

for each proteinGroup using a FDR of 0.1% and S0 of 2 (S0 sets a threshold for minimum fold change), unless otherwise noted (Tusher

et al., 2001). For pairwise comparison, t test statistic was applied with a permutation based FDR of 5% and S0 of 1.

Enrichment Analysis
Univariate test was performed on either all proteins or metabolites by t test with unequal variance (Welch Test). The resulting P-values

were adjusted using the Benjamini-Hochberg procedure. Enrichment analysis was performed as suggested by Subramanian et al.

(Subramanian et al., 2005). Both for metabolomics and proteomics data, we applied a permissive filtering with adj. p value less or

equal than 0.1 and absolute log2(fold-change) larger or equal than 0.5. Enrichment P-values were calculated by the Fisher’s exact

test for all incremental subsets of filtered features ranked by the p value. For the 261 pathways defined by KEGG, the lowest P-value

was retained as a reflection of the best possible enrichment given by the data independently of hard cut-offs. Eventually, enrichment

P-values were corrected for multiple testing by the Benjamini-Hochberg method. In general, enrichments with an adjusted P-value <

0.05 were considered significant. Pathway enrichments were calculated independently for proteomics and metabolomics data. For

metabolome-based enrichments, structural isomers in pathway were condensed and counted only once to account for the fact that

the employed technology cannot distinguish between metabolite with identical molecular weight.

DATA AND SOFTWARE AVAILABILITY

Themetabolomics and proteomics data are available in Tables S1 and S2. All software is freely or commercially available and is listed

in the STAR Methods.
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Supplemental Figures

Figure S1. Quality Control of the Proteome Dataset, Related to Figure 1

(A) Sorting of human naive CD4+ T cells. Shown are FACS plots of cells after enrichment with anti-CD4 magnetic beads. Cells were sorted as CD4+ CCR7+

CD45RA+ and CD8–CD25–.

(B) Expression kinetics of indicated marker proteins. Bars represent the SEM of data from different donors, n = 7 (for resting cells), n = 3 (for 12h, 72h), n = 2 (for

96h, 48h), n = 1 (for 24h). CD25 and CD8 were not identified in resting cells. After activation, expression of CD25 increased whereas CD8 was never detected.

(C) Identified protein groups per condition. Taking all conditions together, a total of 9,718 proteins were identified. Per condition two numbers are indicated; the

higher number indicates the total identifications and the lower number themean of the single shots. Samples in blue weremeasured on a different instrument than

samples in black. L-arg refers to 3 mM L-arginine.

(D) Relative protein abundance over time shown as a heat map. Log2 fold changes (FC) are relative to naive resting T cells. The marker for proliferating cells Ki-67

increased abruptly after 48h, when cells started to proliferate. CD40L expression increased immediately after activation and then decreased to initial levels. A

similar expression pattern was observed for CD69, which inhibits egress from lymph nodes (Shiow et al., 2006). The expression of integrins a4 and b7 increased at

later time points.

(E) Copy numbers of individual subunits of well-characterized protein complexes were plotted against each other. As the Sec23 subfamily includes Sec23A and

Sec23B, their copy numbers were added up. The same was done for the subfamily members of Sec24 (A-D).

(F) Copy numbers of components of the nuclear pore complex (NPC). The stoichiometry of subunits measured using targeted quantitative proteomics (Ori et al.,

2013) is indicated on the graph in red. Shown are copy numbers measured in naive resting T cells from seven donors.

(G) Same as in (F) but shown are copy numbers measured from activated cells (72h). n = 3 from three donors. Note that the numbers of Nup107 increased from

11,464 ± 1620 to 53,091 ± 1471. (A and E–G) Error bars represent SEM throughout.
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Figure S2. Impact of L-citrulline on Metabolism, Related to Figure 3

(A) Human naive CD4+ T cells were activated in normal medium or in L-Argmedium. Nitric oxide formationwasmeasured using DAF-FMdiacetate at different time

points.

(B) T cells were activated in control medium (Ctrl, containing 1mM L-arginine), or in medium supplemented with 3mM L-arginine (L-Arg) or 3mM L-citrulline (L-Cit)

and harvested at different time points. The heatmap shows the difference in the abundance of metabolites in T cells cultured in L-Arg- or L-Cit-medium compared

to controls. Shown are only metabolites with a log2 fold change > 1 and an adjusted p value of < 0.05. n = 6 from one donor.
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Figure S3. L-Arginine Delays the Onset of Proliferation, Related to Figure 4

(A) Kinetics of T cell proliferation. Human naive CD4+ T cells were labeledwith CellTraceViolet (CTV) and activated in Ctrl medium or in L-Argmedium or inmedium

supplemented with 3 mM D-arginine or 3 mM L-arginine together with 3 mM L-lysine. Cell divisions were monitored at 48h and 72h by flow cytometry.

(B) CTV-labeledCD4+ T cells were activated in normal medium or L-Argmedium and the dilution of CTVwasmeasured over time by flow cytometry. n = 5 from two

donors.

(C) 3H-L-arginine uptake by 3 day-activated CD4+ T cells during a 15min pulse. Where indicated, 3mML-arginine, D-arginine or L-lysine was added to the culture

medium as a competitive uptake inhibitor. n = 7 for control, n = 9 for L-Arg, n = 5 for D-Arg, and n = 9 for L-Lys. Error bars represent SEM throughout.



Figure S4. L-Arginine Increases the Survival of Activated T Cells Independent of mTOR Signaling, Related to Figure 4

(A) Human naive CD4+ T cells were activated for 4 days, lysed and the phosphorylation levels of S6K1 (pThr389) and 4E-BP (pThr37/46) were analyzed by western

blot. Rapamycin inhibited the phosphorylation of the mTOR targets, while DMSO or supplementation of the culture medium with 3 mM L-arginine had no effect.

T cells hardly proliferated upon activation in culture medium containing no or 20 mM L-lysine and therefore phosphorylation of the target proteins could not be

assessed.

(B) T cell survival experiment. Human naive CD4+ T cells were activated in Ctrl medium or inmedium containing 100 nM rapamycin. On day 5, cells werewashed to

withdraw IL-2 and cell survival was measured at different time points.

(C) Same as in (B) but cell survival was only measured 5 days after IL-2 withdrawal. n = 7 from seven donors. Boxplot. Same as in Figures 2A and 2B.

(D) Metabolic profiling of CD4+ T cells activated inmedium containing 100 nM rapamycin. The heat map shows the difference of metabolite abundances between

rapamycin-treated cells and controls. n = 10 from two donors.
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Figure S5. Oral Administration of L-Arginine Increases L-Arginine Levels in Mouse Sera and T Cells, Related to Figure 5

(A) BALB/c mice were administered L-arginine (1.5 mg/g body weight) and sera were collected after 30 min. L-arginine and, as a control, L-threonine con-

centrations were analyzed on a MassTrak amino acid analyzer. n = 4.

(B) BALB/c mice were immunized with ovalbumin in CFA. Sixty hours later, activated T cells from draining lymph nodes were enriched using magnetic beads

coated with antibodies to CD44. Metabolites were extracted using hot 70% ethanol and L-arginine and L-glutamine levels (as an internal standard) were

measured using LC-MS/MS. Shown is the ratio between L-arginine and L-glutamine intensities. n = 14.

(C) Intracellular L-arginine levels of wild-type and Arg2–/–CD4+ and CD8+ T cells 4 days after activation. n = 3. For statistical tests, a two-tailed unpaired Student’s

t test was used throughout, n.s. non significant; *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001. Error bars represent SEM throughout.
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Figure S6. L-arginine Upregulates Sirtuin-1, Related to Figure 6

(A) Copy numbers of Sirtuin-1 (SIRT1) as determined by quantitative MS in human naive CD4+ T cells activated in normal medium or L-Arg-medium. n = 3 from

three donors.

(B) T cell survival experiment. The Sirtuin-1 inhibitor Ex-527 was added at the time point of activation at a concentration of 5 mM. n = 16 from four donors.

(C) T cell survival experiments with clones expressing Cas9 only, or clones devoid of Sirtuin-1. n = 16 from 6 clones. Right panel: western blot of two different

Sirtuin-1 knockout clones generated with different sgRNAs. * unspecific band. For statistical tests, a two-tailed unpaired Student’s t test was used throughout,

n.s. non significant; *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001. (B and C) Error bars represent SEM throughout.
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SUMMARY

Glucagon and thyroid hormone (T3) exhibit therapeu-
tic potential for metabolic disease but also exhibit
undesired effects. We achieved synergistic effects
of these two hormones and mitigation of their
adverse effects by engineering chemical conjugates
enabling delivery of both activities within one pre-
cisely targeted molecule. Coordinated glucagon
and T3 actions synergize to correct hyperlipidemia,
steatohepatitis, atherosclerosis, glucose intoler-
ance, and obesity in metabolically compromised
mice. We demonstrate that each hormonal constitu-
ent mutually enriches cellular processes in hepa-
tocytes and adipocytes via enhanced hepatic
cholesterol metabolism and white fat browning. Syn-

chronized signaling driven by glucagon and T3 recip-
rocallyminimizes the inherent harmful effects of each
hormone. Liver-directed T3 action offsets the diabe-
togenic liability of glucagon, and glucagon-mediated
delivery spares the cardiovascular system from
adverse T3 action. Our findings support the thera-
peutic utility of integrating these hormones into a
single molecular entity that offers unique potential
for treatment of obesity, type 2 diabetes, and cardio-
vascular disease.

INTRODUCTION

Dyslipidemia, including hypercholesterolemia and hypertrigly-

ceridemia, represents a hallmark of the metabolic syndrome

and triggers a host of obesity-associated comorbidities. Liver
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and adipose tissues orchestrate systemic lipid homeostasis, and

reciprocal dysfunction in these organs propels a vicious cycle of

metabolic derangements. Hepatic steatosis is a key pathogenic

factor in hepatic insulin resistance and non-alcoholic fatty liver

disease (NAFLD), and perturbed cholesterol handling acceler-

ates atherosclerosis, thus positioning dyslipidemia at the inter-

face of type 2 diabetes (T2D) and coronary heart disease (CHD).

Inhibiting hepatic cholesterol synthesis via statins provides

clinically relevant reductions in circulating cholesterol and pro-

portionally lowers CHD risk (Nicholls et al., 2011). However, a

considerable number of patients still fail to meet target reduc-

tions in cholesterol, and a significant limitation of statin therapy

is its near exclusive focus on cholesterol lowering with no benefit

to glycemic control or body weight (Diamond and Ravnskov,

2015). Therefore, a pharmacological agent that lowers choles-

terol, triglycerides, glucose, hepatic fat, and body weight would

offer a transformative advancement for treatment of the meta-

bolic syndrome that should decrease mortality risk from cardio-

vascular events.

Thyroid hormones powerfully influence systemic metabolism

through multiple pathways, with profound effects on energy

expenditure, fat oxidation, and cholesterol metabolism (Mullur

et al., 2014). However, adverse side effects of thyroid hormone

treatment include increased heart rate, cardiac hypertrophy,

muscle wasting, and reduced bone density (Ochs et al., 2008).

Discovery of thyromimetics capable of separating lipid meta-

bolismbenefits fromadverse cardiovascular effects has remained

adesire. This guidedattempts to rationally design smallmolecules

with selective preference for thyroid hormone receptor beta (TRb)

to treat dyslipidemia without inducing cardiac damage (Grover

et al., 2003). Second generation thyromimetics sought isoform

specificity and tissue-specific function by derivatization with

chemical moieties to promote tissue selectivity. These liver-tar-

geted thyromimetics initially showedpromisingpre-clinical effects

on handling hepatic lipids and atherogenic lipoproteins. No loss in

bodyweighthasbeenachievedas theirmechanismof liver-target-

ing precludes lipolytic effects in adipose tissue (Baxter andWebb,

2009). Therefore, selective but broadened thyroid hormone action

that includes liver and adipose depots, yet spares the cardiovas-

cular system, could offer comprehensive metabolic benefit.

Glucagon also offers many benefits for metabolic diseases in-

dependent from its glycemic effects, including lowering lipids in

circulation and in the liver (Habegger et al., 2010). The benefits of

glucagon action are not solely constrained to the liver as adipose

tissue is a secondary target organ for glucagon action to pro-

mote lipolysis and energy expenditure through thermogenic

mechanisms (Habegger et al., 2010). These coordinated actions

demonstrate the validity of glucagon-based agonists as an anti-

obesity therapy, but only if the inherent diabetogenic liability can

be properly controlled (Habegger et al., 2013). We have shown

that the hyperglycemic propensity of unopposed glucagon ac-

tion can be effectively counterbalanced by incorporating incretin

peptide activity into a glucagon-based single peptide, includ-

ing unimolecular mixed agonists with glucagon-like peptide-1

(GLP-1) (Day et al., 2009) and/or glucose-dependent insulino-

tropic polypeptide (GIP) (Finan et al., 2013, 2015).

Here, we envisioned that we could turbo-charge the liver-

mediated lipid-lowering properties of glucagon, as well as the

adipose-mediated thermogenic properties of glucagon, by

introducing thyroid hormone activity into a single molecule,

glucagon-based mixed agonist. We envisioned that this

approach could also unleash the therapeutic utility of thyroid

hormone by selectively targeting its action profile to liver and

adipose tissue with a glucagon shuttle. Our vision gained mo-

mentum when we recently succeeded with an approach that

allowed us to selectively, efficiently, and safely target estrogen

action to the hypothalamus and pancreas usingGLP-1 as a shut-

tle (Finan et al., 2012; Tiano et al., 2015; Schwenk et al., 2015).

We have expanded that technology to include other hormonal

combinations. Here, we report glucagon-mediated selective de-

livery of thyroid hormone to the liver results in coordinated ac-

tions that synergize to correct hyperlipidemia, reverse hepatic

steatosis, and lower body weight through liver- and fat-specific

mechanisms. Importantly, the liver-directed thyroid hormone ac-

tion overrides the diabetogenic liability of local glucagon action

resulting in a net improvement of glycemic control, while

glucagon-mediated delivery spares adverse action of thyroid

hormone, notably on the cardiovascular system.

RESULTS

Generation of Glucagon and Thyroid Hormone
Conjugates
We rationally designed a series of unimolecular conjugates of

glucagon and thyroid hormone. We used a 40-mer glucagon

analog that we rendered resistant to dipeptidyl peptidase IV
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degradation and C-terminally extended by 11 residues as the

peptide backbone to make conjugates of glucagon and T3 (Fig-

ure S1A). This 40-mer glucagon analog, herein referred to as just

glucagon, has a comparable in vitro activity profile at GcgR as

native glucagon (Figure S1B). We constructed three different

glucagon/thyroid hormone conjugates. Two of these conjugates

include themost bioactive formof thyroid hormone, 3,30,5-triiodo-
thyronine (T3). In the first conjugate, herein referred to as

‘‘glucagon/T3,’’ the T3 moiety is covalently attached to the side

chain amine of the C-terminal lysine through a gamma glutamic

acid (gGlu) spacer added to the carboxylate of T3 (Figures 1A

and S1C). In the second conjugate, the amine of T3 is covalently

linked to the peptide through a succinate spacer at this terminal

lysine (Figure S1D). The molecular orientation of the T3 is inverted

relative to the first conjugate (glucagon/T3) and is herein referred to

as ‘‘glucagon/iT3.’’ For the third conjugate, 3,3,50-triiodothyronine
was used, otherwise called reverse T3 (rT3), an inactivemetabolite

of thyroid hormone. The rT3 was coupled to glucagon with the

same linker chemistry as used with glucagon/T3 to generate the

conjugate referred to as ‘‘glucagon/rT3’’ (Figure S1E). Mass spec-

tral analysis for each compound is presented in Figures S2A–S2D.

The three different conjugates have similar activity as the parent

peptide at GcgR (Figure S2E) yet only glucagon/T3 elicited tran-

scriptional activity of a thyroid hormone response element in

Figure 1. Glucagon/T3 Improves Dyslipidemia and Ameliorates Atherosclerosis in Western Diet-Fed Mice

(A) Sequence and structure of glucagon/T3.

(B–I) Effects on (B) levels of hepatic T3, plasma levels of (C) total cholesterol, (D) cholesterol bound to different lipoprotein fractions, (E) triglycerides, (F) hepatic

cholesterol, (G) liver H&E staining and steatosis score, (H) hepatic mRNA profile, and (I) plasma levels of FGF21 from HFHCD-fed male C57Bl6j mice following

daily s.c. injections of vehicle (black), a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at a dose of 100 nmol kg�1 for 14 days (n = 8).

(J–N) Effects on (J) hepatic levels of T3, plasma levels of (K) total cholesterol, (L) cholesterol bound to different lipoprotein fractions, (M) percentage of oil-red

O-positive area per total area in the aortic root, and (N) representative images of oil-red O staining of aortic root sections from HFHCD-fed LDLR�/� male mice

following daily s.c. injections of vehicle (black), a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at a dose of 100 nmol kg�1 for 14 days (n = 8).

*p < 0.05, **p < 0.01, and ***p < 0.001 comparing effects following compound injections to vehicle injections. All data are presented as mean ± SEM.

See also Figures S1, S2, S3, and S4.
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HepG2 cells that express GcgR (Figure S2F). This is presumably

through hydrolysis in the gGlu spacer to release T3, which is not

evident with glucagon/iT3 (Figure S2G). Importantly, glucagon/T3
remains intact with nearly no detectable degradation in the pres-

ence of human plasma at 37�C for up to 24 hr (Figures S2H–S2J).

Glucagon/T3 Synergistically Improves Hepatic
Cholesterol and Lipid Handling
To determine whether glucagon-mediated delivery of T3 can

reverse dyslipidemia and hepatic steatosis in metabolically

compromisedmice,weadministered theglucagon/T3conjugates,

along with mono-agonist controls, to mice maintained on a high-

fat, high-cholesterol diet (HFHCD). After chronic treatment, the

amount of T3 observed in the liver increased following treatment

with glucagon/T3 and matches that observed with T3 mono-ther-

apy (Figure 1B). Liquid chromatography-mass spectrometry

(LC-MS) was used to quantify the amount of T3 that accumulated

in the liver after chronic treatment, thus it is confirmed that native

T3 is released from the conjugate. Glucagon/T3 lowered levels of

total plasma cholesterol in a dose-dependent manner with an

onset as early as 4 days of treatment (Figure S3A). At the highest

dose and similar to T3, glucagon/T3 reduced circulating levels of

total cholesterol (Figures 1C and S3A) and the fraction of choles-

terol bound to both low-density lipoproteins (LDL) and high-den-

sity lipoproteins (HDL) (Figure 1D). Glucagon/T3 reduced circu-

lating levels of triglycerides to a similar extent as the glucagon

analog (Figure 1E). Glucagon/T3 lowered hepatic cholesterol con-

tent (Figure 1F) and hepatocellular vacuolation (Figure 1G)

compared to vehicle controls. Plasma levels of alanine amino-

transferase (ALT) and aspartate aminotransferase (AST) (Fig-

ure S3D), urea nitrogen (Figure S3E), and creatinine (Figure S3F)

were unchanged. Plasma levels of ketone bodies (Figure S3G)

and citrate synthase activity (Figure S3H) were elevated with

glucagon/T3 treatment. These beneficial effects of glucagon/T3
on dyslipidemia were similar to the effects observed after equi-

molar co-administration of glucagon and T3 (Figures 1C–1E,

S4A, and S4B), demonstrating that both constituent actions are

responsible for the combined effects on lipids of the conjugate.

The cholesterol lowering effect, which is mostly attributable to T3
action, was not evident after treatment with glucagon/iT3 or

glucagon/rT3 (Figures S4A and S4B). This demonstrates that the

specific form of thyroid hormone and its molecular orientation

are vital for eliciting the coordinated hormonal actions. The effect

to lower plasma cholesterol is greater than the effect observed

with equimolar treatment of two thyromimetics (GC-1 and

KB-2115) selective for TRbwhereas the effects on plasma triglyc-

erides are comparable (Figures S4C and S4D). We therefore

exclusively used glucagon/T3 as the conjugate for preclinical

assessment of coordinated glucagon and T3 action in vivo.

We analyzed the livers from these mice for genes involved

in cholesterol and lipid metabolism (Figures 1H and S3I).

Glucagon/T3 increased the expression of key genes involved in

cholesterol metabolism and uptake, fatty acid oxidation, and tri-

glyceride cycling. Glucagon/T3 also increasedmRNA expression

and plasma levels of fibroblast growth factor 21 (FGF21; Figures

1H and 1I). These changes in lipid metabolism gene programs

reflect integrated hormonal actions that resulted in decreased

levels of cholesterol and lipids in circulation and in the liver.

Glucagon/T3 Improves Lipid Handling and Ameliorates
Atherosclerosis in Ldlr�/� Mice
To test in a murine model that more closely resembles human

physiology of exaggerated dyslipidemia and to parse out choles-

terol-lowering mechanisms, we used low-density lipoprotein re-

ceptor knockout mice (Ldlr�/�). Both the hepatic accumulation

of T3 (Figure 1J) and lowered plasma cholesterol following

glucagon/T3 treatmentwas confirmed in Ldlr�/�mice (Figure 1K).

The conjugate primarily lowered cholesterol stored in the very

low-density lipoprotein (VLDL) and LDL fractions without influ-

encing HDL levels (Figure 1L). Beyond the translational rele-

vance, this finding indicates that complementary mechanisms

independent of LDLR-mediated uptake contribute to the overall

efficacy in cholesterol-lowering.

Because Ldlr�/�mice display atherosclerotic plaque develop-

ment and aortic lesions similar to human pathophysiology, we

explored whether glucagon/T3 can reverse atherosclerotic pla-

que formation in Ldlr�/� mice. In this restorative treatment

paradigm, 2 weeks of treatment with glucagon/T3 reduced

atherosclerotic plaque size and lesion coverage at the aortic

root compared to vehicle-treated controls (Figures 1M and

1N). Our results demonstrate that glucagon/T3 improves lipid

metabolism to an extent that leads to the regression of estab-

lished atherosclerosis.

Glucagon Drives the Pharmacokinetics of Glucagon/T3

and Predominantly Traffics to the Liver
To determine if the covalent attachment of T3 to glucagon alters

the pharmacokinetics of the parent molecules, we measured the

plasma half-life of the administered compounds following a sin-

gle bolus subcutaneous (s.c.) injection to lean rats. The pharma-

cokinetic profile of glucagon/T3 more closely resembles the pro-

file of the glucagon analog as opposed to native T3 (Figure S5A).

Therefore, altered pharmacokinetics are not contributing to the

enhanced pharmacodynamics delivered by glucagon/T3.

To determine the tissue selectivity of glucagon/T3, we labeled

glucagon/T3 with the fluorescent probe on the peptide back-

bone. The labeling of glucagon/T3 (herein called glucagon*/T3)

did not influence in vitro GcgR activity (glucagon/T3 EC50 =

0.050 nM and glucagon*/T3 EC50 = 0.058 nM), or serum half-

life (Figure S5B). Plasma level of glucagon*/T3 peaked within

3 hr and was cleared by the kidneys within 24 hr (Figure S5C).

Whereas the dye control is rapidly cleared from the liver,

glucagon*/T3 presence in the liver persisted and maintained an

elevated signal even after it was completely cleared from plasma

and urine (Figures 2A and 2B). We observed that glucagon*/T3
preferentially targets the liver (Figure S5D), and substantially

lesser signals were detected in the pancreas, inguinal fat, and

heart. This tissue accumulation pattern largely overlaps with

the mRNA profile of mouse Gcgr (Figure S5E). Cumulatively,

glucagon is the dominant constituent that determines exposure

and biodistribution, with liver as the predominant site of action.

Lipid Handling Benefits Are Co-mediated by GcgR and
TRb and Independent from FGF21
To exclude off-target effects and examine the contribution of

each component to the lipid lowering effects, we administered

glucagon/T3 to global GcgR knockout mice (Gcgr�/� mice) as
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well as to liver-specific TRb knockout mice (liver-specific

Thrb�/�). Levels of T3 in the livers of Gcgr�/� mice were

not increased relative to wild-type counterparts following

glucagon/T3 treatment (Figure 2C). The effects to lower choles-

terol and triglycerides were absent in Gcgr�/� mice (Figure 2D–

2E) and liver-specific Thrb�/� mice (Figure 2F–2G) compared

to wild-type mice. The absence of such effects in both knockout

lines demonstrates the target specificity and liver preference of

glucagon/T3 to govern the effects on cholesterol and triglyceride

metabolism. Further, glucagon activity is essential for sufficient

T3 delivery and TRb is responsible for coordinating improved

lipid handling.

