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UT Southwestern Medical Center
Salutes Drs. Michael Brown and Joseph Goldstein

Celebrating 50 years of collaboration, discovery, and the science behind lifesaving statins.

UT Southwestern Medical Center is proud to honor Drs.
Michael Brown and Joseph Goldstein as they celebrate
50 years of their collaborative research at UT Southwestern.

The duo launched their joint laboratory at UTSW in 1972
and were awarded the 1985 Nobel Prize in Physiology

or Medicine for discovering the LDL (“bad cholesterol”)
receptor and its role in hypercholesterolemia. That discovery
revealed the mechanism by which the blood LDL-
cholesterol level is controlled and laid the foundation for
the pharmaceutical development of lifesaving statin drugs
for heart health, which today are used by more than 200
million people around the globe.

The Brown and Goldstein Nobel Prize was the first of six
Nobels received by UT Southwestern faculty members
in the past 40 years.

Brown and Goldstein’s collaboration has been one of
science’s most successful partnerships over the past five
decades — and it endures to this day. The two jointly
have trained 175 young scientists and continue to work
daily in their lab, sharing their work ethic and intellect
with succeeding generations of scientists.

The Brown and Goldstein story is one of exceptional
creativity, unwavering diligence, dogged persistence,
unrelenting focus, and a remarkable partnership.

“Joe and Mike’s brilliant science seems to me to be vaguely magical, and, even in science,
without enchantment there is nothing. Their science is an act of creation, and through their
creativity they have constructed biological edifices that have profoundly enhanced our world.”

- Richard Axel, M.D. | Nobel Laureate, 2004 | Co-Director of the Zuckerman Institute and University Professor | Columbia University

“Mike and Joe are a duo whose discoveries have eased the burden of human disease while
illuminating the processes that make life possible. They are truly biomedical superheroes.”
- David Baltimore, Ph.D. | Nobel Laureate, 1975 | President Emeritus and Judge Shirley Hufstedler Professor of Biology | California Institute of Technology

UT Southwestern
Medical Center
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Federal research funding drives economic and public good

In August, in a major boon for the scientific research enterprise and for all
Americans who benefit from the improvements in quality of life that science and
technology advancements bring, President Biden signed into law the CHIPS and
Science Act of 2022 (CHIPS stands for “Creating Helpful Incentives to Produce
Semiconductors.”) This historic legislation is designed to revitalize the American
scientific research and technology development ecosystem and is the most
significant piece of legislation in support of science seen in decades. Major
scientific agencies, including the National Science Foundation, will greatly
benefit from this bipartisan legislation. As the White House notes, “Public
investments in R&D lay the foundation for the future breakthroughs that over
time yield new businesses, new jobs, and more exports.”

CHIPS and Science is one step, albeit a major one, in the right direction of
supporting federal funding of research. But so much more is needed. “l am
the staunchest supporter of doubling the budget for scientific research in this
country,” says Gary K. Michelson, an orthopedic surgeon whose patented
inventions to improve spinal surgery outcomes enabled him to launch Michelson
Philanthropies. A fierce advocate for federal research funding, Michelson
has tirelessly endeavored to engender novel avenues to encourage public
investment in science. He sees this need as an economic driver for the country.
“It's quite clear that the United States is not going to outcompete the rest of the
world on the cost of labor,” he shares. “And it's certainly not going to outcompete
the rest of the world on manufactured goods that depend on the cost of labor.
Our only opportunity to thrive economically is technologically based."

Michelson and his foundations have been tracking the federal funding
landscape: Ten years ago, he notes, the U.S. budget for research and

development was $147 billion. In 2021, it was $156 billion. “In inflation-adjusted
dollars, we're actually going in the wrong direction,” he adds. Indeed, as
Senator Elizabeth Warren (D-MA) writes in Commonl/ealth Magazine,
“despite its critical importance and powerful economic impact, our nation has
underinvested in basic research for so long that our base rate has fallen to
appalling levels. Even with these new funding increases, federal investment
in research remains only a tiny fraction of our GDP [gross domestic product]—
far below where it stood decades earlier.” In terms of its federal funding of
research as a percentage of GDP, the United States has slipped to ninth place
worldwide, down from fourth place only three decades ago.

We must encourage more federal funding of basic science, argues
Michelson. “The best investment is the investment in technology, because
that's the investment that has the potential to pay off in so many ways,"
he says. Keith Yamamoto, vice chancellor for science policy and strategy
and professor of cellular and molecular pharmacology at the University of
California, San Francisco, agrees. “Good science has proven over and over
again to be economically rewarding,” he says. “Federal investment in research
needs to expand, not only across the basic sciences, but into development
of applications of that knowledge." Yamamoto is heartened by the CHIPS
and Science Act. "We saw the clear perception that in order to maintain
economic strength in the U.S. and compete with other nations, public funds
are justified.”

While revving up the nation’s economic engine is a critical motive for
more robust federal funding mechanisms, there are other reasons to boost
science. National security, public health, public safety, and technological
improvements also propagate from public spending on science, as does
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The Michelson Philanthropies & Science Prize for Immunology is a prestigious honor
awarded annually to one early-career scientist based on research done in the past 3
years. The prize focuses on transformative research in human immunology, with trans-
disease applications to accelerate vaccine and immunotherapeutic discovery. It is
meant to encourage interdisciplinary approaches to grand challenges in immunology.
As such, scientists in computer science, artificial intelligence/machine learning,

protein engineering, nanotechnology, genomics, parasitology and tropical medicine,
neurodegenerative diseases, gene editing, and many other fields are encouraged to
apply. The winner receives USD 30,000 and the publication of their essay in Science.
The next application window will open in May 2023.

For more information, go to science.org/michelson

something Yamamoto refers to as “public need.” This involves funds for
research that industry might not undertake on their own because of their
aversion to elevated financial risk or limited opportunity for financial gains—

for example, pursuing pharmaceutical interventions for rare diseases. Federal

funding encourages equity,
says Yamamoto. “We really
want to develop products that
will benefit all people, not just
those who are privileged,”

he notes. The connection
between investments in
science and the goal of serving
allis underscored by the

fact that CHIPS and Science
includes a distinct component
designed to improve diversity,
equity, and inclusion in the nation's scientific workforce.

Part of the challenge funding champions face is a misperception and
misaligned expectation that the private sector can or should be leading the
charge in investing in basic research. “It's no longer the case, if it ever was,
that the profit motive for the private sector is sufficient to generate all of the
applications from fundamental knowledge discovery that are needed,” says
Yamamoto “It's just open investigation into anything that raises the curiosity
of scientists.”

While a helix of private and public support is helpful, it is proactive
action from the government that is needed to spur innovations that have
the potential to be game changers. We have seen this with the Advanced
Research Projects Agency-Energy (ARPA-E) funding clever projects in
green energy, and we can expect to see a similar outcome with the newly
established Advanced Research Projects Agency for Health (ARPA-H).

“Bold research can reshape our understanding of the world and accelerate

innovation,” said Senator Alex Padilla (D-CA), who holds a mechanical
engineering degree from Massachusetts Institute of Technology, at the
ceremony celebrating the 2022 winners of the Michelson Philanthropies &
Science Prize for Inmunology (see inset). “Our nation depends on scientists

with big dreams and the perseverance to discover. As we reflect on the
lessons of the [COVID-19] pandemic, we must renew our commitment to
scientific research.”

This dedication through federal funding also ensures that the United

States remains
“ We really want to competitive on the global
develop products stage, something that
. . many congressional
that Wl" beneflt representatives take
a" eo Ie not 'ust seriously. “Maintaining
p p ! J America’s competitive
those who are edge against China

= is critical to our

p”‘"leged' ’ , economic and national
security,” said Senator
Roy Blunt (R-M0), who
as the chairman of the Senate Appropriations Subcommittee on Labor,
Health and Human Services, Education, and Related Agencies secured
seven consecutive funding increases for the U.S. National Institutes of
Health. CHIPS and Science “includes targeted investments in technological
development and manufacturing that will strengthen our position in the
global economy,” states Blunt's Senate website.

There is still more to do. In her Commonl/ealth op-ed, Senator Warren
writes: "Amid the celebrations over increased support for the sciences, the

— Keith Yamamoto

years of neglect cannot be ignored. Now is the perfect time ... to make the
case for continuing to increase the federal investments that will spur more
innovation and power our economy into the future.”

Sponsored by
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The skeleton of Hope, a young female blue whale
that beached in Ireland in 1891, is suspended from
the ceiling of London’s Natural History Museum,
pictured here empty of visitors while the museum
was closed during the COVID-19 pandemic. Hope's
skull features in new
research on mammals that
shows how the ecology and
life history of species shape
the tempo of their evolution.
See pages 355 and 377.
Photo: Jonathan Jackson; ©
The Trustees of the Natural
History Museum, London
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and mobile internet architecture, the Rutgers team at the Wireless Information
Network Laboratory (WINLAB) is helping to implement COSMOS, a real-world

outdoor lab putting next-generation wireless technology to work.

A major partnership between WINLAB and other local innovation leaders,
with funding from the National Science Foundation, COSMOS will be
deployed across a square mile in Manhattan's vibrant, densely populated

West Harlem neighborhood.

These urban wireless networks of the future will support data-intensive

applications for a smarter, safer world.
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EDITORIAL

Credibility at stake in Sweden

weden’s legacy as a global leader in the push to
put climate and the environment at the heart of
government decision-making may have come to
an end on 18 October 2022. The first casualty of
the country’s new right-wing government was
the Ministry of the Environment, eliminated on
Day 1. A key question is the extent to which this
change derails progress made toward building a sus-
tainable nation and world.

Sweden has long been a leader in sustainability, both
politically and scientifically. In 1972, Stockholm hosted
the United Nations Conference on the Human Environ-
ment, the first meeting to place the environment on the
international political agenda. Most recently, Sweden co-
hosted the Nobel Prize Summit “Our Planet, Our Future”
in 2021. Since helping to found the
Intergovernmental Panel on Climate
Change in 1988, Swedish scientists
have led the development of concepts
of resilience and planetary boundaries,
the notion that a “safe zone” for hu-
manity depends on remaining within
a set of nine boundary conditions.

Sweden also has brought together
actors across science, policy, civil so-
ciety, and business to engage with
global challenges, as exemplified by the
Stockholm World Water Week and the
EAT Stockholm Food Forum. Without
Sweden’s long-standing reputation as a
pioneer in environmental issues and sustainability, these
collaborations would not have emerged.

But Sweden is in need of strong environmental policies
and institutions, more today than at any time in the past
50 years. Indeed, science makes clear that no country is
immune to the interconnected and increasingly evident
global sustainability challenges. A healthy biosphere is a
foundation for climate resilience and economic develop-
ment, particularly during turbulent times.

Recent experiences in the United States, Norway, and
Australia, for example, underscore how rapidly environ-
mental policy can become eclipsed by short-sighted en-
ergy and economic policies, and by efforts to undermine
established science. Although the move by the new Swed-
ish government to absorb environmental issues into the
Ministry of Enterprise and Innovation could indicate a
strategic integration and mainstreaming of this area of
politics, the expressed political priorities to date suggest
the contrary. The new approach to climate is particularly
troubling. A day after the environment ministry was elim-
inated, for instance, a representative of the far-right party,

“...shuttering
the Ministry of

Environment...
is a painful
symbolic blow.”

collaborating with the new government in parliament and
with political officials in the government offices, claimed
that there is insufficient scientific evidence of a climate
crisis. And a previous national goal of 100% renewable en-
ergy has now morphed into a target of 100% “fossil free”
energy, facilitated by construction of nuclear facilities and
deregulation aimed at fast-tracking this shift.

But sustainability cannot be sidelined to prioritize a
stable energy supply and low prices to consumers. Rather,
sustainability should be central to all sectors, including
transportation, the built environment, food systems,
education, development aid, and more. Reduced politi-
cal focus on a sustainability transition would not only be
harmful to Sweden’s capacity to innovate and accelerate
toward a more sustainable future, it would also set back
efforts of past generations who worked
hard to elevate the environment to a
policy priority. It also undermines
Sweden’s capacity to provide further
leadership on sustainability issues
internationally.

‘What ultimately matters is not how
the country organizes its bureaucracy,
but that its government gets things
done. Although Sweden’s level of am-
bition and engagement in sustainabil-
ity has never been perfect, shuttering
the Ministry of Environment 35 years
after its establishment is a painful
symbolic blow. The loss is further ag-
gravated by the new government providing little indica-
tion that it understands sustainability as fundamentally
dependent on the living biosphere, including land, for-
ests, fresh water, and the ocean—issues hardly men-
tioned to date in existing policy priorities. Sweden’s new
government must accelerate and integrate sustainability
efforts in line with the United Nations Sustainable Devel-
opment Goals across society. The scientific community
stands ready to help coproduce solutions and contribute
its knowledge and networks to guide a transition to a
low-carbon, equitable, and sustainable economy.

As Sweden takes on the European Union presidency
in spring 2023, its international colleagues must help
ensure that Sweden—like all countries—remains ac-
countable to its international commitments and does
its share to ensure a habitable planet for future gen-
erations. Scientists, civil society, and other governments
must learn from Sweden’s latest example: If Sweden
abandons one of its proudest legacies, perhaps any
country is at risk of doing so.

~Henrik Osterblom and Robert Blasiak
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k& Of course livelihoods matter, but so does life.99
University of Edinburgh public health researcher Devi Sridhar, criticizing COVID-19
policies espoused by new U.K. Prime Minister Rishi Sunak during the pandemic as finance minister.
Sunak opposed lockdowns for all but the most at-risk people, to avoid hurting the economy.

IN BRIEF , .
Edited by Jeffrey Brainard
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Ousted scientist sues U.S. academy

prominent Peruvian archaeologist whom the U.S. National

Academy of Sciences (NAS) ejected after he was investigated

for sexual harassment sued the academy and its president this

month for defamation. The plaintiff, Luis Jaime Castillo Butters,

was ousted in 2021 in one of the first such actions by the acad-

emy since it updated bylaws in 2019 to permit expulsions for
documented misconduct violations. Castillo Butters’s lawsuit, filed this
month in a federal court in Washington, D.C., seeks $5 million in dam-
ages from the academy and NAS President Marcia McNutt. (McNutt
served as editor-in-chief of Science from 2013 to 2016.) The filing does
not specify what statements Castillo Butters views as defamatory. In
2020, his institution, the Pontifical Catholic University of Peru, con-
cluded there was evidence he sexually harassed people. But it did not
sanction him because the alleged harassment occurred before it ad-
opted a policy authorizing such discipline. Castillo Butters, who denies
the allegations, won a defamation lawsuit in Peru this year against one
of his accusers, who has appealed.

WHO targets top fungal threats

BIOMEDICINE | Viruses and bacteria hog the

Bumble bees play with toys

ANIMAL BEHAVIOR | Researchers were

limelight for public health threats, but last
week the World Health Organization (WHO)
published its first-ever list of “priority patho-
gens” that are fungi. Several of the 19 fungi
species that present the greatest threats have
developed resistance to treatments in the
four classes of antifungal medications now
available. As a result, treatment can require
prolonged hospital stays and second-line
drugs that are expensive and highly toxic.
Diagnostics for these fungi must improve,
too, the report says. The top four fungi
threats are Aspergillus fumigatus, Candida
albicans, C. auris, and Cryptococcus neo-
Jformans, according to a WHO survey of
clinicians and researchers. They ranked the
threats based on criteria including anti-
fungal resistance, the role of infections in
patient deaths, and available diagnostics.
The report calls for more R&D funding and
strengthening labs to do surveillance.
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training bumble bees to roll wooden balls
to a goal when they observed a previously
unknown behavior: Some bees sponta-
neously rolled the balls even without a

Bumble bees (Bombus terrestris) repeatedly
manipulated wooden balls in a form of play.

reward. The scientists have now con-
cluded in new experiments that the
repeated manipulations of these balls for
no apparent purpose is a form of play. The
finding is a first for any insect species,
although an earlier study observed wasps
appearing to play fight with one another.
As with mammals and birds, younger bees
played more than older ones, the team
reports this week in Animal Behaviour.
Samadi Galpayage, a Ph.D. student at
Queen Mary University of London who
led the study, says the finding indicates

a level of cognitive sophistication in bees
that she hopes will encourage policies to
protect them.

Indonesia wants fossils back

SCIENTIFIC cOLLECTIONS | Indonesia

has asked the Netherlands, its former
colonizer, to return fossils of an original
specimen dubbed Java Man, an early hom-
inin unearthed in East Java in the 1890s
and today named Homo erectus erectus.
The remains, which include a skullcap,
tooth, and thighbone, are the most famous
items on a list of treasures Indonesia wants
back. The inventory, sent to the Dutch
government this summer and published
by Dutch newspaper Trouw on 18 October,
contains mostly cultural items, including a
dagger used during a collective suicide in
Bali. But Indonesia also seeks the return of
40,000 fossils dug up by paleoanthropo-
logist Eugéne Dubois, whose discovery of
Java Man, one of the first “missing links”
between apes and modern humans, caused
a sensation at the time. The Dubois collec-
tion is owned by the Dutch government
and managed by Naturalis Biodiversity
Center, a museum in Leiden, where the
fossils are still being studied by scientists
from around the world, a museum spokes-
person says. A commission will advise

the government on whether to honor
Indonesia’s request.

U.S. Ph.D. degrees fall off

HIGHER EDUCATION | The 2020-21 aca-
demic year saw 4% fewer science Ph.D.s
awarded by U.S. universities compared
with the preceding year, the largest annual
drop since 1999, according to data released
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last week by the U.S. National Science
Foundation. The decline was greatest in
the physical and life sciences—8% and
6%, respectively. (Their decline was even
greater—12% and 7%—when compared
with 2018-19, the last full year before the
pandemic began.) These fields largely
require in-person work, and it’s not clear
how many students delayed graduation
because of laboratory shutdowns, travel
restrictions, and other pandemic-related
challenges—and whether the easing of pan-
demic constraints will trigger a rebound.

Society bans James Webb name

EQUITY | The Royal Astronomical

Society (RAS) said this week that papers
in its journals must use the acronym
JWST instead of the James Webb Space
Telescope’s full name because of concerns
about the namesake’s background and
NASA’s dismissal of calls to rename the
telescope. Webb led the agency during the
1960s and the early years of the Apollo
program. Evidence found since he died in
1992 suggests that while a Department of
State employee during the 1950s, Webb
helped start purges of gay men from the
federal workforce. In 2021, months before
NASA launched the telescope, its official
historian and an outside expert reviewed
archives regarding Webb’s role. But NASA
did not release the findings and later that
year said it had found no evidence requir-
ing a name change. In its 24 October
statement about the acronym, RAS called
“dismissing employees for their sexual
orientation ... entirely unacceptable.” It
also endorsed a request by the American
Astronomical Society for NASA to open its
archive to an independent historian with
expertise in LGBTQ+ history to investi-
gate Webb’s role.

U.K. eyes detecting disease early

BloMEDICINE | A UK. research organiza-
tion began inviting participants this week
for an ambitious, long-term health study
that aims to enroll 5 million people by
2025 to improve the early detection of
many common and rare diseases. The
organization, Our Future Health, will
partner with the National Health Service
on the project, the largest of its kind glob-
ally. The venture has received £79 million
in government research funding and

aims to raise £160 million from charities
and life science companies. Participants
will provide blood samples and physical
measurements, answer a questionnaire,
and give consent for researchers to access
their health records. The team expects

SCIENCE science.org

that from 2023, it will be able to warn
participants of early signs of disease
and develop new diagnostic tools. The
researchers hope these changes will help
reduce health care costs and burdens on
health care systems.

Fund backs ocean, carbon tech

ENTREPRENEURSHIP | A new venture
capital fund is betting that a partnership
with a leading marine research center will
help create valuable new ocean technology
companies that will fight climate change.
Last week, Brian Halligan, who made a
fortune in software, announced the launch

Iran’s new observatory was
built on top of 3600-meter
Mount Gargash in central Iran.

of Propeller, a $100 million investment
fund that is one of the first of its kind. The
fund is partnering with the Woods Hole
Oceanographic Institution in hopes of
commercializing scientific discoveries and
technological advances made by WHOI
researchers. “We want to turn [WHOI] into
an engine for creating startups,” much like
the Massachusetts Institute of Technology,
Halligan told The Boston Globe. The part-
ners released few financial details, but said
potential commercialization targets for this
“blue economy” include creating seaweed
farms to remove carbon dioxide from sea-
water and finding environmentally sensitive
ways to extract minerals from the sea floor.
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Deaths from Uganda’s Ebola outbreak have steadily increased since the burial on 13 October of a child who was a suspected case.

INFECTIOUS DISEASES

Forgotten Ebola vaccine could help in outbreak

Merck unearths a frozen batch of an experimental vaccine it made years ago

By Jon Cohen

n a revelation that may help Uganda

combat its outbreak of Ebola, the phar-

maceutical giant Merck has acknowl-

edged it has up to 100,000 doses of an

experimental vaccine for the deadly vi-

ral disease in its freezers. The company
had previously told Science it had made the
vaccine and destroyed tens of thousands of
vialed doses after they expired, but failed to
mention it still had a frozen bulk batch. The
company now says it will donate the vac-
cine, and the World Health Organization
(WHO) and the Ugandan government are
discussing whether and how to incorporate
the doses into one or more clinical trials of
other candidate Ebola vaccines that could
begin as soon as next month.

The Merck vaccine targets Sudan ebola-
virus, the pathogen now circulating in
Uganda, where, as of 23 October, it has sick-
ened at least 90 people, killing 28 of them,
and even reached the capital, Kampala, a
bustling city of 1.5 million. Merck’s disclo-
sure “is amazingly good news,” says Mark
Feinberg, who led the company’s program to
develop a vaccine for a related Killer, Zaire
ebolavirus, that devastated West Africa be-
tween 2014 and 2016. “It allows this very
promising vaccine to move forward quicker
than would have otherwise been possible.”