Hepatic action of FGF21 works to improve lipid metabolism

in rodents (Fisher et al., 2011) and this bioactivity translates

to humans (Gaich et al., 2013; Talukdar et al., 2016). Given

that glucagon/T3 stimulated a robust expression and induction

of FGF21 (Figures 1H and 1I) that was silenced in GcgR�/�

mice (Figure 2H), we studied the contribution of FGF21 to

Figure 2. Hepatic Transcript Signature and Hepatic Lipid Improvements of Glucagon/T3 Require GcgR and THRb but Not FGF21

(A and B) Epifluorescent signal (A) and quantified average radiant efficiency (B) in livers over time following a single s.c. injection of vehicle, unconjugated dye

control, or fluorescently labeled glucagon/T3 (glucagon*/T3) at a dose of 100 nmol kg�1 in lean, chow-fed C57Bl6j mice.

(C–E and H) Effects on (C) hepatic levels of T3, plasma levels of (D) total cholesterol and (E) triglycerides, and (H) relative expression fgf21 in livers fromHFHSD-fed

global GcgR�/� male mice following daily s.c. injections of vehicle or glucagon/T3 at a dose of 100 nmol kg�1 for 7 days (n = 7–9).

(F and G) Effects on plasma levels of (F) total cholesterol and (G) triglycerides from HFHCD-fed Alf-THRb�/� male mice following daily s.c. injections of vehicle or

glucagon/T3 at a dose of 100 nmol kg�1 for 7 days (n = 5–7).

(I and J) Effects on plasma levels of (I) total cholesterol and (J) triglycerides fromHFHSD-fed global FGF21�/�male mice following daily s.c. injections of vehicle or

glucagon/T3 at a dose of 100 nmol kg�1 for 7 days (n = 8).

(K–N) RNA-seq analysis of livers from HFHCD-fed C57BL/6j male mice (n = 4) following 14 days of treatment with vehicle, a glucagon analog, T3, co-adminis-

tration of the glucagon analog and T3, and the glucagon/T3 conjugate. (K) Overlap of genes significantly regulated (>2-fold change) by the different treatment

groups compared to vehicle controls. (L) Top pathways enriched in the liver by treatment with glucagon/T3 with associated –log10 p values (right graph) for all

(blue) and uniquely (green) regulated by glucagon/T3. Each dot displays one significant regulated gene/transcript mapped to the pathway shownwith color codes

for up- (red) and downregulation (blue). (M) Comparison of themagnitude of the fold change in transcription between similar genes regulated by both T3 alone and

glucagon/T3. (N) Magnitude of the fold change in transcription between targets that are regulated in the same direction by co-administration compared to

glucagon/T3. To detect for synergistic like effects, we calculated a synergy score (SS) (see the STAR Methods details) for each expressed transcript and found

208 synergistic targets. For each target the log2FC for treatment with glucagon + T3 co-admin and glucagon/T3 is shown.

*p < 0.05, **p < 0.01, and ***p < 0.001 comparing effects following compound injections to vehicle injections within each genotype. All data are presented as

mean ± SEM.

See also Figure S5.
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the metabolic benefits delivered by glucagon/T3 using germ-

line FGF21 knockout (Fgf21�/�) mice. The lipid-lowering ef-

fects of glucagon/T3 do not appear to be facilitated through

FGF21 as plasma levels of cholesterol and triglycerides

were decreased by glucagon/T3 in Fgf21�/� mice (Figures 2I

and 2J).

Glucagon-Targeted T3 Adjusts Hepatic Gene Programs
More Efficiently Than Individual Agonists
RNA sequencing (RNA-seq) of livers revealed that glucagon/T3
regulated the expression of 956 genes with at least a 2-fold

change compared to vehicle (Figure 2K). Mapping identified

‘‘steroid hormone biosynthesis’’ and ‘‘metabolic pathways’’ as

two functional patterns that were differentially regulated in the

livers of glucagon/T3-treated mice relative to vehicle (Figure 2L).

The subcategories of ‘‘metabolic pathways’’ that were enriched

included many specific gene programs involved in lipid and

carbohydrate metabolism (Figure 2L). Our analysis of the tran-

scriptomic response also uncovered 359 genes that were regu-

lated by T3 alone and 242 genes that only responded to

glucagon (Figure 2K). A total of 577 genes were similarly regu-

lated by glucagon/T3 and the co-administration of glucagon

and T3 (Figure 2K). This substantial overlap demonstrates that

both glucagon-sensitive and T3-sensitive signaling events are

being engaged in the liver by the glucagon/T3 conjugate. The

magnitude of the regulation of those T3-sensitive genes (that

are those 359 targets identified above as T3-sensitive) was

stronger with the conjugate compared to T3 alone (Figure 2M).

Indeed, we observe that the conjugate synergistically regulates

gene expression of targets that are modulated by both co-

administration and the conjugate (Figure 2N). To quantify this,

we applied a synergy score (see the STAR Methods) on just

those targets that are regulated in the same direction by the

conjugate and co-administration. This independent analysis

shows that for those 208 genes, the magnitude of regulation

is conspicuously greater with the conjugate than with glucagon

and T3 co-administration, supporting the notion that cumulative

targeting may translate to enhanced therapeutic impact. Inter-

estingly, 272 genes were uniquely regulated by glucagon/T3,

but did not respond to single or co-administration of glucagon

and T3 (Figure 2K), suggesting that novel signaling cues are be-

ing engaged. Sub-analysis of these uniquely regulated 272

genes largely recapitulated the pathways enriched in the 956

genes differentially expressed by glucagon/T3, and no new

pathways were enriched within this select pool of transcripts

(Figure 2L).

Glucagon/T3 Improves Liver Health in Mouse Model of
Nonalcoholic Steatohepatitis
Because glucagon/T3 substantially improved hepatic fat content

in mice fed HFHCD, we next explored if the conjugate

could ameliorate signs of steatohepatitis in a rodent model of

NAFLD-induced nonalcoholic steatohepatitis (NASH) and meta-

bolic syndrome. Mice maintained on a choline-deficient, high-fat

diet (CD-HFD) for 6 months, which has been shown to be suffi-

cient time to develop hallmark signs of human NASH (Wolf

et al., 2014), were treated with glucagon/T3 for 3 weeks.

Glucagon/T3 normalized serum levels of cholesterol (Figure 3A),

lowered triglycerides (Figure 3B), improved blood glucose (Fig-

ure 3C), and reduced body weight (Figure 3D) without affecting

blood parameters or blood immune cells (Table S1) relative to

vehicle-treated controls. Glucagon/T3 treatment resulted in a

substantial lowering of serum ALT concentrations (Figure 3E),

suggesting an improvement in liver damage, which was

confirmed by macroscopic and histological analysis (Figure 3F).

H&E staining and Sudan red staining of liver sections illustrated

decreased steatosis by glucagon/T3, including a reduction in

the overall area covered by Sudan red positive lipid droplets,

ballooned hepatocytes, and satellitosis (Figures 3F and 3G).

Although only relatively mild pericellular fibrosis was observed

in livers of vehicle-treated mice, virtually no signs of fibrosis

were observed in livers from mice treated with glucagon/T3
(Figure 3F).

Glucagon/T3 Lowers Body Weight By Increasing Energy
Expenditure
Because both glucagon (Habegger et al., 2013) and T3 (Silva,

2006) have been reported to increase energy expenditure and

decrease body fat, we explored the weight-lowering capacity

of glucagon/T3 in diet-induced obese (DIO) mice maintained on

a high-fat, high-sugar diet (HFHSD). Glucagon/T3 dose-depen-

dently lowered body weight (Figure S3B). At a dose that is

sub-threshold for glucagon or T3 to lower body weight, a 10%

absolute decrease from baseline was observed after a week of

treatment with glucagon/T3 (Figure 4A). At a dose with minimal

effects on body weight, glucagon/T3 lowered cholesterol (Fig-

ure S3A), thus demonstrating weight-independent effects on

plasma lipids. Neither of the other conjugates or co-administra-

tion lowered body weight to the samemagnitude as glucagon/T3
(Figures S4E and S4F). The loss of body weight caused by

glucagon/T3 was due to a loss of fat mass, not lean mass (Fig-

ure 4B). Food intake was increased by systemic T3 treatment

and co-administration, recapitulating the hyperphagia associ-

ated with hyperthyroidism (Kong et al., 2004), yet was not

increased by glucagon/T3 (Figures 4C, S4G, and S4H). Despite

the difference in energy intake, T3, glucagon/T3, and the physical

mixture of glucagon and T3 substantially increased whole-body

energy expenditure (Figures 4D, S4I, and S4J). However, the

hyperphagia following treatment with T3 compensated for

increased energy expenditure, while glucagon/T3 drove a nega-

tive energy balance resulting in a loss of body fat. Whereas sys-

temic T3 significantly increased ambulatory activity and rectal

temperature, which paralleled the observed increase in energy

expenditure, the conjugate did not cause an increase in either

measure (Figures 4E and 4F). This again is decidedly different

from their co-administration (Figures S4K and S4L). Glucagon/

T3 decreased the respiratory exchange ratio (RER) without

altering food intake (Figure 4G), demonstrating that glucagon/

T3 shifted nutrient partitioning to promote fat utilization. Co-

administration as well as the two thyromimetics also decreased

RER (Figures S4M and S4N), but co-administration concomi-

tantly increased food intake.

Similar to the lack of cholesterol and triglyceride lowering ef-

fects observed in Gcgr�/� mice, the effects of glucagon/T3 to

lower body weight (Figure 4H), enhance energy expenditure (Fig-

ure 4I), and promote fat utilization (Figure 4J) were likewise
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absent in Gcgr�/� mice. Here, in the absence of the GcgR

cellular gateway, the covalent attachment of T3 to glucagon inac-

tivates thyroid hormone pharmacology and enhanced metabolic

efficacy is not observed.

Glucagon/T3 Induces the Browning of Inguinal White Fat
Based on the indirect calorimetry results, the low level of traf-

ficking to inguinal white adipose tissue (iWAT) (Figure S5D) and

the presence of GcgR in white adipose tissue (WAT) (Burcelin

et al., 1995), albeit at a level that is fractional compared to the

liver (Figures S5E), we next tested the in vivo effects of

glucagon/T3 on iWAT and thermogenesis. Although the levels

of T3 residing in iWAT are below the limits of detection in a basal

state, chronic treatment with glucagon/T3 delivered a detectable

amount of T3 in iWAT, as did treatment with T3 (Figure 5A). The

conjugate increased themultilocular nature of iWAT and reduced

adipocyte size to a similar extent as systemic T3 whereas

glucagon alone had negligible effects at this dose (Figure 5B).

Much like T3 itself, glucagon/T3 turned on thermogenic gene pro-

grams in iWAT (Figure 5C) and triggered an increase of uncou-

pling protein-1 (UCP-1) immunoreactivity in iWAT (Figure 5D).

However, the effects of glucagon/T3 to induce UCP-1 are of

lesser magnitude than T3 itself. Glucagon/T3 had minimal effects

on gene profile changes in brown adipose tissue (BAT) (data not

shown), which is consistent with reports of a lack of direct ther-

mogenic effects on BAT by pharmacological glucagon (Dicker

et al., 1998) and thyromimetics (Lin et al., 2015).

To test whether the observed iWAT browning and beige fat

thermogenesis is dispensable for the effects on body and energy

expenditure driven by glucagon/T3, we tested the conjugate in

Ucp1 knockout mice (Ucp1�/�). The body weight lowering of

glucagon/T3 was blunted, but not completely silenced in

Ucp1�/� mice compared to wild-type controls (Figure 5E). Like-

wise, the magnitude of the shift in RER (Figure 5F) and the in-

crease in energy expenditure (Figure 5G) induced by glucagon/

T3 were diminished in Ucp1�/� mice compared to wild-type

mice. This attenuation shows UCP1-dependency yet indicates

that other mechanisms contribute additional benefits.

Hepatic action of glucagon/T3 results in an increase in FGF21,

which may convey some of benefits on energy metabolism. To

determine the FGF21 contribution, we tested the glucagon/T3
conjugate in Ffg21�/� mice. Like Ucp1�/� mice, the body weight

lowering potency of glucagon/T3 was diminished, but not

completely lost in Fgf21�/� mice relative to wild-type controls

(Figure 5H). The decreased RER appears magnified in Fgf21�/�

mice compared to wild-type controls (Figure 5I) yet the increase

Figure 3. Glucagon/T3 Improves Symptoms Associated with NAFLD-Induced NASH

Effects on serum levels of (A) cholesterol and (B) triglycerides, (C) ad libitum fed blood glucose, (D) body weight change, (E) change in serum ALT levels, (F) liver

histology and diagnostic staining, and (G) Sudan red-positive area of liver sections from CD-HFD-fed male C57Bl6j mice following daily s.c. injections of vehicle

(black) or glucagon/T3 (blue) at a dose of 100 nmol kg�1 for 21 days (n = 5). Arrows indicate positive trichrome staining of collagen indicative of fibrosis.

*p < 0.05 and ***p < 0.001 comparing effects following compound injections to vehicle injections. All data are presented as mean ± SEM.

See also Table S1.
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in energy expenditure observed in wild-type mice is not as pro-

nounced in Fgf21�/� mice (Figure 5J).

Concurrent T3 Activity Neutralizes the Diabetogenic
Action Profile of Glucagon
The therapeutic utility glucagon for chronically treating obesity is

compromised by its promotion of hepatic glucose production.

Therefore, we tested whether targeted T3 action could coun-

teract the adverse effects of glucagon on glycemic control in

DIO mice. The addition of the T3 moiety to glucagon dampened

acute hyperglycemia (Figure 6A), improved acute glucose

tolerance (Figure 6B), and dose-dependently prevented the

development of glucose intolerance or hyperglycemia after

chronic treatment (Figures 6C and S3C), which were evident

with glucagon treatment alone. Chronic treatment with the ancil-

lary glucagon and T3 combination therapies all resulted in

improved glycemia relative to vehicle controls as well, yet

glucagon/T3 outperformed all of these treatments (Figures S4O

and S4P). The improved glucose tolerance after chronic treat-

ment with glucagon/T3 was lost in Gcgr�/� mice, liver-specific

Thrb�/� mice, and Fgf21�/� mice (Figures S6A–S6C) yet pre-

served in Ucp1�/� mice (Figure S6D). Glucagon/T3 improved in-

sulin sensitivity (Figure 6D) and lowered plasma levels of insulin

(Figure 6E). We used a pyruvate tolerance test as an indirect

measure of hepatic glucose output. Glucagon worsened pyru-

vate tolerance whereas T3 substantially improved the effect.

The attached T3 moiety on glucagon/T3 was capable of

completely offsetting the gluconeogenic effects of glucagon

(Figure 6F). Furthermore, the attached T3 moiety, but not as a

co-administration, prevented the glucagon-mediated increase

in RER, thus limiting the shift to more carbohydrate utilization

that is evident with the glucagon alone (Figures 6G and S4Q).

This appears to be a direct result of the incorporated T3 action

to lessen the surge in hepatic glucose production combined

with increased fatty acid utilization induced by the glucagon

component, as evident by the acute decrease in circulating

free fatty acids induced by glucagon alone and glucagon/T3
(Figure 6H).

Both gluconeogenic gene programs and glycolytic gene pro-

grams were increased by glucagon/T3 in the liver (Figure 6I).

These opposing forces suggest glucose futile cycling is

involved. The gluconeogenic actions of glucagon are partly

governed by engaging the peroxisome proliferator receptor

gamma coactivator-1 (PGC-1) axis (Herzig et al., 2001), acting

Figure 4. Glucagon/T3 Increases Energy Expenditure and Lowers Body Weight in DIO Mice

(A–G) Effects on (A) body weight change, (B) body composition, (C) cumulative food intake, (D) longitudinal energy expenditure, (E) cumulative locomotor activity,

(F) rectal temperature, and (G) average diurnal RER from HFHSD-fed male C57Bl6j mice following daily s.c. injections of vehicle (black), a glucagon analog (teal),

T3 (gray), or glucagon/T3 (blue) at a dose of 100 nmol kg�1 for 7 days (n = 8).

(H–J) Effects on (H) body weight change, (I) longitudinal energy expenditure, and (J) average diurnal RER fromHFHSD-fed global GcgR�/�male mice or wild-type

controls following daily s.c. injections of vehicle or glucagon/T3 at a dose of 100 nmol kg�1 for 7 days (n = 7–9).

*p < 0.05, **p < 0.01, and ***p < 0.001 comparing effects following compound injections to vehicle injections within comparable genotypes. All data are presented

as mean ± SEM.

See also Figures S3 and S4.
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to increase PGC-1a levels and repress PGC-1b levels. Herein,

we show that concurrent T3 action within the glucagon/T3 con-

jugate mitigates the glucagon-mediated increase in Pgc1a

mRNA levels and simultaneously prevents the glucagon-medi-

ated suppression of Pgc1b mRNA levels (Figure 6J). Both

glucagon and glucagon/T3 increase the phosphorylation of pro-

tein kinase A (PKA) in livers of acutely treated mice to a compa-

rable level whereas T3 alone has no influence (Figure 6K). CREB

is intermediary to PKA and the PGC-1 axis and governs the

transcription of Pgc1a, the PGC-1 member responsible for pro-

moting gluconeogenic machinery (Herzig et al., 2001). Interest-

ingly, we see that glucagon-mediated phosphorylation of CREB

was reduced with glucagon/T3 as well as with co-administration

compared to glucagon alone (Figures 6K and S6E). This indi-

cates that concomitant T3 action blunts distal glucagon

signaling and aligns with the dampened Pgc1a mRNA levels,

whereas proximal glucagon signaling is unaltered by the pres-

ence of T3.

Glucagon-Mediated T3 Delivery Prevents
Cardiovascular and Bone Thyrotoxicity
The therapeutic use of T3 in obesity is undermined by deleterious

effects on the cardiovascular system. Because of these con-

cerns, as well as a low level of heart targeting that was detected

by glucagon-mediated delivery (Figure S5D), we assessed the

impact of glucagon/T3 on cardiac hypertrophy in DIO mice after

chronic treatment (all echocardiography parameters in Table

S2). High-dose T3 mono-therapy reduced heart rate (Figure 7A)

and increased respiration rate (Figure 7B), whereas glucagon/

T3 had no effect on either parameter. At a lower dose that still

provides lipid improvements without body weight improvements

(Figures S3A and S3B), T3 elevated heart rate (Figure S7A) and

Figure 5. Glucagon/T3 Induces Browning of iWAT and Full Weight-Lowering Efficacy Depends on UCP-1- and FGF21-Mediated

Thermogenesis
(A–D) Effects on (A) levels of iWAT T3, (B) iWAT H&E staining, (C) iWATmRNA expression of select targets, and (D) UCP-1 immunoreactivity in iWAT from HFHCD-

fed male C57Bl6j mice following daily s.c. injections of vehicle, a glucagon analog, T3, or glucagon/T3 at a dose of 100 nmol kg�1 for 14 days (n = 8).

(E–G) Effects on (E) bodyweight change, (F) average diurnal RER, and (G) longitudinal energy expenditure fromHFHSD-fed globalUcp1�/�malemice orwild-type

controls maintained at 30�C following daily s.c. injections of vehicle or glucagon/T3 at a dose of 100 nmol kg�1 for 7 days (n = 4–7).

(H–J) Effects on (H) body weight change, (I) average diurnal RER, and (J) longitudinal energy expenditure fromHFHSD-fed global Fgf21�/�male mice or wild-type

controls following daily s.c. injections of vehicle or glucagon/T3 at a dose of 100 nmol kg�1 for 7 days (n = 4–8).

*p < 0.05, **p < 0.01, and ***p < 0.001 comparing effects following compound injections to vehicle injections. #p < 0.05, ##p < 0.01, and ###p < 0.001 comparing

effects between genotypes following compound injections. All data are presented as mean ± SEM.

See also Figures S3 and S4.
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increased heart size (Figure S7B) relative to vehicle controls

whereas glucagon/T3 did not impact either measure. T3 also

reduced fraction shortening (Figure 7C) and ejection fraction

(Figure 7D). Once again, the conjugate had no apparent effect

on cardiac performance (Figures 7C and 7D). T3 mono-therapy,

but not glucagon/T3, increased the tibia length-corrected heart

weight (Figure 7E). The cardiac hypertrophy observedwith T3 co-

incides with increased diastolic and systolic left ventricular wall

thickness (Figures 7F and 7G), and planar cross-sectional area

(Figure 7H), pathological processes that do not occur with

glucagon/T3 treatment. T3 increased the expression of T3-sensi-

tive genes (Figure S7C) and hypertrophic gene markers (Fig-

ure S7D) in the whole heart, which were not regulated by

glucagon/T3. T3-treated mice displayed marked histopatholog-

ical features of thyrotoxic cardiomyopathy, including larger

cardiomyocytes, increased fat deposition, and infiltration of

fibroblast and inflammatory cell into interstitial tissue (Figure 7H).

Marked cell death was detectable in the hearts of T3-treated

mice, including both single cell necrosis as well as larger infarc-

tion. None of these manifestations of thyrotoxicity were detect-

able following treatment with the glucagon/T3 conjugate at the

same molar dose.

We also examined the effects of the conjugate on hypotha-

lamic-pituitary-thyroid (HPT) feedback regulation. T3 but not

the conjugate increased circulating levels of T3 (Figure S7E).

Circulating levels of thyroxine were further reduced by T3 than

by glucagon/T3 (Figure S7F). Despite these changes, serum

levels of thyroid-stimulating hormone (TSH) (Figure S7G) and hy-

pothalamic expression of thyroid releasing hormone (Trh) (Fig-

ure S7H) were not affected by any treatment in this setting.

Figure 6. The T3 Action of Glucagon/T3 Overpowers the Hyperglycemic Effects of Glucagon

(A) Effects on 6-hr fasted blood glucose through 120 min and ad libitum-fed blood glucose at 16 hr from HFHSD-fed male C57Bl6j mice following a single s.c.

injection of vehicle (black), a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at a dose of 100 nmol kg�1 (n = 8).

(B–F) Effects on (B) acute (6 hr after therapy) and (C) chronic (after 7 days of therapy) intraperitoneal glucose tolerance (1.5 g kg�1), (D) intraperitoneal insulin

tolerance (0.75 IU kg�1), (E) plasma levels of insulin, and (F) intraperitoneal pyruvate tolerance (1.5 g kg�1) at the indicated days from HFHSD-fed male C57Bl6j

mice following daily s.c. injections of vehicle (black), a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at a dose of 100 nmol kg�1 (n = 8).

(G) Acute effects on RER from HFHSD-fed male C57Bl6j mice immediately following a s.c. injection of vehicle (black), a glucagon analog (teal), T3 (gray), or

glucagon/T3 (blue) at a dose of 100 nmol kg�1 (n = 8).

(H) Effects on plasma levels of free fatty acids from HFHSD-fed male C57Bl6j mice following a single s.c. injection of vehicle (black), a glucagon analog (teal), T3
(gray), or glucagon/T3 (blue) at a dose of 100 nmol kg�1 (n = 8).

(I and J) Effects on hepatic mRNA expression of (I) select targets indicative of glucose metabolism and (J) the PGC-1 axis from HFHCD-fed male C57Bl6j mice

following daily s.c. injections of vehicle (black), a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at a dose of 100 nmol kg�1 for 14 days (n = 8).

(K) Acute effects on levels of phosphorylated PKA andCREB normalized to GAPDH in livers of lean C57Bl6j mice 15min following a s.c. injection of vehicle (black),

a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at a dose of 100 nmol kg�1 (n = 8).

*p < 0.05, **p < 0.01, and ***p < 0.001 comparing effects following compound injections to vehicle injections. #p < 0.05, ##p < 0.01, and ###p < 0.001 comparing

effects between glucagon and glucagon/T3 injections. All data are presented as mean ± SEM.

See also Figures S3, S4, and S6.
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Because some thyromimetics can negatively impact bone

metabolism, we examined the effects on bone density in lean

mice following chronic treatment with T3 and glucagon/T3. At a

dose of glucagon/T3 that achieves both body weight lowering

and lipid lowering advantages (Figures S3A–S3C), glucagon/T3
did not affect bone volume (Figures 7I and 7J) or markers of

bone turnover (Figures S7I and S7J). T3, however, substantially

reduced bone volume (Figures 7I and 7J). Like measures on car-

diac performance and HPT regulation, the diminished of effects

on bone turnover observed with glucagon/T3 demonstrates that

we have improved the therapeutic window of T3 through its co-

valent attachment to glucagon and the subsequent preferential

delivery to the liver.