Feinberg left Merck in 2015 and now
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heads the nonprofit IAVI, which is develop-
ing its own vaccine for Sudan ebolavirus.
But he and others think Merck’s vaccine
may be the best prospect, because it uses
the same technology as Merck’s successful
Ebola Zaire vaccine.

It took repeated inquiries from Science be-
fore Merck revealed it still has Ebola Sudan
vaccine. Merck quietly made the product in
2015 and 2016, soon after its landmark suc-
cess with the Zaire Ebola vaccine, Ervebo,
which has helped stem several outbreaks.
The company froze the Sudan Ebola vaccine
in vials and in bulk form and never tested
it on people, though it protected monkeys
when they were intentionally injected with
Sudan ebolavirus.

Merck now says it plans to “fill and fin-
ish” the thawed bulk product, a process
that puts it into vials; it expects that to take
about 1 month, and the company will pay
for it. “We’re doing everything to move it
as quickly as we possibly can,” says Merck
virologist Beth-Ann Coller, who has headed
product development for the company’s
Ebola vaccines since May 2015.

Classic public health measures such as
isolating patients and quarantining their
contacts can bring Ebola outbreaks to an
end, but Merck’s unexpected announcement
has buoyed hopes that a vaccine may help
Uganda stop the outbreak more quickly.
“The potential availability of large volumes

of vaccine that can be tested sooner is po-
tentially game changing,” says Nicole Lurie,
U.S. director for the Coalition for Epidemic
Preparedness Innovations (CEPI), a non-
profit that funds vaccine development to
prevent pandemics.

Merck’s vaccine consists of the gene for
the surface protein of the Sudan ebola-
virus stitched into vesicular stomatitis vi-
rus (VSV), a livestock pathogen that rarely
causes harm in humans. Two other develop-
ers of Sudan Ebola vaccines, the nonprofit
Sabin Vaccine Institute and the University
of Oxford, use chimpanzee adenoviruses
to ferry the surface protein gene into the
human body. Both are racing to produce
enough doses to enter trials in Uganda. Sa-
bin has 40,000 bulk doses and is working
with CEPI to find a company that can do the
fill and finish. Oxford has teamed up with
the Serum Institute of India.

“Now there’s this other wild card,” Lurie
says. Several vaccine scientists tell Science
they are confident all three Sudan Ebola
vaccines will protect people to varying de-
grees, but they consider Merck’s vaccine the
most promising candidate, in part because
VSV—unlike the chimp adenoviruses—
copies itself, leading to rapid immunity.

WHO was already collaborating with
health officials in Uganda to design a proto-
col to test the Oxford and Sabin candidates
with a strategy known as a “ring vaccination,”
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in which shots are offered to direct contacts
of infected people (and possibly contacts of
contacts). That approach was used in a 2015
trial of the Ebola Zaire version, in Guinea.
An independent “expert group is currently
reviewing the evidence and will advise on
which vaccine(s) to test first,” a WHO spokes-
person wrote to Science.

The ebolavirus-VSV platform used in
Merck’s shots was developed nearly 20 years
ago by virologists Heinz Feldmann, then
with the Public Health Agency of Canada
(PHAC), and Thomas Geisbert, then with the
U.S. Army Medical Research Institute of In-
fectious Diseases. They showed a single dose
of a VSV-based vaccine protected 100% of
monkeys against an otherwise lethal dose of
Zaire ebolavirus given 28 days later. Smaller
animal studies showed the vaccine against
the Sudan ebolavirus had promise as well.

In 2016, after the success of the Ebola
Zaire vaccine, Science asked 50 leading vac-
cine researchers which other vaccines the
world should develop to be ready for dis-
ease outbreaks. They ranked a Sudan ebola-
virus vaccine as the No. 1 R&D priority based
on feasibility and need (Science, 1 January
2016, p. 16). As it happens, Merck’s vaccine
was in the works. Virologist Richard Peluso,
who then ran vaccine bio-
processing for the com-
pany, says in 2015 he told
his boss, Senior Vice Presi-
dent of R&D Joe Miletich,
that if the Zaire Ebola vac-
cine was safe and effective,
the company had “an obligation to the world”
to use the VSV platform to also make a stock
of Sudan Ebola vaccine. Merck proceeded to
make the vaccine under strict “good manu-
facturing practices” and also produced a
large batch of a VSV-based vaccine against
Marburg disease, another rare but often le-
thal infection caused by an Ebola-like virus.
(It ranked fifth in Science’s survey.)

Outside vaccine experts Science contacted
didn’t know about Merck’s batch of Sudan
ebolavirus vaccine. In 2017, it gave the li-
cense for the vaccine back to PHAC, which
subsequently cut a licensing deal with IAVI.
In 2021, the U.S. government’s Biomedical
Advanced Research and Development Au-
thority (BARDA) awarded IAVI a grant
worth up to $126 million to use upgraded
technology to develop VSV-based vaccines
for both Sudan ebolavirus and Marburg.
(BARDA awarded a similar amount to Sabin
to develop the same vaccines using its chimp
adenovirus platform.)

Those vaccines are still at early stages of
development, and when the Uganda outbreak
began in September, Feldmann, who now
works at the U.S. National Institute of Allergy
and Infectious Diseases, was beside himself.
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“Fortuitously, it hadn’t
yet been destroyed.”

Beth-Ann Coller, Merck

“I sent an email to my boss and said, look, we
are in the same situation as in 2014,” he says.
“The VSV vaccine we know works in ring
vaccination, and it would be perfect to stop
this” Feldmann also now has unpublished
data that provide even more evidence of the
VSV-based Ebola Sudan vaccine’s robust and
durable ability to protect monkeys.

When and how Merck came to realize it
has a big batch of the vaccine available and
ready for clinical trials is not entirely clear.
Science asked Merck on 13 October whether
it had produced the Sudan Ebola vaccine and
retained stocks of it. A spokesperson wrote
back that although Merck had made approxi-
mately 70,000 vials of it in 2015-16, “the vials
of Sudan ebolavirus (SUDV) vaccine candi-
date expired in 2021 and were destroyed.”
(The email also said Merck had destroyed
96,000 filled vials of its Marburg vaccine.)

In response to follow-up questions,
Merck acknowledged on 20 October that
the company did retain bulk quantities of
the frozen Ebola vaccine and arranged an
interview with Coller. She says Merck de-
stroyed the fill-and-finished doses of the
Sudan Ebola vaccine because the single-
dose vials had used rubber stoppers. “The
stoppers become brittle when they’re stored
frozen,” she explains.

The bulk product Merck
has now disclosed had
reached “the end of its
shelf life” and was destined
for destruction as well, but
to the surprise of company
scientists, it was still in the freezer. “Frankly,
fortuitously, it hadn’t yet been destroyed,”
Coller says. “We immediately looked at that
and said, oh, my goodness, we can perhaps
do something to help.” (Bulk Marburg vac-
cine, Coller says, was destroyed.)

Coller says she initiated a search to see
whether any Sudan Ebola vaccine remained
after attending a WHO meeting that ended
on 6 October in which she learned Uganda’s
outbreak was rapidly growing. Asked why
the company did not mention the find in
response to Science’s 13 October email, she
says Merck was still conducting tests to as-
sess whether the vaccine had remained free
of contaminants. “We were not sure about
whether or not we would be able to use that
bulk material and didn’t want to speak out
of turn until we knew that there was some-
thing that we could actually do with it.”

Merck never considered running human
studies with the Sudan Ebola vaccine. “That
was not something that was ever really put
on the table,” Coller said, noting that there
has not been an outbreak of this virus since
2012, when Uganda had a previous one.
“With hindsight, perhaps it could have been
done better.”

ANIMAL RESEARCH

Harvard
studies on
infant monkeys
draw fire

Experiments involving
eyelid suturing and
maternal separation
divide scientists

By David Grimm

rimatologists and animal rights ac-
tivists are condemning monkey
studies in the laboratory of Harvard
University neuroscientist Margaret
Livingstone. The work, which in-
volves removing newborns from
their mothers and, in two cases in 2016,
suturing their eyelids shut to study how
the primate brain processes faces, is cruel
and unethical, they say. But some neuro-
scientists defend the studies as crucial for
understanding human vision.

Livingstone says the eyelid suturing
procedure she and colleagues utilized is
similar to that used to treat children with
eye tumors and invasive eye infections—
and they have no plans to use it again. But
some of her studies still involve separating
infant monkeys from their mothers.

That’s shocking to Catherine Hobaiter, a
primatologist at the University of St. An-
drews who has studied primates in the
wild for 17 years. “As a scientist, I ques-
tion what we are learning that we couldn’t
learn in another way,” she says. “As a hu-
man, I'm horrified.”

Last Monday, Hobaiter and her gradu-
ate student, Gal Badihi, sent a letter to
the Proceedings of the National Academy
of Sciences (PNAS) signed by more than
250 animal behavior researchers, grad stu-
dents, and postdocs, asking it to retract
Livingstone’s most recent publication. The
animal rights group People for the Ethical
Treatment of Animals (PETA) has done the
same. It has also asked Harvard to termi-
nate Livingstone’s studies, and the U.S. Na-
tional Institutes of Health (NIH) to defund
the work.

Such efforts could crush research “criti-
cal for human survival and empathy,” says
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Bertha Madras, a neuroscientist at Harvard
who has conducted brain imaging studies
of monkeys for decades but doesn’t work
directly with Livingstone. “If we're going to
understand how the brain functions, we’re
going to have to do experiments that gen-
erate visceral reactions,” she says. “We have
to be looking at the greater good.”

Livingstone has spent 40 years studying
vision in monkeys. To determine how the
parts of the brain responsible for
recognizing faces develop, her
team sometimes removes rhesus
macaques from their mothers
after birth and hand-raises them
for months, eventually housing
them with other juveniles. In
some experiments, the infants
see no faces for a year, either
because laboratory staff wear
masks, or because the research-
ers effectively blind them. In
2016, the team sewed the eyelids
shut in two monkeys; the sutures
dissolved in a few days, but the
eyes remained closed for a year.
Since then, Livingstone says her
team has used noninvasive ap-
proaches such as goggles.

Few  primatologists were
aware of the experiments until
Livingstone published an article
in PNAS last month. The paper
was not a standard research
report; instead PNAS invited
Livingstone to pen the piece as
an “Inaugural Article” to high-
light her contributions to the
field as a newly elected member
of the U.S. National Academy
of Sciences.

Titled “Triggers for mother
love,” the piece recounts anecdotal
observations Livingstone made
in the course of her research—
specifically after giving soft
stuffed animals to monkey moth-
ers whose infants her team had removed
for vision experiments. The paper focused
on maternal behavior, reporting that the
toys often calmed the mothers down. But it
also drew attention to the research on the
infants, detailed in a 2020 PNAS research
paper and other publications.

The fact that PNAS would highlight
this work is deeply troubling to Hobaiter,
who also serves as the vice president for
communications for the International
Primatological Society. Decades of research
have shown how critical the mother-child
bond is in nonhuman primates, she says.
Orphaned animals “shut down socially.
... In some cases, they never recover”—to
say nothing of the impact on the mothers.
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Livingstone’s recent paper, she says, adds
nothing meaningful to our understanding
of primate behavior. “It fails on every sci-
entific and ethical level”

Hobaiter and Badihi sent a draft letter de-
tailing their concerns to a few colleagues. “It
snowballed,” she says, eventually collecting
257 signatures from across the globe. The
final letter asks PNAS to retract this year’s
paper, which Hobaiter says raises questions

A monkey mother whose infant was removed clutches a
soft toy given to her by neuroscientist Margaret Livingstone.

about all invasive research with primates.
“We cannot ask monkeys for consent,” it
reads. “But we can stop using, publishing,
and ... actively promoting cruel methods
that knowingly cause extreme distress.”

A spokesperson says PNAS is aware of
the concerns and is “evaluating formal
criticism submitted to the journal,” but de-
clined to comment further.

Earlier this month, Katherine Roe, a
former experimental psychologist who
studied brain development in children and
who now serves as the chief of science ad-
vancement and outreach at PETA, sent let-
ters to Harvard and two NIH agencies. She
called Livingstone’s work inhumane and
unscientific, and asked the institutions to

end their support for it. “The long-term
harms that these experiments are causing
the mothers and the babies far outweigh
any potential benefit to humans,” Roe says.
“The benefits are always ‘potential’ The
harms are definite.”

Livingstone counters that her work builds
on Nobel Prize-winning science that helped
treat vision loss in children. Her research has
provided insights into social deficits caused
when autistic children look less at
faces than neurotypical children
do, she says, and has helped de-
velop therapies for Alzheimer’s dis-
ease and some brain cancers.

PETA has launched a public re-
lations and social media campaign
targeting both the maternal sepa-
ration in Livingstone’s work and
the eyelid sewing, which it calls
“straight out of a horror movie.”

The social media storm is tak-
ing its toll, Livingstone says. “I've
become the target of increasingly
hostile harassment, and I am seri-
ously fearful for my own and my
family’s safety.” She says she has
received “violent, threatening, and
obscene” calls and emails. Har-
vard has released a statement con-
demning these “personal attacks.”
It has not responded to requests
for further comment.

In its statement, Harvard says
all of Livingstone’s work rigor-
ously follows federal guidelines
for animal research, and it has
been approved by the univer-
sity’s Institutional Animal Care
and Use Committee, which is de-
signed to ensure that animals are
properly cared for and only nec-
essary experiments take place.

That’s a point echoed by Mi-
chael Goldberg, a neurologist at
Columbia University who treats
human patients and studies per-
ception in monkeys. These committees don’t
take their jobs lightly, says Goldberg, who
was one of the reviewers of this year’s PNAS
paper; they only approve experiments if
there’s no other way to answer the question.
Livingstone’s work is “ethical and justified,”
he says. “This isn’t unnecessary cruelty to
animals—it’s critical research.”

Hobaiter notes that ethics continue to
evolve, especially when it comes to animal
research. She hopes the current debate
prompts more discussion about the issue.
“Just because your university ethics com-
mittee sets minimal standards doesn’t
mean you can’t do better,” she says. “As
scientists, we should hold ourselves to a
higher standard.”
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Monkeypox outbreak is ebbing—but why exactly?

Models suggest rising immunity in a small group of people, not vaccination, is key

By Kai Kupferschmidt

hen monkeypox cases in Eu-

rope began to decline this sum-

mer, researchers’ first question

was: Is it real? Some worried

that people might not be getting

tested because of receding fears
of the virus, coupled with strict isolation
requirements for patients. “They might be
reluctant to be confirmed and be told not
to go out at all,” says Catherine Smallwood,
monkeypox incident manager at the World
Health Organization’s (WHO’s) Regional
Office for Europe.

But the decline is now un-
mistakable. WHO Europe, which
reported more than 2000 cases
per week during the peak in
July, is now counting about
100 cases weekly. In the Ameri-
cas, the other major epicenter
of the outbreak, numbers have
dropped by more than half (see
graphic, right). “We’re seeing a
true decline,” Smallwood says.

Vaccines, behavior change
among the most affected
group—men who have sex with
men (MSM)—and immunity
after natural infection are all
playing a role in that decline,
says Erik Volz, an infectious
disease modeler at Imperial
College London, but how much
each factor has contributed
is unclear. “This is something 0
we’ve debated a lot internally.”

The answer is important be-
cause it determines the likelihood of a re-
surgence of the virus. Knowing what has
driven down cases so far will also help
shape strategies to eliminate the virus out-
side endemic countries in Africa, a goal
WHO Europe is already pushing for.

In the United Kingdom, at least, vac-
cination campaigns have played a minor
role, according to a model published as a
preprint this month by Samuel Brand, an
infectious disease modeler at the Univer-
sity of Warwick. Monkeypox’s reproductive
number—the average number of new in-
fections triggered by an infected person—
began to drop by mid-June, even though
campaigns only started in July, Brand
notes. Several other European countries
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saw the same pattern.

That leaves behavior change and im-
munity from natural infections. A survey
conducted by the U.S. Centers for Disease
Control and Prevention among MSM in
August found about half had reduced their
number of sexual contacts. As awareness
of the disease increased, people also be-
came more likely to seek diagnosis and
treatment early and to avoid sex while
they were infectious. The UK Health Se-
curity Agency has presented data suggest-
ing syphilis and other sexually transmitted
infections declined as well—which would

Passing waves
The two hardest hit World Health Organization regions—Europe and the
Americas—are both seeing a steep decline in monkeypox cases.

of infection, the depletion of susceptibles
due to natural infection is very rapid,” he
says. Brand agrees. His model suggests
that among the estimated 1000 people in
the United Kingdom who have 120 sexual
partners per month or more, “maybe half
got infected by the time of the peak.” Still,
Brand says his model suggests infections
among this small part of the MSM popu-
lation cannot explain the observed decline
on their own. “I don’t think it is as plau-
sible” as behavior change playing a role as
well, he says.

For Smallwood, that raises a concern:
that MSM who feel reassured
by the plummeting case num-
bers may revert to their past
behavior. That’s why vaccina-
tion of at-risk groups may now
be more important than it was
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bolster the case for behavior change—
although that signal is “suggestive but not
conclusive,” Volz says.

Immunity acquired through infections
in the most sexually active men may be the
biggest factor, however. Monkeypox has
been affecting mostly MSM and their sex-
ual networks because parts of those net-
works are densely connected, with some
people having a large number of sexual
contacts. Rising immunity in that group
could limit the virus’ ability to spread, says
Jacco Wallinga, chief epidemic modeler
at the Dutch National Institute for Public
Health and the Environment. “Because the
persons with a very high number of sexual
contacts are also those at the highest risk

at the peak of the epidemic, she
says. Brand agrees; in fact, his
U.K. model suggests that al-
though a slight uptick in cases
in the coming months is likely,
vaccinations should prevent a
real resurgence. “I don’t think
there’s room for complacency at
this point,” he says.

Eliminating the virus alto-
gether from nonendemic coun-
tries may be difficult. “That
last bit is always the hardest,”
Smallwood says. Among the
reasons are stigma and dis-
crimination. “In many coun-
tries, [infected people] will not
be presenting purely because
they’re concerned about how
they may be treated,” she says. Besides, it
has become clear that some people have
asymptomatic infections and could pass
on the virus unknowingly, says Boghuma
Titanji, a virologist at Emory University.

Even if, say, Europe or the United States
managed to eliminate the virus, reintro-
ductions from sexual networks in coun-
tries where the virus is still circulating in
humans would remain a threat, Smallwood
says. And the ultimate source of the virus
will remain untouched: the animal species
in Africa where the virus circulates, occa-
sionally spilling over to humans, as it has
for decades. “This is not an outbreak that
just needs to be fixed, and then the risk is
gone,” Smallwood says.
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New sodium isotope challenges
theories of exotic atomic nuclei

How exploding stars forge elements could be harder to trace

By Adrian Cho

new form of sodium—the element

that combines with chlorine to make

salt—packs a whacking 28 neutrons

in its atomic nucleus, along with the

11 protons that define its chemical

identity. With more than double the
13 neutrons in natural sodium, the neutron-
rich isotope of the element is so extreme
that few theoretical models predicted its
existence. “It’s a surprise that these neu-
trons keep on hanging on,” says Katherine
Grzywacz-Jones, a nuclear physicist at the
University of Tennessee, Knoxville, who was
not involved in the work.

Researchers at Japan’s RIKEN Nishina
Center for Accelerator-Based Science cre-
ated just a handful of sodium-39 nuclei. But
their mere existence challenges physicists’
understanding of nuclear structure. It also
suggests that tracing the process by which
exploding stars forge many elements—a goal
of a major new facility in the United States—
may be more difficult than thought.

Three years ago, an experiment with
the RIKEN center’s particle accelerator, a
superconducting cyclotron called the Ra-
dioactive Isotope Beam Factory, produced
a tantalizing hint of a single sodium-39
nucleus. “Therefore, we repeated the experi-
ment with much higher beam intensity and
a longer beam time,” says Toshiyuki Kubo, a
RIKEN nuclear physicist.

Kubo’s 26-member team shot a beam of
calcium-48 nuclei through a beryllium target
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to shred them and funneled the fragments
through a snaking chain of magnets called
BigRIPS. Researchers tuned that chicane so
only sodium-39 or a nucleus with a similar
mass-to-charge ratio could slalom through.
The energy a nucleus deposited in a detec-
tor at the end revealed its charge. From
the charge and mass, Kubo and colleagues
could easily tally a nucleus’ protons and
neutrons. Firing 500 quadrillion calcium-48
nuclei through the target, they spied nine
sodium-39 nuclei, they report in a paper in
press at Physical Review Letters.

Predicting which combinations of pro-
tons and neutrons will bind into a nucleus
can be tricky. Protons and neutrons stick
together by exchanging particles called pi-
ons, and a quantum mechanical effect fa-
vors nuclei with similar numbers of protons
and neutrons. But the electrically charged
protons repel one another, tilting the bal-
ance toward fewer protons. Nuclei also vary
from a single proton to hundreds of protons
and neutrons, and different theoretical ap-
proaches tend to work better in different
mass ranges.

“By far most models did not predict that
sodium-39 should be bound,” says Brad
Sherrill, a nuclear physicist at Michigan
State University and an author on the paper.
However, 2 years ago, Witold Nazarewicz, a
nuclear theorist at Michigan State, and col-
leagues tried to predict all possible nuclei by
averaging model predictions, each weighted
by its uncertainty. That gave a 50% prob-
ability that sodium-39 would exist. “Is the

This cyclotron at a lab in Japan can accelerate beams
of nuclei ranging from hydrogen to uranium.

[RIKEN] result surprising?” Nazarewicz
says. “No. Is it important? Yes.”

It adds an important detail to the nuclear
landscape, he says. Physicists plot known
and predicted nuclei on a checkerboard-like
chart, with the number of protons climbing
vertically and the number of neutrons in-
creasing left to right. The nuclei form a wide
swath diagonally across the chart, whose
lower edge is called the neutron drip line. It
marks the limit at which it becomes impos-
sible to cram more neutrons into a nucleus
with a given number of protons. And it’s
known only up to neon, element 10.