DISCUSSION

The beneficial functions of thyroid hormone on systemic meta-

bolism are largely aligned with chronic actions of glucagon on

lipid metabolism and body weight. Here, we show that by using

glucagon as a targeting ligand, unbiased thyroid hormone action

can be selectively guided to the liver and adipose depots, where

synergistic benefits on lipid metabolism and adiposity are un-

leashed. Importantly, we can uncouple these metabolic benefits

from deleterious effects on the cardiovascular system and bone

turnover that would otherwise arise from systemic thyroid hor-

mone action. Furthermore, the liver-specific effects of thyroid

hormone action counteract the diabetogenic effects of glucagon

action, completing mutual cancellation of the inherent limitations

of each hormone.

Individual TR and GcgR activation in the liver favorably influ-

ence lipid homeostasis by both overlapping and independent

mechanisms (Habegger et al., 2010; Sinha et al., 2014). We

show that glucagon and T3 signaling pathways converge to

reverse hypercholesterolemia through pleotropic mechanisms.

The observed synergism and reciprocal regulation of certain

gene targets offer clues to molecular underpinnings that could

be mediating many of the responses. Glucagon/T3 increased

the expression of Ldlr, demonstrating that conventional choles-

terol uptake mechanisms are being engaged and aligned with

classical actions of glucagon on hepatic cholesterol metabolism.

However, the preserved efficacy in Ldlr�/� mice suggests non-

traditional mechanisms for cholesterol reabsorption by the

liver are contributing to the observed effects, which overlaps

with studies of T3 in Ldlr�/� mice (Lin et al., 2012). The fact that

we find less cholesterol deposited in the liver yet increased

markers of conventional and reverse cholesterol uptake sug-

gests that we are stimulating localized conversion to bile acids.

Additionally, coordinated glucagon and T3 signaling results in

increased induction of fgf21 in the liver and elevated FGF21

presence in circulation, which itself has many pharmacological

benefits on lipid and energy metabolism (Kharitonenkov and

Adams, 2013). Glucagon and T3 independently complement

FGF21 action and many of their actions on systemic metabolism

require FGF21 (Habegger et al., 2013; Domouzoglou et al.,

2014).

Glucagon and thyroid hormone have individually been shown

to have beneficial effects on hepatic triglyceride metabolism (Si-

nha et al., 2012; Penhos et al., 1966). We show that glucagon-

mediated targeting of T3 effectively removes fat deposition in

the liver more potently than either agent alone without worsening

insulin sensitivity or promoting hyperthermia in mice fed obeso-

genic diets. In addition, glucagon/T3 therapy improved liver func-

tion, steatosis, and the mild fibrosis evident in mice fed a diet

prone to inducing NASH. These effects are analogous to a

Figure 7. Glucagon/T3 Is Devoid of Adverse Effects on Cardiac Function and Bone Health

(A–H) Effects on (A) heart rate, (B) respiration rate, (C) fraction shortening, (D) ejection fraction, (E) heart weight to tibia length ratio, left ventricular internal diameter

at the end of (F) diastole and (G) systole, and (H) H&E staining of heart cross sections from HFHSD-fed male C57Bl6j mice following daily s.c. injections of vehicle

(black), a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at a dose of 100 nmol kg�1 (n = 8) for 28 days.

(I and J) Effects on (I) bone volume and (J) representative 3D reconstructions of lumbar vertebrae L5 from lean C57Bl6j mice following a s.c. injection of vehicle

(black), a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at a dose of 25 nmol kg�1 for 14 days (n = 8).

*p < 0.05, **p < 0.01, and ***p < 0.001 comparing effects following compound injections to vehicle injections. All data are presented as mean ± SEM.

See also Figure S7 and Table S2.

Cell 167, 843–857, October 20, 2016 853



liver-targeted chemical uncoupler that showed beneficial results

in rodent models of NAFLD (Perry et al., 2013). The secondary ef-

fects of glucagon/T3 on adipose tissue and the associated

modest weight-lowering efficacy will only further support allevi-

ating disease symptoms of NASH, as our preliminary data

demonstrate. We speculate that a glucagon/T3 co-agonist could

have a future application in NASH, a disease for which an effec-

tive treatment is currently lacking (Schwenger and Allard, 2014).

Coordinated thyroid hormone action at the liver is appropri-

ately positioned to counteract the hyperglycemic effects of

glucagon by a mechanism different from what we achieved pre-

viously with integrated GLP-1 action (Day et al., 2009; Finan

et al., 2015). Much of the glucagon-opposing actions of GLP-1

on glycemia are mediated through effects in other tissues,

notably in the pancreas and central nervous system. Here, we

direct T3 as a specific pharmacological agent to the liver in order

to directly counteract the localized glucose production induced

by glucagon. The addition of thyroid hormone action lessens

the acute rise in blood glucose that is otherwise seen with unop-

posed glucagon administration and improves glucose utilization

after glucose, insulin, and pyruvate challenges that are ordinarily

deteriorated after chronic glucagon treatment. These disparate

effects on hepatic glucose metabolism appear to be partly gov-

erned by influencing the PGC-1 axis through differential down-

stream signaling from GcgR, which may also contribute to the

observed benefits on hepatic lipid oxidation as our transcrip-

tional data suggest (Finck and Kelly, 2006; Lin et al., 2005).

The weight loss following glucagon/T3 therapy is due to

increased energy expenditure, some of which is mediated via

lipolytic mechanisms and the recruitment of thermogenesis-

capable adipocytes in iWAT. Both glucagon and T3 have individ-

ually been reported to increase UCP1 activity in vivo (Bianco and

Silva, 1987; Billington et al., 1991), and here we demonstrate that

the conjugate induces browning of iWAT analogous to thyromi-

metics (Lin et al., 2015). Our data indicates that a percentage

of the T3 that normally accesses iWAT following systemic T3
administration is being targeted to iWAT by glucagon/T3. The

blunted weight-lowering effect of the conjugate in Ucp1�/�

mice underscores that the increased energy expenditure

induced by glucagon/T3 is at least in part a consequence of

UCP1-dependent thermogenic mechanisms without concomi-

tant pyrexia. In relation to a permissible effect through FGF21,

the effects of FGF21 on brown fat thermogenesis and body

weight do not rely on UCP-1 (Samms et al., 2015; Véniant

et al., 2015), whereas here we show that glucagon/T3 partially re-

lies on UCP-1 for a maximal effect on body weight. Likewise, we

show that the thermogenic effects of glucagon/T3 are mediated

through FGF21, and the body weight-lowering benefit is partially

dependent on FGF21 function. This demonstrates that other

body weight-lowering mechanisms independent from FGF21

action are being engaged, and we speculate that macronutrient

futile cycling may be facilitating part of the effects.

Chronic hyperthyroidism evolves into cardiac malfunctions

such as arrhythmias that eventually progress to irreversible,

serious heart damage. This in itself has limited the therapeutic

utility of thyroid hormones for treating chronic diseases not asso-

ciated with deficient thyroid status and is why thyromimetics

were specifically engineered to activate TRb isoforms that are

not present in the cardiovascular system. We show that

glucagon-mediated targeting limits cardiomyocyte entry and

spares the cardiovascular system from direct thyroid hormone

action. Chronic therapy with glucagon/T3 is not associated

with cardiac hypertrophy, altered ventricular function, or cardio-

myocyte necrosis, all of which were observed with an equimolar

treatment with T3 and resulted in severely impaired cardiac per-

formance. Conversely, glucagon/T3 causes mobilization and

utilization of triglycerides and cholesterol and prevents the accu-

mulation of atherosclerotic plaques in the aortic root, all of which

are vital to reduce CHD risk. Because FGF21 has been shown to

protect from cardiac hypertrophy (Planavila et al., 2013), it is

plausible that the observed FGF21 induction contributes to the

cardiac profile of glucagon/T3. Clinical testing of first generation

thyromimetics revealed an unexpected finding of increased

bone turnover (Ladenson et al., 2010) and deleterious effects

on bone cartilage in dogs (Sjouke et al., 2014). Although we

have shown that glucagon/T3 does not impair bone mineral den-

sity at doses where T3 induces bone loss, we have to be mindful

of these overlapping links of T3 and FG21 to bone metabolism

(Wei et al., 2012; Wang et al., 2015) as we continue development

of glucagon/T3.

Glucagon-mediated targeting offers an alternative to design-

ing isoform-selective thyromimetics, which has proven difficult

due to structural similarities in the binding pocket of TR isoforms

(Wagner et al., 2001). Unlike other strategies for hepatic targeting

of thyroid hormone action (Kelly et al., 2014; Taub et al., 2013),

glucagon-mediated targeting mimics an embellished Trojan

Horse approach. The engineered co-agonism allows for coordi-

nated polypharmacology arising from T3 and the inherent activity

of the glucagon carrier, which complements TR signaling pat-

terns and importantly directs the T3 payload to preferential sites

of action. Secondary actions in adipose depots contribute

weight-lowering mechanisms that enrich the therapeutic utility

of glucagon/T3 co-agonists. Perhaps the most compelling data

are that synergistic signaling improved the otherwise narrow

therapeutic index of T3. The next step in translational develop-

ment should focus on higher mammals that more closely

resemble human pathology. The quantification of relative effi-

cacy and more in-depth safety profiling will guide timing to

subsequent human study and the need for further chemical opti-

mization. Cumulatively, the data we present support the poten-

tial therapeutic utility of pairing glucagon and thyroid hormones

to a single molecule that might constitute a suitably efficacious

therapy for the chronic treatment of the constellation of disorders

that constitute the metabolic syndrome, including obesity, fatty

liver disease, type 2 diabetes, and atherosclerosis.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal to UCP-1 Abcam Cat # ab10983; RRID: AB_2241462

Rabbit monoclonal to phospho-PKA substrate

(RRXS*/T*)

Cell Signaling Cat # 9624s; RRID: AB_331817

Rabbit monoclonal to phospho-CREB (Ser133) Cell Signaling Cat # 9198s; RRID: AB_390802

Mouse monoclonal to GAPDH Santa Cruz Cat # sc365062; RRID: AB_10847862

Chemicals, Peptides, and Recombinant Proteins

Glucagon analog (‘‘Glucagon’’) This paper N/A

Glucagon/T3 This paper N/A

Glucagon/iT3 This paper N/A

Glucagon/rT3 This paper N/A

Glucagon*/T3 This paper N/A

VivoTag S750 Perkin Elmer Cat # NEV11224

Genhance 750 Perkin Elmer Cat # NEV10177

T3 Sigma Aldrich Cat # T2877

T3 Chem-Impex Int’l Inc. Cat # 04468

rT3 Ark Pharm, Inc Cat # AK117028

GC-1 R & D Systems Cat # 4554

KB2115 Cayman Chemicals Cat # 10011054

Critical Commercial Assays

Total cholesterol Thermo Fisher Cat # TR13421

Triglycerides Thermo Fisher Cat # TR22421

FGF21 ELISA Millipore Cat # EXRMFGF21-26K

ALT / AST Thermo Fisher Cat # TR71121 / TR70121

Insulin ELISA Alpco N/A

Free fatty acids Wako Cat # 999-34691, 999-34791, 999-34891 &

999-35191

Blood urea nitrogen Abcam Cat # ab83362

Creatinine Abcam Cat # ab65340

Hydroxybutyrate Wako Cat# 417-73501 & 413-73601

Triiodothyronine (T3) ELISA Alpco Cat # 25-TRIHU-E01

Thyroxine (T4) ELISA Alpco Cat # 25-TT4HU-E01

Thyroid stimulating hormone (TSH) ELISA Alpco Cat # 25-TSHRT-E01

C-terminal collagen crosslinks (CTX) ELISA Immuno Diagnostic Systems Cat # AC-06F1

N-terminal propeptide of type 1 collagen (P1NP) ELISA Immuno Diagnostic Systems Cat # AC-33F1

Deposited Data

RNA-Seq This paper GSE: 85793

Experimental Models: Cell Lines

Human: HEK293 cells ATCC Cat # CRL-1573

Human: hGcgR luciferase cells Day et al., 2009

Human: HepG2 ATCC Cat # HB-8065

Experimental Models: Organisms/Strains

Mouse: DIO: C57bl6j Jackson Laboratories N/A

Mouse: Ldlr�/�: B6.129S7-Ldlrtm1Her/J Jackson Laboratories Strain # 002207

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fullfilled by the corresponding author Richard

D. DiMarchi, Indiana University (rdimarch@indiana.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-Type Mice for Pharmacology Studies
For studies on lipid handling in wild-type mice (Western mice), male C57Bl/6j mice (Jackson Laboratories) were fed a atherogenic

Western diet (Research Diets D12079B), which is a high-cholesterol diet (0.21% gm %) with 41% kcal from fat, 43% kcal from car-

bohydrates, and 17% kcal from protein. For studies on energy metabolism in obese mice (DIO mice), male C57Bl/6j mice (Jackson

Laboratories) were fed a diabetogenic diet (Research Diets D12331), which is a high-sucrose diet with 58% kcal from fat 25.5% kcal

from carbohydrates, and 16.4% kcal from protein. For studies on NAFLD-induced NASH, male C57Bl/6j mice were fed CD-HFD

(Research Diets D050110402) for 6 months prior to initiation of treatments. All dietary challenges began at 8 weeks of age. HFHSD,

and HFHCDmice were single- or group-housed on a 12:12-h light-dark cycle at 22�C with free access to food and water. Mice were

maintained under these conditions for a minimum of 16 weeks before initiation of pharmacological studies and were between the

ages of 6 months to 12 months old. All injections and tests were performed during the light cycle. Compounds were administered

in a vehicle of 1% Tween-80 and 1%DMSO andwere given by daily subcutaneous (s.c.) injections at the indicated doses at a volume

of 5 ml per g body weight. Mice were randomized and evenly distributed to test groups according to body weight and body compo-

sition. If ex vivo molecular biology/histology/biochemistry analyses were performed, the entire group of mice for each treatment was

analyzed and scored in a blinded fashion.

Genetically-Modified Mouse Lines
All rodent studies were approved by and performed according to the guidelines of the Institutional Animal Care andUseCommittee of

the Helmholtz Center Munich, University of Cincinnati, Universite de Lyon, and in accordance with guidelines of the Association for

the Assessment and Accreditation of Laboratory and Animal Care (AAALAC # Unit Number: 001057) and appropriate federal, state

and local guidelines, respectively.

Liver-specific Thrb�/� mice were generated by crossing Thrbflox/flox mice with Alfp-Cre mice. Thrbflox/flox; Cre negative littermates

were used as wild-type controls. Mice were maintained on the HFHCD for 8 weeks prior to initiation of treatment. A follow-up study

was conducted 4 weeks after the start of the first arm to confirm the effects. The data presented is a compilation of the two indepen-

dent studies.

Inducible, global Gcgr�/� mice were generated by crossing Gcgrflox/flox mice with Rosa26-Cre-ERT2 (tamoxifen-inducible) mice.

Design and construction of the Gcgr targeting vector and the subsequent steps to generate mice heterozygous of Gcgrflox/+ were

performed by the Gene Targeted Mouse Service Core at the University of Cincinnati. Briefly, the vector was designed to ‘‘flox’’ exons

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Gcgr�/�: This paper N/A

Mouse: Gcgrflox/flox: This paper N/A

Mouse: Rosa26-Cre-ERT2: Gt(ROSA)26Sortm1(cre/ERT2)tyj Jackson Laboratories Strain # 008463

Mouse: Liver-specific Thrb�/�: Alfp-creTRbflox/flox Billon et al., 2014 N/A

Mouse: Alfp-cre: Kellendonk et al., 2000 /

Lab of Günther Schütz

N/A

Mouse: Thrbflox/flox Selmi-Ruby et al., 2014 N/A

Mouse: Ucp1�/�: B6.129-Ucp1tm1Kz/J Jackson Laboratories Strain # 003124

Mouse: Fgf21�/� Hotta et al., 2009 N/A

Sequence-Based Reagents

For Taqman primers, see Table S3 Life Technologies N/A

Software and Algorithms

Synergistic mRNA expression This paper N/A

Other

HFHSD Research Diets Cat # D12331

HFHCD Research Diets Cat # D10779B

CD-HFD Research Diets Cat # D050110402
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4-10 of the Gcgr gene, with the neomycin resistant gene and one loxP site being inserted in the intron upstream of exon 4 and the

other loxP site in the intron downstreamof exon 10. The ‘‘floxed’ region and the two homologous arms, 3.4 kb and 2.5 kb respectively,

were PCR-amplified from mouse genomic DNA and cloned into the vector. The construct was sequenced and then electroporated

into mouse ES cells derived from a C57Bl6 strain, and the resulting cells were subject to drug selection on media containing G418.

Drug resistant clones were initially screened by PCR and further confirmed by Southern blot analysis. Correctly targeted ES cell

clones were injected into albino blastocysts to generate chimeras, which were then bred with C57Bl6 female mice to obtain ES

cell-derived offspring as determined by the presence of black coat color. Black mice were further analyzed by PCR for transmission

of targetedGcgr gene. The neomycin cassette was deleted by breeding with mice carrying ‘‘Flip’’ recombinase.Gcgrflox/+mice lack-

ing the neomycin cassette and Flip allele were selected by subsequent breeding to wild-type C57Bl6 mice. The mice were back-

crossed toC57Bl6 background for 5 generations and the crossedwithRosa26-Cre-ERT2mice (Gt(ROSA)26Sortm1(cre/ERT2)Tyj), obtained

from the The Jackson Laboratory (Stock number #008463).

Gcgrflox/flox; Rosa26-Cre-ERT2 mice were maintained on the HFHSD for 12 weeks prior to induction of knockdown via twice daily

interaperitoneal injections with tamoxifen (1 mg in 100 ml) for 5 consecutive days. Mice that received oil injections were used as

wild-type controls. Treatment with compounds were initiated after 2 weeks of washout and recovery following the last tamoxifen

injection.

Global Ldlr�/� mice and wild-type littermates were purchased from Jackson laboratories and were maintained on the HFHCD for

12 weeks prior to treatment initiation. Global Ucp1�/� mice andwild-type littermates were bred in house, housed at 30�C, and main-

tained on a HFHSD for 12 weeks prior to initiations of treatment. Global Fgf21�/� mice and wild-type littermates were bred in house

and maintained on a HFHSD for 12 weeks prior to initiations of treatment. All mice were single- or group-housed on a 12:12-h light-

dark cycle with free access to food and water.

METHOD DETAILS

Peptide Synthesis
Peptide backbones were synthesized by standard fluorenylmethoxycarbonyl (Fmoc)-based solid phase peptide synthesis using

0.1 mmol Rink amide 4-methylbenzhydrylamine (MBHA) resin (Midwest Biotech) on an Applied Biosystems 433A peptide synthe-

sizer. The automated synthesizer utilized 20% piperidine in N-methyl-2-pyrrolidone (NMP) for N-terminal amine deprotection and

diisopropylcarbodiimide (DIC)/6-CI-HOBt for amino acid coupling.

Synthesis of Glucagon/T3 Conjugate
A 1:1 molar ratio of 3, 5, 30-triiodothyronine and di-tert-butyl dicarbonate was dissolved in dioxane/water (4:1,v:v) in the presence of

an ice bath with an addition of 0.1 equivalent of triethylamine (TEA). The reaction was stirred for 30 min at 30�C and then at room

temperature for 30 hr, during which the progress of the reaction was monitored by analytical HPLC. Upon completion, the pH of

the solution was lowered to 4.0 with 0.1 M hydrochloride (HCl) acid, subsequently treated it repetitively with dichloromethane

(DCM) to extract desired product. The organic phase was collected, combined and evaporated in vacuum to afford crude product

Boc-T3-OH with good purity.

The peptide backbone synthesized contained a C-terminal N’-methyltrityl-L-lysine (Lys(Mtt)-OH) moiety, whose side chain was

orthogonally deprotected by four sequential 10 min treatments with 1% trifluoroacetic acid (TFA), 2% triisopropylsilane (TIS)

in DCM to expose an amine as a site for T3 conjugation. The peptidyl-resin was then mixed with a 10-fold excess of Fmoc-L-

Glu-OtBu(rE) activated by 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one/N,N-diisopropylethylamine (DEPBT/DIEA) in di-

methylformide (DMF) for 2 hr. The completion of the coupling was confirmed by Kaiser test, after which the resin was washed and

treated with 20%piperidine in DMF to remove the Fmoc protecting group located at the side chain of the gGlu residue. Subsequently,

the peptidyl-resin was reacted with a 5-fold excess of crude Boc-T3-OH combined with DEPBT/DIEA in DMF for 2 hr to facilitate T3
conjugation to peptide backbone. Afterward, the resin were treated with TFA cleavage cocktail containing TFA/anisole/TIS/H2O

(85:5:5:5) for 2 hr at room temperature to release conjugate from solid support. Cleaved and fully deprotected conjugate was precip-

itated andwashed with chilled diethyl-ether. The crude conjugates was dissolved in 15%aqueous acetonitrile containing 15%acetic

acid and purified by preparative reversed-phase HPLC utilizing a linear gradient of buffer B over buffer A (A:10%aqueous acetonitrile,

0.1% TFA; B:100% acetonitrile, 0.1% TFA) on an axia-packed phenomenex luna C18 column (2503 21.20mm) to afford the desired

conjugate with carboxyl coupling of T3 to glucagon.

Synthesis of Glucagon/iT3 Conjugate
3, 5, 30-triiodothyronine (Chem-Impex International Inc.) was solubilized in tert-butyl acetate in the presence of 0.1 equivalent of

perchloric acid (HClO4). The mixture was stirred at 0�C for 2 hr and at room temperature for 14 hr. Upon completion, the mixture

was washed with water and ethyl acetate, treated with 10M sodium hydroxide (NaOH) until pH of the solution reached 9. Subse-

quently, the mixture was extracted with DCM. The combined organic phase was dried by magnesium sulfate (MgSO4) and evapo-

rated in vacuum to obtain the desired product NH2-T3-OtBu. NH2-T3-OtBu and succinic anhydride were mixed in anhydrous DMF

with 0.1 equivalent of DIEA. The reaction was stirred at room temperature for 48 hr. The OH-Suc-T3-OtBu product was obtained

followed the same workup as described for NH2-T3-OtBu. Crude OH-Suc-T3-OtBu was dissolved in 15% aqueous acetonitrile
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containing 15%acetic acid and purified by semi-preparative reversed-phase HPLC using a linear gradient of buffer B over buffer A on

an axia-packed phenomenex Luna C18 column (250 3 21.20mm).

Equimolar equivalents of HO-Suc-T3-OtBu, DEPBT and DIEAwere solubilized in DMF and directly added to the peptidyl-resin. The

reaction was gently agitated at room temperature for two hours and was monitored by Kaiser test. The peptidyl resins were treated

with TFA cleavage cocktail containing TFA/anisole/tTIS/H2O (85:5:5:5) for 2 hr at room temperature to cleave conjugate from solid

support. Cleaved conjugate was precipitated and washed with chilled diethyl-ether. The glucagon/iT3 was dissolved and purified

by reversed-phase HPLC using the condition described above.

Synthesis of Glucagon/rT3 Conjugate
A 1:1 molar ratio of 3, 30, 50-triiodothyronine and di-tert-butyl dicarbonate were dissolved in dioxane/water (4:1,v:v) in the presence of

an ice bath with an addition of 0.1 equivalent of TEA. The reaction was stirred for 30 min at 0�C and at room temperature for another

30 hr. Upon completion, the pH of the solution was lowered to 4.0 with 0.1 M HCl, subsequently treated it repetitively with DCM to

extract desired product. The organic phasewas collected, combined and evaporated in vacuum to afford crude product Boc-rT3-OH

with good purity.

The peptide backbone synthesized contained a C-terminal N’-methyltrityl-L-lysine (Lys(Mtt)-OH) moiety, whose side chain was

orthogonally deprotected by four 10 min treatments with 1% TFA, 2% TIS in DCM to expose amine. The peptidyl-resin was then

mixed with a 10-fold excess of Fmoc-L-Glu-OtBu (gGlu) activated by DEPBT/DIEA in DMF for 2 hr. The completion of the coupling

was confirmed by Kaiser test, after which the resin was washed and treated with 20% piperidine in DMF to remove the Fmoc pro-

tecting group on the gGlu residue. Subsequently, the peptidyl-resin was reacted with a 5-fold excess of crude Boc-rT3-OH combined

with DEPBT/DIEA in DMF for 2 hr to facilitate rT3 conjugation to peptide backbone. Afterward, the resin were treated with TFA cleav-

age cocktail containing TFA/anisole/TIS/H2O (85:5:5:5) for 2 hr at room temperature to release conjugate from solid support. Cleaved

and fully deprotected conjugate was precipitated and washed with chilled diethyl-ether. The glucagon/rT3 conjugate was

dissolved and purified by reversed-phase HPLC using the same condition described above. We confirmed the molecular weights

of peptide and conjugates by electrospray ionization (ESI) mass spectrometry and confirmed their character by analytical

reversed-phase (HPLC in 0.1% TFA with an ACN gradient on a Zorbax C8 column (0.46 cm 3 5 cm).