The neutron drip line has served up sur-
prises before. For example, it leaps from
16 neutrons for oxygen (element 8) to
22 neutrons for fluorine (element 9). To
explain that jump, theorists had to include
forces not just among pairs of protons and
neutrons in a nucleus, but also among trios,
Sherrill says. Some other bit of overlooked
physics may explain why the drip line ap-
pears to leap by four neutrons from neon-34
to sodium-39.

The results could complicate a goal for
physicists. Half of all elements heavier than
iron emerge from supernova explosions,
as nuclei quickly absorb neutrons gushing
from the explosion even as they repeatedly
undergo radioactive beta decay—in which
a neutron in a nucleus spits out an electron
and morphs into a proton. Precisely identify-
ing the nuclei in the process is a priority for
a new $730 million linear accelerator called
the Facility for Rare Isotope Beams (FRIB) at
Michigan State. If the drip line lies farther
out, those nuclei may contain more neutrons
and be harder to make, Sherrill says.

The first results from FRIB, which turned
on in May, examine nuclei near sodium-39.
Researchers there also shredded a beam of
calcium-48 to create neutron-rich iso-
topes of magnesium, aluminum, silicon,
and phosphorus—the elements follow-
ing sodium—and measured how quickly
they beta decay, the team reports in a
paper in press at Physical Review Let-
ters. In another tidbit to inform mod-
els, the half-life of magnesium-38 was
surprisingly short, says Heather Crawford,
a nuclear physicist at Lawrence Berkeley Na-
tional Laboratory and lead author.

For Crawford’s experiment FRIB produced
a beam one-twelfth as intense as the one
in the RIKEN study. In a few years, FRIB
should increase its beam intensity 400-fold,
making it possible to trace the neutron drip
line farther up the chart, Crawford notes. “As
FRIB ramps up in power, that’s one of the
first things I expect will be pursued.”
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SYNTHETIC BIOLOGY

A big step toward mirror-image ribosomes

Synthetic protein factories could one day make durable drugs the body can’t break down

By Robert F. Service

11 of life exists on just one side of

a mirror. To put it more techni-

cally, the biomolecules that com-

prise living things—DNA, RNA, and

proteins—are all “chiral.” Their

building blocks have two possible
mirror-image shapes, but in every case, life
chooses just one. At least so far.

This week in Science, researchers re-
port they’ve made strides toward explor-
ing the other side of the mirror. They
re-engineered a workhorse enzyme that
synthesizes RNA so it makes the mirror-
image form. They then used that enzyme
to construct all the RNAs needed to make a
ribosome, the cellular machine responsible
for constructing proteins. Other compo-
nents still need to be added, but once com-
pleted, a mirror-image ribosome might be
able to churn out proteins that could serve
as novel drugs and diagnostics and can’t
readily be broken down in the body. It also
sets the stage for a grander goal: making
mirror-image life, a prospect that has fired
the imagination of scientists ever since
Louis Pasteur discovered mirror-image
compounds in 1848.

“This is a major step towards re-creating
the central dogma of molecular biology
in the mirror-image world,” says Stephen
Kent, a professor emeritus of chemistry at
the University of Chicago who was not in-
volved with the work.

That dogma refers to the standard op-
erating procedure of life: The genetic
code—usually DNA—is transcribed into a
corresponding sequence of RNA, which is
then translated into proteins that perform
much of the essential chemistry in cells.
Exquisitely complex molecular machines
made of proteins or, in the case of the ri-
bosome, a combination of proteins and
RNA carry out each step. And every mol-
ecule involved churns out chiral products.
Chemists have long been able to synthesize
opposite-handed DNA, RNA, and proteins.
But they’ve never been able to put all the
pieces together to make mirror-image life,
or even enough of them to see whether
such a conceit is possible.

Ting Zhu, a synthetic biologist at West-
lake University in Hangzhou, China,
has been building toward this vision for
years. Among the first steps, as Zhu sees
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it, is to make a mirror-image ribosome—
the factory that can make so many other
mirror-image parts. That’s no small feat.
The ribosome is a molecular behemoth,
made up of three large RNA fragments,
consisting of approximately 2900 nucleo-
tide building blocks in total, along with
54 proteins.

“The most challenging part is making the
long ribosomal RNAs,” Zhu says. Chemists
can synthesize fragments up to about 70 nu-
cleotides long and stitch them together. But
to make the three much longer ribosomal

So, they synthesized the three sections—one
with 363 amino acids, a second with 238,
and a third with 282. In solution, the frag-
ments naturally folded into their proper
3D shapes and assembled themselves into
a working T7. “It was a herculean effort
to put together a protein of this size,” says
Jonathan Sczepanski, a chemist at Texas
A&M University, College Station.

The researchers then put the poly-
merase to work. They assembled mirror-
image genes encoding the three long
RNA fragments the team hoped to make;

Re-engineering a workhorse enzyme

Many biomolecules come in mirror-image forms, much like gloves that fit a left or right hand. But life

uses just one form. Now, synthetic biologists have made a mirror-image form of an enzyme that generates
RNA components of the ribosome, a key step toward building a mirror-image protein factory.

Natural-chirality T7 RNA polymerase

RNA fragments in mirror-image form they
needed a molecular machine that could
crank them out—a polymerase enzyme. In
2016, Zhu and his colleagues took a first
stab at the task, synthesizing a mirror-
image version of a polymerase from a virus.
The polymerase made mirror-image RNA,
but it was slow and prone to errors.

For the current study, Zhu and his gradu-
ate student Yuan Xu set out to synthesize
a mirror-image version of a workhorse en-
zyme used in molecular biology labs world-
wide to synthesize long RNA strands, the
T7 RNA polymerase. A massive, 883 amino
acid protein, it lay well beyond the limits of
traditional chemical synthesis. But an anal-
ysis of T7’s x-ray crystal structure showed
the enzyme could likely be split into three
sections, each stitched from short segments.

Mirror-image T7 RNA polymerase

then the mirror-image T7 RNA polymerase
read the code and transcribed it into the
ribosomal RNAs.

The result provided a tantalizing glimpse
of the power of mirror-image molecules.
The mirror-image RNAs fashioned by the
polymerase were far more stable than the
normal versions produced by a regular T7,
the researchers showed, because they were
untouched by the naturally occurring RNA
chewing enzymes that almost unavoidably
contaminate such experiments and quickly
destroy normal RNAs.

This same resistance to degradation
“could open the door to whole new types
of diagnostics and other applications,” in-
cluding novel drugs, says Michael Jewett,
a chemist and ribosome expert at North-
western University. For example, Xu and
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Zhu also used their mirror-image enzyme
to make stable RNA sensors called ribo-
switches that could be used to detect mol-
ecules associated with diseases, as well as
stable long RNAs that could be used to
store digital data. Other researchers have
shown that mirror-image versions of short
strands of DNA and RNA called aptamers
can serve as potent drug candidates that
evade degrading enzymes and the immune
system, which destroy most conventional
aptamer drug candidates.

Exploiting this stability more broadly
wouldn’t be as simple as creating mirror-
image copies of existing drugs, however,
as such compounds, like wrong-handed
gloves, would no longer match the chiral-
ity of their intended targets in the body.
Instead, researchers would likely have
to screen large numbers of mirror-image
drug candidates to find ones that work.

But Jewett and others say the new
work could aid that effort, because it sets
the stage for making functional mirror-
image ribosomes. Those could allow drug
companies to more readily create mirror-
image amino acid strings, or peptides,
Jewett says. Because peptides draw from
20 amino acid building blocks, rather
than just the four nucleic acids that make
up aptamers, they offer greater chemical
diversity and potentially more good drug
candidates.

Now, Zhu and his team need to make the
remaining components of a mirror-image
ribosome. The three RNA fragments they
synthesized make up about two-thirds of
the total mass of a ribosome. What re-
mains are the 54 ribosomal proteins and
several proteins that work in concert with
the ribosome, all of which are smaller and
thus likely easier to synthesize. Then the
question is whether the full parts kit will
assemble into a ribosome.

Even if they do, the resulting molecular
machines might still not be functional,
cautions George Church, a synthetic
biologist at Harvard University, who leads
one of the few other groups around the
world working on approaches to mirror-
image life. In order to churn out proteins,
ribosomes must work in conjunction with
a suite of additional helper proteins. To
make this work inside a living cell, Church
thinks it will be necessary to rewrite an
organism’s genetic code so the engineered
ribosome can recognize all those proteins,
particularly the 20 that ferry amino acids
for building new proteins. Church’s group
is working on this. “It’s very challenging,”
he says.

But if everything comes together,
researchers—and life—may finally be able
to enter a looking glass world.
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Journal declares an end to
accepting or rejecting papers

Instead, eLife will offer to peer review selected submissions
for $2000 fee, then make paper and critiques free to read

By Jeffrey Brainard

publisher aiming to transform how
scientists share research results has
launched a new experiment. Last
week, eLife—a nonprofit, selective,
online-only journal that focuses
on the life and medical sciences—
announced it will cease accepting or reject-
ing manuscripts for publication, instead of-
fering only peer reviews of manuscripts.
Until now, eLife has charged authors
$3000 if it accepts their paper, which is free
to read after publication. Under the new ap-
proach, eLife will charge authors $2000 if
they accept the publisher’s offer to have a

Critiques are “more useful
to the community than
our thumbs-up or thumbs-down
publishing decision.”

Michael Eisen,
University of California, Berkeley

submitted manuscript undergo peer review.
Regardless of whether the critiques are posi-
tive or negative, the manuscript and its asso-
ciated, unsigned peer-review statements will
be posted online and be free to read. If the
author revises the paper to address the com-
ments, eLife will post the new version.

Since eLife was founded in 2012, it has
tried other innovations. In 2020, for ex-
ample, it started to require all submitted
manuscripts be published as preprints.
Abandoning the “accept” stamp is a logical
next step, says eLife’s editor-in-chief, bio-
logist Michael Eisen of the University of Cali-
fornia, Berkeley.

Eisen, who co-founded the open-access
Public Library of Science journals in 2003,
says the detailed critiques written by re-
viewers that eLife recruits are its main
contribution to the scientific process. The
reviews, he says, are “more nuanced, more
informative, and more useful to the com-
munity than our thumbs-up or thumbs-
down publishing decision.” He also argues
that the new model will speed up a peer-

review process that at other journals is of-
ten opaque and slow because it can involve
multiple rounds.

Not everyone shares Eisen’s vision. “I
have zero interest in reading other peo-
ple’s peer reviews,” tweeted Jason Pardo, a
postdoctoral fellow at the Field Museum
of Natural History. “Turning reviews into
supplemental publications is silly.” And the
new model could struggle because in most
fields, the majority of researchers do not
post their manuscripts as preprints.

eLife’s new approach, which takes full ef-
fect in January 2023, is not entirely original.
The online platform F1000Research, for
example, enables researchers to post manu-
scripts, which others can then review. Eisen
hopes eLife will distinguish itself in this new
marketplace by the quality of its critiques.

eLife is still finalizing details of its new
model, including how editors will decide
which papers to invite for review. They will
likely ask prospective reviewers for their
sense of which papers will be most “use-
ful” to critique, Eisen says, perhaps because
they present a valuable new method or,
conversely, represent flawed science that
requires correction. Like a handful of other
journals, however, eLife will not consider
the manuscript’s perceived scientific im-
portance, leaving that to readers to assess.

The publisher plans to enable authors
to declare a reviewed manuscript the fi-
nal “version of record.” That will allow a
key group of researchers—those funded
by the National Institutes of Health—to
meet NIH’s requirement that their work
be indexed by its PubMed search engine.
Authors will also be able to submit an eLife-
reviewed manuscript to a different journal
for publication, but only if they and eLife
have not declared it final.

Eisen says that, at $2000 per review,
eLife should cover its costs without using
the subsidies from donors that have backed
the publisher since its founding. And he
hopes the new policy will ultimately cause
the publisher to fade into the background.
“I would hope that we move pretty quickly
to a world where ... you won’t be citing eLife
at all, because you’ll be citing the author’s
work” as it appears on a preprint server.
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This girl ata Michigan
county fair illustrates
how children bond with
their show pigs—and-have
close interactions with
them that pose a flu risk.

FAIR WARNING

“Swientists” hunt for influenza virus at hog shows, hoping
to cut off the next pandemic at the pen

t 4:30 a.m. on 16 June, the last
morning of the National Swine
Registry’s Exposition, a weeklong
hog show at the Iowa State Fair-
grounds, Andrew Bowman and his
team began winding through mas-
sive, open-air barns housing some
2000 pigs. Large fans blew across
the pens to cool the pigs and ease
the pungent ammonia stench of urine and
feces. But Bowman, a swine veterinarian
at Ohio State University (OSU), Columbus,
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By Jon Cohen, in Des Moines, lowa

and his group of nine vet students and re-
search assistants were more interested in
pig sounds than their smells.

“You hear the cougher?” asked Bowman,
carrying a blue pail filled with supplies.
“There’s somebody over in there that has
the barking cough.”

‘When Bowman found the noisy culprit, he
reached into his pail, opened a packet hold-
ing a fresh eight-ply gauze cloth, leaned over

the rail of the pen, and wiped each nostril
on the pig’s snout. As he likes to say, “I'm a
professional pig nose picker.” He put the snot-
filled rag into a test tube and sealed the cap.
Bowman and his team were hunting for
a most unwelcome guest at the Exposition:
influenza virus. Not all coughing pigs are in-
fected, but Bowman’s work over the past de-
cade has shown a “flu break” in even a few
animals at a showlike this can quickly spread
the virus far and wide. As the best pigs fan
out from the Exposition and other “jackpot
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shows” to competitions at the 2000 county
and state fairs that take place across
the United States through the early fall,
they can carry flu with them. With about
150 million people visiting those events, the
virus has plenty of opportunities to jump to
humans, sickening people with flu outside
its typical winter season.

Since 2010, the Centers for Disease Con-
trol and Prevention (CDC) has recorded
nearly 500 human infections with those
“variant viruses”—a term the pork industry
prefers to the older, better known “swine

viruses from birds touched off the 20th cen-
tury’s three influenza pandemics—including
the infamous one that began in 1918 and
killed about 50 million people—some ar-
gue pigs could have been a key intermedi-
ary between birds and humans in each one.
“While people want to downplay it, I think
the risk is much greater for swine-to-human
influenza pandemics than it is for avian,”
says Gregory Gray, an epidemiologist at the
University of Texas Medical Branch.

Fears about the next flu pandemic usually
focus on Asia, where markets sell live poul-

Andrew Bowman (top) shows colleague Martha Nelson his pig snout swabbing prowess as they gather samples
to test for flu at the Exposition, a show in Des Moines, lowa.

flu” (Researchers say this surely under-
counts the actual number because standard
flu tests cannot detect an infection with a
variant virus.) Most infections fizzle out
without further person-to-person spread,
possibly because humans have substantial
immunity to similar flu viruses. But if a
pig virus emerged that did spread readily
in people, it could spark a pandemic. “It’s
about as real as any zoonotic threat,” says
Martha Nelson, an evolutionary biologist at
the National Institutes of Health (NIH) who
has collaborated with Bowman for 7 years.
It has happened before. Nelson, who
works at NIH’s National Center for Bio-
technology Information and also studies
highly lethal avian influenzas, was part
of a team that found persuasive evidence
that the 2009 flu pandemic, which infected
hundreds of millions of people worldwide,
began when a new flu virus jumped from
commercial pigs on farms in central Mex-
ico. Although many epidemiologists think
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try and exotic animals such as palm civets,
raccoon dogs, and bamboo rats. “If we sit
here and talk about the live-animal mar-
kets in China or East Asia, you say, ‘Oh we’d
never do that in the U.S.;” Bowman notes.
But U.S. hog shows, where handlers—often
children—tend, groom, and even sleep with
their charges pose a similar risk, he says. “I
mean, is it really that different?”

To assess that risk, Bowman and his co-
workers have become regulars at shows and
fairs across the country. Winning the trust
of sometimes-wary organizers and contes-
tants, the researchers have visited about
1000 events and collected samples from
some 40,000 pigs, analyzing them for clues
to how novel flu viruses spread through
the show circuit and shuttle between pigs
and people. From their two dozen studies,
“We’ve learned a lot about how swine in-
fluenza circulates in that particular niche,”
says virologist Richard Webby of St. Jude
Children’s Research Hospital.

Bowman and Nelson are also devising
simple steps that could protect both pigs
and people, including testing show entrants
and limiting contact between swine and
people. “Our goal is to try and figure out
how we can make small tweaks in the whole
system that will have outsized, downstream
effects,” Nelson says.

PIGS HAVE A SPECIAL PLACE in the ecology
of influenza. Two types of influenza virus, A
and B, sicken humans, Killing up to 650,000
people worldwide in a bad year. Influenza B
viruses only circulate in people, but type A
can infect many species. Waterfowl harbor
the most diversity, with 16 varieties of one
surface protein, hemagglutinin, and nine of
another, neuraminidase, leading research-
ers to conclude waterfowl are the main in-
fluenza A reservoir. The seasonal influenza
A viruses that routinely infect humans to-
day are restricted to variations of the HIN1
and H3N2 subtypes. But other type A vi-
ruses regularly spread to poultry, horses,
dogs—and pigs.

As the virus circulates, it changes, con-
stantly presenting new challenges to the
immune system. One source of change is
its highly mutable RNA genome, allowing
“drifts” during each round of viral replica-
tion. But flu has another maneuver that
speeds its own evolution. The viral RNA
is broken into eight segments that can be
swapped between related subtypes. So if
one type A virus finds its way into a human
cell already infected with another, their two
genomes can mix when they replicate. This
reassortment, or “shift,” creates viral prog-
eny with RNA segments from both strains.

Drift forces vaccine developers to roll
out a new vaccine each year to combat the
spread of seasonal flu. When shifted vi-
ruses emerge from an animal reservoir, the
changes sometimes greatly enhance trans-
mission and increase immune evasion—and
can even spark a pandemic. “Flu is an ac-
robat,” Nelson says. “You have to think in
eight dimensions.”

Pigs are a major venue for those acrobat-
ics. When infecting pigs, avian viruses can
reassort with viruses already in the swine
that more readily infect people. The result
can be a novel strain, foreign to the human
immune system, that is more apt to spread
in people than the original bird virus.

Just such a cascade of trouble began in
1979, when an avian HIN1 virus journeyed
from wild ducks to pigs in Europe. Decades
later, some of its genes were found in the
HINI that triggered the 2009 pandemic af-
ter jumping from Mexican pigs to humans
around March 2009.

Just 5 months after what was dubbed
pHINI1 surfaced, nasal swabs of show pigs
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Despite studying the evolution of influenza viruses from pigs and other animals for many years, Martha Nelson hadn't attended a pig show until this year.

at the Minnesota State Fair underscored
the threat of cross-species transmission by
showing 12% of the animals had the virus:
This time, humans had infected the pigs.
When then-Secretary of Agriculture Tom
Vilsack reported the infection of pigs at the
show, pork prices plummeted. “The indus-
try was very angry at us,” says Gray, who
then was with the University of Florida and
led the study. “We were just doing science,
but it got political real fast.”

The risk that a flu virus with pandemic
potential finds its way to humans via pigs
infected by birds remains as real as ever.
But massive commercial farms raising hogs
by the thousands may not be the biggest
threat. On large farms in the United States
and many other countries, biocontainment
measures limit contact between people and
pigs, says James Lowe, a swine vet at the
University of Illinois, Urbana-Champaign,
who studies influenza in commercial pig
herds. Instead he worries about shows like
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the Exposition, where young handlers com-
pete for belt buckles, banners, and ribbons
for having raised the best-looking Duroc,
Hampshire, Landrace, Berkshire, or cross-
bred hog. “The show pig population is the
one that’s got all this interaction with peo-
ple” But it’s a risk, he says, that “everybody
kind of ignored.”

IN 2009, BOWMAN WAS 2 years into his ca-
reer as a practicing swine vet in Ohio, like
his father before him. A professor from
OSU, where Bowman went to vet school,
contacted him, asking whether he’d con-
sider coming back to do a Ph.D. focusing
on testing show pigs at fairs for influenza.
Bowman hesitated to return to academia,
but the challenge enticed him. “We had
no idea what was happening with flu and
these pigs,” he says.

Initially, his requests to take nasal swabs
at pig shows were met with much suspi-
cion. “The fear was that we would use the

information and shut them down,” Bowman
says. Other people worried swabbing would
somehow harm the pigs and lead judges to
“show them the gate”—show lingo for being
eliminated from the competition. “We’ve
certainly had, ‘My pig was going to win right
up until you swabbed its nose,” Bowman
says. Early on, he did the sampling in the
middle of the night to avoid confrontations.

But the scientific value of the work
couldn’t be disputed. In 2012, CDC docu-
mented 307 cases of humans infected with
variant influenza strains, the highest num-
ber ever in a single year, with most con-
nected to agricultural fairs. “Suddenly, I'm
holding all of these samples from county
fair pigs, and we’ve got all these kids break-
ing with swine lineage influenza at the
same fairs we were at,” Bowman says. “It
was a case of me being at the right place at
the right time.”

Many human cases in 2012 were in In-
diana, and the next year, organizers of
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that state’s fair asked Bowman to swab
noses of incoming pigs to get a better un-
derstanding of how many were infected at
the outset. The organizers also measured
pigs’ rectal temperatures, slowing entry to
the fairgrounds and infuriating exhibitors,
who wrongly blamed Bowman. Complaints
reached the Indiana governor and the Na-
tional Pork Board. Still, Bowman slowly
convinced more and more fair organizers
and exhibitors that there wasn’t a great dis-
tance between their love of showing pigs
and his studies, which aim to educate peo-
ple and reduce disease in animals, handlers,
and fairgoers. “They’ve been a blessing,”
says Kelly Morgan, a teacher in Columbus
who organizes jackpot shows and, with her
family, raises about three dozen show pigs.

Bowman is “a solid veterinarian, a solid
scientist, and a pig guy, and so he’s been
able to bridge that gap,” Lowe says. “What
he’s accomplished, building the relation-
ships with that crowd that lets him get ac-
cess to sites and do these data collections, is
nothing short of a miracle.”

BOWMAN AND NELSON FIRST SPOKE with
each other at a 2015 meeting of an influenza
research network organized by NIH’s Na-
tional Institute of Allergy and Infectious Dis-
eases (NIAID). “In the first few minutes, we
realized our interests fit like a glove,” Nelson
recalls. She had been studying the evolution-
ary origin of the variant viruses that caused
the major human outbreak in fairs in 2012,
but she only had samples from commercial
swine. “I was salivating when I found some-
one actually sampling the show pigs them-
selves,” she says.

Since then, Bowman’s hands-on exper-
tise with sampling pigs has combined with
Nelson’s hard-core focus on the evolution-
ary biology of the viruses they find. As Lowe
puts it, “Martha can’t do what Andy does, and
Andy can’t do what Martha does” The result-
ing studies of transmission between humans
and pigs are “a whole other level,” says Elodie
Ghedin, who does genomic studies of para-
sites at NIAID. “These are really important
studies to understand the dynamics and to
see what is going on from year to year.”

Bowman’s and Nelson’s first study, pub-
lished in January 2016 in The Journal of
Infectious Diseases, used ornate family trees
that Nelson created from Bowman’s virus
samples to trace a four-season cycle of vi-
ral movement between pigs and people (see
graphic, right). It starts in the winter, when
seasonal flu viruses spread through the hu-
man population and occasionally infect pigs.
On small farms, human-to-pig infections
quickly burn out. But when humans infect
commercial herds, which happens despite
biocontainment efforts, the viruses move
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In 2018, testing of pigs at 113 exhibitions in nine states found flu at all national “jackpot” shows that mixed pigs
from several states. Relatively few pigs were infected, but they carried influenza virus to regional jackpot shows,
as well as state and county fairs around the country. In any fairs it reached, the virus had a chance to spread
widely because fairs typically last longer than other shows, and it sometimes jumped from pigs to people,
causing at least 10 human cases in 2018.

National/regional jackpot shows
All six shows tested had infected animals, with 12.9%
of 594 pigs sampled being positive.

Commercial pig
Farmers breed hogs for size and fat content;
these are slaughtered at about 6 months.

Larger farms have herds with thousands of hogs. Healthy pig @ Infected pig
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County fairs (with infected pigs)
At the 42 fairs that had infections, 42.9% of the 1194 pigs
tested carried flu viruses; another 56 fairs had no infections.

Transmission of flu viruses

Show pig

Bred to be lean and muscular, show pigs are
mainly raised on small farms. They ideally show
at about 6 months of age.
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between the animals throughout the spring
and reassort. They can then spread to show
pigs that live in separate barns on the same
property or even, through the wind, to neigh-
boring farms. By summertime, when show
pigs congregate at exhibitions, flu season for
humans is over. But the pigs readily infect

one another, leading to new reassortment
viruses and occasional infections of humans
with variant influenza viruses.

“If there were no commercial swine,
thered be no flu viruses in show pigs,”
Nelson says. Bowman’s vast sequence li-
brary also allowed them to see that jumps
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from commercial to show swine likely occur
many times each year. “There was a surpris-
ing amount of genetic diversity of flu vi-
ruses in show pigs, given that they’re such a
small population and only convene in large
numbers for a short summer show season,”
Nelson says.

At the same time, as Nelson and Bowman
reported in December 2016 in the Journal of
Virology, animals at shows in counties and
states distant from one another sometimes
had identical viruses. “This was the head-
scratching moment when we realized there
must be something else helping to spread
these viruses so quickly over long distances
between fairs,” Nelson says.

Jackpot shows like the Exposition are key to
dispersing those viruses, Nelson and Bowman
realized. Hogs at a county fair must come
from that county, and the same geographic
restriction applies at state fairs. But jackpot
shows draw contestants from far and wide.
To understand how they affect viral traffic,
the researchers went to an early-season show
in Iowa that hosted exhibitors from 17 states.
(They won’t name the show to avoid shaming
it.) Four distinct influenza viruses spread at
that show, one of which accounted for 80%
of pig infections. When pigs from the show
dispersed to their home states, they carried
the virus with them. Through later sam-
pling, researchers found influenza in hogs at
38 county and state fairs, and 94% had the
variant dominant at the jackpot show. That
variant was also responsible for 90% of that
year’s show-linked flu cases in people.

The fairs, not the jackpot shows, are where
the pig variants are most likely to jump to
humans. Although the Bowman team’s sam-
pling over the years has detected influenza in
only about 30% of the fairs, compared with
80% of the jackpot shows, fairs often last lon-
ger. So fairs that start with infected pigs wind
up with as many as 80% of hogs infected by
the end, a far higher prevalence than at jack-
pot shows. And fairs have far more humans
interacting with pigs, increasing the risk of
zoonotic jumps. “You see the human cases
show up usually in association with the end
of the fair because if you've got 250 pigs shed-
ding the virus, it’s going be just a cloud of flu
virus in there,” Bowman says.

TO REDUCE THE RISK to people, say Bowman,
Nelson, and others, regular testing of exhibi-
tion hogs, which make up a mere 1.5% of the
U.S. swine herd, should be standard practice.
But no such “active surveillance” program ex-
ists. Instead, the United States has a passive
system that relies on farms to sample sick
pigs and then voluntarily report what they
find to the Department of Agriculture.
Bowman has already persuaded several
pig show organizers to stop children from
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sleeping near their animals. At one show,
kids hung hammocks over their prized pigs.
“I'm like, guys,” Bowman says. The ham-
mocks are gone now, as are pen cots—at
least at shows his crew attends. “This is
moving the needle,” Nelson says.

In the vendor hall at this year’s Exposi-
tion, Bowman’s team set up a station to edu-
cate kids directly about reducing the spread
of influenza. The project, started 7 years
ago by his collaborator Jacqueline Nolting—
who has a Ph.D. in agricultural education—
encourages the kids to join the OSU “swien-

to reduce flu virus transmission.

tist” program, offering free popsicles and
stickers featuring a pig in a lab coat. A
“pathogen shootout” has the kids Kill in-
fluenza with squirt guns, knocking plastic
viruses off pedestals. And they can pick up
biosecurity buckets that hold soap, a scrub
brush, disinfectant, gloves, and other essen-
tials. “I'm not going to convince the parents
to do things differently, but I think I can get
the kid,” Bowman says. “So it’s really the
long game. In a decade, I think I can change
some behaviors.”

Bowman’s team also enrolls people be-
tween 5 and 21 years old in a long-term
study to track any flu infections they pick up,
which requires an immediate blood sample.
(Bandages that look like bacon strips are on
offer.) “I'm interested in seeing what they
find in my blood,” says new recruit Sam Fox,
18, who lives in Indiana and has shown hogs
most of his childhood. “I'd bet there are only
a handful of weeks I haven’t been around
hogs in the last 8 years.”

Ohio State University's “swientist” program recruits children into their studies, educating them about measures

Morgan says the education program has
helped calm initial concerns about their
pig sampling. “Andy and Jacqueline are not
there to do anything but better the health
of the swine and kids,” says Morgan, whose
son showed pigs and took part in the swien-
tist program.

More ambitious ideas from Bowman and
Nelson include requiring that all animals
receive a flu vaccine, which, if matched
to variants in circulation, could reduce
transmissions. The researchers have even
proposed that hogs attending national or

regional jackpot shows not show again for
2 weeks: Hitting the pause button would al-
low enough time for any virus in infected
pigs to burn out before they have a chance
to spread it. But Bowman says the idea has
had zero traction, in part because people
who have winning pigs at jackpots under-
standably want to exhibit over the next few
weeks at state and county fairs. “It’s hard,”
he says. “We are making changes and it is
pandemic prevention. But how do you even
quantify the impact of those changes?”
Bowman says for now, the most urgent
need is to gather enough data to properly
assess the risks of this cherished U.S. tradi-
tion. “Is it going to be this show that kicks
off something?” he asks about the Exposition
held in June. “I don’t know, because we've
had our thumb on the pulse of this one for
quite a while. But what else is out there?”

This story was supported by a grant from the
NIHCM Foundation.
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Mandatory disclosure is key
to address climate risks

Financial regulations would help signal risks to investors

By Stefano Carattini’, Edgar Hertwich?,
Givi Melkadze!, Jeffrey G. Shrader®

nvestors have known about climate
change for decades. Yet it is only re-
cently that several countries—including
France, Japan, New Zealand, and the
United Kingdom—have developed poli-
cies requiring large public companies to
regularly disclose information about climate-
related financial risks. In March 2022, the
US Securities and Exchange Commission
(SEC) proposed a climate disclosure rule
that, distinctively, would affect all firms
publicly traded in the United States regard-
less of their size or country of incorporation.
With the policy’s broad scope, the large size
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and exceptional liquidity of the US financial
market, and the SEC’s influence on securities
regulations worldwide, this presents a ma-
jor opportunity to standardize the way that
public firms measure, report, and address cli-
mate risks. As the SEC digests a substantial
number of public comments on their draft
rule ahead of a planned October release of
the final rule, we discuss their rationale and
consider implications and opportunities for
research and policy.

Not until the financial sector can access
and respond to signals about climate risks
can we hope to move the economy on a more
sustainable and stable trajectory. In 2015, the
then governor of the Bank of England, Mark
Carney, highlighted three major climate-
related risks to the financial system: physi-
cal risks, transition risks, and liability risks
(I). The taxonomy introduced by Carney has
been the reference for the scientific commu-
nity, including the Intergovernmental Panel
on Climate Change (2), and financial regula-
tors (3). Physical risks are the risks that arise

from damage to physical assets resulting
from sea level rise or more extreme weather
events, including droughts and storms,
or other consequences of climate change.
Liability risks are the risks to companies and
insurers from litigation for compensatory
damages by parties that suffer damage be-
cause of climate change.

At present, transition risks are the main
focus of both the academic literature and
the policy debate, including the proposal
by the SEC as well as related efforts by the
Office of the Comptroller of the Currency
(OCC) and the Federal Deposit Insurance
Corporation (FDIC). Transition risks are the
risks to the value of existing assets from a
transition away from fossil fuels. This de-
scribes the potential for climate policy, tech-
nological change, or investor and consumer
preferences to sharply reduce future revenue
streams of current assets. Transition risks
highlight the tension between the need to de-
carbonize as fast as possible to meet climate
goals, rather than gradually, and the poten-
tial financially damaging consequences that
abrupt climate policy tightening may have.
Given that the carbon contained in existing
fossil fuel reserves exceeds the amount that
can be burned before breaching the target
of the Paris Agreement, scientists have de-
scribed part of these reserves and the associ-
ated production, transport, and refining in-
frastructure as “stranded assets” (4). Hence,
either humanity will emit more than the
“carbon budget” allows and face more severe
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Companies whose shares are traded in the United
States, such as at the New York Stock Exchange, may
be required to disclose climate-related financial risks.

climate damages or a substantial portion of
such reserves would have to remain in the
ground (“stranded”), essentially losing their
entire value.

As of now, public firms in the United States
insufficiently report climate-related financial
risks to the public. The current regulations
from 2010 allow for some ambiguity on what
risks are “material,” a term that refers to the
extent to which they may potentially compro-
mise an investor’s return, or what risks have
“systemic implications,” which means that
they may affect the stability of the entire fi-
nancial system (5).

Companies that do not disclose climate
risks when material may be akin to mislead-
ing investors, calling for policy intervention.
Further, widespread losses in stock valua-
tions due to emissions externalities being
finally internalized may represent a risk
for the entire financial system, if the latter
is substantially exposed to the assets be-
ing stranded and the reassessment happens
abruptly. About 50% of the standard portfo-
lio of an average European financial institu-
tion is exposed to transition risks, once one
considers not only fossil fuel companies but
also carbon-intensive sectors such as agricul-
ture, aluminum, or steel as at-risk. Feedback
effects within the banking system that occur
because financial institutions own shares of,
and lend to, other financial institutions can
further increase systemic risk (6, 7). As we
learned with the Great Recession, the realiza-
tion of systemic risk can lead to a painful re-
cession and high unemployment levels.

KEY RATIONALES

The SEC’s proposal would require new cli-
mate disclosure from all firms publicly traded
in the United States, both US-based compa-
nies and international companies that trade
in the United States, to gain access to more-
liquid and better-protected markets. In their
periodic financial statements, firms would
need to disclose current emissions, emis-
sions targets, and plans to achieve them, as
well as assessments of climate-related risks
under transparent scenarios and correspond-
ing management strategies, including inter-
nal carbon prices, whereby firms prepare for
the implementation of ambitious nationwide
climate policy by already accounting for a
higher cost of carbon in their operations.
Reported emissions should include scopes 1
and 2 and, starting from large firms in 2025,
scope 3. Scope 1 refers to emissions that occur
directly within the company; scope 2 refers
to indirect emissions from acquired electric-
ity, steam, heat, or cooling; and scope 3 refers
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to emissions associated with the value chain,
including suppliers, workers’ commutes, and
customers’ use of the product. To address
concerns about potential “greenwashing” in
the presence of information asymmetries,
disclosures may be audited.

The key rationale for mandating the dis-
closure of climate risks is threefold. First,
the proposal by the SEC would standardize
the reporting of transition risks, addressing
the issue of selection into reporting and non-
reporting as well as into how much to report.
These two aspects are intrinsically inter-
twined. If companies are free to report only if
they want, and what they want, as is the case
with voluntary disclosure, the danger is that
only a subset of companies will do so and in
a very selected fashion, possibly providing a
misleading picture of their risk exposure (8).
Addressing this selection issue ensures that
material risks are properly disclosed so that
investors and lenders can make informed de-
cisions, including financial institutions with
systemic roles.

Second, over the past few years, many
central banks and financial regulators have
started engaging in so-called “climate stress
tests” Stress tests of financial institutions
were initially introduced in the 1990s, with
the Basel Capital Accord requiring banks to
provide an internal assessment of their abil-
ity to sustain an important, negative market
event. In practice, they consist of scenario
analyses aimed at predicting how a bank’s
capital would be affected under hypothetical
adverse macroeconomic conditions and use
financial valuation models plus statistics on
asset performance during similar historical
periods. After the Great Recession, finan-
cial regulators started running stress tests
themselves to prevent future financial cri-
ses, assessing the exposure of the financial
institutions under their control to potential
large market shocks. Only more recently have
regulators started considering climate policy
as a market event that is potentially able to
trigger a financial crisis.

More than 100 central banks and finan-
cial supervisors make up the Network for
Greening the Financial System, whose goal
is to provide recommendations related to cli-
mate change to central banks, including on
climate stress tests. To date, several institu-
tions such as the Bank of France, the Bank of
England, the European Central Bank, and the
Dutch Central Bank have already completed
their first round of climate stress testing. The
Board of Governors of the US Federal Reserve
Bank also recently announced that they will
conduct a pilot of climate scenario analysis—
a potential prelude to future, more system-
atic climate stress testing. The more informa-
tion the regulator has about risk exposure,
the more accurate a stress test can be, hence

the need for mandated disclosure to compel
companies to provide sufficient information
so that regulators can reliably assess systemic
risks from climate change.

Third, climate stress tests can highlight
the potential for systemic risk, but “macro-
prudential” policy, aimed at mitigating risk
to the financial system as a whole, might be
necessary to address it, unless one can count
on financial institutions to do so themselves.
A common tool is minimum capital require-
ments. To ensure financial sector stability,
banks are asked to provide sufficient eq-
uity in proportion to size and riskiness of
the bank’s assets. However, current regula-
tory frameworks do not directly consider
climate-related risks when setting capital
requirements. Thus, one policy that would be
effective in tackling transition risk is to set
differentiated capital requirements depend-
ing on a bank’s exposure to climate risks. In
essence, this policy would ask financial insti-
tutions that are largely exposed to transition
risks to keep additional capital as a buffer (9).

Such differentiated capital requirements
have been considered by financial regulators
in several countries but have not yet been
implemented. To do so, financial regulators
would need to know how exposed financial
institutions are to transition risks. Once
more, mandatory disclosure would be cru-
cial. It is important to keep in mind that ad-
dressing systemic risk is part of the financial
regulators’ mandate. Macroprudential policy
would be used to prevent systemic risk and
pave the way for ambitious climate policy,
which is highly necessary. It would also pro-
tect the economy from the impact that dis-
ruptive technologies or behavioral changes
could have, shifting demand away from fossil
fuels. Although gradual changes may give fi-
nancial institutions some time to adapt, both
technological and behavioral changes can
take place in unexpected ways.

GLOBAL LANDSCAPE

Mandatory disclosure already exists in
some contexts. Large carbon emitters, for
instance, may need to report their emis-
sions to environmental regulators. For
example, in the United States, some 8000
high-emitting facilities have reported since
2011 to the Environmental Protection
Agency under the Greenhouse Gas Report-
ing Program. The stated goal of the program
is to allow firms and the public to track and
compare emissions and identify opportuni-
ties to reduce them.

Most of the climate-related financial risk
disclosure policies and proposals emerg-
ing around the globe follow recommenda-
tions from the Task Force on Climate-related
Financial Disclosures (TCFD) (I10), an initia-
tive by G20 countries with the goal of moni-
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toring the global financial system. Additional
standards were proposed this year by the
International Sustainability Standards Board
(ISSB) to foster consistent disclosure (11). The
United States does not have a policy requir-
ing public firms to homogeneously report
their emissions for reasons related to transi-
tion risk, hence the proposal by the SEC.
With its proposal, the SEC would have
the United States join other pioneers of
mandatory disclosure, bringing its policy
into close alignment with the latest inter-
national guidelines and standards, while
also pushing ahead on issues, including
scope 3 emissions reporting and coverage
of regulated firms regardless of size and lo-
cation. Given the large US market and the
influence of the SEC, this effort would likely
have considerable global influence, helping
to bring greater consistency to how manda-
tory disclosure takes place. The insufficient,
incomplete, and inconsistent information
about climate risks is indeed largely a global
issue, as are financial markets (72). Further,
the proposal by the SEC would complement
efforts by other regulators that are targeted,
in particular, at large banks. These include
the Federal Reserve as well as the OCC and
the FDIC, whose draft proposals aim at pro-
viding general principles to manage banks’
climate risks (13), after the recent release of
similar principles by the Basel Committee on
Banking Supervision, the main global stan-
dard setter for the prudential regulation of
banks. Hence, the SEC’s proposal could be
part of a distinctively comprehensive ap-
proach that includes climate-stress tests and
internal tests by banks, which both benefit
from the SEC’s driven disclosure efforts.

IMPLICATIONS FOR POLICY AND RESEARCH
Several avenues for future research are
paramount in this context, including in
response to issues raised during the com-
ment period, which led to a total of more
than 14,000 comments—far more than are
received for a typical SEC rule. The vast
majority of comments seemed supportive.
Almost all highlighted several areas where
future research is urgently needed.

First, industrial ecologists are called into
action. Scope 3 reporting requirements re-
ceived substantial attention and pushback
during the public comment period. Many
commenters highlighted the critical impor-
tance of disclosing scope 3 emissions, be-
cause outsourcing can substantially reduce
scope 1 and 2 emissions without a material
change in emissions or risks. For fossil fuel
producers, much of transition risk is associ-
ated with scope 3 emissions. However, scope
3 reporting, including the Greenhouse Gas
Protocol, was developed to measure poten-
tial responsibility for emissions (backward
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looking) rather than risk exposure (forward
looking). Mandated release of scope 1 and 2
emissions data can improve the modeling of
scope 3 emissions. The experience with en-
vironmental product declarations and orga-
nizational environmental footprints shows
that comparable quantifications require
industry-specific calculation rules. These ef-
forts provide templates that can be further
adapted for the purpose of financial risk
modeling to focus on emissions that actu-
ally drive material risk. Inputs with carbon-
intensive substitutes or those instrumental
for decarbonization, such as clean electricity
or battery materials, may be exposed to sud-
den price rises when transition becomes a
priority. Input-output models can be used to
screen supply chain risk exposure and flag in-
puts with material emissions. Scenario-based
and consequential life cycle assessment can
inform climate risk scenarios. These initia-
tives and sectorial specificities can facilitate
the reporting effort not only for regulated but
also for unregulated firms when the latter en-
gage in reporting as well. Firms outside the
SEC’s jurisdiction also provided comments
on the proposal.

Second, many comments emphasized the
need to quickly improve our understanding of
company-specific physical risks. Economists
have the task of improving downscaled cli-
mate damage models that are appropriate for
use by companies that link firm-level data to
climate exposure. Economists can also draw
out the implications of transition risks, in-
cluding understanding the effects of timing
of regulation and changes in market beliefs,
by adapting macro-finance models that in-
clude realistic financial market frictions and
rely on data that precisely point to risk ex-
posure to measure its heterogeneity across
banks. Loan data, for instance, could specify
the “greenness” of the investment for which a
firm is borrowing. Models could also feature
information asymmetries, so to explicitly ac-
count for degrees of disclosure. This research
should build on a growing literature in cli-
mate finance, which should also expand to
better measure the extent to which investors
may be willing to align with long-term cli-
mate goals and how they may react to climate
policy uncertainty.

Third, researchers that engage in policy
evaluation should start assessing the poli-
cies that are already in place to address
comments raised about compliance costs
and policy effectiveness. Research can lever-
age arbitrary company size thresholds and
exemptions for causal purposes to better
understand the gains from mandatory ver-
sus voluntary disclosure and assess the im-
pact on actual disclosure, carbon emissions,
stock market reactions, firms’ investments,
and potential attempts to avoid regulation

by going private or being listed on unregu-
lated markets. Disclosure requirements may
also have beneficial cross-country spillovers,
leading unregulated firms to disclose if mul-
tinational firms do. Rating agencies may also
respond, improving the methodologies used
to rank firms in terms of environmental, so-
cial, and governance criteria, which would
allay criticisms of potential greenwashing.
Further, mandatory disclosure may also in-
crease market liquidity and efficiency and
lead to lower capital costs to firms by ad-
dressing information asymmetries, poten-
tially paving the way for more disclosure in
search of its optimal level (14).