Human Glucagon Receptor Activation
Each peptide or conjugate was individually tested for its ability to activate the human GcgR through a cell-based luciferase reporter

gene assay that indirectly measures cAMP induction. Human embryonic kidney (HEK293) cells were co-transfected with GcgR cDNA

(zeocin-selection) and a luciferase reporter gene construct fused to a cAMP response element (CRE) (hygromycin B-selection). Cells

were seeded at a density of 22,000 cells per well and serum deprived for 16 hr in DMEM (HyClone) supplemented with 0.25% (vol/vol)

bovine growth serum (BGS) (HyClone). Serial dilutions of the peptides were added to 96-well cell-culture treated plates (BD Biosci-

ences) containing the serum-deprived, co-transfected HEK293 cells, and incubated for 5 hr at 37�C and 5%CO2 in a humidified envi-

ronment. To stop the incubation, an equivalent volume of Steady Lite HTS luminescence substrate reagent (Perkin Elmer) was added

to the cells to induce lysis and expose the lysates to luciferin. The cells were agitated for 5 min and stored for 10 min in the dark.

Luminescence was measured on a MicroBeta-1450 liquid scintillation counter (Perkin-Elmer). Luminescence data were graphed

against concentration of peptide and EC50 values were calculated using Origin software (OriginLab).

TR Transcriptional Activity
For testing of transcriptional activity HEPG2 cells were cultured in HAMF12/DEMEMmedium (Biochrom), supplementedwith 10 FBS.

Cells were seeded at a density of 5 x104 cells/well in a 96 well plate. One day after seeding cells were transfect each with 0.45 ng of

DR4-luciferase and TRalpha plasmids using Mefatektene (Biontex). Two days after transfection cells were stimulated with 1 mM of

each compound for 10 hr. Reaction was stopped and luciferase activity was measured according to the manufactures protocol

(Promega).

Plasma Stability
Each compound was incubated with phosphate buffered saline (PBS, pH = 7.4) containing 60%mouse plasma at 37�C for the dura-

tion of the study. At the time points of 6h, 24h and 72h, aliquots of the incubated solutions were withdrawn and diluted with aceto-

nitrile to precipitate the plasma proteins, which were subsequently removed by microcentrifugation at 13,000 rpm for 5 min. The

supernatant was collected and diluted for the analytical reversed-phase HPLC using a linear gradient of buffer B over buffer A

(A: 10% aqueous acetonitrile, 0.1% TFA; B: 90% aqueous acetonitrile, 0.1% TFA) on a Zorbax C8 column (4.6 3 50mm).

RNA sequencing
RNA-Seq Total RNAs were extracted from frozen liver samples of 4 independent mice per group (vehicle, glucagon only, T3 only, co-

administration of glucagon and T3 and glucagon/T3) using TriPure RNA reagent (Sigma). Poly-A isolation, library generation and

amplification were performed according to the protocol of the mRNA-Seq Library Prep Kit (Lexogen). The cDNA libraries were

then converted to 5500W librairies using the 5500WConversion Primer Kit (Lexogen). The Barcoded cDNA libraries were sequenced

on a SOLiD 5500xl Wildfire sequencer (Life technology). Mapping of color-coded reads on themouse genome (mm10 assembly) was
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performed using the Lifescope software (Life Technologies). Reads for annotated (Ensembl) genes were counted using HtSeq.

Normalization of expression levels for each gene and differential expression analysis were performed using DESeq2 (Love et al.,

2014) (Bioconductor R package, false discovery rate < 5%). The synergy score (SS) was calculated as the relative fold change

(FC) of (glucagon/T3) compared to the maximum FC of T3 and glucagon alone: SS = FC (glucagon/T3) / max (T3, glucagon). Syner-

gistic hits were selected by a SS > 1.5. To reduce noise we removed transcripts from the hit list witch do not show significant regu-

lation p < 0.05 (BH corrected) when treated with (glucagon/T3) or opposite regulation.

Pathway Enrichment
Enriched KEGG pathways were determined using the hypergeometric distribution test using MATLAB (R2015b). Significant gene

regulation was determined using DESeq2. Regulated genes used for pathway enrichment were selected using a threshold of

p < 0.01 and the false detection rate corrected using Benjamini & Hochberg (BH) procedure. Among significant enriched KEGG path-

ways, relevant pathways were manually selected.

Rodent Pharmacological and Metabolism Studies
Compounds were administered by repeated s.c. injections in the middle of the light phase at the indicated doses with the indi-

cated durations. Co-administration of compounds was administered by single formulated injections. Body weights and food intake

were measured every day or every other day after the first injection. All studies with wild-type mice were performed with a group

size of n = 8 or greater using mice on a C57Bl6j background. For assessment of glucose, pyruvate, and insulin tolerance during

chronic treatment, the challenge tests were performed at least 24 hr after the last administration of compounds. For compound,

insulin, and glucose tolerance tests, mice were fasted for 6 hr. For pyruvate tolerance tests, overnight fasting was employed.

The investigators were not blinded to group allocation during the in vivo experiments or to the assessment of longitudinal

endpoints.

Body Composition Measurements
Whole-body composition (fat and lean mass) was measured using nuclear magnetic resonance technology (EchoMRI).

Indirect Calorimetry
Energy intake, energy expenditure, respiratory exchange ratio, and home-cage activity were assessed using a combined indirect

calorimetry system (TSE Systems). O2 consumption and CO2 production were measured every 10 min for a total of up to 120 hr (after

24 hr of adaptation) to determine the respiratory quotient and energy expenditure after an initial treatment regimen. Food intake was

determined continuously for the same time as the indirect calorimetry assessments by integration of scales into the sealed cage envi-

ronment. Home-cage locomotor activity was determined using a multidimensional infrared light beam system with beams scanning

the bottom and top levels of the cage, and activity being expressed as beam breaks.

Blood Parameters
Blood was collected at the indicated times from tail veins or after euthanasia using EDTA- coated microvette tubes (Sarstedt), imme-

diately chilled on ice, centrifuged at 5,000 g and 4�C, and plasma was stored at –80�C. For fast liquid performance chromatography

(FPLC) of cholesterol distribution in different lipoprotein fractions, fresh plasma from each treatment group was pooled (n = 6-8) and

ran over two Superose 6 HR columns in tandem. Cholesterol levels in the collected fractions were determined by colorimetric assay.

Plasma insulin and T3 were quantified by an ELISA assay (Ultrasenstive Mouse Insulin ELISA and Rodent T3 ELISA; Alpco). Plasma

FGF21 was quantified by an ELISA assay (Mouse FGF21 ELISA; Millipore). Plasma cholesterol, extracted hepatic cholesterol, triglyc-

erides, ALT, and AST were measured using enzymatic assay kits (Thermo Fisher). Plasma creatinine and blood urea nitrogen were

measured using enzymatic assay kits (Abcam). Plasma free fatty acids were measured using enzymatic assay kits (Wako). All assays

were performed according to the manufacturers’ instructions.

Histopathology
After chronic treatment, HFHCD-fed or HFHSD-fed C57Bl6/j male mice (age) were sacrificed with CO2, body weight as well as heart

weights and tibia length was taken during necropsy. Livers and whole hearts were embedded in paraffin using a vacuum infiltration

processor TissueTEK VIP (Sakura). 3mm thick slides were cut using a HMS35 rotatory microtome (Zeiss) and H & E staining was per-

formed. For H & E staining, rehydration was done in a decreasing ethanol series, rinsing with tapwater, 2min Mayers acid Hemalum,

bluing in tapwater followed by 1min EosinY (both BioOptica). Dehydration was performed in increasing ethanol series, mounting with

Pertex (Medite GmbH) and coverslips (CarlRoth Chemicals). The slides were evaluated independently using a brightfield microscope

(Axioplan, Zeiss). Photos were taken using the Hamamatsu-Nanozoomer HT2.0 in 1.25x, 5x. 20x and 40x magnification. The hepatic

steatosis score is defined as the unweighted sum of the three individual scores for steatosis, lobular inflammation and ballooning

degeneration. Steatosis is graded by the presence of fat vacuoles in liver cells according to the percentage of affected tissue

(0: < 5%; 1: 5%–33%; 2: 33%–66%; 3: > 66%). Lobular inflammation is scored by overall assessment of inflammatory foci per

200x field (0: no foci; 1: < 2 foci; 2: 2-4 foci; 3: > 4 foci). The individual score for ballooning degeneration ranges from 0 (none), 1
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(few cells) to 2 (many cells). Total scores range from 0 to 8 with scores < 2 considered non-steatosis, 3 considered as borderline stea-

tosis, 4-5 considered onset of steatosis, and > 6 considered steatosis.

Different to liver and heart, inguinal fat pad samples were embedded in paraffin using Leica embedding machine (EG1150 H) and

cut in 5 mmsections using LeicaMicrotome (RM2255) to performH&E staining. Sampleswere stainedwith hematoxyline for 4min and

eosinY for 2 min and fixed with Roti-Histokitt (Carl Roth) before analyzing them independently using Microscope Scope A.1 (Zeiss).

In Vivo Biodistribution Imaging
For whole body bio-distribution studies, male C57BL/6 mice (10-12 weeks of age) were housed in a controlled environment with

water and chow provided ad libitum. Mice were subcutaneously injected with either a VivoTag750 labeled glucagon/T3 conjugate

(‘‘glucagon*/T3’’; 100 nmoles kg-1), a non-reactive 750nm fluorophore (100 nmol kg-1; Genhance 750 Fluorescent Imaging Agent,

PerkinElmer) or vehicle. After 1, 3, 6, 12, and 24 hr post injection, mice were sacrificed by cervical dislocation. Trunk blood

(100 mL) was immediately collected into tubes containing 10 ml antiproteolytic cocktail (4.65 g EDTA + 92 mg aprotinin + 40,000 U

heparin in 50 ml saline) for plasma preparation. Urine samples (10ml) were collected by puncturing the bladder using a syringe

and a fine needle and immediately protected from degradation by adding 1ml of anti-proteolytic cocktail. Plasma and urine samples

from all groups and time points were stored at 4�C for collective imaging on the same 96 well plate, 24 hr after injection and using an

IVIS Spectrum instrument (Perkin Elmer). Stability of the 4�C stored samples was guaranteed by comparing the signal intensities with

freshly prepared samples (data not shown). Besides blood and urine samples, organs were removed from all groups. All samples per

time point were collectively imaged on the same petri dish. For data analysis, regions of interest (ROI) were drawn around the isolated

organs, blood and urine spots to assess the epifluorescence signal emitted. Results were expressed as average radiant efficiency in

units of photons/second within the region of interest [p/s/cm2/sr]/[mW/cm2]. Epifluorescent signals of the dye control and VivoTag750

labeled glucagon*/T3 were corrected to the auto-fluorescent background signal of the time-matched vehicle control group.

Echocardiography
For transthoracic echocardiography, a Vevo2100 Imaging System (VisualSonics Inc., Toronto Canada) with a 30 MHz probe was

used. All echocardiograms were performed on conscious animals to prevent anesthesia-related impairment of cardiac function as

reported previously. Briefly, echocardiograms were obtained in parasternal long and short axis views. For accurate linear measure-

ments of LV internal dimensions (LVID) and parasternal (LVPW) or septal (IVS) wall thicknesses, M-mode images of the heart in

parasternal short-axis view at the level of the papillary muscle were acquired. Qualitative and quantitative measurements were

made offline using analytical software (VisualSonics Inc.). Fractional shortening (FS) was calculated as FS% = [(LVIDd-LVIDs)/

LVIDd] x 100. Ejection fraction (EF) was calculated as EF% = 100*((LVvolD-LVvolS)/LVvolD) with LVvol = ((7.0/(2.4+LVID)*LVID3).

The corrected LV mass (LV MassCor) was calculated as LV MassCor = 0.8(1.053*((LVIDd+LVPWd+IVSd)3-LVIDd3)). Heart rate

and respiration rate were determined from M-mode tracings, using 3 consecutive intervals.

Rectal Body Temperature
Rectal body temperature was measured in conscious mice using a high-precision thermometer (thermosensor: Almemo ZA 9040,

data logger: Almemo 2290-8, Ahlborn, Holzkirchen, Germany) that was carefully inserted into the rectum. Temperature of each in-

dividual was taken by the same researcher one hour after lights-on after chronic treatment ab libitum.

Atherosclerotic Plaque Assessment
The extent of atherosclerotic lesion formation was assessed in aortic root sections of Ldlr�/�mice that were treated with glucagon/

T3 or vehicle for 2 weeks by staining for lipid depositions with oil-red O. Briefly, atherosclerotic lesions were measured in 4-mm trans-

verse cryo sections of aortic roots. Images of tissue sections were taken (Leica analysis software LAS) and quantified by manually

outlining the lumen boundary. Subsequently, oil red O+ areas were outlined as well and the percentage of oil-red O+ areas in relation

to the total area was calculated.

Immunohistochemistry For UCP1
iWAT samples were dissected and subsequently fixed and stored in 4% paraformaldehyde. After dehydration, tissues were

embedded in paraffin and cut in 5 mm sections to perform immunohistochemistry using rabbit anti-UCP1 antibody (Abcam,

ab10983). Therefore, samples were de-paraffinized and microwaved in citrate buffer (pH = 6) for antigen retrieval. To quench endog-

enous peroxidases samples were incubated with 3% hydrogen peroxide in methanol and then blocked with Avidin D, Biotin (Vectas-

tain ABC Kit; Vector labs) and normal goat serum (10%). Anti-UCP1 antibody (1:400) was added and incubated over night, before

applying secondary anti-rabbit antibody (1:300; Vector Labs ZA0324). Vectastain ABC reagent (Vectastain ABC Kit; Vector labs)

was used followed by application of SIGMAFAST 3,30-Diaminobenzidine (Sigma) for signal development, and subsequent counter-

staining with hematoxylin and mounting. Finally, sections were analyzed using Microscope Scope A.1 (Zeiss).

Bone Density Measurements
Lumbar vertebrae L5 were analyzed using a SkyScan 1176 micro CT (Bruker, Billerica, USA) equipped with an X-ray tube working at

50 kV/100 mA. Resolution was 9 mm, rotation step was fixed at 1�, and a 0.5 mm aluminum filter was used. For reconstruction, region
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of interest was defined from the middle of vertebral body, spanning 0.99 mm both direction to intervertebral discs. Trabecular bone

volume/tissue volume (BV/TV), trabecular thickness (Tb.Th.), trabecular separation (Tb. Sp.), and trabecular number (Tb.N.) were

determined according to guidelines by ASBMR Histomorphometry Nomenclature Committee.

Quantification of Accumulated T3 In Liver and iWAT
The stock solutions of T3 (Sigma Aldrich) and stable isotope-labled T3 ([13C6]T3; Cambridge Isotope Laboratories) were prepared

dissolving 5 mg of the standard in 100 ml of pure MeOH. T3 calibration standards that ranged in concentration from 0.5 pg/mL to

100 pg/uL were prepared from stock solution through dilution with a solvent mixture of 20% acetonitrile in water. [13C6]T3 was pre-

pared in amixture of 20%acetonitrile in water at a concentration of 10 pg/mL. The calibration solutions as well as the internal standard

solutions, were protected from light, stored at 4�C and wrapped with aluminum foil.

Tissue samples were homogenized in methanol containing an antioxidant solution (ascorbic acid, citric acid, and dithiothreitol at

25 g/L in methanol) by ultrasonication (Bandelin Electronics) 23 20 s under cooling with ice. Liquid-liquid extraction was performed

as described in (Morreale de Escobar et al., 1985). Solid phase extraction was performed loaded the water phase into a SampliQ SPE

cartridge (60 mg, 3 mL; Agilent Technologies), which were preconditioned sequentially with 3 ml of 50% a methanol in chloroform,

3 ml of pure methanol and 3 ml of water. The target compound as well as the internal standard were eluted with 0.6 ml of 0.1% formic

acid in methanol. The solvent was evaporated to dryness under N2 steam and then reconstituted in 0.3 ml of 0.1N HCl in water. The

thyroid hormone derivatives were extracted back in organic solvent with 3 3 0.3 ml of ethyl acetate. The solvent was evaporated

again and compounds re-dissolved in 60 ml in a mixture of 20% acetonitrile in water for instrumental analysis.

Compound separation was carried out on a nanoAcquity UHPLC system (Waters Corporation) interfaced with a quadrupole time-

of-flight mass spectrometer Q-TOF2 (Waters-Micromass). The system was operated under MassLynx 4.1 software (Waters-Micro-

mass) in QTOF-MS mode. Samples were infused at a flow rate of 5 mL/min and were monitored in positive ion electrospray mode.

High purity nitrogen was used as de-solvation and auxiliary gas; argon was used as the collision gas. The de-solvation gas was set to

200 L/h at a temperature of 120�C, the cone gas was set to 50 L/h and the source temperature at 100�C. The capillary extraction and

the cone voltages were set to 2.6 kV and 35 V respectively. The QTOF detector (MPC) was operated at 2100 V. The instrumentation

ran in full-scan mode with the QTOF data being collected between m/z 100-1000 with a collision energy of 6 eV. The data were

collected in the continuum mode with a scan time 1.5 s, interscan delay of 0.1 s. The processing of calibration and quantification

data including peak integration, internal standard correction and linear regression was carried out using the QuanLynx Application

Manager (Waters-Micromass).

A 5 ml volume of tissue sample was directly injected into an HSS-T3 micro-scale column: 300 mm i. d. x 150 mm length, 1.8 mm

particle size (Waters Corporation) at a flow rate of 5 mL/min. The mobile phase was 0.1% formic acid in water (mobile phase A)

and 0.1% formic acid in acetonitrile (mobile phase B). Gradient elution was performed according to the following elution program:

0-3 min, 95% A, 5% B; 3.5 min 70% A, 30% B; 5.5-6.5 min 62% A, 38% B; 7-10 min, 60% A, 40% B; 12-13 min 100% B,

13.5-20 min 95% A, 5% B. The temperature of the HSS-T3 column was kept at 40�C.

Gene Expression Analysis
Gene expression profiling in the liver, iWAT, eWAT, BAT, and heart were performed following treatment ofmice according to the treat-

ment paradigms explained in the figure legends for each specific analsysis. For tissue collection, micewere fasted for 4 hr and treated

with compounds 2 hr prior to tissue collection. Gene expression was profiledwith quantitative real-time RT–PCR using either TaqMan

single probes or with specifically-designed TaqMan low-density array cards. The relative expression of the selected genes was

normalized to the reference gene hypoxanthine-guanine phosphoribosyltransferase (Hprt).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the exact value of n, the definition ofmeasures (mean ±SEM) and statistical significance are reported

in the Figures and the Figure Legends. Data are judged to be statistically significant when p < 0.05 by 1-way or 2-way ANOVA, where

appropriate, and markers for significance are defined in the Figures and the Figure Legends. Statistical analysis was performed in

Graph Pad PRISM.

DATA AND SOFTWARE AVAILABILITY

Data Resources
Rawdata files for the RNA sequencing analysis have been deposited in theNCBI Gene ExpressionOmnibus under accession number

GEO: GSE85793.
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Supplemental Figures

Figure S1. Chemical Structures of Glucagon and T3 Conjugates, Related to Figure 1

Sequence, structure, molecular weight and GcgR activity of (A) native glucagon, (B) the glucagon analog used for creation of conjugates, (C) glucagon/T3, (D)

glucagon/iT3, and (E) glucagon/rT3.



Figure S2. In Vivo and In Vitro Profiling of Glucagon/T3 Character, Constituent Receptor Activity, and Stability, Related to Figure 1

Mass spectrometry confirming the identity of (A) the glucagon analog, (B) glucagon/T3, (C) glucagon/iT3, and (D) glucagon/rT3. Receptor activity profiles of

the conjugates at (E) GcgR and (F) THR using DR4-luciferase reporter assays. (G) Effects on T3 levels in the livers of HFHSD fed C57Bl6j male mice following

daily s.c. injections of vehicle (black), equimolar co-administration of the glucagon analog and T3 (orange), glucagon/iT3 (red), or glucagon/rT3 (brown) at a dose of

100 nmol kg-1 for 7 days (n = 8).

HPLC chromatograms of glucagon/T3 incubated in human plasma at 37�C after (H) 0 hr, (I) 6 hr, and (J) 24 hr exposure.

***p < 0.001 comparing effects following compound injections to vehicle injections



Figure S3. Glucagon/T3 Dose-Dependently Improves Metabolic Parameters and Glucagon/T3 Does Not Harm Tissue Function, Related to

Figures 1, 4, 5, and 6

(A-C) Effects on (A) plasma levels of cholesterol over time, (B) body weight change, and (C) intraperitoneal glucose tolerance (1.5 g kg-1) in HFHSD-fed male

C57Bl6j mice following daily s.c. injections of vehicle (black) or glucagon/T3 at a dose of 10, 25, 50 or 100 nmol kg-1 (increasing shades of blue) for 10 days (n = 8).

Effects on plasma levels of (D) ALT and AST, (E) blood urea nitrogen, (F) creatinine and (G) b-hydroxybutyrate, (H) hepatic citrate synthase activity, and (I) hepatic

mRNA expression, fromHFHCD-fedmale C57Bl6j mice following daily s.c. injections of vehicle (black), a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at

a dose of 100 nmol kg-1 for 14 days (n = 8).



Figure S4. Metabolic Efficacy of Different Glucagon/T3 Conjugate Versions, Co-administration, and Thyromimetics, Related to Figures 1, 4,

5, and 6

Effects on plasma levels of (A,C) total cholesterol, (B,D) triglycerides, (E,F) percent body weight loss, (G,H) cumulative food intake, (I,J) longitudinal energy

expenditure, (K,L) cumulative locomotor activity, (M,N) longitudinal respiratory quotient, (O,P) intraperitoneal glucose tolerance (1.5 g kg-1), and (Q) acute

effects on RER during the light phase of the second day of treatment from HFHSD-fed male C57Bl6j mice following daily s.c. injections of vehicle (black),

equimolar co-administration of the glucagon analog and T3 (orange), glucagon/iT3 (red), glucagon/rT3 (brown), rT3 (gray), GC-1 (purple) or KB-2115 (pink) at a

dose of 100 nmol kg-1 for 7 days (n = 8).

*p < 0.05 and ***p < 0.001 comparing effects following compound injections to vehicle injections.

All data are presented as mean ± SEM.



Figure S5. Pharmacokinetics and Biodistribution Are Driven by the Glucagon Component of the Conjugate, Related to Figure 2

(A) Effects on plasma concentrations of the different therapies following a single s.c. injection of a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at a dose

of 100 nmol kg-1 in lean chow-fed rats (n = 8). Plasma concentrations of glucagon and glucagon/T3 were measured by a GcgR activity bioassay and plasma

concentrations of T3 were measure by a ELISA system for total T3.

(B and C) Epifluorescent signal and quantified average radiant efficiency of (B) plasma and (C) urine over time following a single s.c. injection of vehicle, un-

conjugated dye control, or fluorescently labeled glucagon/T3 (glucagon*/T3) at a dose of 100 nmoles kg-1 in lean, chow-fed C57Bl6j mice.

(D) Epifluorescent signal from different tissues collected 6h after a single s.c. injection of vehicle, unconjugated dye control, or fluorescently labeled glucagon/T3
(glucagon*/T3) at a dose of 100 nmoles kg-1 in lean, chow-fed C57Bl6j mice. The liver samples are the same from (Figure 2A).

(E) Relative expression of Gcgr in various tissues harvested from lean, chow-fed C57Bl6j mice.

All data are presented as mean ± SEM.



Figure S6. T3 Alters Downstream GcgR Signaling, Related to Figure 6

Effects on chronic (after 7d of therapy) intraperitoneal glucose tolerance (1.5 g kg-1) in (A) HFHSD-fed global GcgR�/�male mice, (B) HFHCD-fed Alf-THRb�/�
male mice, (C) HFHSD-fed global FGF21�/� male mice, and (D) HFHSD-fed global UCP1�/� male mice following daily s.c. injections of vehicle (black) or

glucagon/T3 (blue) at a dose of 100 nmol kg-1 (n = 5-9). (E) Representative western blot showing the acute effects on levels of phosphorylated PKA and CREB

normalized to GAPDH in livers of lean C57Bl6j mice 15 min following a s.c. injection of vehicle, a glucagon analog, T3, glucagon/T3, or glucagon and T3 co-

administration at a dose of 100 nmol kg-1 (n = 8)

*p < 0.05, **p < 0.01, and ***p < 0.001 comparing effects following compound injections to vehicle injections within each respective wild-type genotype.
###p < 0.001 comparing effects following compound injections to vehicle injections within each respective knockout genotype



Figure S7. Low Dose T3 Causes Tachycardia and Cardiac Hypertrophy whereas Glucagon/T3 Is Devoid of Adverse Effects on Cardiac

Function, Related to Figure 7

(A and B) Effects on (A) heart rate as measured by unrestrained electrocardiography and (B) heart weight to tibia length ratio from HFHSD-fed male C57Bl6j mice

following daily s.c. injections of vehicle (black), a glucagon analog (light teal), T3 (white), or glucagon/T3 (light blue) at a dose of 10 nmol kg-1 (n = 8) for 28 days.