Fourth, economic and managerial sci-
ences can improve our understanding of
how investors and firms can reduce carbon
footprints. For instance, although internal
carbon pricing has expanded rapidly over
the past few years, little is known about its
medium-term impact on energy decisions
in the many large companies that use it.
Finally, there is growing interest in dis-
closure policies that account for broader
sustainability issues, including biodiver-
sity losses (15). Policy-making in this area
can also build on research developments
in effective measurement and disclosure
metrics as well as on the interaction of bio-
diversity and climate risks.
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Bursts in skull evolution weakened with time

The skull shapes of mammals diversified more rapidly early in their history

By Sharlene E. Santana'? and
David M. Grossnickle!

volutionary biologists generally agree

that placental mammals began as

small-sized animals that ate insects,

and later evolved to become more

varied in size and morphology. Today,

the morphologies of placental mam-
mals are incredibly diverse, ranging from
the bumblebee bat to the blue whale (7-3).
There is considerable debate over
how the small, insect-eating an-
cestors of placental mammals gave
rise to such incredibly divergent
lineages. Among the competing
hypotheses are varying opinions
on the timing and pace of early
placental mammal evolution, es-
pecially in the context of major en-
vironmental changes such as the
Cretaceous-Paleogene (K-Pg) mass
extinction event 66 million years
ago and the Paleocene-Eocene
Thermal Maximum (PETM) 56
million years ago. On page 377
of this issue, Goswami et al. (4)
contribute to this discussion by
reconstructing the patterns and
possible drivers of placental mam-
mal morphological diversification
with a quantitative analysis of
skull shape spanning over 70 mil-
lion years of evolution.

Different traits tell different evo-
lutionary stories about how mam-
mals diversified (3). The skull is an
informative structure for studying
mammal evolution because of the
multiple functions it serves that
are critical to survival, such as
feeding, protecting the brain, and
supporting various sensory organs.
For example, the shape of the skull can re-
flect dietary adaptations (consider the long
snouts of anteaters) and thus inform how
skull shape evolved across lineages with dif-
ferent diets. Despite these advantages, whole
skulls are rarely used to study diversification

Department of Biology, University of Washington, Seattle,
WA, USA. ?Burke Museum of Natural History and Culture,
University of Washington, Seattle, WA, USA.

Email: ssantana@uw.edu

SCIENCE science.org

in mammal evolution. This is partly because
of their exceptional variation, which ranges
from the elongated skulls in dolphins to the
round skulls in primates, making direct and
quantitative comparison difficult (5). In ad-
dition, well-preserved skull fossils are rare
for extinct mammal species, which makes
them less ideal for comprehensive studies.
Goswami et al. used geometric morpho-
metrics, a method based on the placement
of marks on specific anatomical features,

Tracking mammalian evolution with skulls
Placental mammal skulls can be compared to examine rates and patterns
of anatomical diversification over evolutionary time.

The skulls are digitally mapped in three dimensions and analyzed by using
markers (shown here in red and gold) that track the shape of various
anatomical features.

Because mammalian skull shape is influenced by many important functions,
such as dietary preference, the analysis of skull shapes is informative for examining
the environmental changes that could have affected the evolution of diverse
mammalian lineages.

and a library of hundreds of three-dimen-
sional models of skulls to quantify and
compare the skull shape of placental mam-
mals (see the figure). To account for uncer-
tainties in the evolutionary relationships
among extinct placental mammal lineages,
the authors also simulated the evolution of
skull shape across nearly 2000 evolution-
ary trees relating the 322 mammal species
analyzed in the study.

Without the possibility of directly study-
ing the behavior and physiology of extinct
species, evolutionary biologists often use
the geologic timing and pace of anatomi-
cal changes to identify major factors or
events that influenced the diversifica-
tion of a lineage. According to their data,
Goswami et al. find that the ancestors of
major placental mammal lineages likely
had nonspecialized skull shapes and hab-
its until shortly before or after the K-Pg
mass extinction, when their skull
shapes changed and diversi-
fied at a fast rate. After this ini-
tial phase of rapid change, skull
shape evolved much more slowly
within most lineages, albeit with
occasional smaller bursts in
evolution potentially related to
climate changes, such as during
the PETM, when the global tem-
perature increased considerably
in a relatively short amount of
time. Their results are consistent
with previous hypotheses that
placental mammals began to eco-
logically diversify shortly before
or at the K-Pg boundary, taking
advantage of ecological opportu-
nities in the wake of the mass ex-
tinction event (3). Goswami et al.
also found that placental mam-
mals that are aquatic, herbivo-
rous, precocial, or social showed
the fastest evolutionary rates.
For example, skull shape evolved
quickly for whales and dolphins
as they adapted to a fully aquatic
lifestyle.

The authors overcame many
of the challenges faced by other
similar studies. For instance, dis-
crepancies in the patterns recov-
ered from fossil versus molecular data are
a common point of controversy in studies
of early mammal evolution (6). They solved
this problem by sampling both fossil and
modern placental mammals to provide a
comprehensive dataset. Many studies on
the diversification of early mammals also
tend to rely on single traits, such as body
size or a specific ecological trait (e.g., noc-
turnal versus diurnal behavior). By exam-
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ining the skull shape, which encompasses
many anatomical traits, the study simulta-
neously examined a multitude of ecologi-
cal and functional drivers of diversification.
The breadth of the sample size analyzed by
Goswami et al. is also impressive, contain-
ing species across all of Placentalia, rather
than more restricted taxonomic groups, as
is often the case for most studies of mam-
malian morphological evolution.

Despite the many insights provided by
their extensive data and analyses, Goswami
et al. cannot quantifiably verify if placen-
tal mammals experienced a diversification
burst in the immediate wake of the K-Pg
mass extinction. Similar to other studies
(7), the authors are uncertain about the
exact timing of placental mammal origins.
‘When basing their analysis on evolutionary
trees with relatively early origins of placen-
tal mammals (about 100 to 80 million years
ago), the authors find evidence of rapid di-
versification before the K-Pg boundary. This
could be interpreted as a refutation of the
assumption that these mammals diversified
rapidly after the K-Pg boundary and sup-
ports an earlier estimated date for when
they first diversified (3). However, analyses
using evolutionary trees with a more recent
divergence time (about 80 to 70 million years
ago) produce a pattern of rapid diversifica-
tion at or immediately after the K-Pg bound-
ary. The contradictory conclusions because
of the different assumed timing of placen-
tal mammal origins highlight the need
for a better understanding of early mammal
evolution.

Elucidating how, when, and why mam-
mals diversified will continue to require
integrative and multidisciplinary ap-
proaches. Goswami et al. advance the
understanding of placental mammal di-
versification and set a foundation for
future work to examine the lineages of
other modern and extinct groups and the
evolution of other anatomical systems.
In the context of pronounced ecologi-
cal changes, including those induced by
humans in recent history, the fossil rec-
ord can provide clues about the functional
mechanisms that could facilitate or con-
strain the evolution of animals.
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Stealing genes and facing

consequences

The human genome contains a domesticated
viral envelope gene with antiviral activity

By Ricky Padilla Del Valle and
Richard N. McLaughlin Jr.

equencing the human genome de-

livered the surprising finding that

endogenous retroviruses (ERVs) and

other genomic parasites dominate the

genetic code. Perhaps more surpris-

ing was the discovery that this “junk”
DNA does not merely contain the scars from
millions of years of (ongoing) coevolution of
genomes and transposable elements. Instead,
the human genome contains numerous genes
and regulatory sequences that were once part
of replicating transposable elements, particu-
larly ERVs, but have been “domesticated” by
the host genome—once viral, now human
(1, 2). Less is known about the cost of using
part of a virus’s genome to
execute critical organismal
functions. On page 422 of
this issue, Frank et al. (3)
uncover hundreds of tran-
scribed retroviral envelope
genes that are primed for
co-option. They demon-
strate that a domesticated
envelope gene called Sup-
pressyn restricts viral in-
fections when expressed in
trophoblasts of the human placenta, a tissue
where another domesticated envelope gene
promotes the fusion of cells required for pla-
cental function.

Transposable elements are DNA sequences
that encode all the information they need to
replicate themselves within the environment
of their host’s genome. One class of transpos-
able elements, the ERVs, come from retrovi-
ruses that infected germline cells and became
“trapped” within the host’s genome. These ge-
nome-bound parasites encode a few proteins
but must steal cellular resources to complete
their replication within the germline and
their passage to the offspring of their host.
Replicating ERVs impose a burden on the
host genome because they can be potent mu-
tagens. However, these parasites bring both
challenges and opportunities. ERV replica-
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“...domestication will
happen, but...

it comes with trade-
offs that impose

additional constraints
in the future.”

tion creates abundant new DNA sequences—a
pool of raw materials that could, by chance,
benefit the afflicted host. Indeed, domestica-
tions of these sequences have contributed to
fundamental aspects of organismal biology.
For example, V(D)J recombination of immu-
noglobulin genes in jawed vertebrates is car-
ried out by recombination-activating gene 1
(RAG1) and RAG2, which were domesticated
from a RAG-like transposon (4). Additionally,
the coordinated expression of immune genes
in primates uses interferon-responsive en-
hancers that were domesticated from the
MER41 family of ERVs (5). Even programmed
genome rearrangement in ciliates requires
transposase genes that are domesticated from
piggyBac transposons (6).

In a key innovation within mammals,
domestication of a viral
envelope gene over 100
million years ago created
the Syncytin gene, which
became an essential part
of the emergence of the
placenta (7, 8). The first
Syncytin gene was likely
domesticated in the last
common ancestor of pla-
cental mammals from an
ERV that used the encoded
envelope protein for fusion and entry into
host cells. Now co-opted, this fusogenic ac-
tivity mediates the formation of the multi-
nucleate syncytium of the placenta (the syn-
cytiotrophoblast), an essential barrier that
enables transfer of nutrients from maternal
blood to fetal blood while preventing pas-
sage of viruses to the fetus (7, 8). This evo-
lutionary innovation may have been key to
the emergence, diversification, and success
of placental mammals. However, domesti-
cation of tools created by viral pathogens
comes with an unavoidable cost.

The study of Frank et al. tackles the conse-
quences of this co-option. The alanine, serine,
cysteine-preferring transporter 2 (ASCT2) re-
ceptor, which binds primate Syncytin-1, must
be expressed by trophoblasts to allow cellular
fusion and formation of the syncytiotropho-
blast. However, viruses that use Syncytin-1-
like envelope genes can still recognize and
bind ASCT2. Thus, Syncytin-1-mediated cell
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Domestication of

endogenous retrovirus genes

The placental syncytiotrophoblast is an important
barrier between maternal and fetal blood that is
formed by cell-cell fusion. The fusogenic property of
trophoblasts derives from domestication of ERV
genes, but this came at a cost that prompted further
selection for ERV gene domestication.
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fusion creates an inescapable vulnerability of
the cells of the placental syncytiotrophoblast
to ASCT2-tropic viruses, such as simian ret-
rovirus and other RDR (RD114/simian type
D) retroviruses. These viruses have diverse
evolutionary origins but are united by their
homologous ASCT2-binding envelope genes.
In several nonhuman mammalian spe-
cies, domesticated viral envelope genes re-
strict virus binding and entry by occupying
host proteins that act as viral receptors (9).
This precedent suggested that a protein oc-
cupying ASCT2 could similarly block virus
entry by interfering with envelope proteins
expressed by RDR retroviruses. Frank et
al. computationally screened the human
genome to identify over 1500 open read-
ing frames (ORFs, which are stretches of
DNA sequence bound by a start and stop
codon) that could encode viral envelope
proteins—far more than previously appre-
ciated. Surprisingly, many of these putative
virus-derived envelope genes exhibit tissue-
specific transcription. One ORF from their
screen is a domesticated retroviral envelope
gene called Suppressyn. The encoded pro-
tein lacks a transmembrane domain and
regulates the fusion activity of Syncytin-1
in syncytiotrophoblasts by occupying the
ASCT2 receptor (10). Frank et al. show that
Suppressyn is expressed throughout human
embryonic development, in contrast to many
embryonic genes that are transcribed in spe-
cific windows of development. This regula-
tion suggests that Syncytin-1 plays a vital
role in a cellular function that is distinct
from development per se but essential in de-
veloping embryos—antiviral defense.
Subsequent experiments in a human tro-
phoblast cell line suggest that Suppressyn is

SCIENCE science.org

allows cell-cell fusion €10 0
ASCT2-tropic ERVs.

and syncytia formation.

blocks infection by ASCT2-tropic ERVs.

ASCT2, alanine, serine, cysteine-preferring transporter 2; ERV, endogenous retrovirus.

a restriction factor that is required for com-
plete resistance to infection by RD114: retro-
viruses and that resistance is specific to vi-
ruses with RDR envelopes. Seeking to place
the origins of this antiviral activity, Frank et
al. show that Suppressyn antiviral activity
was likely born over 60 million years ago
in the common ancestor of hominoids and
0Old World monkeys. Overall, this work dem-
onstrates an endogenously expressed viral
envelope gene that restricts viral replication
in humans (see the figure).

The study of Frank et al. exposes the ran-
dom and sometimes limited nature of natu-
ral selection in the complex interaction of
genomes with viruses and transposable ele-
ments. Inevitably, domestication will hap-
pen, but (like most things in life) it comes
with trade-offs that impose additional con-
straints in the future. These new pressures
may select for even more layers of genomic
complexity. Domesticating Syncytin to al-
low syncytiotrophoblast formation locks
the need for expression of its receptor by
trophoblasts and creates a susceptibility to
viruses that use ASCT2 to infect cells. The
consequences of this ratchet trap of obliga-
tory expression of ASCT2 could be dealt with
by adding more components to the system.
For example, throughout mammalian evo-
lution, new viral envelope genes have been
domesticated numerous times to dupli-
cate or even replace a genome’s fusogenic
Syncytin-like genes (1I). In some cases, the
new Syncytin uses a new receptor, perhaps
gaining resistance to viruses that bind the
older Syncytin’s receptor (12). The data from
this study suggest that mammals have also
employed a revolving door of Suppressyn-
like envelope proteins to block viruses from

binding to ASCT2, expanding the list of ways
mammalian genomes deal with the conse-
quences of using stolen viral genes to carry
out essential developmental functions.

Almost all mammals retain at least one
copy of Syncytin (11, 13). Therefore, most
mammalian genomes would be predicted to
encode inhibitors of viruses that use ASCT2
for cell entry; these antiviral genes could be
hidden among the slew of domesticated viral
envelope genes in each genome. Even within
humans, Suppressyn was one of many ORF-
containing and transcribed viral envelope
genes identified by Frank et al. Additional re-
striction factors, regulators, and raw materials
primed for domestication may yet be hiding
among the numerous unexplored viral enve-
lope sequences in mammalian genomes.
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Microbial metabolites damage DNA

Unexpected members of the gut microbiota produce diverse host cell genotoxins

By Jens Puschhof! and Cynthia L. Sears?®

tudies over the past two decades in-
dicate that genotoxic gut bacteria,
which damage or mutate DNA, are
critical drivers of colorectal cancer
(CRC) pathogenesis (I). Moreover,
the notable increase in early-onset
CRC incidence highlights the urgency to
discover responsible exogenous factors
that are amenable to therapeutic inter-
vention. On page 369 of this issue, Cao
et al. (2) report that individuals with in-
flammatory bowel disease (IBD), a com-
mon CRC precursor state, display diverse
gut bacterial strains that potentially exert
genotoxic activity. Pursuing
Morganella morganii, a Gram-
negative bacterium enriched
in the gut microbiota of people
with IBD and CRC, the authors
identify a class of bacterial
genotoxins called indolimi-
nes. They find evidence that
indolimines promote tumor
development in mice, thereby
expanding the role of bacte-
rial genotoxic metabolites in
colorectal carcinogenesis.
Among the most well-de-
scribed genotoxic bacteria are
enterotoxigenic Bacteroides
fragilis (ETBF) (3) that produce
Bacteroides fragilis toxin (BFT),
strains of Escherichia coli or
other bacteria that produce
colibactin (4), and Campylobacter jejuni
strains that express cytolethal distending
toxin (CDT) (5). The DNA-damaging prop-
erties of these strains and their toxins vary
considerably, ranging from alkylating DNA
interstrand cross-links for colibactin to de-
oxyribonuclease (DNase) activity for CDT
(1, 4, 5). Intriguingly, ETBF and E. coli pro-
ducing colibactin have been linked to IBD
and CRC development using in vitro and
in vivo models.
The study of Cao et al. substantially in-
creases the predicted number and diversity
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of colon microbiota strains with putative
genotoxic activity. By screening 122 bacte-
rial isolates from IBD patients in a cell-free
DNA assay, the authors identify 18 strains
with different types of DNA-damaging ac-
tivity, including suspected DNA alkylation
and DNase-like digestion of a linearized
plasmid. They found that M. morganii
strains are devoid of previously known
genotoxicity-linked biosynthetic gene clus-
ters but harbor the production machinery
for genotoxic indolimines. The authors
determine that synthesis of indolimines
is mediated by enzymes belonging to the
aspartate aminotransferase (AAT) fam-
ily of pyridoxal-dependent decarboxylases.

____________________________________________________________________|
Microbial genotoxins

Aspartate aminotransferase (aat)-positive Morganella morganii produce
newly identified genotoxic metabolites. These indolimines may generate
double-stranded DNA breaks that could lead to mutagenesis. The production
of indolimines is required to promote colonic tumorigenesis when these
bacteria are transplanted into a susceptible mouse model.

—ew M. morganii

; Indolimines

Because the amino acids leucine, valine,
and phenylalanine provide the starting
point for indolimine synthesis, whether diet
and further amino acid metabolism affect
indolimine production is a fascinating ave-
nue for future research. Another intriguing
question is whether related decarboxylases
in other bacterial strains could catalyze the
production of similar genotoxins.
Transferring leads from in vitro DNA dam-
age carcinogenesis assays to in vivo systems
is a formidable challenge. This is because
functional effects can be modulated by bacte-
rial mucosal adherence, bacterial community
interactions, and a precancerous microenvi-
ronment. Pioneering work on interactions
between an inflammatory microenviron-
ment and colibactin in mice revealed a caus-
ative role for colibactin-mediated DNA dam-
age in CRC (6). Cao et al. demonstrate that

Increased colonic
tumorigenesis

a community of seven nongenotoxic bacte-
rial strains and M. morganii increase tumor
formation in a mouse model of CRC (see the
figure). This phenotype is lost upon deletion
of the aat gene in M. morganii, which ablates
indolimine production. This provides a key
indication of a functional role of indolimines
in CRC development. Double-stranded DNA
breaks may mediate indolimine genotoxicity.
Validation of M. morganii adherence to the
mucus layer lining the colonic epithelium,
mucosal delivery of indolimines by mea-
suring tissue and stool, and assessing the
impact of indolimines on colonic epithelial
cells exposed to a complex microbial com-
munity will be essential to determine the
mechanism in vivo. Beyond
M. morganii, putatively geno-
toxic strains belonging to the
Firmicutes and Actinobacteria
phyla discovered by Cao et al.
offer a starting point to identify
potentially different genotoxic-
ity mechanisms.

As the number of known
CRC-associated bacteria rises, it
is essential to identify human-
relevant causal links. Indeed,
a critical task is to understand
the role of interbacterial or even
intermicrobial interactions in
driving cancer development.
Previous work demonstrated
colibactin-positive E. coli and
ETBF drive genotoxicity through
activation of interleukin-17 (IL-
17)-producing immune cells, leading to
inflammation and carcinogenesis. This
example showcases the importance of con-
sidering multistrain interactions in the
context of a complex microenvironment
(7). Understanding the interactions of M.
morganii and other putative genotoxic and
cancer-linked bacteria will be essential to
define bacterial consortia that underpin
CRC development.

Assessing the clinical relevance of M. mor-
ganii and indolimines in CRC development
will benefit from deeper insight in several
areas. Although M. morganii DNA reads
are enriched in a subset of CRC tumors in
publicly available cancer whole-genome
sequences (8), much remains unknown
about the differential abundance and local-
ization of this species in precancerous and
cancerous states. Analyzing the impact of
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genotoxic bacteria on cancer genomes has
become feasible (9-1I). Mutagens yield dif-
ferent insults to DNA, the improper repair
of which results in mutations ranging from
single-base substitutions to large structural
genomic rearrangements (12). By identifying
the specific mutational footprints caused by
bacterial genotoxins, they can be quantified
and linked to functional and genomic fea-
tures of human tumors. The diverse nature
of bacteria-induced DNA damage indicated
by the study of Cao et al. provides tantalizing
leads that can be assessed using mutational
signature analysis. Recent molecular stud-
ies have highlighted that colibactin causes
DNA alkylation and attendant interstrand
cross-links that lead to mutagenesis when
improperly repaired (13, 14). Unlike colibac-
tin, indolimines appear to be more stable
and abundant, and they can be chemically
synthesized, which should facilitate studies
of their molecular mechanisms.