(C and D) Effects on whole heart mRNA expression of (C) T3-sensitive targets and (D) surrogate hypertrophic markers from HFHSD-fed male C57Bl6j mice

following daily s.c. injections of vehicle (black), a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at a dose of 100 nmol kg-1 (n = 8) for 28 days.

(E–H) Effects on plasma levels of (E) total triiodothryonine, (F) total thyroxine, and (G) TSH, and (H) hypothalamic mRNA expression of Trh from HFHCD-fed male

C57Bl6j mice following daily s.c. injections of vehicle (black), a glucagon analog (teal), T3 (gray), or glucagon/T3 (blue) at a dose of 100 nmol kg-1 for 14 days (n = 8).

(I and J) Effects on plasma levels of (I) CTX and (J) P1NP from lean C57Bl6j mice following a s.c. injection of vehicle (black), a glucagon analog (teal), T3 (gray), or

glucagon/T3 (blue) at a dose of 25 nmol kg-1 for 14 days (n = 8).

*p < 0.05, **p < 0.01, and ***p < 0.001 comparing effects following compound injections to vehicle injections unless otherwise indicated.

All data are presented as mean ± SEM.
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SUMMARY

Even a simple sensory stimulus can elicit distinct
innate behaviors and sequences. During sensori-
motor decisions, competitive interactions among
neurons that promote distinct behaviorsmust ensure
the selection andmaintenance of one behavior, while
suppressing others. The circuit implementation of
these competitive interactions is still an open ques-
tion. By combining comprehensive electron micro-
scopy reconstruction of inhibitory interneuron net-
works, modeling, electrophysiology, and behavioral
studies, we determined the circuit mechanisms
that contribute to the Drosophila larval sensorimotor
decision to startle, explore, or perform a sequence of
the two in response to a mechanosensory stimulus.
Together, these studies reveal that, early in sensory
processing, (1) reciprocally connected feedforward
inhibitory interneurons implement behavioral choice,
(2) local feedback disinhibition provides positive
feedback that consolidates and maintains the cho-
sen behavior, and (3) lateral disinhibition promotes
sequence transitions. The combination of these
interconnected circuit motifs can implement both
behavior selection and the serial organization of
behaviors into a sequence.

INTRODUCTION

Animals can respond to a stimulus with a single coordinated ac-

tion or a sequence of actions. Presentation of a given stimulus at

different times can result in a variety of innate responses, both

across and within individuals (Barker and Baier, 2015; Gordus

et al., 2015; Ohyama et al., 2015; Vogelstein et al., 2014). The se-

lection of one of the possible innate responses at any given time

constitutes an elementary form of sensorimotor decision-mak-

ing. Many perceptual or behavioral states are mutually exclusive

(e.g., by virtue of body mechanics), so neural modules mediating

different behavioral states are thought to compete with each

other. Such competitive interactions may underlie the winner-

take-all aspect of behavioral choice and may also serve to stabi-

lize the chosen behavior by preventing transitions. However,

mechanisms must also exist to promote transitions between be-

haviors to enable sequences of actions.

The competitive interactions among functionally distinct neu-

ral modules likely involve inhibitory synaptic mechanisms. Evi-

dence for this is found in several phyla and brain areas (Baca

et al., 2008; Cui et al., 2013; Goddard et al., 2014; Hikosaka

et al., 2000; Kovac and Davis, 1977; Mink, 1996; Mysore and

Knudsen, 2012; Sridharan and Knudsen, 2015). Specific circuit

architectures have been proposed that could implement selec-

tion through competitive interactions; such as reciprocal inhibi-

tion between nodes promoting different choices, or lateral inhibi-

tion coupled with recurrent excitation between nodes promoting

the same choice (Redgrave et al., 2011; Sridharan and Knudsen,

2015; Wang, 2008).

Probabilistic behavioral sequences, such as human typing or

fly grooming are also well described by similar classes of models

proposing that all actions in a sequence are activated in parallel

and the order is established through a hierarchy of reciprocal

inhibitory interactions (Bullock, 2004; Kristan, 2014; Lasley,

1951; Seeds et al., 2014). However, identifying the detailed

architecture of inhibitory networks that would implement such

models, in a specific nervous system with synaptic resolution,

has been difficult. This is mainly due to the challenges of deter-

mining which defined inhibitory interneuron types are causally

related to competing behaviors and in determining the connec-

tivity between neurons that promote distinct behaviors. Even in

higher invertebrate nervous systems, where activity of uniquely

identifiable neurons can be correlated with specific behavioral

choices (Briggman and Kristan, 2006; Briggman et al., 2005;

Kristan, 2008; von Reyn et al., 2014), in most cases synaptic-

resolution wiring diagrams between neurons involved are

unknown.

Here, we investigated the circuit mechanism of behavioral

choice andsequencegeneration inDrosophila larvae, in response

to a gentlemechanical stimulus. In this systemwe could use elec-

tron microscopy (EM) reconstruction to detail the architecture of

inhibitory networks involved in a behavioral choice and determine

the roles of individual cell types using intracellular recordings and

targeted manipulation of neural activity.
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Figure 1. Different Actions Require Different Combinations of Somatosensory Projection Neurons

(A) In response to air-puff larvae perform a probabilistic sequence of hunching, bending, and returning to crawling.

(B) Left, ethogram of wild-type larval reaction to air-puff (green line) based on automated behavioral detection. Each row is a larva, hunching (red) or bending

(blue). Only those animals with any hunching behaviors after stimulus onset are shown for clarity. Top right, zoom of several individuals. Air-puff speed is 6 m/s.

(C) Fraction of all larvae performing hunch or bend behaviors during stimulus onset.

(D) Dorsal projection of a confocal stack of R61D08 driving expression of GFP (green) specifically in mechano-ch neurons. Blue, N-cadherin staining to indicate

neuropil.

(E and F) Percentage of animals performing stimulus-evoked hunching (E) and bending (F) in response to an air-puff for control larvae (black) and larvae with

mechano-ch neurons silenced by targeted expression of TNT (green).

(G) Dorsal projection of a confocal stack of R20B01 driving expression of GFP specifically in Basin-1 neurons. Colors and labels as in (D).

(H and I) Percentage of animals performing stimulus-evoked hunching (H) and bending (I) in response to air-puff for control larvae (black) and larvae with Basin-1

neurons silenced by targeted expression of TNT (light blue).

(legend continued on next page)
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RESULTS

Mechanosensory Stimuli Stochastically Evoke Different
Actions and Action Sequences
We used a high-throughput assay to measure larval behavioral

responses to a gentle mechanical stimulus (Ohyama et al.,

2013). We found that in response to an air-puff larvae chose

to explore the environment by turning their head (a ‘‘bend’’) (Go-

mez-Marin et al., 2011; Lahiri et al., 2011), or to protect their

head by retracting it (a startle-response, we call a ‘‘hunch’’)

(Kernan et al., 1994; Ohyama et al., 2013; Tsubouchi et al.,

2012), or to perform a probabilistic sequence of the two (Figures

1A–1C, S1A–S1E, and S1H–S1J). Both bend and hunch are

discrete motor actions that are readily detectable with auto-

mated algorithms (Figure S1A) (Lahiri et al., 2011; Ohyama

et al., 2013).

Even repeated presentation of the same stimulus to the

same animal evoked bending on some trials and hunching on

others (Figures S1D and S1E). We confirmed that the mechano-

sensory chordotonal (mechano-ch) neurons were involved in

triggering both actions (Ohyama et al., 2013; Zhang et al.,

2013) (Figures 1D–1F). To exclude the possibility that differ-

ences in mechanical stimulus (due to turbulence) were causing

the differences in responses between trials, we optogenetically

activated the mechano-ch neurons with an identical light

stimulus. Repeated activation of the same neurons in the

same animal sometimes evoked bending and sometimes

hunching (Figures S1F and S1G).

Different Actions Require Different Combinations of
Somatosensory Projection Neurons
To identify the circuit mechanisms implementing this sensori-

motor decision we looked for neurons whose activity is differen-

tially required for triggering the two actions (Figures 1G–1M). We

started by looking at the neurons immediately downstream of

mechano-ch sensory neurons because sensorimotor decisions

could happen anywhere along sensorimotor pathways (Barker

and Baier, 2015; Cisek, 2007; Gaudry and Kristan, 2009; von

Reyn et al., 2014). We had previously identified the Basin pro-

jection neurons (PNs), Basin-1, -2, -3, and -4, that receive

different combinations of mechanosensory (and nociceptive) in-

puts and showed that they are excitatory (Ohyama et al., 2015).

Downstream targets of Basins project both to the motor domain

and to higher order centers such as the brain, suggesting they

can act as a hub to convey information to both local and global

motor programs (Ohyama et al., 2015) (Figure 1M). Basins were

previously implicated in multisensory integration and in promot-

ing the most vigorous rolling escape behavior in response to

combined mechanosensory and noxious cues (Ohyama et al.,

2015).

To test their role in hunching and bending in response to a me-

chanical cue alone, we selectively inhibited synaptic transmis-

sion (see the STAR Methods) in specific Basin PNs (Figures

1D–1J). Selective inactivation of Basin-1 reduced the likelihood

of stimulus-evoked hunching and bending (Figures 1G–1I). In

contrast, selective inactivation of Basin-2 (Figures 1I–1L) or

Basin-4 (Figure S2A) increased the likelihood of stimulus-evoked

hunching and decreased the likelihood of stimulus-evoked

bending. These inactivation phenotypes suggest, first, that

hunch is promoted when Basin-1 is active alone (Basin-1-only

state) and Basin-2 (or Basin-4 or both) is inactive (Figure 1N),

and second, that bend is promoted when Basin-1 is co-active

with Basin-2 (or Basin-4 or both) (Figure 1O).

Consistent with this idea we found that optogenetic activation

(see the STAR Methods) of Basin-1 alone promotes hunching

and bending (Figure S2C), whereas optogenetic co-activation

of Basins (or of Basin-2 alone) promotes bending, but sup-

presses hunching (Figures S2D and S2E).

Mechanosensory Stimuli Stochastically Activate
Different Combinations of Somatosensory Projection
Neurons
To confirm that mechanosensory stimuli can evoke two distinct

Basin activity states, we performed double-patch-clamp intra-

cellular recordings from Basin-1 and Basin-2 in semi-dissected

preparations (Figures 1P and S3A–S3C). We observed the pre-

dicted Basin-1-only (Figure 1Q) and the co-active states (Fig-

ure 1R). The responses of Basin neurons to mechanical stimuli

were highly variable both between individuals (Figures 1Q, 1R,

and S3C) and between trials within an individual (Figure S3C).

The relative frequencies of the two activity states were similar

to the relative hunch and bend frequencies in freely behaving

(J) Dorsal projection of a confocal stack of split-Gal4 line JRC-SS00739 driving GFP in Basin-2 neurons. Colors and labels as in (D).

(K and L) Percentage of animals performing stimulus-evoked hunching (K) and bending (L) in response to air-puff for control larvae (black) and larvae with Basin-2

neurons silenced by targeted expression of TNT (dark blue).

(M) Established synaptic connectivity of mechano-ch neurons and Basin cells (Ohyama et al., 2015)

(N) A proposed Basin-1 only active state promotes both hunch and bend behaviors.

(O) A proposed Basin-1 and Basin-2 co-active state promotes bend behaviors and suppresses hunch.

(P) Schematic of double-patch recordings from Basin-1 and Basin-2 in response to a mechanical stimulus.

(Q and R) Example recordings from Basin-1 and Basin-2 in two different individuals in response to a mechanical stimulus. In a semi-dissected preparation, a

mechanical stimulus (piezo, 1,000 Hz, 50ms) evokes either a Basin-1 only state or a co-active state. No Basin-2 on, Basin-1 off state was observed across in 145

trials across 16 animals.

For behavioral experiments, stimulus-evoked responses were calculated as the difference in fraction of animals performing a behavior post-stimulus and pre-

stimulus. Control animals have the GAL4 driving an inactive form of TNT (impTNT). Computation of p value for a difference between stimulus-evoked responses

was performed using numerical simulation (see Quantification and statistical analysis in the STAR Methods). Test larvae are R61D08 > UAS-TNT (mechano-ch),

R20B01 >UAS-TNT (Basin-1), and JRC-SS00739 >UAS-TNT (Basin-2). Control is a GAL4 control (in black): GAL4 >UAS-impTNT (inactive TNT): R61D08 >UAS-

impTNT (mechano-ch), R20B01 > UAS-impTNT (Basin-1), and JRC-SS00739 > UAS-impTNT, respectively. The number of larvae and exact p values for all the

experiments in all figures are specified in Table S1. *p < 0.05, **p < 0.001 in all figures.

See also Figures S1, S2, and S3 and Tables S1 and S3.
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animals (Figures S1H–S1J, and S3C), providing further support

for the model that hunch is promoted when Basin-1 is active

alone (Basin-1-only state) (Figure 1N) and that bend is promoted

when Basin-1 is co-active with Basin-2 (Figure 1O).

EM Connectome Reveals Different Inhibitory
Interneuronal Types Innervating the Projection Neurons
Next, we asked if inhibition could shape Basin responses. Using

patch-clamp recording from Basin-1 in response to a mechano-

sensory stimulus before and after application of GABA-A recep-

tor antagonist (picrotoxin) we confirmed that these neurons were

subject to inhibition (Figures S4A–S4C).

To identify the specific inhibitory neurons responsible, we

performed comprehensive EM reconstruction (Schneider-

Mizell et al., 2016) of local neurons (LNs) presynaptic to Basin

PNs and postsynaptic to mechano-ch terminals (Figures 2A–

2D and S5A–S5D; Data S1 and S2) in an EM volume spanning

the entire larval CNS (Ohyama et al., 2015). We identified three

distinct hemilineages (families) of LNs, with multiple neurons

per family (Figure 2D). We used lines that drove gene expression

(selectively or non-selectively) in at least one member of each

family to target GFP to the LNs and co-stained with an antibody

against GABA (Li et al., 2014; Pfeiffer et al., 2010). All families

were GABA-positive and hence likely inhibitory LNs (Figures

S4D–S4S).

We categorized LNs based on their connectivity with Basins

into those that made numerically strong connections (at least

five synapses) onto Basins (feedforward iLNs), those that

received inputs from Basins (feedback, fbLNs), and those that

were not strongly connected to Basins (less than five synapses).
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Figure 2. EM Connectome Reveals a Complex Network of Interconnected Interneurons Innervating Somatosensory PNs

(A) Dorsal view of EM reconstructions of Basin and mechano-ch cells in abdominal segment a1 (left, data from Ohyama et al., 2015) and all neurons synaptically

downstream of mechano-ch and upstream of Basin cells (orange) or feedback local interneurons (magenta). Arrowheads indicate cell bodies.

(B) Interneuron synaptic preference for Basin-1 versus Basin-2 (measured as the difference between synapses onto the two types normalized by the sum) versus

total number of synapses made onto either Basin. Five LN types make strong connections (R5 synapses) onto Basin-1 and Basin-2. Three preferred Basin-2

(collectively, iLNa), while one preferred Basin-1 and one was exactly balanced (collectively, iLNb).

(C) Wiring diagram of the Basin circuit. Each row is a cell type; lines indicate a R3 synapse connection from left onto right. For consistency, we only show

connections found in two or more hemisegments. Each column shows only connections postsynaptic to one neuronal category. Number of synapses is indicated

by edge width (see legend at the bottom left of the Figure 2C). Reciprocated edges are highlighted with a dashed line. Nodes marked with (+) indicate excitatory

neurons, those with (–) are GABAergic (Figures S4D–S4S).

(D) Dorsal views of interneurons as reconstructed from EM. Grey box indicates neuropil, black dash the midline. Neuropil box is 40-mm wide.

(E) Schematic of the reconstructed Basin circuit. Edge width increases with number of synapses. Sharp arrowheads are excitatory, squared inhibitory.

(F) Motifs in the observed wiring diagram that could contribute to determining network output state.

See also Figures S4 and S5 and Data S1 and S2.
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The feedforward iLN types received inputs from mechano-ch

and made synaptic connections onto both Basin-1 and Basin-2,

but differed in the relative number of synapses they made with

each (Figure 2B). The iLNa type comprised three hemisegmen-

tally repeated cells that made more synapses onto Basin-2

than Basin-1 (Figure 2B; Data S2). The iLNb type comprised

two unpaired medial cells; one made more synapses onto

Basin-1 than Basin-2 and the other had equal preference

(Figures 2B–2D; Data S2). In contrast to its siblings, Basin-4

received almost no inputs from iLNs downstream of mechano-

ch (Figure S2B).

We also identified two GABAergic LNs with specialized

feedback (fb) connectivity: fbLN-Ha and fbLN-Hb. FbLNs

received synaptic inputs from Basins (fbLN-Hb also received a

small fraction of input from one mechano-ch subtype) and

synapsed onto iLNs, but not onto any of the Basins (Figures

2C and S5E–S5G; Data S2). The fbLNs provide a direct

pathway for Basins to control the inhibitory circuitry modulating

their own activity.

Reciprocal Inhibition between Feedforward Inhibitory
Interneurons that Differentially Inhibit Projection
Neurons
The EM connectome revealed complex interactions between the

local interneurons in the first-order processing center (Figures

2C, 2E, and 2F). Inhibitory neurons synapsed extensively onto

other inhibitory neurons (Figures 2C, 2E, and 2F), with 68% of

such connections being reciprocal (Data S2).

iLNa and iLNb made a large number of reciprocal connections

with each other (Figures 2E and 2Fiii). Because both neurons

directly inhibit Basins, these reciprocal connections could allow

iLNa and iLNb neurons to exert a disinhibitory influence on Basin

activity patterns. Connectivity suggests that iLNa inhibit Basin-2

and disinhibit Basin-1, while iLNb inhibit Basin-1 and disinhibit

Basin-2 (Figures 2E and 2Fii).

Interestingly, the iLNs also form direct connections onto the

same neurons that they disinhibit, only with fewer synapses in

the direct, than in the indirect, disinhibitory pathway (Figures

2E, 2Fii, and 2Fiii). This could prevent output states from

becoming too stable and promote output diversity (Liu and Wil-

son, 2013). The iLNs could also play a dual role in gain control

(Carandini and Heeger, 2011; Olsen et al., 2010; Zhu et al.,

2013) and in sensorimotor choice.

APutative Circuit Motif for Local Feedback Disinhibition
of Projection Neurons
The iLNs also received prominent synaptic inputs from the

feedback inhibitory interneurons, fbLN-Ha and fbLN-Hb (Figures

2C, 2E, and 2Fiv). The two fbLN-types differed in terms of Basin

inputs they received (Figures 2C, 2E, 2Fiv, and S5E–S5G). The

fbLN-Ha received many synaptic inputs from all Basins. The

fbLN-Hb, received significantly less inputs from Basin-1 than

did fbLN-Ha (p < 0.001) and it received more inputs from

Basin-2 (and Basin-4) than from Basin-1 (Figures 2C, 2E, 2Fiv,

and S5E–S5G). Furthermore, fbLNs and iLNs make reciprocal

inhibitory connections, which could determine the balance of

inhibition and disinhibition of Basin-2 and Basin-1 (Figures 2C,

2E, and 2Fv).

Synaptic Input from Long-Range Projection Neurons
onto Local Inhibitory Interneurons Provides a Pathway
for Contextual Modulation of Local Circuitry
Competitive interactions between iLNa and iLNb and fbLNs

could promote different patterns of Basin activation, so we

asked what factors could contribute to differential activation of

the LN-types.

LNs receive differing combinations of mechano-ch inputs

(except fbLN-Ha; Data S2), suggesting that distinct combina-

tions of mechano-ch activation could contribute to differential

activation of iLNa and iLNb and hence to promoting distinct

combinations of Basin PN activity.

EM reconstruction of neurons that make synapses onto iLNs

and fbLNs revealed that they also receive input from distinct

long-range projection neurons from nerve cord and from

higher-order brain areas (Figures S5H–S5J). Thus, the LNs inte-

grate local mechanosensory information with other types of

contextual or internal state information and the local pattern of

Basin activity could be indirectly modulated by contextual and

internal state information through control of iLNs.

ASimpleRateModel Based on theConnectomeExplains
Behavioral Choice and Behavioral Sequences
To make predictions about the functional roles of specific

circuit motifs, we developed a simple rate model based on the

observed connectivity between neuron classes, where weights

of excitatory or inhibitory connections between neurons were

stronger for connections with more synapses (Figure 3A; see

the STAR Methods).

Since different mechano-ch subtypes and contextual input

could drive iLNa and iLNb differently, we first asked what output

states were produced by the network as a function of iLNa and

iLNb activation, while other nodes were driven at constant levels.

Since the output is the activity of Basin-1 and Basin-2, we could

represent output dynamics as a trajectory in a state spacewhose

two dimensions correspond to Basin-1 and Basin-2 activity (Fig-

ure 3B). By sampling from across a landscape of iLNa and iLNb

drives (Figure 3C, inset), we found diverse trajectories (Figures

3C and 3D). However, consistent with electrophysiology (Figures

1Q, 1R, and S3C), in all trajectories either Basin-1 was active and

Basin-2 was not, or Basin-1 and Basin-2 were co-active. Since

trajectories densely occupied only a few regions of Basin state

space (Figure 3E), we could define a Basin-state-to-behavior

map robust to small changes in the boundaries between behav-

iors (Figure 3F). Three qualitatively different trajectories resulted

from different patterns of iLNa and iLNb drive (Figure 3G): (1)

when iLNa was driven weakly, Basin-1 and Basin-2 were co-

active across the entire trajectory, corresponding to a bend (Fig-

ures 3D and 3H); (2) when iLNa was driven at intermediate levels,

output trajectories passed through the Basin-1-on and Basin-2-

off state before transitioning to a co-active state, corresponding

to a hunch followed by a bend (Figures 3D and 3I); and (3) when

iLNawas driven strongly, the dynamics remained in a Basin-1-on

and Basin-2-off state, corresponding to a hunch (Figures 3D

and 3J).

Thus a simple model of the observed network produced the

three most common responses to air puff observed in behaving

animals: hunching, bending, and the hunch-bend sequence.

862 Cell 167, 858–870, October 20, 2016



Hunch

Bend

B1

B2

Ha

iLNb

iLNa
C

Hb

B1 act.

B
2 act.

0

1

0 1

A

B1 act.

B
2 act.

Bd

Hnn.r.

0 1

1

0

F

H

G

Behavior

PN activity
(norm.)

LN activity
(norm.)

(iLNa low) (iLNa/iLNb balanced) (iLNa high)

iL
N

b 
in

pu
t

iLNa input

1.5

2.5

0.5 1.5

Behavior landscape

Bd
Hn-Bd Hn

i ii iii

Time (AU)

i. Bend ii. Hunch-Bend iii. Hunch

iLNa
input

iL
N

b
in

pu
t

1.5

2.5

0.5 1.5

C D

I J

B

A
ct

iv
ity

B1 act.

B
2 act.

Time (AU)

PN-space
trajectory

Bd Hn

Active
participating
subnetwork

Trajectory end
point density

B1 act.0 1
B

2 act.
0

1
E

0

1

2

0

1

0

1

Time (AU)

Hn Bd

0

1

0

1

0

1

Hunch

Bend

B1

B2

Ha

iLNb

iLNa
C

Hb

Hunch

Bend

B1

B2

Ha

iLNb

iLNa
C

Hb

Hunch

Bend

B1

B2

Ha

iLNb

iLNa
C

Hb

iLNa

iLNb
Ha
Hb

0

1

10
0

1

B2

B1

Dynamics

B2

B1

Time (AU)

Behavior definition

B1 act.

B
2 act.

HighMidLow

Low

Mid

High

iLNa input
iL

N
b 

in
pu

t

1/256

1/64
1/16

Figure 3. A Simple RateModel Based on the

Connectome Explains Behavioral Choice

and Behavioral Sequences

(A) Schematic of the network connectivity in a

rate model for behavior based on connectivity

observed from EM. Line width approximates

strength, arrows are excitatory, and squared ends

inhibitory. See the STAR Methods for details.