The study of Cao et al. reveals that the hu-
man colon microbiota—already highly im-
plicated in CRC pathogenesis—has a broad-
ranging, previously unimagined capacity to
produce genotoxins with colon disease-in-
ducing potential. Numerous extracolonic
tumors also possess distinct microbiota (8,
15). Thus, the hypothesis that the tumor mi-
crobiome yields biologically relevant dam-
age to human DNA, potentially contribut-
ing to pathogenic mutations, is plausible.
Understanding microbial co-occurrence
with tumors beyond the colon, the tempo-
ral relationship to cancer development, the
relative genotoxicity, and the functional im-
pact will help to identify the prime candi-
dates for preventive interventions that tar-
get cancer-promoting microbes.
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A ceramic that bends
instead of shattering

The microstructure of the ceramic silicon nitride
can be tuned to create plasticity

By Erkka J. Frankberg

eramic materials are, at least in prin-
ciple, capable of plastic deformation
at room temperature (7). If ceramics
can be shaped by hammering, bend-
ing, or pulling without fracturing,
this will vastly expand the range of
applications for these materials. For exam-
ple, the strong ionic and covalent bonding
in ceramics, combined with this hypotheti-
cal plasticity, could lead to materials that
are lighter and stronger than even the best
metal alloys of today. On page 371 of this
issue, Zhang et al. (2) present how silicon
nitride (Si,N,), one of the most versatile en-
gineering ceramic materials, can be made
to exhibit plasticity at room temperature.
Their proof-of-concept experiment and
simulation results offer a potential route to
realizing the dream of flexible ceramics.
Plasticity in ceramic materials is rarely
observed in nature. Because of the com-
plicated structure of ceramics (compared
with metals, for example), plasticity from
simple dislocation—that is, the slipping of
atoms against each other—is mostly lim-
ited to single crystalline ceramic and only
happens at very high temperatures. For
example, sapphire can become somewhat
ductile, but only when the temperature
is >1000°C. Zhang et al. show that under
compressive loading at room temperature,
the crystalline fragments in Si,N, can un-
dergo transformations that allow them to
rearrange atoms and tolerate macroscopic
strain without fracture. Specifically, the
B-type crystals can transform into a-type
crystals when the material is mechanically
stressed. They observed that this plasticity-
inducing transformation tends to occur
at the coherent crystal interfaces, where
neighboring crystals with different struc-
tures are in contact with each other where
their atomic arrangements are similar. The
mechanism bears some resemblance to the
transformation-induced plasticity mecha-
nism in steel, by which metastable iron
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crystals can transform under stress, lead-
ing to enhanced ductility and strength (3).

Microstructural transformation can in-
duce improvement of mechanical perfor-
mance in crystalline materials, such as
ceramics. Zirconium oxide (ZrO,) is an ex-
ample of a ceramic material that is used be-
cause of its strength, for example, in dental
applications. ZrO, can withstand pressures
upward of 1500 MPa before fracture (4) be-
cause of its ability to undergo microstruc-
tural transformations when mechanically
stressed (5). These transformations have
even been shown to induce minor plastic-
ity in ZrO, at room temperature (6, 7). To
date, the microstructural transformation-
induced mechanisms in ZrO, remain one
of the most important areas of research in
engineering ceramics (8). Unlike ZrO,, Si,N,
is a nonoxide and covalently bonded mate-
rial, in which plasticity was not expected to
occur by a similar mechanism. Thus, the
plasticity discovered in SiN, provides an
opportunity to extend the understanding of
how plasticity can occur in ceramics at low
temperatures.

Zhang et al. were able to control the
portion of coherent interfaces that oc-
cur between the two main types of crys-
tals of Si,N,. When this portion reaches
~32%, the material can withstand up to
~11 GPa of pressure with a plastic strain
of up to ~20% before fracture. The authors
conclude that the ultimate strength and
plastic strain are correlated to the abun-
dance of coherent interfaces and could be
enhanced further if the total amount of
coherent interfaces were to increase. The
microstructural transformations at the in-
terfaces allow atoms to change their loca-
tions and spread out the mechanical stress,
thus preventing cracks from emerging and
propagating (see the figure). This is differ-
ent from a typical brittle ceramic material
in which atoms are rigidly held in place
by their crystal structure and are forced
to break their bonds with neighboring at-
oms when stressed, leading to macroscopic
fracture. In addition to the correlation be-
tween coherent interfaces and plasticity,
Zhang et al. also revealed that the trans-
formation mechanism of B-type to a-type
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The stress-strain behavior of Si;N, ceramics
The ceramic material silicon nitride (Si;N,) can be engineered to possess plasticity and strength comparable
to that of high-strength steel. This surprising property can be attributed to how its two main types of crystals

interact when the material is under mechanical stress.

B-phase Si;N,

For a Si;N, ceramic
predominantly ina
single-crystallline phase,
the grain interfaces are
rigid, which allows cracks to
initiate and propagate
through the material.

Mechanical stress

A Si;N, ceramic with two crystal
types and an abundance of
coherent interfaces between
them can absorb mechanical
stress by allowing one crystal
type to transform into the other
(that s, from B into ain SizN,)

Mechanical stress

Propagating
crack

= Hydraulic
press

O aphase (ypphase ) Grains transforming from B to o type

crystals only happens one way and not the
other way around. These transformations
allow changes to the macroscopic shape of
the material without fracture.

Synthetic Si,N, has been used in indus-
trial and commercial applications for almost
a century (9), for example, in cutting tools,
bearings, and combustion engine compo-
nents (10, 1I). One specific application of
Si,N, is the microshutters used by the near-
infrared spectrometer instrument on board
the James Webb Space Telescope (12). For
these applications, Si,N, is used primarily
because of its balance of properties: It is
lightweight, durable, and resistant to high
temperatures. A ductile version of this al-
ready versatile material will usher in a host
of new applications. However, it is worth
noting that the samples tested by Zhang et
al. are at the nanoscale and thus free of any
macroscopic flaws. However, if the synthesis
process is scaled up, the material may form
pores and cracks that would make the mate-
rial more susceptible to fracture initiation.

There is a long road ahead before the
full potential of ductile ceramics is realized.
However, considering the apparent scarcity
of plastic ceramics at room temperature,
each discovery of a plasticity mechanism
should be regarded highly. A scaled-up, duc-
tile ceramic material would offer a versatile
and economically attractive alternative to
metals in many applications, for example,
by reducing the weight of machine compo-
nents; increasing machinery uptime with
higher wear, fatigue, and corrosion toler-
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ance; and increasing the energy efficiency
of thermal power engines by allowing them
to run at higher temperatures. Future stud-
ies should investigate whether bulk Si,N,
gains similar benefits from the stress-in-
duced microstructural transformations as
ZrO, and whether the required coherent
interfaces remain stable at temperatures
and process conditions that are relevant for
practical applications. How to control the
number of coherent interfaces and process
flaws in a bulkier material will also need to
be clarified. Although ceramics are already
a tremendously important group of func-
tional materials, without plasticity, their
full potential remains untapped.

REFERENCES AND NOTES

1. P.W.Bridgman, Studies in Large Plastic Flow and
Fracture (Harvard Univ. Press, 1964).
2. J.Zhangetal.,Science 378,371 (2022).
3. M. Soleimani,A. Kalhor, H. Mirzadeh, Mater. Sci. Eng. A
795,140023 (2020).
4. B.D.Flinn,A.J.Raigrodski, L.A.Mancl,R.Toivola, T.
Kuykendall, J. Prosthet. Dent. 117,303 (2017).
5. R.C.Garvie,R.H.J.Hannink, R.T. Pascoe, Nature 258,
703 (1975).
6. G.A.Gogotsi, V.P.Zavada, M.V. Swain, J. Eur. Ceram. Soc.
15,1185(1995).
7. A.Liensetal.,Acta Mater.183,261(2020).
8. J.Chevalier, L. Gremillard,A. V. Virkar, D.R. Clarke, J.Am.
Ceram. Soc.92,1901(2009).
9. F.L.Riley,J.Am. Ceram. Soc.83,245(2000).

10. H.Klemm,J.Am. Ceram. Soc.93,1501 (2010).

11. N.R.Katz, Ceram.Ind.149,33(1999).

12. M.J.Lietal., inProceedings SPIE,vol.6687H. A.
MacEwen, J. B. Breckinridge, Eds. (Paper 668709,
Society of Photo-Optical Instrumentation Engineers,
2007).

10.1126/science.ade7637

PLANETARY SCIENCE

A seismic
meteor strike
on Mars

A meteor impact and its
subsequent seismic
waves reveal the crustal
structure of Mars

By Yingjie Yang and Xiaofei Chen

he crustal and mantle structures of

a planet bear important information

about its origin and evolution. Seismic

waves propagating along the shallow

surface of a planet, known as surface

waves, can be used to map its crustal
and upper mantle structures. However, no
such waves have ever been detected on any
planet besides Earth. On pages 412 and 417
of this issue, Posiolova et al. (I) and Kim et
al. (2), respectively, report a large meteorite
impact on Mars, as recorded by the National
Aeronautics and Space Administration’s
(NASA’) InSight Mars lander and the Mars
Reconnaissance Orbiter, and present analy-
sis of the detected surface waves produced
by the meteorite impact. Kim et al. also pres-
ent an updated crustal model of Mars that
provides a better understanding of the for-
mation and composition of the martian crust
and extends the current knowledge of the
geodynamic evolution of Mars.

There are two types of seismic waves
generated by quakes. Body waves travel
into the deep interior of a planet and are
useful for extracting information about the
core and deep mantle. Then there are sur-
face waves, which are most useful for map-
ping the shallower structures of a planet.
The main task of the InSight lander (which
stands for Interior Exploration using Seismic
Investigation, Geodesy and Heat Transport)
is to detect marsquakes and capture seismic
data for studying the internal structure of
Mars. Since February 2019, the seismometer
deployed by InSight has recorded more than
1300 marsquakes, proving that Mars is a seis-
mically active planet (3). The collected body
wave data suggest that Mars has a layering
structure similar to that of Earth, having a
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core radius of ~1830 km (4), a mantle thick-
ness of ~1500 km (5), and a crust thickness of
~20 to 70 km (6).

Mars has a notable diversity of topo-
graphical features and crustal thicknesses
(7). Better measuring of these variations is
crucial to unravel the mysteries about the
evolution of the martian crust and mantle.
Because the InSight lander is the only seis-
mometer on Mars, imaging the variations
of the planet’s internal structures based on
body waves is limited. Because body waves
from distant sources travel through paths
deep inside the planet and arrive nearly ver-
tically beneath the seismometer, it is difficult
to infer the spatial variations of martian in-
ternal structure. By contrast, surface waves
that travel through the planet’s crust and up-
per mantle arrive at the seismometer hori-
zontally, which makes it much easier to map
the lateral variations of the martian crust
and upper mantle.

Meteorite impacts on Mars are com-
mon, with ~200 impacts each year. On 24
December 2021, the InSight lander recorded
a seismic event. By examining images of the
martian surface from the Mars Color Imager
onboard the Mars Reconnaissance Orbiter,
Posiolova et al. identified a crater with a di-
ameter of 150 + 10 m that was created within
a 24-hour window of the recorded seismic
event (see the figure). They analyzed the data
and confirmed that the recorded
seismic event can be traced back
to the location of this crater, thus
concluding that the recorded seis-
mic event was the result of a me-
teorite impact. This confirmation
validates the method used to ana-
lyze the data from a single seis-
mometer for locating the sources
of marsquakes (8, 9), which is a
critical step in mapping the inte-
rior structure of Mars.

The meteorite impact on the
surface of Mars generated both
body and surface waves. Kim et
al. analyzed the waveform fea-
tures of the recorded body and
surface waves on Mars on the
basis of what is known about
earthquakes. Surface  waves
generated by large earthquakes
are observed at periods ranging
from several seconds to minutes.
Because of this broad range of
surface wave periods, informa-
tion about crustal and upper
mantle structures can be ex-
tracted up to a few hundred kilo-
meters deep. By comparison, the
surface waves generated by the
impact on Mars have a shorter
and narrower period range be-
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cause of the relatively weak force generated
by the impact, which meant that the data
could only reveal the structure of a shallower
portion of the crust. Kim et al. measured the
surface waves to have a period of 8 to 15 s,
which translates to an imaging depth of ~30
km. Their result indicates that surface waves
traveled faster between the impact crater
and the InSight lander site than at the lander
site. The speed difference means that the
crust between the crater and the lander site
is denser than that at the lander site itself
and provides evidence for structural varia-
tions in the martian crust. Topography and
gravity data of Mars are currently used to in-
fer the large-scale crustal thickness of Mars.
However, such an inference depends heav-
ily on the presumption of a uniform crustal
density (10). The seismic model reported by
Kim et al. offers a more sophisticated way to
understand the crustal structures of Mars,
which should be considered in future topo-
graphical and gravitational analyses.

The north-south difference in the topogra-
phy and morphology of Mars, with lowlands
in the north and highly dense cratered high-
lands in the south, is the most pronounced
geologic feature of the Red Planet. The
reason behind this dichotomy is still under
debate, with competing hypotheses includ-
ing giant impact-related exogenic processes
(I11) and mantle convection-related endo-

Seismic waves on Mars
On 24 December 2021, the InSight Mars lander recorded, for the first time ever,
a seismic surface wave on Mars generated by a meteor strike. The data revealed
previously unknown structural details of the martian crust.

genic models (72, 13). A more granular un-
derstanding of deep crust and upper mantle
structures would help discern the competing
hypotheses on the geodynamic evolution of
Mars. Recent development in seismic data
processing suggests that long-period surface
waves can be retrieved from single-station
autocorrelation of seismic ambient noises
(14, 15), which are tiny ground vibrations
excited by sources such as wind vortices
and ocean waves on Earth. On Mars, seis-
mic ambient noise excited by wind vortices
may contain weak signals of long-period
surface waves. The 3+ years of single-station
seismic ambient noise data recorded by the
Insight lander may be used to extract infor-
mation about long-period surface waves on
Mars. Additionally, surface waves excited by
individual marsquakes may be too weak to
be meaningfully analyzed, but the stacking
of data collected from multiple marsquakes
may enhance their statistics.

The InSight lander is expected to end its
operation by December 2022 because of dust
accumulation on its solar panels. However,
continuing work on the already recorded
seismic data should continue to deliver
discoveries about the structure of Mars.
Future exploration missions to Mars, such
as ExoMars headed by the European Space
Agency and Tianwen headed by the China
National Space Administration, are expected
to be launched with more ad-
vanced seismometers. With addi-
tional data from these missions,
a more detailed map of crustal
and upper mantle structure can
be produced to paint a clearer
picture of the crustal and mantle
evolution of Mars.
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Tales of Tutankhamun

A pair of authors set out to humanize the enigmatic
pharaoh 100 years after his tomb’s discovery

By Andrew Robinson

hen the tomb of Tutankhamun—

the pharaoh who died circa 1323

BCE at the age of 19 after a reign

of about 9 years—was discovered

by archaeologist Howard Carter in
November 1922 in the Valley of the

Kings near modern Luxor (ancient Thebes),
the “boy king” was immediately identified
from hieroglyphic inscriptions on seal im-
pressions at its entrance and rapidly became
world famous. Today, he is undoubtedly the
most celebrated of ancient Egyptians, while
at the same time remaining highly enigmatic.
As Carter warned in his three-volume
work The Tomb of Tut.ankh.Amen, “The mys-
tery of his life still eludes us—the shadows
move but the dark is never quite dispersed”
(I). There is no certainty about the identity
of his mother, for example, or his health,
or the cause of his death. Speculations
about the latter include a chariot accident,
a hippo attack, malaria, and even murder.
CT scanning, MRI, and DNA analysis of his
mummy, along with other techniques, have
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yet to yield an undisputed answer.

The two books about Tutankhamun re-
viewed here—both published to coincide
with the centennial of the tomb’s discov-
ery (and the bicentennial of the
hieroglyphic decipherment)—could
scarcely be more different in ap-
pearance and approach. The Story of
Tutankhamun is a relatively brief,
decently illustrated, and widely
appealing biography intended for
nonexperts. It is written by author
and journalist Garry Shaw, who has
published several books on ancient
Egyptian culture during the past
decade. By contrast, The Complete
Tutankhamun is a lengthy, multi-
sectioned catalog of the contents
of the tomb and related material
with copious highly detailed and
magnificently reproduced illustra-
tions, aimed at specialists but also
seductive for the dedicated gen-
eral reader. Its compiler, Nicholas
Reeves, is an Egyptologist who has
excavated in the Valley of the Kings
and a long-time Tutankhamun spe-
cialist. First published in 1990, the
book has been extensively revised
to include new discoveries and in-

The Complete
Tutankhamun
Nicholas Reeves
Thames & Hudson,
2023. 464 pp.

The Story of
Tutankhamun
Garry J. Shaw
Yale University Press,
2023.208 pp.

Howard Carter (right) and Arthur Callender (left)
wrap a guardian statue from Tutankhamun’s tomb.

formed speculations, with a lovely redesigned
cover featuring Tutankhamun’s exquisite hi-
eroglyphic cartouche in gold.

Naturally, both books set out to human-
ize the pharaoh. “My hope is that by the end
of this book, you will see Tutankhamun in
a new light,” writes Shaw in his introduc-
tion. “Not just as a remote and ancient god
king, who died young and was buried with
fabulous treasures; not just as a symbol or
celebrity; but as a real person, with loved
ones, personal beliefs, responsibilities,
hobbies and health problems.” Likewise,
Reeves, in his “Treasures” section, writes:
“here, among the boy’s treasures, are the
materials to flesh out his bones, breathe
air into his shrivelled lungs and glimpse
something, perhaps, of personality, tastes
and affections.”

Note Reeves’s cautionary “perhaps,” plus
the revealing fact that Shaw brings the
story of Tutankhamun’s life to an end half-
way through his book. (The second half is
devoted to the pharaoh’s tomb; the history
of its rediscovery; and “Tut-mania,” the in-
ternational fascination with the boy king
since 1922.) For any Egyptologist, the chief
difficulty in understanding Tutankhamun’s
life and mind, as opposed to his diverse and
richly decorated possessions, is that no writ-
ing by Tutankhamun himself survives—only
brief and insignificant inscriptions on some
of the possessions found with his remains.

The tomb does contain multiple examples
of scribal equipment, including two writing
palettes bearing the pharaoh’s name
with evidence of their use. Such ob-
jects suggest that the teenager could
write the cursive hieratic script and
presumably read the more formal
hieroglyphic script. But surpris-
ingly, and to the disappointment of
Egyptologists, no papyri—blank or
inscribed—have been found, despite
the discovery of a box probably
used to store papyrus rolls. Reeves
guesses that the tomb’s papyri were
stolen during two robberies within
a few years of the burial.

Tutankhamun’s sandals, walk-
ing sticks, tunics, wine jars, toys,
heirlooms, and archetypal golden
mask thus remain as intriguing as
ever, but “the teenager behind the
mask” (as Shaw refers to him) re-
mains elusive.
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What does a professor look like?

Scholars offer tips and advice for helping college students

think beyond stereotypes

By Ashley Huderson

began teaching as an adjunct professor
at a local university in the fall of 2014.
On my first day of class, I sat in the
front row and waited for the 12 regis-
tered students to file in. As they arrived,
whispers of “Where is the professor?”
and “Does anyone know what he looks
like?” began filling the air. After a few min-
utes, I stood up and introduced myself as
the instructor and was met with apparent
confusion. At the time, I was a 29-year-old
Black woman with a recently minted PhD.
Why, I asked, was everyone surprised to
see me at the front of the class? “You don’t
look like any professor I've ever had, and
honestly, I didn’t think we did this type of
work,” admitted one brave student. In that
moment, I knew exactly what she meant.
Almost 70% of college professors are
white (7). Even if my student had encoun-
tered any of the 49.8% of female professors,
it is possible that she may not have been
taught by any Black professors (7.2%), let
alone a Black female professor (2.1%), or
a professor under the age of 30 (13%). In a
new collected volume, Picture a Professor,
edited by historian Jessamyn Neuhaus, a
diverse group of scholars from a variety of
disciplines offer advice for educators seek-
ing to help students think beyond the ste-
reotypical image of a college professor.
Picture a Professor showcases stories
and personal anecdotes, as well as evidence-
based insights and intersectional teach-
ing strategies for navigating student pre-
conceptions about identity and expertise.
The volume goes beyond issues of gender
and ethnicity, touching on age, ability
and disability, and intersectional identi-
ties. In chapter 6, for example, dance pro-
fessor Fen Kennedy draws on theories of
queer pedagogy to cultivate trust in the
classroom. The author describes using a
collaboratively created rubric as one ap-
proach to facilitating authentic learning
and creating a safe classroom environment
for both students and faculty, queer and
not. Meanwhile, in her chapter “Where’s
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the Professor? First-Day Active Learning
for Navigating Students’ Perceptions of
Young Professors,” musicology professor
Reba Wissner explores how facilitating ac-
tive learning activities on the first day of
class helps build trust and credulity with
students, forcing them to look beyond
their perceptions of “how old” a professor
should be or look.

Each of the book’s contributors recog-
nizes the pervasiveness of racialized, gen-
dered, and other biases and recommends
specific ways to respond to and interrupt
such preconceptions—helping students,
teachers, and others reenvision what
they think of when they picture a profes-
sor. In the chapter “Rippling the Patterns
of Power: Enacting Anti-Racist Pedagogy
with Students as Co-teachers,” for example,
Chanelle Wilson and Alison Cook-Sather
recommend challenging assumptions and
fostering critical analytical skills, devel-
oping students’ awareness of their social
positions, decentering authority in the
classroom and making space for students
to take responsibility for their learning,
and empowering students to apply theory
to practice. Meanwhile, in her chapter
“Empowered Strategies for Women Faculty
of Color Navigating Teaching Inequities in
Higher Ed,” sociologist Chavella Pittman
encourages readers to know and internal-
ize the research about the teaching efficacy

Picture a Professor:
Interrupting Biases About
Faculty and Increasing
Student Learning
Jessamyn Neuhaus, Ed.
West Virginia University
Press, 2022. 296 pp.

of women faculty of color (WFOC), the
broader benefits of WFOC’s teaching, and
the teaching inequalities faced by WFOC.
The book’s chapters are organized into
four sections: identifying strategies for
starting the semester strong (part 1); mak-
ing connections and building rapport with
students (part 2); anti-racist pedagogies
(part 3); and strategies for empowering
professors to bring their whole selves to
the classroom (part 4). Together, these sec-
tions cover every aspect of marginalized
faculty life through anecdotal stories, lived
experiences, and best practices.
Throughout the book, the contributors
report being questioned, undermined,
disempowered, and ignored as a result of
various biases. Such stories and the strate-
gies they inspire are unfortunately all too
common, but they are not the only way for-
ward. By shedding light on these harsh re-
alities, Picture a Professor does a service to
all who would prefer a different path, offer-
ing realistic strategies to engage students
in undermining scholarly stereotypes with
innovative course design, classroom activi-
ties, assessment techniques, and more.
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Commercially available bananas are just one of many varieties.

PODCAST

Eating to Extinction:

The World’s Rarest Foods and

Why We Need to Save Them

Dan Saladino

Farrar, Straus and Giroux, 2022. 464 pp.

Through intensive agricultural techniques
and technologies, we drastically increased
food production in the 20th century, but
the diversity of plant and animal species
we regularly eat declined in the process.
This week on the Science podcast, Dan
Saladino describes the unusual species
we stand to lose in a world of monoculture
commercial crops and the importance

of preserving the practices of those who
cultivate rare foods.
https:/bit.ly/3BULG3Z

10.1126/science.adf1091

28 OCTOBER 2022 » VOL 378 ISSUE 6618 363


http://science.org
https://www.zippia.com/college-professor-jobs/demographics/
https://bit.ly/3BULG3Z
mailto:ahuderson@steminnovationconsulting.com
https://www.zippia.com/college-professor-jobs/demographics/

INSIGHTS

Edited by Jennifer Sills

Sweden threatens
European biodiversity

In June, the European Commission pro-
posed a nature restoration law to repair
Europe’s damaged ecosystems (7). This
regulation stands out by setting legally
binding biodiversity targets for member
states and has been well received by eco-
logical scientists (2). However, the proposal
faces an uphill battle to become European
law. In January 2023, the rotating presi-
dency of the European Union will be held
by Sweden, whose parliament has already
voted against the Commission proposal,
arguing that its conservation measures
were disproportionate (3). The newly
appointed Swedish government terminated
on its first day the 35-year-old standalone
Ministry of Environment in charge of
nature conservation (4). Given its politi-
cal record of weakening biodiversity laws,
Sweden is also likely to counter the pro-
posed European law during its presidency.

Sweden has failed to align its wolf pol-
icy with European law for a decade (5) and
has often undermined biodiversity conser-
vation efforts when they affect extractive
industries. A previous Swedish govern-
ment instructed authorities to abuse
exemptions allowed by the European
Water Directive (6). Shortly after the UN
environmental summit Stockholm+50 this
spring, a majority in the Swedish parlia-
ment voted a motion to reopen an inter-
national convention on environmental
democracy to introduce limits on litigation
by environmental organizations (7). After
the European Court of Justice ruled in
2021 on bird conservation and Swedish
forestry, Sweden urgently amended its
Species Protection Ordinance to remove
alleged legal obstacles against forestry (8).

The political inbreeding between some
authorities and forest industries is such
that the latter has been able to overrule an
independent scientific review when decid-
ing to fund a large strategic research proj-
ect by a public research foundation (9). On
biodiversity issues, the Swedish state appa-
ratus largely appears to have been captured
by extractive industry lobbies (10).

Sweden faces hardly any backlash from
its backward-looking biodiversity policies.
Its administrative culture of consensus
does not value dissent (17) and the country
historically benefits from its reputation as
a moral superpower (12). For example, the
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current Czech presidency of the EU has
outsourced some environmental aspects
to Sweden (13) because of its experience in
international environmental relations. A
6-month presidency of the EU may

not give Sweden the ability to irrevers-
ibly block the proposed nature restoration
law, but it can provide enough political
momentum for Sweden to substantially
weaken or delay it. A likely outcome may
be a law with added loopholes that allows
Sweden to claim environmental leadership
while safeguarding a status quo benefiting
its environmentally damaging industries.
European member states, institutions, and
experts are therefore advised to handle
biodiversity conservation policies made by
Sweden with the highest level of skepti-
cism and scrutiny.
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Vote against Amazon
deforestation in Brazil

After Brazil’s 2 October presidential elec-
tions, images showed that votes for the
current administration corresponded
with cities located in the Amazon’s arc of
deforestation (7). In these regions, where
agribusiness is strong, forest clearing,
criminal fires, illegal mining, and invasions
of protected areas have proliferated under
the management of the current govern-
ment (2). The second round of the election
on 30 October could put Brazil on a more
environmentally responsible path.
Recently, there has been a rush of defor-
estation, land grabbing, and burning (3, 4),

perhaps due to the recognition that these
could be the final months of a government
lax on environmental crime. In September,
with the electoral race underway, the
deforested area in the Amazon was the
largest since 2015. The 1455 km2 lost was
48% higher than the area lost in September
last year (3, 4).

In a country with rain-fed agriculture,
the current administration’s management
undermines the productivity of agribusiness
(5). Fewer trees in the forest leads to less
moisture in the air and less rainfall, put-
ting crops at risk (6). Instead, Brazil should
invest in a sustainable agribusiness, which
preserves the forest and invests heavily in
agricultural technologies to produce more
in areas designated for cultivation (7).

Government policy that allows and
encourages rapid deforestation jeopar-
dizes Brazil’s future (8). The choice of
Brazilians in the second round of elections
can prevent the collapse of the Amazon,
the climate, and the country’s agricultural
productivity.

Cassio Cardoso Pereira

Departamento de Genética, Ecologia e Evolugéo,
Centro de Sintese Ecoldgica e Conservagao,
Universidade Federal de Minas Gerais, Belo

Horizonte, Minas Gerais 31270-910, Brazil.
Email: cassiocardosopereira@gmail.com

REFERENCES AND NOTES

1. M.Couto, R.Galdo, B.Abbud, E. Gongalves, “Bolsonaro
venceu nas cidades mais desmatadas da Amazonia
no primeiro turno; veja o mapa,” O Globo (2022) [in
Portuguese].

2. A.Pfaff,J.Robalino, C. Sandoval, D. Herrera, Philos.
Trans. R. Soc. BBiol. Sci. 370, 20140273 (2015).

3. P.Watanabe, “Amazonia tem recorde de desmate em
setembro,” Folha de Sdo Paulo (2022) [in Portuguese].

science.org SCIENCE

PHOTO: RAUL ARBOLEDA/AFP/GETTY IMAGES


http://science.org
mailto:guillaume.chapron@slu.se
mailto:cassiocardosopereira@gmail.com
https://data.consilium.europa.eu/doc/document/ST-10154-2022-INIT/en/pdf
https://data.consilium.europa.eu/doc/document/ST-10154-2022-INIT/en/pdf

4. R.Peixoto, “Alertas de desmate na Amazdnia tém pior
setembro da série histérica, aponta Inpe,” O Globo
(2022); [in Portuguese].

5. L.J.C.Oliveira,M.H. Costa, B.S. Soares-Filho,M.T. Coe,
Environ. Res. Lett.8,024021(2013).

6. D.Arruda, H.G.Candido, R. Fonseca, Science 365,1387
(2019).

7. M.J.B.Silva,M.F.daCosta, S.A.de Farias, L. S. 0.
Wanderley, Psychol. Market. 37,1720 (2020).

8. T.0.Assis,A.P.D.C.V.Randow, C.A. Nobre, Sci. Adv.8,
€abj3309 (2022).

10.1126/science.adf2475

Overfishing and warming
put Persian Gulf at risk

The eight countries that border the Persian
(or Arabian) Gulf, a critical marine ecosys-
tem with the warmest water on Earth (7),
share in the economic benefits produced by
its fisheries. However, current harvest con-
trol rules for fisheries in the region are nei-
ther sufficiently strict nor sufficiently con-
sistent across countries to protect Persian
Gulf ecosystems, especially in the face of cli-
mate change. Rising temperatures affect the
structure and function of marine food webs,
exacerbating the vulnerabilities of marine
species and the fisheries sector, as well as
the challenges in accurately tracking eco-
system health. To prevent long-term harm
to the Persian Gulf’s ecosystems, fisheries
management in the region must balance
economic and environmental priorities.
Despite regulations, fishing activity is
depleting most fish stocks in the Persian
Gulf, and stock rebuilding and native fish

SCIENCE science.org

restocking programs have been unable to
substantially increase population numbers
(2, 8). Increased unsustainable harvesting
of biomass at the top of the food chain,
fisheries expansion, and pressure on the
bottom of the food chain are evidence

of ecosystem overfishing and ineffective
management (2-9). In the past 70 years,
the species composition of caught fish
has changed and the mean trophic level
of catch has declined, indicating that
high-trophic-level species have collapsed
and been replaced by low-trophic-level
plankton feeders and invertebrates (2-7).
Primary production (the energy transfer
needed for each trophic level to support
the one above it) has also decreased (7)
which could reduce future catch poten-
tial. Although officially reported fisheries
statistics are unreliable (8), it is clear
that per capita fish supply is declining,
as both local and foreign [e.g., (9)] fishing
activities continue.

Monitoring the health of fish stocks in
the Persian Gulf is complicated by envi-
ronmental changes. Fish biomass has con-
sistently declined over time, but climate
ecological change impacts are amplified at
higher trophic levels (10), confounding the
effects of temperature changes on marine
ecosystem functions and fisheries. Warm
water temperatures can lead to faster fish
growth but smaller fish size at a given
age, decrease primary production by Kill-
ing autotrophic microalga, and accelerate
environmental degradation (2, 11, 12).
Fisheries stock are also threatened by oil
pollution, which is steadily increasing

Brazil's upcoming election could determine the degree
of exploitation allowed in the Amazon going forward.

every year and currently exceeds the world
average by 47 times (12).

All countries fishing in the Persian Gulf,
in collaboration with global policymakers,
must implement realistic and responsible
fisheries management. Better monitor-
ing should locate illegal offshore fishing.
Fisheries regulatory regimes and climate
resilience strategies should be modified,
especially in very hot seasons. Safe catch
limits should be decreased. Smaller fisher-
ies, which operate more sustainably, should
receive more support. More marine pro-
tected areas and endemic species protec-
tions should be established. Regional poli-
cies should put pressure on the countries
with the highest percentage of food web
destruction, and strict rules should provide
additional protection for critical areas.

The region should also ensure its own food
security before providing international
fisheries trade permits. Integrated science
policy goals within and across the Persian
Gulf’s fisheries can manage sustainable
fish supply while reversing biodiversity loss
in the region.
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NEUROSCIENCE
A new class of
antidepressant drugs

Presently available antidepres-
sant drugs have unpleasant side
effects, addictive properties,

or can induce schizophrenia.
Developing fast-onset anti-
depressants without these
drawbacks is thus an important
neuropharmacological goal. Sun
et al. discovered that dissociat-
ing the serotonin transporter
from nitric oxide synthase
specifically reduced intercel-
lular serotonin concentration

in a brain region called the
dorsal raphe nucleus. Disrupting
this interaction enhanced
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serotonergic neuron activity
in this area and dramatically
promoted serotonin release into
the medial prefrontal cortex,
thereby producing a fast-onset
antidepressant effect. A small-
molecule blocker of the nitric
oxide synthase—serotonin
transporter interaction had a
fast-onset antidepressant effect
in an animal model. —PRS
Science, abo3566, this issue p. 390

MAMMALIAN EVOLUTION
Becoming diverse

Mammals have the greatest
degree of morphological varia-
tion among vertebrate classes,
ranging from giant whales to the

28 OCTOBER 2022 « VOL 378 ISSUE 6618

tiny bumblebee bat. How they
evolved this level of variation has
been a persistent question, with
much debate being centered
around the timing and tempo of
evolutionary change. Goswami et
al. looked across a large dataset
of extinct and extant mam-
malian skulls and found that

the rate of evolutionary change
peaked around the time of the
Cretaceous-Paleogene bound-
ary and has general tapered off
since then (see the Perspective
by Santana and Grossnickle).
Certain lifestyles, such as
aquatic habitats or herbivory,
led to faster change, whereas in
some species such as rodents,
morphological change appeared

to be decoupled from taxonomic
diversification. —SNV
Science,abm7525, thisissue p. 377;
see also add8460, p. 355

SYNTHETIC BIOLOGY
Writing genes

in mirror image

Large mirror-image enzymes

and RNAs are necessary to build
mirror-image biology and related
applications, but the synthesis of
these components has remained
challenging. Xu and Zhu chemi-
cally synthesized a 100-kilodalton
mirror-image T7 RNA polymerase,
which enabled efficient and faith-
ful transcription of high-quality

science.org SCIENCE
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L-RNAs as long as 2.9 kilobases.
The realization of mirror-image
T7 transcription is an important
step in synthesizing the mirror-
image ribosome toward creating
functional in vitro mirror-image
biomolecular systems and may
provide new opportunities for
practical applications in diagnos-
tics and therapeutics. —DJ
Science,abm0646, this issue p. 405

ORGANIC CHEMISTRY
Better navigation

in chemical space
Chemists typically discover
reactions using a small set
of relatively similar starting
compounds. The conditions
that work best for those
compounds then get applied
to numerous other, often
dissimilar, compounds even
if alternate conditions might
improve outcomes. Angello
et al. developed an iterative
protocol of machine learning
and automated synthesis to
improve the baseline con-
ditions for the venerable
Suzuki-Miyaura carbon—car-
bon coupling reaction. Because
this method sampled a broad
region of chemical space and
considered negative results
that are rarely tracked in con-
ventional studies, a substantial
improvement in average yield
was obtained. —JSY
Science,adc8743, thisissue p. 399

CERAMICS
Phasing out fracture

Ceramics are not known for
deforming in a plastic manner,
instead tending to fracture as a
response to loading. Zhang et al.
found a method to avoid fracture
and dramatically improve the
ductility of silicon nitride (see
the Perspective by Frankberg).
The authors produced dual-
phase silicon nitride samples
that turned out to have coherent
interfaces between the phases.
This configuration allows for two
sliding and two-phase trans-
formation steps during loading
that circumvent the traditional
tendency of bonds to break

and materials to fracture. If

SCIENCE science.org

the mechanism works in other
ceramics, then it may be a way to

make them more plastic. —BG
Science, abq7490, thisissue p. 371;
seealso ade7637,p. 359

AUTOIMMUNITY
A bacterial driver
of arthritis

Autoantibodies can be detected
in individuals at risk for develop-
ing rheumatoid arthritis (RA)
before the development of
clinical disease. The source of
these autoantibodies, however,
remains unclear. Chriswell et

al. found that immunoglobulin

G and A autoantibodies from
individuals who are at risk for

RA cross-react against gut
bacteria in the Lachnospiraceae
and Ruminococcaceae fami-
lies. Further analysis identified

a bacterial strain from the
Subdoligranulum genus that was
associated with autoantibody
development. Mice colonized
with this Subdoligranulum
isolate developed arthritis with a
pathology similar to human RA.
These findings suggest that this
Subdoligranulum strain may be a
major contributor to RA auto-
antibody development. —CSM
Sci. Transl. Med. 14, eabn5166 (2022).

CORONAVIRUS
Targeting the host instead
of the virus

Despite the efficacy of vaccines
against severe acute respiratory
syndrome coronavirus 2 (SARS-
CoV-2), there is a continuing
need to develop new therapeutics
to treat COVID-19. Yaron et al.
identified multiple phosphoryla-
tion sites in a conserved region
of the viral nucleocapsid (N)
protein, which is critical for viral
replication. Biochemical analyses
identified the host kinases that
sequentially phosphorylated
distinct motifs in the N protein. A
US Food & Drug Administration—
approved drug that inhibits the
first kinase in the phosphoryla-
tion sequence reduced N protein
phosphorylation and blocked
viral replication in vitro. —JFF

Sci. Signal. 15,eabm0808 (2022).

IN OTHER JOURNALS

Edited by Caroline Ash
and Jesse Smith

CONSERVATION

Foraging matrix matters

ur planet has become a patchwork of landscapes made

up of various types of land for humans surrounded

by increasingly isolated protected areas considered

land for everything else. In truth, however, nonhuman

species will not stay in protected areas, nor do such
areas always contain all of the habitat types required for all
species. de la Torre et al. monitored over 100 Asian elephants
in Peninsular Malaysia and Borneo and found that they pre-
ferred areas of secondary forest and other recently disturbed
or transitional habitat types, consistent with their known
foraging preferences. These regions are not well represented
in protected areas, which are designed to protect the most
intact forest, but they are essential for elephant survival.
These results emphasize the importance of recognizing
that wildlife will only persist if they are allowed to integrate
into the broader landscape matrix and not be restricted to
predesignated protected areas. —SNV
J. App. Ecol. 10.1111/1365-2664.14286 (2022).

Asian elephants prefer to forage in transitional habitats, but conservationists
prefer to protect intact forest for elephants.

MEDICAL INFORMATICS
Digital masks for
clinical records

For medical conditions associ-
ated with specific visible
features, it can be helpful to
keep photographs in patient
records to track disease

progression and aid com-
munication among providers.
Unfortunately, this can create
privacy risks, and patients can
be reluctant to allow upload-
ing of photos to their medical
records, especially for images
of the eyes or other parts of
the face. To assuage such
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concerns, Yang et al. developed
a “digital mask” approach to
process videos of patients
using a deep learning algo-
rithm. This approach retains
only disease-relevant features
from the original video and
irreversibly de-identifies the
rest. The resulting videos can-
not be de-anonymized even
using machine learning, thus
addressing privacy concerns
while preserving their medical
utility. —=YN

Nat. Med. 28,1883 (2022).

CELL BIOLOGY
A close look at

cell cycle arrest

Although the stages of the cell
cycle are well understood at the
molecular level, cell cycle arrest
is not. A broad range of arrested
cells, including senescent cells,
are implicated in aging. Stallaert
et al. used hyperplexed, single-
cell imaging to follow 47 distinct
cell cycle effectors in human
retinal pigment epithelial cells
in culture. The authors found
stress-specific states of cell
arrest and identified their
mechanisms, but ultimately

cells converged on a common
molecular profile of senescence.
Senescent cells had similarities
to cells in G, phase but could
escape from this state (which
is sometimes thought of as
irreversible) if the expression of
G, cyclins was restored. —LBR
Mol. Syst. Biol. 18, 11087 (2022).

STEM WORKFORCE
The tenure of
stalled progress

As we enter into the academic
hiring season, new data reveal
stark inequalities in faculty
production, retention, and
gender. Wapman et al. exam-
ined the academic employment
and doctoral education of
faculty employed in the years
2011-2020 at 368 doctorate-
granting universities in the
United States, and found that

a small number of schools

were vastly overrepresented

in terms of producing tenure
track faculty. Network analysis
further suggested that inequali-
ties at the hiring stage are later
magnified by differential rates of
attrition, and that the hiring and,
more importantly, the retention
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MACHINE LEARNING

Toward all-weather
autonomous driving

dverse weather conditions such
as snow, rain, or fog and driving
scenarios with poor GPS signals
are the main obstacles for safe
and reliable positioning of autono-
mous vehicles and are major challenges
for their practical realization. Using a
geometry-aware learning technique
that combines the complementary ben-
efits of each on-board sensor (camera,
lidar, and radar) under different weather
conditions, Almalioglu et al. devel-
oped a self-supervised deep learning
architecture for odometry (ego-motion
estimation) that has demonstrated
excellent all-weather performance and
effective cross-domain generalization
capabilities. This work is an important
step toward safe and smooth all-

of women faculty has stalled.
With regard to diversifying the
professoriate, the data are
bleak, and further reflection on
these data by academic hiring
committees and administrators
is necessary to illuminate the
opportunities for change found
within. —MMc

Nature 610,120 (2022).

MEDICINE

Making ethanol in the gut
Nonalcoholic fatty liver disease
(NAFLD) affects about one-
fourth of the global population,
and it has been proposed that
microbially derived ethanol
may be involved. Meijnikman et
al. measured the amount of gut
microbiota—derived ethanol in
the portal vein and found that it
was significantly higher in indi-
viduals with NAFLD who had
undergone fasting. After eating,
blood ethanol concentrations
increased further and the liver
appeared to metabolize much
of it. Next, 20 individuals with
NAFLD were given an alcohol
dehydrogenase inhibitor, which
resulted in even higher levels

of ethanol in the peripheral
blood. However, this response

weather autonomous driving. —YS
Nat. Mach. Intell. 4, 749 (2022).

was ablated in individuals who
were first treated with antibiot-
ics, confirming a role for the gut
microbiota. —GKA

Nat. Med. 28,2100 (2022).