(B) Dynamics of the PN outputs (Basin-1 and

Basin-2 activity, left) can be represented as a state

space trajectory (right).

(C) Different patterns of sensory input weights onto

iLNa and iLNb produce diverse trajectories (colors

indicate iLNa and iLNb input values in inset).

(D) Examples of trajectories for different patterns

of iLNa and iLNb input for values in the lower one-

third, central one-third, and upper one-third of in-

puts as shown in (C).

(E) Density of trajectory end points, corresponding

to dynamical equilibria, for values sampled in C.

Note that these fall into two groups, one with

Basin-1 activity high and Basin-2 low, the other

with both high.

(F) Definition of behavioral response of model as a

function of state space. Bd, bend; Hn, hunch; n.r.,

no reaction.

(G) Behavioral landscape as a function of iLNa and

iLNb sensory input weights. Pure bending (blue),

pure hunching (red), and a hunch-bend sequence

(gray) can occur.

(H–J) Examples of dynamics for each behavioral

category, corresponding to values labeled by

white dots in G. From top to bottom: Active

neuron types, interneuronal dynamics, Basin-1

and Basin-2 dynamics, and behavioral output.

(H) Inputs that weakly engage iLNa and preferen-

tially engage the iLNb elements produce co-active

Basin output and only a bend state.

(I) Inputs that activate iLNa at intermediate levels

and iLNa and iLNb in a balanced manner produce

first a high Basin-1 state followed by a co-active

state, and thus a hunch-bend sequence.

(J) Inputs that preferentially activate iLNa elements

produce a sustained high Basin-1 output and only

a hunch state.

See also Figure S6.
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Optogenetic Activation and Intracellular Recordings
Confirm Feedforward Disinhibition Predicted by the
Connectome-Specified Model
The wiring diagram and the model predict that increasing

the activity of iLNa neurons disinhibits Basin-1, promoting a

Basin-1-on and Basin-2-off state (hunch), whereas increasing

the activity of iLNb neurons disinhibits Basin-2, promoting a

co-active state (bend). To test these predictions, we sought

to generate Split-GAL4 lines that drive expression selectively

in distinct types of iLNs, and LexA-lines that drive expression

selectively in individual Basins (Pfeiffer et al., 2010). We

managed to generate a Split GAL4-line for an iLNa-type

neuron, called Griddle-2 (Figures 4A–4C) and a LexA-line

for Basin-1 (see the STAR Methods). With these tools,

we could independently target fluorescent labels to Basin-1,

while selectively optogenetically activating the iLNa neuron

Griddle-2 (Figure 4D), which is synaptically poised to both

directly weakly inhibit Basin-1 and indirectly strongly disinhibit

Basin-1. Activating Griddle-2 evoked long-latency excitatory

postsynaptic responses in Basin-1 (Figures 4E, 4F, and

S4T–S4V). This is consistent with a functionally excitatory

polysynaptic connection (Fisxek and Wilson, 2014; Tuthill and

Wilson, 2016) from iLNa to Basin-1, predicted by the wiring

diagram (via inhibition of tonic inhibition to Basin-1 provided

by iLNb).

Inactivation of Feedforward Disinhibitory Interneurons
Alters Behavioral Choice as Predicted by the
Connectome-Specified Model
The model further predicts that selectively activating iLNa-

type neurons will suppress bending and promote hunching

(Figure 3J), whereas selectively silencing iLNa-type neurons

will promote bending and reduce hunching (Figures 4G–4K).

Selective optogenetic activation of Griddle-2 alone signifi-

cantly reduced bending, but it was not sufficient to trigger

hunching (Figure S2F). However, silencing of Griddle-2 signif-

icantly reduced the likelihood of hunching and increased

bending in response to air puff (Figures 4L–4N). We also

analyzed how inactivating Griddle-2 affects the transitions be-

tween behaviors. When the larva is not responding to the

stimulus it is crawling on the plate, so we included crawling

as a third action and computed transition probabilities after

stimulus onset in control animals and animals in which

Griddle-2 was silenced by TNT. We found that the probabilities

of both crawl-to-hunch and bend-to-hunch transitions were

significantly reduced in larvae with silenced Griddle-2 neurons

(Figures 4O–4Q), indicating Griddle-2 is involved in promoting

transitions to hunch.

Optogenetic Activation and Intracellular Recordings
Confirm Feedback Disinhibition Provides a Positive
Feedback Loop as Predicted by the Connectome-
Specified Model
The wiring diagram and the model predict that fbLN-Hb

and fbLN-Ha are activated by Basin-2 and that they in turn

promote ramping up of Basin-2 activity via disinhibition,

providing a positive feedback loop (Figures 3H–3J and S6A–

S6M). To test this prediction, we managed to generate a Split

GAL4-line for selectively targeting fbLN-Hb neurons (Figures

5A–5C).

We performed whole-cell patch clamp recording of the GFP-

labeled fbLN-Hb in response to optogenetic activation of Basins

(Figure 5D). We found that optogenetic activation of Basins

evoked short-latency action potentials in fbLN-Hb consistent

with a monosynaptic excitatory connection between Basins

and fbLNs (Figure 5E).

In converse experiments, we recorded from fluorescently-

labeled Basin-1 in response to optogenetic activation of fbLN-

Hb (Figures 5F–5H). Activating fbLN-Hb evoked long-latency

excitatory postsynaptic responses in Basin-1 in the majority

of trials (Figures 5G–5H and S4W–S4Y), consistent with a

functionally excitatory polysynaptic connection from fbLNs to

Basin-1 (via inhibition of tonic inhibition to Basin-1 provided

by iLNbs). Thus, Basin-2 monosynaptically excites fbLN-Hb,

which, in turn, polysynaptically excites and facilitates both

Basins, providing a positive feedback loop, as predicted by

the wiring-diagram.

Inactivation of Feedback Disinhibitory Interneurons
Alters Behavioral Choice and Sequence as Predicted by
the Connectome-Specified Model
The model predicts that selectively removing fbLN neurons re-

sults in decreased activation of Basin-2, thus increasing the like-

lihood of hunch at the expense of bend (Figures 5I–5M and S6A–

S6M). Consistent with this prediction, selective inactivation of

fbLN-Hb (Figure 5N) resulted in a reduction in bending, and an

increase in hunching in response to air puff (Figures 5O and

5P), the opposite phenotype to Griddle-2 inactivation (Figures

4M and 4N). The transition probability from crawl to bend was

mildly reduced, while the transition probability from crawl to

hunch was increased, consistent with a role in promoting a

bend and suppressing a hunch (Figures 5Q–5S). The transition

probability from bend back to hunch was also significantly

increased when fbLN-Hb was inactivated, suggesting that

fbLN-Hb ensures the maintenance of the bend state and

controls the innate sequence by preventing reversals from

bend to hunch.

Taken together, the two inhibitory neurons Griddle-2 and

fbLN-Hb promote opposing behaviors: Griddle-2 promotes

transitions to a hunch and fbLN-Hb inhibits these transitions.

Interestingly, these two inhibitory neurons make reciprocal

connections with each other (Figure 2C) through which they

could compete for the output state. This connection is asym-

metric, however, such that fbLN-Hb makes more synapses

onto Griddle-2 than vice versa (Figures 2C, 2E, and 2F; Data

S2). This facilitates a progression of the sequence from an initial

hunch to bend, but not back to hunch.

Optogenetic Activation of a Hunch-Promoting
PN Evokes Polysynaptic Lateral Excitation of
Bend-Promoting Neurons as Predicted by the Model
The model also predicts that activating fbLN-Ha promotes

the initiation of sequence transitions from a Basin-1-only

state to a co-active state (Figures S6D–S6F and S6M). We

could not directly test this role of fbLN-Ha because we

lacked a line for targeting expression to fbLN-Ha. However,
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we confirmed that activating Basin-1 reliably evoked long-

latency excitatory responses in Basin-2 that were signifi-

cantly reduced following application of the GABA-A receptor

blocker, picrotoxin (Figures 6A–6C). This is consistent with a

functionally disinhibitory connection from Basin-1 to Basin-2

and the prediction of the model that fbLN-Ha could promote

sequence transitions from Basin-1-only state (hunch) to the

co-active state (bend).

A B C

D E F

G

H

I

J

K

L
M N

O P Q

Figure 4. A Feedforward Inhibitory iLNa Is

Functionally Disinhibitory and Alters Behav-

ioral Choice in a Model-Predicted Manner

(A) Dorsal projection of a confocal stack of split-

Gal4 line JRC-SS0918 driving expression in

Griddle-2, an iLNa neuron. Green, JRC-SS0918-

Gal4>UAS-GFP; blue, N-cadherin staining to

indicate neuropil.

(B) Above, dorsal projection of a single Griddle-2

expressing GFP using a FLP-based approach.

Below, a Griddle-2 cell reconstructed from EM.

Red dashes are output sites; cyan dashes are

inputs. Arrowheads indicate midline.

(C) Transverse projections of the cells in (B) (above,

light; below, EM). In the light image, the dashed

line indicates the midline, dorsal indicated by D.

(D) Schematic for whole-cell recording from

Basin-1 and optogenetic activation of Griddle-2 by

selective expression of CsChrimson.

(E) Whole-cell recordings of Basin-1 in response to

optogenetic activation of Griddle-2. Grey traces

represent average of 6–10 trials each for 29 indi-

vidual animals; black trace represents average

across 29 animals. Griddle-2 optogenetic activa-

tion evokes long-latency (62 ± 27.8 ms) excitatory

responses in Basin-1.

(F) Integrated Basin-1 responses to Griddle-2

activation were positive (p = 0.000097, Wilcoxon

signed-rank test), indicating depolarization.

(G)Networkschematic formodelwith iLNasilenced.

(H) Model Basin dynamics for parameter values

given by a white dot in (I).

(I) The model behavior landscape when iLNa is

silenced includes only bends.

(J) Behavioral landscape for the intact network

(from Figure 3G).

(K) Area of the behavioral landscape regions pro-

ducing any hunches (left) or any bends (right) for

iLNa silenced, normalized to the intact network.

(L) Network schematic for behavioral assays after

silencing Griddle-2 by selective expression of TNT.

(M and N) Percentage of animals performing stim-

ulus-evoked hunching (M) and bending (N) after

silencing of Griddle-2 with TNT (orange) and con-

trol animals expressing an inactive form of TNT

(black). Computation of p value for a difference

between stimulus-evoked responses was per-

formed using numerical simulation (see Quanti-

fication and statistical analysis in the STAR

Methods).

(O–Q) Transition probabilities between crawl,

bend, and hunch for control animals (O) and

Griddle-2 silenced animals (P). Fisher’s exact test

was used to compute p values. (Q) The ratio of

Griddle-2 silenced to control transition probabili-

ties. (Fisher’s exact test; gray indicates no signif-

icant change in transitions.)

The number of larvae and exact p values for all the

experiments in all figures are specified in Table S1.

*p < 0.05, **p < 0.001 in all figures.

See also Figure S4 and Tables S1 and S3.
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DISCUSSION

We investigated the circuit principles that underlie simple

sensorimotor decisions and innate behavioral sequences. By

combining large-scale EM reconstruction, connectivity-driven

modeling, and behavioral and physiological studies, we iden-

tified a three-layer recurrent network in the first-order somato-

sensory processing center of Drosophila larva that contrib-

utes to sensorimotor decisions to hunch, bend, or perform

a sequence of the two in response to a mechanosensory

stimulus. The network consisted of parallel excitatory PNs

with differing contributions to behavior, two types of recipro-

cally connected local feedforward inhibitory interneurons

that preferentially targeted distinct PNs, and disinhibitory

feedback interneurons directly downstream of the PNs

that are reciprocally connected with the feedforward inhibitory

interneurons. Our findings are consistent with a model in

which reciprocal inhibition between the feedforward inhibi-

tory interneurons implements selection of a behavioral state,

feedback disinhibition stabilizes a selected state, and both

lateral and feedback disinhibition control sequence transi-

tions in a complementary way. Lateral disinhibition promotes

transitions from the first behavior to the next, and feedback

disinhibition prevents reversals to the previous behavior

(Figure S6D).

Reciprocally Connected Feedforward Inhibitory
Interneurons Implement Behavioral Choice
Local or long-range feedforward disinhibition has been impli-

cated in gating behaviors and percepts in several systems. In

the basal ganglia, the direct pathway disinhibits specific actions

via two sequential layers of GABAergic projection neurons (Mink,

1996). In visual and auditory cortex inmice, a specialized class of

GABAergic interneurons target other GABAergic interneurons,

disinhibiting excitatory pyramidal cells to increase excitatory

gain based on behavioral context (Fu et al., 2014; Pfeffer et al.,

2013; Zhang et al., 2014) or reinforcement signals (Hangya

et al., 2014; Kepecs and Fishell, 2014; Pi et al., 2013). In amyg-

dala, distinct disinhibitory circuits driven by painful stimuli or

auditory cues enhance fear conditioning (Wolff et al., 2014).

Recent studies in the adult and larval fly brain revealed feedfor-

ward disinhibitory motifs in thermosensory (Liu et al., 2015) and

olfactory centers (Berck et al., 2016; Liu and Wilson, 2013).

In the above systems, disinhibition is asymmetric, i.e., one

interneuron type inhibits another, thus gating a specific percept

or action, but does not receive strong inhibition in return. Our

EM reconstruction revealed extensive reciprocal connectivity

that suggests competitive interactions between classes of disin-

hibitory interneurons. Reciprocal connections between inhibitory

neurons have been observed in several brain areas in verte-

brates, including tectum (Goddard et al., 2014), cortex (Pfeffer

et al., 2013) and striatum (Mink, 1996), as well as in insects

(Liu and Wilson, 2013). In theoretical models, the reciprocal inhi-

bition of inhibition can be used to implement winner-take-all

decisions (Goddard et al., 2014; Mysore and Knudsen, 2012;

Mysore et al., 2011; Redgrave et al., 2011; Sridharan and

Knudsen, 2015). However, the exact identity and the roles of

reciprocally connected interneurons in behavior have been

harder to decipher. Here, we demonstrated that interneurons

involved in promoting distinct behaviors via disinhibition have

extensive reciprocal connections. Specifically, Griddle-2 neu-

rons, which promote hunch and suppress bend, make reciprocal

GABAergic synapses with the fbLN-Hb, which suppress hunch

and promote bend.

Feedback Disinhibition Provides Positive Feedback for
Stabilizing Behavioral Choice and Prevents Sequence
Reversals to the Previous Behavior
Recurrent excitation between neurons that promote the same

choice can play a key role in models of behavioral choice by sta-

bilizing decisions and allowing slow integration of inputs (Wang,

2008). In cortex, recurrent excitatory connections have been

found between neurons that have similar visual tuning properties

(Harris and Mrsic-Flogel, 2013). In male Caenorhabditis elegans,

recurrent excitatory connections are found between sensory

neurons in a circuit mediating behavioral choice (Jarrell et al.,

2012). We find a different functionally positive recurrent motif:

feedback disinhibition. We showed that feedback disinhibition

maintains a selected behavior and prevents transitions to earlier

behaviors in a sequence. The advantage of feedback disinhibi-

tion over recurrent excitation could be that the circuit remains

sensitive to sensory input as the primary source of excitation,

and thus can quickly respond to changes in stimulus. In addition,

disinhibitory neurons have the simultaneous ability to both

promote one state and inhibit opposing states. Indeed, the

fbLNs involved in inhibiting hunching and promoting bending

have extensive reciprocal GABAergic connections with feedfor-

ward iLNa that suppress the behavior fbLN promotes and that

promote the behavior the fdLN suppresses.

Lateral DisinhibitionCanPromoteSequenceTransitions
Our study provides insight into the mechanisms of generating

behavioral sequences. Some highly stereotyped sequential

behaviors are well described by ‘‘synfire-chain’’ models which

propose that each element in a series of actions provides the

excitation of the next (Long et al., 2010). Probabilistic se-

quences, such as human typing or fly grooming, are better

described by competitive queuing models which propose all ac-

tions in a sequence are readied in parallel and the order is estab-

lished through gradients of excitation andmutual inhibitory inter-

actions (Rosenbaum et al., 2007; Seeds et al., 2014). In line with

the competitive queuing model architecture, we find projection

neurons that promote or inhibit distinct behaviors are targeted

in parallel by mechanosensory neurons. A mechanosensory

stimulus can activate either the bend-promoting activity pattern

(Basin-1 and Basin-2 co-active) or the hunch-promoting activity

pattern (Basin-1-on, Basin-2-off). However, the lateral disinhibi-

tory neuron fbLN-Ha participates in a motif similar to a synfire

chain. Based on connectivity (Figures 2B–2F and S5E–S5G),

this neuron can be activated by PNs that promote the hunch,

and it can disinhibit PNs that promote bending and inhibit

hunching. In this way, fbLN-Ha can promote the initiation of

the hunch-bend sequence transitions (Figures 3, 6, and S6).

Feedback disinhibition mediated by both, fbLN-Ha and the

related fbLN-Hb, ‘‘traps’’ the second state and prevents rever-

sals back to the first one (Figures 3, 6, and S6). Chains of lateral

866 Cell 167, 858–870, October 20, 2016



A B C

D E

F G H

I

J

K

L

M

N O P

Q R S

Figure 5. Feedback fbLN Is Functionally Disinhi-

bitory and Implements Behavioral Choice and

Prevents Sequence Transitions in a Model-Pre-

dicted Manner

(A) Dorsal projection of a confocal stack of JRC-

SS0888 driving GFP expression in Hb, an fbLN. Green,

JRC-SS00888-Gal4 > UAS-GFP; blue, N-cadherin

staining to indicate neuropil.

(B) Left, dorsal projection of a single Hb-expressing

GFP using a FLP-based approach. Right, a Hb cell

reconstructed from EM. Red dashes are output sites,

cyan are inputs. Arrowhead indicates midline.

(C) Transverse projections of the cells in (B) (above,

light; below, EM). Note that left and right hemi-

segmental arbors are connected only via the ventral

cell body. In the light image, the dashed line indicates

midline with dorsal noted by (D).

(D) Experimental schematic of optogenetic activation

of all Basins by targeted expression of CsChrimson

during whole-cell recording of Hb.

(E) Whole-cell recordings of Hb in response to opto-

genetic activation of Basins. Optogenetic activation

of Basins reliably evoked short-latency (7.7 ± 3.7 ms)

excitatory responses and APs in Hb (15/16 cells).

(F) Network schematic for whole-cell recording from

a single Basin-1 and optogenetic activation of Hb by

selective expression of CsChrimson.

(G) Whole-cell recordings of Basin-1 in response to

optogenetic activation of Hb. Gray traces represent

average of 6–10 trials for 12 individual animals; black

trace represents average across 12 animals. Opto-

genetic activation of Hb in the absence of sensory

stimulus evoked long-latency (58 – 18.8 ms) excitatory

responses in Basin-1.

(H) Integrated Basin-1 responses to Hb activation

were positive (p = 0.008, Wilcoxon signed-rank test),

indicating depolarization.

(I) Network schematic for model without Hb.

(J) Model Basin dynamics for Hb feedback silenced

and for parameter values given by a white dot in (K).

(K) Model behavior landscape when Hb is silenced. Dot

indicates parameter used in (J).

(L) Themodel behavior landscape for the intact network.

(M) Area of the behavioral landscape regions produc-

ing any hunches (left) or any bends (right) for Hb

silenced, normalized to the intact network.

(N) Network schematic for behavioral measurements

after silencing Hb by selective expression of TNT.

(O and P) Percentage of animals performing stimulus-

evoked hunching (N) and bending (O) in response to air-

puff after silencing ofHbwith TNT (orange) compared to

control (black). Computation of p value for a difference

between stimulus-evoked responses was performed

using numerical simulation (see Quantification and

statistical analysis in the STAR Methods).

(Q–S) Transition probabilities between crawl, bend,

and hunch for control animals (P) and Hb-silenced

animals (Q). Fisher’s exact test was used to compute

p values. (S) The ratio of Hb silenced to control tran-

sition probabilities (Fisher’s exact test. Gray indicates

no significant change in transitions).

The number of larvae and exact p values for all

the experiments in all figures are specified in Table S1.

*p < 0.05, **p < 0.001 in all figures.

See also Figure S4 and Tables S1 and S3.
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disinhibitory connections acting to sequentially gate behaviors

could be a general mechanism underlying flexible sequence

transitions in other systems.

Pathway for Contextual Modulation of Local Circuitry
EM reconstruction revealed that iLNa, iLNb, and fbLNs receive

inputs from distinct subsets of local mechano-ch neurons as

well as from distinct long-range PNs carrying information from

the brain or from other distant body regions. This suggests the

outcomes of competitive interactions between the LN-types

depend both on precise patterns of local activation of me-

chano-ch neurons as well as on broader contextual and internal

state information provided by the long-range projection neurons.

Extrasynaptic neuromodulation not detectable using EM recon-

struction likely also contributes (Marder, 2012).

Complex Inhibitory Interneuron Networks at the Earliest
Stages of Sensory Processing Enable Efficient and
Dynamic Implementation of Behavioral Choice
Our results revealed a combination of multiple interconnected

motifs in the first-order somatosensory circuit of Drosophila

larva, each normally proposed in distinct theoretical models of

decision making in higher order brain areas in higher animals.

The distribution of behavioral choice and choice-related activity

across sensorimotor pathways (Nienborg et al., 2012; Yang

et al., 2016) has been proposed within the non-hierarchical

framework of decision-making to be a more rapid and flex-

ible mechanism for incorporating internal, proprioceptive, and

environmental context (Cisek and Kalaska, 2010). The circuit

described here is well-suited to operating in such a rich manner:

implementing sensorimotor decisions and behavioral sequences

at the earliest stages of sensory processing while also possess-

ing pathways for contextual modulation, allowing for decisions

to be made in a dynamic and ongoing interaction with the

environment.
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Figure 6. Optogenetic Activation of Hunch-Promoting PN Produces a Polysynaptic Lateral Excitation of Bend-Promoting PNs

(A) Experimental schematic for whole-cell intracellular recording of Basin-2 during optogenetic activation of Basin-1.

(B) Basin-1 optogenetic activation evokes long-latency (23 ± 14 ms) depolarizations in Basin-2 (gray). After the application of GABA-A receptor blocker,

picrotoxin, (blue) depolarizations were significantly reduced. Thinner traces represent average of 6–10 trials for 11 individual animals; thicker traces represent

average across animals.

(C) Integrated depolarization in response to optogenetic activation was significantly reduced by picrotoxin (paired t test, p = 0.016).

(D) Network schematics highlighting motifs involved in selection of a behavior, sequence transition and state maintenance.

See also Table S3.
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Drosophila, w;;attp2 Gift from G.Rubin Pfeiffer et al., 2008, 2010

Drosophila, w;attP40;attP2 Gift from G.Rubin Pfeiffer et al., 2010

Drosophila, R61D08-GAL4 Bloomington 39272, Pfeiffer et al., 2008

Drosophila, R21B01-GAL4 Bloomington 48877, Pfeiffer et al., 2008

Drosophila, R72F11-GAL4 Bloomington 39786, Pfeiffer et al., 2008

Drosophila, R36B06-GAL4 Bloomington 49929, Pfeiffer et al., 2008

Drosophila, R16B12-GAL4 Gift from G.Rubin Pfeiffer et al., 2008

Drosophila, R21B01-LexA Bloomington 52558

Drosophila, RC-SS00739 This paper

Drosophila, RC-SS00888 This paper

Drosophila, RC-SS00918 This paper

Drosophila, RC-SS00863 This paper

Drosophila, JRC-SS00674 This paper

Drosophila, JRC-SS00740 Ohyama et al., 2015

Software and Algorithms

pCLAMP Molecular Devices pCLAMP 10

MWT (multiworm tracker) http://sourceforge.net/projects/mwt Swierczek et al., 2011
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CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding authors Dr. Marta Zlatic

(zlaticm@janelia.hhmi.org) and Dr. Albert Cardona (cardonaa@janelia.hhmi.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly Stocks
In the main text and figures, short names are used to describe genotypes for clarity. The complete genotypes of animals used in this

study are shown in Table S3. We used GAL4-UAS system to direct the expression of effector proteins to specific neuron subtypes.

We used UAS-TNT-e (Sweeney et al., 1995) to silence neurons by expressing the tetanus toxin light chain in the GAL4 and Split GAL4

lines we tested, pJFRC12-10XUAS-IVS-myr::GFP (Bloomington stocknumber: 32197 gift fromB. D. Pfeiffer, G. Rubin and the GENIE

project team (HHMI Janelia Research Campus) to label neurons with green fluorescence and 20xUAS-CsChrimson-mVenus traf-

ficked in attP18 (Bloomington stocknumber: 55134) to activate neurons. Throughout the paper we used as controls the progeny

larvae from the UAS-impTNT (II) (gift from J. Simpson, unpublished data) containing the inactive form of TNT (Sweeney et al.,

1995), crossed to appropriate GAL4 or Split GAL4 lines. We used the progeny larvae from the insertion site stock, w;;attp2,

w;attP40;attP2 (Pfeiffer et al., 2010; 2008) crossed to the appropriate effector (UAS-TNT-e (II)) for characterizing the behavior (in Fig-

ures 1 and S1). w;; attP2 and w;attP40;attP2 were selected because they have the same genetic background as the GAL4 and Split

Gal4 lines tested respectively. The following strains from the Rubin GAL4/LexA collection were used for the behavioral experiments,

immunohistochemistry labeling, flp-out experiments and electrophysiological recordings in themanuscript: R61D08-GAL4, R21B01-

GAL4, R72F11-GAL4, R36B06-GAL4, R16B12-GAL4, R21B01-LexA (Li et al., 2014). To selectively target Basin-2 neurons we gener-

ated a Split-GAL4 stock: R72F11_AD inserted in attp40 (chromosome 2L) and R38H09_DBD

in attp2 (3L) (JRC-SS00739). To selectively target fbLN-Hb neurons we generated a Split-GAL4 stock: R22E09_AD inserted in

attp40 (chromosome 2L) and R12C03_DBD

in attp2 (3L) (JRC-SS00888). To selectively target Griddle-2 neurons we generated a Split-GAL4 stock R55C05_AD inserted in

attp40 (chromosome 2L) and R32D04_DBD

in attp2 (3L) (JRC-SS00918). To selectively target ladder-d neurons we generated a Split-GAL4 stock R78F07_AD inserted in

attp40 (chromosome 2L) and R28E11_DBD in attp2 (3L) (JRC-SS00863). To selectively target drunken-1 and drunken-2 neurons

we generated a Split-GAL4 stock R23A05_AD inserted in attp40 (chromosome 2L) and R48D11_DBD in attp2 (3L) (JRC-

SS00674). The line for selective targeting of basin-4 was generated as described previously (Ohyama et al., 2015). AD and DBD

combinations were assembled in a w1118 background.

These GAL4 combinations (from the Rubin GAL4 collection) were chosen based on stochastic labeling of single cells (using a FLP-

based approach) that revealed that above GAL4 combination both contained the cell(s) of interest, namely basin-2, basin-1,

drunken-1 and 2, griddle-2, ladder-d. The ‘FLP-out’ approach (Struhl and Basler, 1993) for stochastic single-cell is described in detail

elsewhere (Nern et al., 2015). In brief, heat-shock induced expression of FLP recombinase was used to excise FRT-flanked interrup-

tion cassettes fromUAS reporter constructs carrying HA, V5, and Flag epitope tags, and stainedwith epitope-tag specific antibodies.

This labeled a subset of the cells in the expression pattern with a stochastic combination of the three labels.

To perform electrophysiology experiments we made the following stocks:

d �R20B01-LexAp65 (JK22c); 20xUAS-CsChrimson-mCherry-trafficked in su(Hw)attP1, 13xLexAop2-IVS-GCaMP6s-p10

50.641 in VK5 (Chen et al., 2013; Klapoetke et al., 2014).

d R72F11-p65ADZp in attP40; R38H09-ZpGdbd in attP2 (JRC-SS00739), UAS-GCamp6f 15.693 in VK0005 (Chen et al., 2013;

Klapoetke et al., 2014).

d w;R20B01-LexA/CyO;13Lexop2 myr:: TDTomato/MKRS (Pfeiffer et al., 2012).

20xUAS-CsChrimson-mCherry-trafficked in su(Hw)attP1 is gift fromV. Jayaraman, unpublished stock (Chen et al., 2013; Klapoetke

et al., 2014), 13xLexAop2-IVS-GCaMP6s-p1050.641 inVK000005, is gift from theGENIEproject (JANELIA,HHMI), unpublished stock

(Chen et al., 2013). LexAop2-myr::TDTomato-p10 (attp40), a gift from D. Mellert (Ohyama et al., 2015) is an myr::TDtomato fragment

with AcNPV p10 (Pfeiffer et al., 2012). pGP-20XUAS-GCaMP6f-p10.92.693 in VK00005 is a gift from the GENIE project.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

LARA software package http://sourceforge.net/projects/

salam-hhmi

Ohyama et al., 2013

CATMAID http://www.catmaid.org Saalfeld et al., 2009,

Schneider-Mizell et al., 2016

MATLAB http://www.mathworks.org
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METHOD DETAILS

Behavioral Apparatus
The apparatus was described previously (Ohyama et al., 2013). Briefly, the apparatus comprises a video camera (DALSA Falcon

4M30 camera) for monitoring larvae, a ring light illuminator (Cree C503B-RCS-CW0Z0AA1 at 624 nm in the red), a computer (see

Ohyama et al., 2013 for details); available upon request are the bill of materials, schematic diagrams and PCB CAM files for the as-

sembly of the apparatus) and a hardware modules for controlling air-puff, controlled through multi worm tracker (MWT) software

(http://sourceforge.net/projects/mwt) (Swierczek et al., 2011), as described in Ohyama et al. (2013). Air-puff is delivered as described

previously (Ohyama et al., 2013). Briefly it is applied to a 25625 cm2 arena at a pressure of 1.1 MPa through a 3D-printed flare nozzle

placed above the arena (with a 16 cm 6 0.17 cm opening) connected through a tubing system to plant supplied compressed air

(0.5 MPa converted to a maximum of 1.4 MPa using a Maxpro Technologies DLA 5-1 air amplifier, standard quality for medical air

with dewpoint of 210uC at 90 psig; relative humidity at 25uC and 32uC, ca. 1.2% and 0.9%, respectively). The strength of the airflow

is controlled through a regulator downstream from the air amplifier and turned on and off with a solenoid valve (Parker Skinner

71215SN2GN00). Airflow rates at 9 different positions in the arena were measure with a hot-wire anemometer to ensure even

coverage of the arena (Extech Model 407119A and Accusense model UAS1000 by DegreeC). The air-puff relay is triggered through

TTL pulses delivered by a Measurement Computing PCI-CTR05 5-channel, counter/timer board at the direction of the MWT. The

onset and durations of the stimulus is also controlled through the MWT.

Behavioral Experiments
Embryos were collected for 8–16 hr at 25�C with 65% humidity. Larvae were raised at 25�C with normal cornmeal food. Foraging 3

instar larvae were used (larvae reared 72-84 hr or for 3 days at 25�C). Larvae with all optogenetic experiments were raised on food

supplemented with all-trans retinal.

Before experiments, larvae were separated from food using 10% sucrose, scoopedwith a paint brush into a sieve andwashedwith

water (as described previously). This is because sucrose is denser thanwater, and larvae quickly float up in sucrosemaking scooping

them out from food a lot faster and easier. This method is especially useful for experiments with large number of animals. We have

controlled for the effect and have seen no difference in the behavior between larvae scooped with sucrose and larvae scooped

directly from the food plate with a forceps.

The larvae were dried and spread on the agar starting from the center of the arena. The substrate for behavioral experiments was a

3%Bacto agar gel in a 25625 cm2 square plastic dishes. Larvae were washed with water at room temperature, the dishes were kept

at room temperature and the temperature on the rig inside the enclosure was set to 25�C. The humidity in the room is monitored and

held at 58%, with humidifiers (Humidifirst Mist Pac-5 Ultrasonic Humidifier).

We tested approximately 50–100 larvae at once in the behavioral assays. The temperature of the entire rig was kept at 25�C. In the

assay the larvae were left to crawl freely on an agar plate for 44 s prior the stimulus delivery. The air-puff was delivered at the 45th

second and applied for 38 s. After a period of recovery of about 20 s when 10 air-puff pulses, 2 s each, were delivered (with a 8 s

separation interval).

In the assay with exogenous neuronal activation CsChrimson was activated using a 617-nmwavelength LED, with an irradiance of

296-425 mW/ cm2, as measured from the location of the preparation. The arena was illuminated from below through clear agar. The

larvae crawled freely for 30 s prior to light delivery by switching the LED on for 15 s.

The MWT software64 (http://sourceforge.net/projects/mwt) was used to record all behavioral responses.

Mechanical and Optogenetic Stimulation for Electrophysiology Recordings
Mechanical stimulation was generated by arbitrary waveform generator (33220A, Agilent Technologies) and amplified by a stereo

power amplifier (PCA3, Pyle Pro). The stimulation signal was delivered to a quick-mount extension actuator (Piezo Systems, Inc.),

which was embedded in the sylgard-coated recording chamber. The stimulation was set at 1000Hz, with the intensity of 40 V and

duration of 10-50 ms.

CsChrimson was activated using a 617-nmwavelength LED, with irradiance of 320 mW/ cm2, as measured from the location of the

preparation. The LEDs was on for 10-50 ms.

We note there is a drastic difference in context between the optogenetic activation experiments in the dissected preparation and

the freely behaving animals. In the dissected preparation, the body wall and the light-sensing organs in the front are damaged, and

the animal is not moving. Feedback from proprioceptive neurons and from copies of motor commands is absent, or abnormal, high

levels of nociceptive stimulation are present (due to injury of the body wall), and the light stimulus used for optogenetic activation is

likely not sensed. The effective light intensity may be much higher, because the light does not need to penetrate through the cuticle

before it reaches the CNS (even though the actual light intensities used were very similar, 320 mW/cm2 in electrophysiology, and 296-

425 mW/cm2 in behavior). In the freely behaving animals, both proprioceptive feedback and copies of motor commands are present

and nociceptive stimulation is absent. Furthermore, larvae do see and react to the red light (617 nm), at intensities used for optoge-

netic stimulation, by increasing the probability of bending. A large difference in context between the dissected preparation and the

freely behaving animal is also present for the mechanosensory stimulation experiments. The absolute magnitudes of mechanical

stimulation (g-force 1.12 m/s2 in electrophysiology and behavior) and LED light intensity (ca. 300 - 400 mW/cm2) that evoke reliable

Cell 167, 858–870.e1–e7, October 20, 2016 e3

http://sourceforge.net/projects/mwt
http://sourceforge.net/projects/mwt


behavioral responses and electrophysiological responses are similar. However, it is difficult to compare the effective magnitudes of

stimulation in the electrophysiological preparations and freely behaving animals as in the former case the animals is dissected and its

body wall is stretched and pinned (which could affect the responses of the mechanosensory neurons) and immersed in a physiolog-

ical solution, whereas in the second case the animal is intact and the stimulus is delivered through air and from above.

Whole-Cell Patch-Clamp Recordings from Basin Neurons in Ventral Nerve Cord
The experiments were performed on third instar larvae at feeding stage. Fillet preparations with ventral nerve cord (VNC) attached

were dissected in Baines external solution, which contained (mM): 135 NaCl, 5 KCl, 2 CaCl2.2H2O, 4 MgCl2.6H2O, 5 2-[(2-Hy-

droxy-1,1-bis(hydroxymethyl)ethyl)amino] ethanesulfonic acid, N-[Tris(hydroxymethyl) methyl] �2-aminoethanesulfonic acid, and

36 sucrose. The pH was adjusted to 7.15 with NaOH, and osmolarity was 310-320.

The larvae were cut all the way along the dorsal surface, and the fillet was pinned down at 4 corners onto the sylgard-coated

recording chamber using fine wire (0.001 tungsten 99.95% wire; California Fine Wire Company). The guts were removed carefully

to avoid nerve damage. To minimize VNC movement during the recordings, a transverse cut was made on the anterior cuticle

and body wall retracted toward posterior, so that a tiny piece of parafilm could be placed underneath of VNC. The nerves connecting

the cuticle and VNCwere ‘‘glued’’ to parafilm using petroleum jelly. The preparation was viewed with a 603 /1 N.A. water-immersion

objective equipped with Olympus microscopy (BX51WI; Olympus). GcAMP6 –labeled basin neurons were visualized with a 470-nm

wavelength LED. A small section of the glial sheath above the targeted abdominal basin neurons was ruptured using protease (0.1%

Protease XIV; Sigma-Aldrich). Recording electrodes were pulled from thick-wall glass pipet (O.D. 1.5mm, I.D. 0.86mm) using P-97

puller (Sutter Instruments) and fire-polished to resistances of 10–15 MU. The Baines intracellular solutions contained (mM): 140 po-

tassium gluconate, 5 KCl, 2MgCl2.6H2O, 2 EGTA, 20 HEPES. The pHwas adjusted to 7.4 with KOH, and the osmolarity was 280. The

intracellular solution contained 0.5% Neurobiotin for the further post hoc morphological identification of recorded neurons. The data

were acquired and processed using Digidata 1440A, Multiclamp 700B, and Clampex 10.4 software (Molecular Devices). The

recording was sampled at 20 kHz and filtered at 6 kHz under current-clamp mode, and 10 KHz and 2 KHz under voltage-clamp

mode. The recordings will not be processed for further analysis if the resting membrane potential at cell body became > �45 mV

before correcting liquid junction potential (15mV) corrections.

Basin Neuron Identification
After the electrophysiology recording, the preparation containing VNC and brain was fixed in 4% paraformaldehyde in 0.1 M phos-

phate buffer saline (PBS) overnight in refrigerator, and then transferred to PBS until staining. After rinsing in PBS, the CNS prepara-

tions were placed in Streptavidin Alexa Fluor 647 (1:200) in PBS-T (overnight, room temperature). After rinsing, the preparations were

dehydrated and mounted with DPX. The confocal images were captured with Zeiss 710 confocal laser microscope. Alexa Fluor 647

was excited with a light of 633 nm wavelength, and mcherry-tagged CsChrimson neurons were excited with a light of 567 nm.

Spike Detection in Electrophysiological Recordings of Basin Neurons
Many insect neurons are non-spiking and influence downstream partners only through graded potentials. Some insect interneurons

use, both action potentials and graded potentials, for signal transmission (Burrows and Siegler, 1976; Hengstenberg, 1977; Milde,

1981; Pearson, 1976). It is likely that Basins use both the graded potentials and the APs, for signal transmission and for influencing

behavioral output.

Like most insect neurons, Basin cell bodies are closer to the dendritic tree, than to the axon terminal, but they are separated from

both by a long primary neurite. The synaptic potentials generated at the dendritic tree therefore bypass the soma on the way to the

main spike initiation zone (SIZ), likely located at the start of the axon, just after bifurcation of the primary neurite into a dendritic and an

axonal branch (Gouwens and Wilson, 2009).

The SIZ is much closer to the axon terminals (ca. 24 mm in 3rd instar larva), than to the cell body (ca. 60 mm away in 3rd instar larva).

The depolarizations at the axon terminal are likely much larger than the ones we observe at the cell body. Thus, graded potentials

observed in Basin neuron cell bodies are likely to propagate all the way to the axon terminal and influence their downstream partners

and behavior, and not only APs.

Furthermore, because the cell bodies (where the patch-clamp recordings are performed) are very far from the SIZ, it is likely that we

do not detect many APs evoked by mechanosensory or optogenetic stimuli, because they are distorted and reduced in amplitude

(due to distance). When such APs occur on top of large fluctuating depolarizations it is difficult to detect them. In the current injection

experiments APs are much easier to detect, because they are not distorted by riding on large EPSPs.

GABA Histochemistry Labeling
To determine the neurotransmitter identification in the interneurons, GABA immune-labeling was performed from the JRC-SS00888

(handle-b), JRC-SS00918 (griddle-2), JRC_SS00674 (drunken-1 and drunken-2), JRC-SS00863 (ladder-d) crossed to pJFRC12-

10XUAS-IVS-myr::GFP. The VNC was dissected out from 3rd instar larvae, and fixed with 4% PFA for 30 min. After rinsing in

PBS, the CNS preparations were incubated in the rabbit anti-GABA (1:500, Sigma) and chick anti-GFP (1:1000, abcam) in PBS-T,

followed by Alexa Fluor 488 goat anti-chick IgG and Alexa Fluor 647 goat anti-rabbit IgG. After rinsing, the preparations were
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dehydrated and mounted with DPX. The confocal images were captured with Zeiss 710 confocal laser microscope. Alexa Fluor 488

was excited with a light of 488 nm, while Alexa Fluor 647 was excited with a light of 633 nm wavelength.

EM Reconstruction and Wiring Diagrams
EM reconstruction followed the procedures described in (Schneider-Mizell et al., 2016) and (Ohyama et al., 2015). Briefly, we per-

formedmanual annotation of serial EM sections in aweb-based tool CATMAID (http://www.catmaid.org) (Saalfeld et al., 2009), which

allowed for fast reconstruction of neuronal skeletons, which express the anatomy and topology of neural arbors but lack volumetric

information, and connectivity. To ensure accuracy, reconstructions were followed by a later comprehensive review (Schneider-Mizell

et al., 2016). To focus on those neurons involved in segmental microcircuits connecting chordotonal sensory terminals and Basin

dendrites, we looked at the 1.5 segment first instar volume in which all arbors downstream of chordotonal axons were reconstructed

(Ohyama et al., 2015). This identified the iLNa interneurons described here and a subset of Ladder neurons, but the precise identity of

which Ladders could not be determined because key identifying features were located outside of the smaller imaged volume. We

continued this work in a second volume spanning the entire first instar CNS (Ohyama et al., 2015) by performing targeted reconstruc-

tion of all Ladders, Drunken-1, Griddle-1, and Griddle-2 in segment a1 and any appropriate nearby segments. Manual reconstruc-

tions of neuronal anatomy and connectivity were performed and reviewed by author CMSMwith significant contributions from Ingrid

Andrade, Javier Valdes Aleman, Laura Herren, Waleed Osman, and incidental contributions from fourteen other contributors working

in the same dataset. It is possible that additional interneurons between chordotonal and Basin cellsmay exist if their structure was not

uniquely identifiable in the previous volume. Existing reconstructions of chordotonal axon terminals, Basin cells in segments, fbLN-

Ha, and fbLN-Hb from segment a1 were taken from prior reconstructions (Ohyama et al., 2015). Small differences between anatomy

and connectivity of previously reconstructed neurons are due to correction of errors that were noticed during subsequent reconstruc-

tion, typically in the form of omitted twigs, small branches hosting few synapses that have little impact on the network topology

(Schneider-Mizell et al., 2016).

For wiring diagram descriptions at the cell type level, we summed the number synapses in a given connection between cell types if

that connection was reliably found with 3 or more synapses on both left and right sides of the animal. Individual neuron connectivity

can be found in the Supplementary neuronal adjacency matrix. Connectivity was analyzed and visualized with custom Matlab (The

Mathworks, Inc) scripts.

Model
We built a rate model with units connected as per EM reconstructions and behavior output taken from silencing and activation ex-

periments. For simplicity, each neuron category (mechano-ch, iLNa, iLNb, fbLN-Ha and fLN-Hb) was reduced to a single node and

connections with small differences in synaptic count weremade equal to reduce parameter choices. We described the systemwith a

rate vector r R 0, each element of which corresponds to a category of neurons (1: Mechano-ch, 2: Basin-1, 3: Basin-2, 4: iLNb, 5:

iLNa, 6: fbLN-Ha, 7: fbLN-Hb). Activity followed the equation:

ti
dri
dt

= � V0;i � ri + si + ðrmax � riÞ
X

j

Aex
ij rj �

X

j

Ain
ij rj

where V0 sets the threshold for activation, si is the stimulus input, rmax sets the maximum rate, and Aex
ij and Ain

ij are the excitatory and

inhibitory connection strengths from neuron j to neuron i, respectively. For the sensory element (i = 1 for clarity), t1 = 1, V0;1 = 0 and

s1 = 0 before stimulus and s1 = 2 during. The stimulus period lasted 450 time units, sufficient time to achieve equilibrium for param-

eters tested. To avoid introducing intrinsic timing differences arising from anything other than network topology, for all elements i > 1,

ti = 35; V0;1 = 20, and s1 = 0 for all time. For all elements, rmax = 20. The connectivity matrices were:

Aex =

2

6
6
6
6
6
6
6
6
4

0 0 0 0 0 0 0
1:5 0 0 0 0 0 0
0:75 0 0 0 0 0 0
wiLNb 0 0 0 0 0 0
wiLNa 0 0 0 0 0 0
0 0:2 0:2 0 0 0 0
0:4 0 0:5 0 0 0 0

3

7
7
7
7
7
7
7
7
5

Ain =

2

6
6
6
6
6
6
6
6
4

0 0 0 0 0 0 0
0 0 0 1:7648 1:3841 0 0
0 0 0 1 5:9167 0 0
0 0 0 0 3:3744 1:6659 2:191
0 0 0 2:7133 0 1:1010 3:3031
0 0 0 1:8411 1:1158 0 0
0 0 0 1:7331 2:2145 0 0

3

7
7
7
7
7
7
7
7
5
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Values for the inhibitory connectivity were drawn directly from the number of synapses observed in the reconstructions between

cell categories, normalized to the iLNb-to-Basin-2 edge, in order to approximate connection strength. Values for the excitatory con-

nectivity were approximated from synaptic counts, with the overall amplitudes chosen to generate diverse dynamics. The sensory

input into iLNa and iLNb, wiLNa and wiLNb was chosen between 0.5–1.5 for iLNa and 1.5–2.5 for iLNb to represent differences in sen-

sory activation of the two interneuronal classes by differential activation of the pattern of sensory inputs. Dynamics were solved by

numerical integration using the ode45 function in Matlab 2014b (Mathworks, Inc) with the ‘nonnegative’ option. Neurons were

silenced in the model by setting all input and output weights to 0.

Following the computation of dynamics, the hunch/turn behavior was determined from the Basin-1 and Basin-2 activity rates.

Inspired by the genetic silencing experiments, we set a hunch reaction to occur when Basin-1 was more strongly active than

Basin-2, a bend reaction when Basin-2 is near or more active than Basin-1, and no reaction when neither are strong. For concrete-

ness, we based the behavior function on br2 = r2=r
�
2 (Basin-1 activity) and on br3 = r3=r

�
3 (Basin-2 activity), where r�i is the maximum

values of ri for dynamics when wiLNa = 1 and wiLNb = 2, the center of the landscape we describe.

No response : br2%0:5 AND br3%0:5

Hunch :
br3
br2

< 0:8 AND br2; br3 > 0:5

Turn :
br3
br2
R0:8 AND br2; br3 > 0:5

Values were chosen to highlight a full range of states. Note that because of Basin-1 receives stronger input than Basin-2, even

without inhibition Basin-2 will respond slightly slower than Basin-1. We did not count states that lasted less than twice the duration

between ‘‘no reaction’’ to ‘‘bend’’ in the case of excitation without any inhibition, this was approximately 16 time units.

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavior Quantification
Larvae were tracked in real-time using theMWT software (Swierczek et al., 2011). We rejected objects that were tracked for less than

5 s or moved less than one body length of the larva. For each larva MWT returns a contour, spine and center of mass as a function of

time. From the MWT tracking data we computed the key parameters of larval motion, using specific choreography (part of the MWT

software package) variables (Ohyama et al., 2013). From the tracking data, we detected and quantified hunching and bending events

and peristaltic crawling strides as described in (Ohyama et al., 2013), using the LARA software package (http://sourceforge.net/

projects/salam-hhmi). For optogenetic experiments, because a roll can be evoked by optogenetically activating basin-type neurons

(Ohyama et al., 2015), a behavior classification that allows better discriminations between roll and hunch actions than the LARA

behavior classification method (Ohyama et al., 2013) was used. Behavior classification is performed using supervised learning based

on human tagging of larval video. It is performed on a very limited set of features exhibiting low variance under the mechanical de-

formations induce by the larval dynamics. It consists on a 3-layer procedure. The first layer relies on Random Forest (Breiman, 2001)

to identify if one of the listed behavior is being performed and output a Boolean variable. The second layer collects all states and

check for inconsistencies (e.g., a larva crawling and head-casting at the same time). The third layer uses Hidden Markov model to

perform the final behavior assessment (Bishop, 2006).

To calculate the fraction animals hunching and bending in response to air-current in the tested population of larvae, we calculated

the number of animals that hunched or bent at least once during the sampling time-interval (20 s time interval following stimulation) as

well as during 20 s time window preceding the stimulation. We used the number of larvae that hunched and bent during the pre-stim-

ulus detected events as an estimate of any spontaneous behaviors occurring also during the response to air-current. The number of

detected hunches in a pre-stimulus time window was very small as hunch is a type of startle response happening mostly in response

to a stimulus (Ohyama et al., 2013). Bends, on the other hand occur frequently prior to stimulus delivery as larvae perform the search

behavior during foraging. To calculate the fraction animals hunching and bending upon optogenetic activation of key neurons in the

tested population of larvae, we calculated the number of animals that hunched or bent at least once during the sampling time-interval

(5 s) after the onset of red light.

Transition Probabilities
To calculate transition probabilities, we computed the total number of post-stimulus transitions from each behavior (crawl, hunch, or

bend) to one of the other two across all animals in the population and normalized this by the number of all transitions from the same

behavior. Transitions were considered genuine post-stimulus events if they started 0.05 s after air-puff onset and lasted at least

0.02 s. The transition probabilities starting from a given behavior for control and experimental populations were statistically

compared by the Fisher exact test.
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Statistical Analysis
All data, except those from animals that were not tracked for more than 5 s (see behavioral quantification) were included in the quan-

titative analysis. All statistical tests and significance levels for data comparisons are specified in the results section of the text or figure

captions and are two-sided.

We performed a Fisher exact test to compare transitions probabilities in experimental lines and their respective controls.

We performed paired t test to compare electrophysiological recordings between different conditions.

In order to detect the effects of silencing of individual neuron types (chordotonals, basin-1, basin-2, griddle-2, handle-b, basin-4)

on hunching and bending in response to air-puff, we computed an estimator intended to detect the emergence of behaviors at the

population scale. We computed the ratio of larvae bending and hunching at least one time in the 20 s sampling time window before,

respectively pb
B and ph

B, and after stimulus, respectively pb
A and ph

A. The ratios were defined as pi
k = ðNi

k=N
all
k Þwith i ˛ fb;hg, k ˛ fA;Bg

andNall
k the total number of larva during the 20 s timewindow. In order to quantify the effect of the stimulus we defined ciðpÞ=pi

A � pi
B

as the difference in the ratio after and before the stimulus with i˛fb; hg. Note that results are not time window duration dependent for

duration superiors to 5 s. In order to compare tests line our estimator was defined as

Qiðp;qÞ=ciðpÞ � ciðqÞ;

with p and q the ratios of the lines and the control respectively.Qiðp;qÞ takes value in [-1,1].Qiðp;qÞ is null if there are no differences

between the line tested and the control. Positive or negative values indicate an effect of neuron silencing when compared to the con-

trol. Statistical testing for significance was performed against a null hypothesis of Qiðp;qÞ= 0 with pi
k =qi

k . p-values were evaluated

using numerical simulations where fpi
k ;q

i
kg were generated from hypergeometric distributions.

The pseudo code to generate the p-value reads:

d Repeat Nsim = 5:105 times

d Nout = 0

d ni
BðpÞ � HyperðNall

B ðpÞ+Nall
B ðqÞ;Ni

BðpÞ+Ni
BðqÞ;Ni

BðpÞÞ
d ni

BðqÞ=Nall
B ðpÞ+Nall

B ðqÞ � ni
BðpÞ

d ni
AðpÞ � HyperðNall

A ðpÞ+Nall
A ðqÞ;Ni

AðpÞ+Ni
AðqÞ;Ni

AðpÞÞ
d ni

AðqÞ=Nall
A ðpÞ+Nall

A ðqÞ � ni
AðpÞ

d evaluate ciðpÞ= ni
A
ðpÞ

Nall
A
ðpÞ �

ni
B
ðpÞ

Nall
B
ðpÞ, c

iðqÞ= ni
A
ðqÞ

Nall
A
ðqÞ �

ni
B
ðqÞ

Nall
B
ðqÞ and Qiðp;qÞ=ciðpÞ � ciðqÞ

d if Qiðp;qÞRQi
expðp;qÞ, Nout =Nout + 1

d end repeat

d evaluate p= Nout

Nsim

With� the symbol for drawing from a distribution andHyperðN1;N2;N3Þ the hypergeometric distribution withN1 the total number of

elements,N2 the number of elements with a specific characteristic (here for example bending) andN3 the number of elements drawn.

Note that this estimator, Qiðp;qÞ, has the advantage of being able to detect the non-synchronous emergence of a behavior at a

population scale. For example, bending can either emerge as an immediate response to the puff or as the second response after

hunching. The statistics of start time of bending is thus widely distributed at the population scale. Time evolution of instantaneous

ratio of larva performing bendingwould not exhibit a strong increase after stimuli because larvae are not all going to bend immediately

after stimuli.Qiðp;qÞ by accumulating events during a time window allows efficient detection of a behavior even if it is widely distrib-

uted in time.

We also performed a chi-square test to compare proportions of larvae hunching and bending upon optogenetic stimulation in test

and control larvae.
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Figure S1. Related to Figure 1

(A) Hunch and bend are discrete behaviors. Hunch, bend, and crawling behaviors show clustering in a feature space. Here, a subset of features, ‘‘shape change’’

and ‘‘angle change’’ are shown across animals performing behaviors (individual points). Animals detected as hunching (red) and those detected as bending (blue)

and crawling (gray) are clearly separable even in the 2D embedding.

(B) Ethogram of larval reaction to air-puff (green line) from a second control genetic background (w;attP40;attP2) based on automated behavioral detection. Each

row is a larva, hunching (red) or bending (blue). Only those animals with any hunching behaviors after stimulus onset are shown for clarity.

(C) Fraction of all larvae performing hunch or bend behaviors during stimulus onset. Larval reactions are similar in w;;attp2 (Figure 1B) and w;attP40;attP2

controls.

(D and G) Single animals can react differently to repeated presentations of the same stimulus.

(D) Ethogram as in Figure 1B, but for repeated 2 s air-puff stimuli to same individuals, highlighting examples of animals that hunched in the first bout and did not in

the second.

(E) Same as (D), but for those animals that had little to no hunching in the first stimulus bout, but hunched in the second.

(F and G) Multiple optogenetic activation of mechano-ch sensory terminals can induce different behaviors in the same animal, including animals that hunch

strongly to a first 15 s light stimulation but not to a second 15 s light stimulus presented 30 s later (F) and animals that do not hunch strongly to the first but do to the

second (G).

(H) Ethogram of larval reaction to a long 30 s presentation followed by repeated short 2 s presentation of air-puff (green lines), for animals from a genetic

background control (w;;attP2), based on automated behavioral detection. Each row is a larva, hunching (red) or bending (blue).

(I) Number of larvae performing hunch or bend behaviors during pulsed stimulations.

(J) Observations of behavioral variability across animals and across trials. Across all animals, across five consecutive repeated air puff trials we find that 28% (444/

1616) of animals hunch (in at least one trial), and 85% (1372/1616) of animals bend, in at least one trial. Note: The reason this does not add up to 100 is because

some animals 23% (375/1616) hunch on some trials and bend on other trials.

Across all stimulus presentations (across all animals) presentations, we observed a hunch in 9% (688/8080), and a bend in 70% (5658/8080).

We also compared the inter-animal and intra-animal SD, using peak amplitude of hunch or bend events (where amplitude is 0 when the animal does not hunch or

bend at all). Themean inter-trial SD of all animals is significantly lower (0.027 ± 0.001) than the inter-animal SD (0.035) for hunch (p = 1.67e-5, N = 1616). Themean

inter-trial SD of all animals is also significantly lower (29.53 ± 0.49) than the inter-animal SD (30.56) for bend (p = 0.0006, Wilcoxon rank sum test).
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Figure S2. Related to Figure 1

(A and B) Basin-4 had a similar behavioral phenotype as Basin-2, but few inputs from interneurons receiving input from mechano-ch. (A) Percentage of animals

that performed stimulus-evoked hunching and bending for control larvae (black), and larvae in which Basin-4 is silenced by targeted expression of TNT (dark blue)

under control of JRC-SS00740-GAL4 (Ohyama et al., 2015). (B) Synaptic connectivity table between local interneurons and Basin-4. While Basin-4 is not strongly

modulated by direct inhibition, note that Basin-4 is presynaptic to both fbLNs, Ha and Hb (Ohyama et al., 2015; see also Figures S5A–S5C) making it possible to

still disinhibit local circuitry.

(C–E) Optogenetic activation of Basin neurons is consistent with the proposedmodel and with inactivation results. Proportion of animals hunching and bending in

response to LED red (617 nm) light stimulation control larvae and larvae in which different patterns of Basin neurons were activated. (C) Basin-1 was activated by

targeted expression of CSChrimson under control of JRC-R20B01-GAL4 (Ohyama et al., 2015); (D) Basin-2 was activated by targeted expression of CSChrimson

under control of JRC-SS00739-GAL4; (E) All Basins were activated under the control of JRC-R72F11-GAL4 (Ohyama et al., 2015). Optogenetic activation of

Basin-1 alone resulted in a significantly increased frequency of hunching and, to a lesser extent, bending, compared to control (C). In contrast, combined op-

togenetic activation of Basin-1 and Basin-2 neurons (E), (corresponding to the co-active state), or of Basin-2 alone (D), resulted in a significantly increased

frequency of bending and significantly reduced frequency of hunching compared to controls. Together these results support our model of behavioral choice,

proposed based on the connectivity and inactivation experiments, according to which the Basin-1-only activity pattern promotes hunching while the Basin-1 and

Basin-2 co-active state promotes bending and represses hunching.

(F) Optogenetic activation of Griddle-2 neurons. Griddle-2 was activated by targeted expression of CSChrimson under control of JRC-SS00918-GAL4. Activation

of Gridle-2 significantly reduced LED-light-evoked bending frequency, compared to controls. This is both consistent with the wiring diagram, which shows that

this neuron makes direct inhibitory connections preferentialy onto Basin-2, as well as consistent with inactivation experiments (Figure 4M-Q) and predictions of

(legend continued on next page)



our model. Activation of Gridle-2 was not sufficient to significantly increase hunching likelihood, compared to the control. Thus, while Griddle-2 is necessary for

promoting hunching in response to a mechanosensory cue (Figure 4M-Q), and, while optogenetic activation of Griddle-2 is sufficient to disinhibit Basin-1 in a

dissected animal (as shown by our electrophysiology recordings in Figures 4E, 4F, S4T, and S4U), in a freely behaving animal, optogenetic activation of the single

iLNa-type inhibitory interneuron Gridle-2 cannot provide sufficient disinhibition of Basin-1 to trigger hunching. This could be due to a large difference in the

contextual state between a dissected and freely behaving animal exposed to red light stimulation. Consistent with this idea, our EM-reconstructions show that

descending neurons from higher-order nervous system areas and from motor areas synapse onto the LNs in this network (Figures S5D–S5G). These neurons

could modulate the output of the inhibitory LN network, depending on context.

p value for a difference between stimulus-evoked responses was computed using chi-square test (see the STAR Methods). The number of larvae for each

experiment, and exact p values for all Figures are specified in Table S2. *p < 0.05, **p < 0.001 for all figures.
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Figure S3. Electrophysiological Measurements of Response Variability in Basins, Related to Figure 1

(A) Schematic of paired whole cell recordings fromBasin-1 and Basin-2 in the same hemisegment in response to amechanical stimulus (piezo, 1000 Hz, 38 V, 10-

50 ms) in semi-dissected preparations.

(B) Current injection characterization of Basin-1 and Basin-2 (top, current; bottom, voltage response). Both Basin-1 and Basin-2 are capable of firing action

potentials (APs) when depolarized. The resting membrane potential for Basins is 53 ± 5 mV, with the range of 45-60 mV. In order to generate APs, the membrane

potential had to be depolarized by 36 ± 9mV (n = 37 trials). It is likely that Basins use both the APs and graded potentials for signal transmission and for influencing

behavioral output, like many insect neurons (Burrows and Siegler, 1976; Hengstenberg, 1977; Milde, 1981; Pearson, 1976).

(C) Paired current-clamp recordings of Basin-1 (top, black) and Basin-2 (bottom, blue) in response to 50 ms mechanical stimulus (green line) show inter-animal

and inter-trial variability. All scale bars are 10mV vertical, 100ms horizontal. The two activity states observed were Basin-1,-2 co-active and Basin-1-on, Basin-2-

off (Basin-1-only)states (first and second column respectively). In some trials no response was detected (third column). 25% of animals show inter-trial variability

(4/16). In these animals that show both states depending on the trials, in three of them roughly half of the trials showed the co-active and half the Basin-1-only

state (2/10 and 2/10, 5/10 and 4/10, 8/15 and 7/15) while in one prep 4/6 trials showed the co-active and 2/6 the Basin-1-only state. 68% of animals (11/16)

showed the co-active state only. Among these, 6 had also trials where no response was detected, while 5 of them showed the coactive state in all of the trials. 6%

of animals (1/16) showed a Basin-1 only state in all of the trials. Belowwe summarize the comparison between the frequency of Basin-1-only and co-active states

following a mechanical stimulus in the paired-patch recordings and the frequency of hunch and bend following an air puff in freely behaving animals.

Inter-trial comparison: Basin-1-only state was observed in 15% of all trials across all animals (22/145) and a co-active state in 62% (90/145); hunch was observed

in 9% (688/8080) of trials across all animals, and bend in 70% (5658/8080).

Inter-animal comparison: Basin-1-only state was observed (in at least one trial) in a total of 31%of animals (5/16 animals) and co-active state (in at least one trial) in

94% (15/16). Note: this does not add up to 100 because some animals 25% (4/16) showed Basin-1-only state on some trials and co-active state on other trials.

Hunchwas observed in 28% (444/1616) of animals (in at least one trial), and bend in 85% (1372/1616) of animals (in at least one trial). Note: this does not add up to

100 because some 23% of animals (375/1616) hunch on some trials and bend on other trials.

Overall, the likelihood of hunching (28%) and bending (85%) is very similar to the likelihood of Basin-1-only (31%) and co-active states (94%), respectively, in

electrophysiology experiments. The total fraction of variable animals performing hunch on some trials and bend on others (23%) and showing, Basin-1-only on

some trials and co-active state on others in electrophysiology (25%) are even more similar.

We also compared the standard deviation (SD) of inter-animal responses using trial-averages of Basin-1 and Basin-2 responses (specifically, of the total area

under the depolarization curves) for each animal. We found that the inter-animal SD (computed from trial-averaged data) was 2134 mV*mS and 2921 mV*mS, for

Basin-1 and Basin-2, respectively. The average inter-trial standard deviation for an animal was 1535 (+/� 372) mV*mS and 1549 (+/� 438) mV*mS, respectively

(N = 16 animals). Thus, while there is a significant fraction of highly variable animals (25%, on average), that have larger inter-trial SDs than the inter-animal SD (5/

16 for Basin-1 and 3/16 for Basin-2), the mean inter-trial SD of all animals, is lower than inter-animal SD, for Basin-1 (but not significantly so), and it is significantly

lower for Basin-2 (p = 0.01, Wilcoxon rank sum test). Similarly, for hunch and bend amplitudes in freely behaving animals, the mean inter-trial SD of all animals, is

also significantly lower than the inter-animal SD (Figure S1J). This is consistent with our previous findings on behavioral responses that, while individual animals

are variable across trials, individuals are more similar to each other than to other individuals (Vogelstein et al., 2014).

In response to mechanosensory stimuli, APs could be detected in 16% (22/145) of all trials. However, we believe that we are likely fail to detect some APs due to

the small spike amplitude and noisy EPSPs (see STAR Methods for details). In 27% (6/22) of the AP-trials, i.e., in 4% (6/145) of all trials, we could detect APs in

Basin-1, but not in Basin-2. The amplitude of evoked EPSP for trials in which APswere observedwas 27.3 ± 7.9mV, with the range of 19-30mV (N = 22 trials). The

amplitude of EPSP that crossed AP threshold appears smaller than the depolarization required for evoking APs with current injection, likely due to attenuation of

signal from the spike initiation zone (SIZ) to cell body.
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Figure S4. Related to Figures 2, 4, and 5

(A–C) Basin responses to mechanosensory stimuli are strongly modulated by inhibition. (A) Whole cell recordings from Basin-1 cells during a mechanosensory

stimulus (piezo, 1000 Hz, 10 ms). Grey traces are averages of several trials (6-8) of the same cell. (B) Whole cell recordings of the same Basin-1 cells as in (A) after

application of picrotoxin to block GABAA and glutamate receptor mediated chloride channels. (C) Comparison of the integrated response before and after

picrotoxin (paired t test, p = 0.007).

(D–S) The three families of local interneurons in themechano-ch/Basin network are GABA-ergic. Confocal immunofluorescence images of the larval CNS. Genetic

driver lines that drive gene expression in these neurons are: JRC-SS00918-Gal4 (Griddle-2), JRC-SS00888-Gal4 (Hb), JRC-SS00674-Gal4 (Drunken-1), JRC-

SS00863 (Ladder-d) These lines were used to drive GFP expression (green) in these neurons and also label themwith anti-GABA antibody (magenta). Ladder-d is

amember of the same unpairedmedial lineage as Ladder-e and Ladder-f, see Data S1. (D–S) Griddle-2, Hb, Drunken-1, Ladder-d neurons are immunopositive for

the GABA neurotransmitter. (D, H, L, and P) Dorsal projections of optical slices through a 22.30 mm (40 slices), 51.85 mm (93), 38.04 mm (68 slices), 56 mm (100

slices) depth of the abdominal segments in VNC, respectively showing single-cell type expression. (E, I, M, and Q) Single confocal sections through the soma

showing GFP expression, associated with the white box in the previous image. (F, J, N, and R) Same confocal sections as the previous images, showing anti-

GABA immunolabeling. Arrowheads indicate location of cell body in GFP image. (G, K, O, and S) Merge of the previous two images.

(T–Y) Comparison of whole cell recordings of Basin-1 in response to mechanical stimulation alone and combined mechanical stimulation and optogenetic

activation of Griddle-2 (T–V) or Hb (W–Y). (T) Whole cell recordings of Basin-1 in response to mechanical stimulation (piezo, 1000 Hz, 50 ms). (U) As in (T), with

optogenetic activation of Griddle-2 simultaneous with mechanical stimulation. Grey traces represent average of 6-10 trials for 8 individual animals; black trace

represents average across animals. (V) The area under the depolarization curve in response to combinedmechanical stimulation with optogenetic activation was

significantly larger than mechanical stimulation alone (paired t test, p = 0.009). (W) Whole cell recordings of Basin-1 in response to a mechanical stimulus (piezo,

1000 Hz,50 ms). Grey traces represent average of 6-10 trials for 11 individual animals; black trace represents average across animals. (X) As in (W), with op-

togenetic activation of Hb simultaneous with mechanical stimulation. Grey traces represent average of 6-10 trials for 11 individual animals; black trace represents

average across animals. (Y) The area under the depolarization curve in response to a combination of mechanical stimulus and Hb optogenetic activation was

significantly larger than mechanical stimulus alone (paired t test, p = 0.007).

The comparison between ‘‘mechano alone’’ and ‘‘light+mechano’’ confirms that the optogenetic activation of Griddle-2 and Hb retains their functionally

excitatory effect on Basin-1, even when combined with a mechanosensory cue. We find significantly greater depolarizations in response to ‘‘mechano+light,’’

compared to ‘‘mechano’’ alone. This reproduces the findings shown in Figures 4E and 5G, and suggests that any increase inGriddle-2 or Hb activity (that could be

caused, for example, by descending inputs) at the time of a mechanosensory cue, could increase Basin-1 response to the mechanosensry cue (relative to its

responses to mechanosesnory cue alone), and in this way bias the behavioral choice.
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Figure S5. Related to Figure 2

(A) Image data for EM reconstruction came from a serial section EM volume covering the entire CNS of a first instar larva.

(B) An example section, zoomed to show a complete transverse section of the VNC neuropil. Images were taken at 3.8x3.8x50 nm resolution. The image volume is

viewable at http://www.openconnectomeproject.org/#!neural-behavior-maps/.

(C) Full resolution cutout from a section, corresponding to the yellow box in (B), focusing on a synapse with presynaptic specializations highlighted by arrows. The

image quality allows the tracing of neurites from section to section and to establish anatomical synaptic connectivity.

(D) Manual reconstruction in CATMAID produces a distinct ‘‘skeleton’’ for each neurite, with nodes (small purple, orange, or blue dots) connected to produce

topological but not volumetric representations of each cell’s anatomy. Shown here, a synapse from Griddle-2 (orange dots) onto several partners including a

Basin-2 dendrite (blue dots). Synaptic connections (the large green dot and associated red and cyan arrows) relate specific locations on a presynaptic neuron to

specific locations on a postsynaptic neuron where there is a clear synapse (as evidenced by multiple adjacent sections showing a dark, thick active zone,

presynaptic specializations and nearby vesicles, and postsynaptic densities). Each such connection is counted as one synapse between the presynaptic neuron

and each postsynaptic neuron.

(E) Dorsal view of fbLN-Hb (Handle-b) cells and Basins in segments a1 and a2.

(F) Table of synaptic connectivity from Basin cells onto Hb in a1 (total number of inputs: 544), Hb in a2 (total number of inputs: 459), and (fbLN-Ha) Ha in a1 (total

number of inputs: 470).

(G) Total fraction of inputs onto fbLNs, Hb and Ha, coming from Basins of each subtype. Ha receives significantly more (Chi-square, p < 0.001) inputs from

Basin-1, than does Hb (Ha receive 37 out of 470 synapses from Basin-1, whereas Hb receive only 5 out 501 synapses, on average, from Basin-1). In addition, Hb,

receives more than twice as many synapses from Basin-2 (and Basin-4) than from Basin-1, whereas Ha receives similar amounts from both Basin-1 and Basin-2.

(H) Dorsal view of descending neurons from thoracic segments t1 and t2 (black) have their dendrites in thorax and send descending axons down the contralateral

nerve cord, targeting iLNa cells (orange).

(I) Dorsal view of long range segmentally repeated interneurons A08f (black), which have compact dendrites and project throughout the contralateral VNC,

targeting iLNb cells (pale orange).

(J) Three cell types that modulate fbLNs. Left, dorsal view of a brain interneuron (black) descending into the nerve cord and targeting a fbLN (magenta); Left

middle, dorsal view of an ascending neuron A09q targets fbLNs; Right middle, Dorsal view of a descending neuronwith dendrites in SEZ that targets fbLNs; Right,

Transverse view of a segmentally repeated interneuron A27a that receives input in the local motor domain and targets the fbLNs in the same segment.

(K) Connectivity matrix of individual cells shown above, numbers indicate number of synapses from presynaptic to postsynaptic cells.

http://www.openconnectomeproject.org/#!neural-behavior-maps/
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Figure S6. Related to Figure 3

(A–C) Schematic (A), Behavior landscape (B), and detailed node dynamics (C) for the intact model as in Figure 3. All data are sharedwith Figure 3, with the example

dynamics corresponding to the input weights indicated by the white dot in (B). Note that the Basin dynamics have two phases, the first where fbln-Ha driven

disinhibition allows a slow increase in Basin-2 activity (denoted ‘‘slow’’ in C), and the second phase, during which Basin-2 activity ramps up rapidly, due to fbLN-

Hb and fbLN-Ha driven positive feedback disinhibition (denoted ‘‘fast’’ in C).

(D–F) As in (A)–(C), but for Ha silenced by setting its inputs and outputs to 0 in the model. Example dynamics corresponding to the input weights indicated by the

white dot in (E). Note that in comparison to the intact model, without Ha activation the slow disinhibition never turns on and thus doesn’t allow subsequent fast

disinhibition.

(G–I) As in (A-C), but for Hb silenced by setting its inputs and outputs to 0 in the model. Example dynamics corresponding to the input weights indicated by the

white dot in (H). In comparison to the intact model, the Ha can still produce the slow and modest initial raise in Basin-2 activity but without Hb there is no

subsequent fast ramping up in Basin-2 activity.

(J–L) As in (A-C), but for both Ha and Hb silenced by setting all inputs and outputs to 0 in the model. Example dynamics corresponding to the input weights

indicated by the white dot in (K). Overall dynamics are very similar to the model where only Ha was silenced.

(M) Area of the behavior landscape associated with different behavioral categories, normalized to the intact network. Ha and Hb are partially redundant in their

roles in mediating positive feedback disinhibition that ramps up Basin-2 activity, following initial slow raise. Their inactivation causes qualitatively similar changes

in the model. However, silencing Hb has a stronger effect on hunch and bend categories than sequences, while silencing Ha has a stronger effect on sequences.

Altogether, the model suggests that Ha and Hb both play a role in sequence transitions. While Ha initiates transitions, both Hb and Ha provide the positive

feedback necessary for ramping up Basin-2 activity levels to achieve a transition. The later strong disinhibition generated by Hb and Ha, establishes a network

state that maintains the co-active state, thus sustaining transitions and preventing reversals to Basin-1-only (hunch) states.