FRAMEWORK MATERIALS
A soft, compacted
honeycomb

Two-dimensional covalent
organic frameworks (COFs) are
usually assembled from rigid
molecules to help ensure order-
ing, but “soft COFs" have been
reported that have some linker
flexibility. Liu et al. assembled
a soft COF from a large amine
linker bearing flexible alkyl side
chains and a trigonal benzalde-
hyde node. Instead of forming
a honeycomb lattice, the lattice
formed was compacted and the
hexagonal units flattened into
a staircase structure through
intramolecular m-stacking of
aromatic rings. Rather than
forming a porous material as
most COFs do, imaging revealed
compact layered structures
containing helical structures.
—PDS

J.Am. Chem. Soc. 10.1021/

jacs.2c08468 (2022).
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CANCER MICROBIOME
A new class of
bacterial genotoxins

Individuals with inflammatory
bowel disease are at increased
risk of developing colorectal can-
cer compared with the general
population. The gut microbiome
is among the many factors
that can influence tumorigen-
esis, in part by modulating the
immune system and produc-
ing microbial metabolites. Cao
et al. developed a functional
screen to test whether gut
bacteria from patients with
inflammatory bowel disease
have genotoxic effects (see the
Perspective by Puschhof and
Sears). The authors discovered
a family of DNA damage-induc-
ing microbial metabolites
called indolimines, which were
produced by the Gram-negative
bacteria Morganella morganii. In
a mouse model of colon cancer,
M. morganii exacerbated tumor
burden, but a mutant form of the
bacteria unable to produce indo-
limine did not. This diverse series
of genotoxic small molecules
from the human microbiome
may play a role in intestinal
tumorigenesis. —PNK
Science,abm3233, thisissue p. 369;
see also ade6952, p. 358

AGING

Spermidine fights
cancer in aging mice
Abundance of the polyamine
spermidine decreases in aging
mice, and supplementation can
have restorative effects and
extend life span. Al-Habsi et al.
explored whether loss of sper-
midine might contribute to loss
of antitumor immunity in aged
mice. Restoration of spermi-
dine concentrations enhanced
antitumor responses stimulated
by programmed death ligand-1
(PD-L1) monoclonal antibody
therapy. Spermidine appeared
to directly affect T cell function
by increasing fatty acid oxida-
tion. Tagged spermidine bound

SCIENCE science.org

to components of the mito-
chondrial trifunctional protein
complex, thus increasing fatty
acid oxidation and the produc-
tion of ATP. The authors propose
that these effects may contrib-
ute to the effects of spermidine
in promoting longevity. —LBR
Science, abj3510, this issue p. 370

ORGANIC CHEMISTRY
Light tweak to carbon-
hydrogen configuration

The relative configuration of
chemical bonds in a molecule
often has great influence over
its pharmaceutical properties.
It therefore complicates drug
synthesis that many readily
available precursors, as well as
many common reactions, can
deliver one possible mutual con-
figuration of carbon centers but
not another. Zhang et al. report
that a tungsten-based photo-
catalyst paired with a disulfide
hydrogen transfer agent can
efficiently modify the configura-
tion of tertiary carbon-hydrogen
bonds that are conventionally
inert. This process, which gener-
ally, but not exclusively, favors
the thermodynamic product,
offers a convenient means of
precisely toggling between
diastereomers in complex mol-
ecules. —JSY

Science,add6852, thisissue p. 383

PLANETARY SCIENCE

An insightful impact

On 24 December 2021, the seis-
mometer for the InSight mission
on Mars detected a large seismic
event with a distinct signature.
Posiolova et al. discovered

that the event was caused by a
meteor impact on the surface of
Mars, which was confirmed by
satellite observations of a newly
formed 150-kilometer crater.
The surface nature and size of
the impact allowed Kim et al.

to detect surface waves from

the event, which have yet to be
observed on Mars. These surface

waves help to untangle the struc-
ture of the Martian crust, which
has various amounts of volcanic
and sedimentary rock, along
with subsurface ice, in different
regions of the planet (see the
Perspective by Yang and Chen).
The characteristics of the impact
itself are important because they
provide a seismic fingerprint of
an impact event that is different
from the marsquakes observed
so far. —BG
Science, abq7704, abq7157,
thisissue p. 412, p.417;
see also add8574, p. 360

GENETICS
Retroviral origins of
antiviral proteins

Sequences of retroviral origins
are abundant in the human
genome, but their functional
significance remains poorly
understood. Frank et al. identi-
fied a pool of sequences derived
from retroviral envelopes (which
normally facilitate viral entry
into cells) that are expressed
during human fetal develop-
ment, viral infection, and
immune stimulation (see the
Perspective by Padilla Del Valle
and McLaughlin). The authors
hypothesized that some of these
sequences encode proteins with
antiviral activity by binding to
and competing for cell surface
receptors targeted by infectious
viruses. Genetic manipula-
tion in cell culture showed that
one such protein, SUPYN, was
capable of restricting infection
by type D retroviruses circulating
in several mammals. —DJ
Science, abq7871, thisissue p. 422;
see also ade4942, p. 350

IMMUNE CELLS
Circulating iNKT
cells protect

Invariant natural killer T cells
(iNKTs) are tissue-resident,
innate-like T cells that recognize
lipid antigens and are involved
in immune regulation. The

28 OCTOBER 2022 « VOL 378 ISSUE 6618

heterogeneity and development
of INKT cell populations has
not been well defined. Cui et al.
used various mouse models,
transcriptomics, flow cytometry,
and histology to better under-
stand iINKT subpopulations. The
authors uncovered a circulating
population of iINKT cells that
expressed specific receptors and
were distinct from conventional
iNKT cells in mice and humans.
This iNKT subset depended on
interleukin-15—-positive medul-
lary thymic epithelial cells for
development and maturation.
The circulating iINKTs were highly
cytotoxic and protected mice
from melanoma metastasis and
influenza infection. —DAE

Sci. Immunol. 7, eabj8760 (2022).

VIROLOGY
Leukemia treatment risks

viral resurgence

Cytomegalovirus (CMV) estab-
lishes a persistent, lifelong latent
infection. However, various
forms of immune dysregulation
can result in the reactivation
of CMV replication, posing a
serious risk of morbidity and
mortality. Wass et al. found that
the CMV protein US28, in coor-
dination with the host Ephrin
receptor A2 (EphA2), controls
Src-MAPK-c-Fos signaling, which
in turn controls CMV latency.
The authors show that an EphA2
inhibitor, dasatinib, results in
CMV reactivation. This drug is
clinically used to treat leukemia
and may inadvertently reacti-
vate CMV. Indeed, clinical data
show that dasatinib treatment is
associated with increased CMV-
associated disease. —TGM
Sci.Adv. 10.1126/
sciadv.add1168 (2022).
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CANCER MICROBIOME

Commensal microbiota from patients with inflammatory
bowel disease produce genotoxic metabolites

Yiyun Cao, Joonseok Oh, Mengzhao Xue, Won Jae Huh, Jiawei Wang, Jaime A. Gonzalez-Hernandez,
Tyler A. Rice, Anjelica L. Martin, Deguang Song, Jason M. Crawford, Seth B. Herzon, Noah W. Palm*

INTRODUCTION: Gut microbiota can potentially
contribute to the development and progres-
sion of colorectal cancer (CRC) by producing
small-molecule genotoxins. For example, select
commensal Escherichia coli strains produce
the canonical microbiota-derived genotoxin
colibactin, which engenders the formation of
DNA double-strand breaks (DSBs) in intes-
tinal epithelial cells and exacerbates CRC in
mouse models. Furthermore, human CRCs
harbor colibactin-associated mutational sig-
natures, implying a direct role for microbiota-
induced DNA damage in CRC. However, the
impacts of microbiota-derived genotoxins be-
yond colibactin remain largely unexplored.

RATIONALE: Given the extensive diversity of
small-molecule metabolites produced by bacte-
ria, we hypothesized that additional taxa from

Genotoxicity profiling of human microbiota

the human gut microbiome might produce
previously undiscovered small molecules that
cause DNA damage in host cells. Identifying
and characterizing such genotoxins and their
respective biosynthetic pathways may reveal
causal roles of gut microbes in shaping host
biology and disease susceptibility. Thus, we
designed a large-scale electrophoresis-based
DNA damage screening pipeline to evaluate
the genotoxicity of a collection of more than
100 gut commensals isolated from patients
with inflammatory bowel disease (IBD).

RESULTS: We identified diverse bacteria from
the human microbiota whose small-molecule
metabolites caused genotoxicity in both cell-
free and cell-based DNA damage assays. For
example, small-molecule metabolites from
gram-positive bacteria (including Clostridium

Increased colon tumor burden

Human gut microbes isolated from IBD patients produce small-molecule genotoxins. Diverse gut
microbes isolated from patients with IBD exhibit direct genotoxicity. M. morganii produces a family

of genotoxic small molecule metabolites, termed the indolimines. Indolimine-producing M. morganii
induces DNA damage in intestinal epithelial cells (IECs) and increased colon tumor burdens in gnotobiotic

mouse models.

SCIENCE science.org

perfringens and Clostridium ramosum strains)
and gram-negative bacteria (including multi-
ple Morganella morganii strains) directly dam-
aged DNA in cell-free assays and induced the
expression of the DSB marker y-H2AX and
cell-cycle arrest in epithelial cells. However,
the DNA damage patterns caused by these
metabolites were distinct from colibactin-
induced cross-links, and these isolates lacked
the biosynthetic machinery to produce coli-
bactin or other known genotoxins. These data
thus implied the existence of previously un-
recognized microbiota-derived genotoxins.

M. morganii is enriched in the gut micro-
biota of both IBD and CRC patients. Using a
combination of comparative metabolomics and
bioactivity-guided natural product-discovery
techniques, we discovered a family of M. morganii-
derived small-molecule genotoxins—termed the
indolimines—that elicited DNA damage in cell-
based and cell-free assays. Furthermore, we
identified a previously uncharacterized bacte-
rial decarboxylase (annotated as an aspartate
aminotransferase encoded by the aat gene)
that was essential for indolimine synthesis and
constructed an isogenic aat mutant M. morganii
that lacked genotoxicity in both cell-free and
cell-based DNA damage assays.

Compared with the non-indolimine-producing
mutant, wild-type M. morganii caused increased
intestinal permeability and induced transcrip-
tional signatures associated with abnormal
DNA replication and intestinal epithelial cell
proliferation in gnotobiotic mice. Furthermore,
indolimine-producing M. morganii induced
increased colonic tumor burden in the context
of a mock microbial community in a mouse
model of CRC.

CONCLUSION: By leveraging function-based as-
sessments of the microbiome, we uncov-
ered the existence of a broader universe of
microbiota-derived small-molecule genotox-
ins. We found that diverse bacterial strains
isolated from IBD patients exhibited DNA-
damaging activities and discovered a previ-
ously undescribed family of genotoxins, termed
the indolimines, produced by the IBD- and CRC-
associated species M. morganii. Indolimine-
producing M. morganii caused increased intestinal
permeability and exacerbated colon tumori-
genesis in gnotobiotic mice. Overall, these studies
imply an expanded role for microbiota-derived
genotoxins in shaping host biology and dis-
ease susceptibility.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: noah.palm@yale.edu

Cite this article as Y. Cao et al., Science 378, eabm3233
(2022). DOI: 10.1126/science.abm3233
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CANCER MICROBIOME

Commensal microbiota from patients with inflammatory
bowel disease produce genotoxic metabolites

Yiyun Cao’, Joonseok Oh?3, Mengzhao Xue?}, Won Jae Huh?, Jiawei Wang®,
Jaime A. Gonzalez-Hernandez, Tyler A. Rice', Anjelica L. Martin', Deguang Song’,
Jason M. Crawford?3®, Seth B. Herzon?’, Noah W. Palm®*

Microbiota-derived metabolites that elicit DNA damage can contribute to colorectal cancer (CRC).
However, the full spectrum of genotoxic chemicals produced by indigenous gut microbes remains to
be defined. We established a pipeline to systematically evaluate the genotoxicity of an extensive
collection of gut commensals from inflammatory bowel disease patients. We identified isolates
from divergent phylogenies whose metabolites caused DNA damage and discovered a distinctive
family of genotoxins—termed the indolimines—produced by the CRC-associated species Morganella
morganii. A non-indolimine-producing M. morganii mutant lacked genotoxicity and failed to
exacerbate colon tumorigenesis in mice. These studies reveal the existence of a previously unexplored
universe of genotoxic small molecules from the microbiome that may affect host biology in

homeostasis and disease.

olorectal cancer (CRC) is the third most

common malignancy and the second

leading cause of cancer deaths world-

wide (Z). Two thirds of all CRC cases

occur in individuals without a family
history of CRC or inherited genetic muta-
tions predisposing an individual to CRC (2).
Thus, environmental risk factors that pro-
mote the acquisition and accumulation of
somatic-genetic and epigenetic aberrations
are chief contributors to CRC development.
The gut microbiome has been reported to
modulate intestinal carcinogenesis through
diverse mechanisms (3-5). Examples include
short-chain fatty acid-producing Clostridia
species [which induce regulatory T cells and
temper inflammation-induced carcinogenesis
(6)] and Fusobacterium nucleatum strains
that enhance tumor growth by inducing epi-
thelial proliferation through FadA-mediated
engagement of E-cadherin and activation of
Wnt/p-catenin signaling (7). Microbial pro-
ducts may also trigger DNA modifications
in intestinal epithelial cells (8). For exam-
ple, the 20-kDa Bacteroides fragilis toxin
induces DNA damage through induction
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of reactive oxygen species (9) whereas cy-
tolethal distending toxin from pathogenic
gram-negative bacteria exhibits direct DNase
activity (10).

Small-molecule metabolites from the micro-
biome may influence CRC risk by directly
damaging DNA. Select Escherichia coli strains
produce the reactive small-molecule genotoxin
colibactin, which alkylates and crosslinks DNA,
triggering double-strand DNA breaks (DSBs)
that may facilitate intestinal carcinogenesis
in mouse models (17-14). The colibactin bio-
synthetic machinery is encoded by a 54-kb
hybrid polyketide synthase-nonribosomal
peptide synthetase (PKS-NRPS) gene cluster
referred to as the pks or ¢lb locus (17), and
the mature chemical structure of colibactin
responsible for the pathway’s DNA interstrand
crosslinking activity was recently determined
(15, 16). Human CRCs also contain mutational
signatures consistent with colibactin-induced
DNA damage, implicating colibactin in human
CRC (17, 18).

The colibactin paradigm illustrates the im-
portance of microbiota metabolite-induced
DNA damage in human CRC. However, aside
from colibactin the potential role of microbiota-
derived small-molecule genotoxins in CRC
initiation or progression remains mostly un-
explored. Given the substantial complexity and
diversity of metabolites produced by bacte-
ria (19), we hypothesized that diverse taxa
from the human gut microbiome may pro-
duce previously undiscovered small mole-
cules that cause DNA damage in intestinal
epithelial cells and contribute to the devel-
opment of CRC. We established a pipeline to
evaluate the genotoxicity of small-molecule
metabolites derived from more than 100 phy-
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logenetically diverse human gut microbes. We
identified a diverse set of microbes that pro-
duced genotoxic small-molecule metabolites,
including the gram-positive bacteria Clostridium
perfringens and Clostridium ramosum and the
gram-negative bacteria Morganella morganii.
However, none of these isolates produced known
genotoxins such as colibactin or encoded known
genotoxin-producing biosynthetic gene clus-
ters. We combined untargeted metabolomics
and bioactivity-guided natural product dis-
covery techniques to isolate and characterize
a family of previously undescribed genotoxic
metabolites—termed the indolimines—produced
by CRC-associated M. morgangi. Finally, we de-
coded the pathway for indolimine synthesis
and constructed an isogenic non-indolimine-
producing mutant of M. morganit that lacked
genotoxicity in vitro and in vivo and failed to
exacerbate colon tumorigenesis in a mouse
model of CRC.

Results

Establishing a pipeline to identify genotoxic
gut microbes from patients with inflammatory
bowel disease

We established a pipeline to screen diverse
human gut microbes based on their ability
to directly damage DNA. We then applied this
pipeline to a gut microbiota culture collection
assembled by anaerobic culturomics of stool
samples from 11 inflammatory bowel disease
(IBD) patients (20), as IBD patients are at a
considerably increased risk of developing
CRC (21, 22). This collection consists of 122
bacterial isolates that span 5 phyla, 9 classes,
10 orders, and 17 families, as well as multiple
strains that were assigned to the same spe-
cies (Fig. 1A).

To probe for genotoxicity, we evaluated the
activity of each isolate in a plasmid DNA dam-
age assay. As genotoxic metabolites such as
colibactin can be recalcitrant to isolation (15),
we focused our primary studies on co-incubation
of individual bacterial isolates with linearized
pUCI19 plasmid DNA (Fig. 1A). This assay is based
on the principle that the extent and modes of
DNA damage can be assessed by electropho-
resis under native and denaturing conditions
(23): Double-stranded linearized pUC19 DNA
migrates as a slow-moving band under native
electrophoresis, whereas denaturing treatment
separates double-stranded DNA into single-
stranded DNA, leading to a band with higher
mobility (Fig. 1A, L2). The formation of DNA
interstrand cross-links—e.g., by colibactin—
prevents unwinding under denaturing con-
ditions, thereby resulting in a band with the
same mobility as duplexed DNA (Fig. 1A, L3).
Alkylation at many of the sites in DNA is known
to decrease the stability of the glycoside bonds,
resulting in deglycosylation and fragmenta-
tion. These damaged DNA products are de-
tected as smaller fragments of higher mobility
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Fig. 1. Establishing a pipeline to identify genotoxic gut microbes from
patients with IBD. (A) Overview of functional screening of gut microbes for
direct genotoxicity; 122 phylogenetically diverse bacterial isolates from 11 IBD
patients (shaded based on phylum: red, actinobacteria; blue, bacteroidetes;
green, firmicutes; gray, fusobacteria; orange, proteobacteria) were evaluated for
genotoxicity through co-incubation with plasmid DNA followed by gel electro-
phoresis. Bacterial growth curves for all isolates were determined through ODggo
and individual isolates were cocultured with linearized pUC19 DNA under
indicated conditions (Tg, time point of exponential phase; Ts time point

of stationary phase). DNA damage was assessed with gel electrophoresis after
native or denaturing treatment of purified plasmid DNA. (B) Diverse human

gut microbes exhibited direct DNA-damaging activities (N = 1 independent
experiments). Bacterial genotoxicity was determined by calculating the relative
intensity reduction [(RIR) percent] of linearized pUC19 DNA bands after
co-incubation with 122 diverse human gut bacteria [as outlined in (A)] under
indicated conditions as compared with medium-only controls. Linearized pUC19
DNA was then purified through column purification and treated with or without
gradient NaOH (0%, 0.2%, 0.4%, and 1%) before evaluating DNA integrity
through gel electrophoresis. The 24 selected putative genotoxic isolates were
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labeled with asterisks and colors were assigned based on phylum: red,
actinobacteria; blue, bacteroidetes; green, firmicutes; orange, proteobacteria.
(C) Selected isolates consistently exhibited direct DNA-damaging activities
under other culture conditions (N = 1). RIR percent of linearized pUC19

DNA bands after co-incubation with live bacteria or supernatants (SUP) of
42 isolates [24 genotoxic isolates selected from (B) and 18 phylogenetically
related nongenotoxic isolates] under indicated conditions as compared with
medium-only controls. Linearized pUC19 DNA was then purified through column
purification and treated with or without gradient NaOH (0%, 0.2%, 0.4%,
and 1%) before evaluating DNA integrity through gel electrophoresis. The

18 selected putative genotoxic isolates were labeled with asterisks and colors
were assigned based on phylum: red, actinobacteria; green, firmicutes;
orange, proteobacteria. (D) Representative image of gel electrophoresis for
18 selected genotoxic isolates (N = 2). Linearized pUC19 DNA damage

was evaluated after co-incubation with 18 selected genotoxic isolates from
(C). Column-purified DNA was treated with or without 0.2% NaOH before
gel electrophoresis. Ctrl, nontreated linearized pUC19 DNA; clb+ E. coli,
colibactin-producing E. coli; clb- E. coli, non-colibactin-producing E. coli;
Medium, medium-alone treated linearized pUC19 DNA.
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following electrophoresis (24) (Fig. 1A, L4).
Extensive DNA damage, for example, by DNase-
mediated degradation, results in a loss of
DNA even under native conditions (Fig. 1A,
L4). Finally, DNA damage induced by restric-
tion enzyme-like molecules produces multi-
ple bands under native conditions and even
smaller fragments under denaturing con-
ditions when combined with damage in-
duced by alkylation or DNase-like molecules
(Fig. 1A, L5).

‘We confirmed that plasmid DNA was stable
under diverse anaerobic cultivation condi-
tions including incubation in Gifu medium,
which supports the growth of all isolates in
our collections (fig. S1). To minimize the dam-
age caused by bacterial DNases that are often
produced in the stationary phase of bacterial
growth, we measured growth curves for all 122
isolates in our collection and established a
time point of exponential phase (Tg) and time
point of stationary phase (Tg) (table S1). The
isolates were then clustered into seven groups
that exhibited similar growth dynamics (fig. S2).
We selected two culture conditions for the
initial screening: anaerobic co-incubation with
DNA to Tg, or anaerobic co-incubation with
DNA to T, followed by aerobic co-incubation to
Ts to approximate the oxygen stress encoun-
tered in an inflammatory gut environment.
Finally, we purified the linearized pUC19 DNA
from the bacterial cultures through column
purification and performed gel electropho-
resis under native and gradient denaturing
conditions (0%, 0.2%, 0.4%, and 1% NaOH)
(Fig. 1A and fig. S3, A to G).

We used the relative intensity reduction
[(RIR), percent] of DNA after co-incubation
with bacteria as a general measure of bacte-
rially induced DNA damage (Fig. 1B and table
S2). We found that diverse gut microbes ex-
hibited DNA-damaging activities, which sug-
gests that microbiota-mediated genotoxicity
may be more widespread than previously
acknowledged. Although previously described
microbiota-derived genotoxins discovered
in a case-by-case manner are primarily pro-
duced by gram-negative bacteria (e.g., E. coli,
B. fragilis, and Klebsiella oxytoca) (25, 26),
we observed that multiple gram-positive
microbes from the phyla Actinobacteria and
Firmicutes also caused substantial DNA dam-
age. DNA-damaging activity was largely inde-
pendent of culture conditions, although select
microbes displayed varied genotoxicity in the
presence versus absence of oxygen stress (Fig.
1B and table S2).

We selected 24 isolates that exhibited strong
DNA-damaging activities in the primary screen
and 18 phylogenetically related nongenotoxic
isolates for evaluation in a secondary screen-
ing (Fig. 1C). We reestablished precise growth
curves for each isolate (table S1) and rescreened
all 42 isolates under four distinct culture con-
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ditions, including co-incubation of DNA with
bacterial supernatants collected from anaerobic
cultures at Ty (fig. S3, H to J, and table S2).
Eighteen isolates that caused DNA damage
in our primary screening also exhibited strong
genotoxicity upon secondary screening (Fig. 1C
and fig. S3, H to J). Moreover, supernatants
from most of the selected genotoxic isolates also
caused considerable RIR (percent) that were
often comparable to co-incubation with live
bacteria (Fig. 1C and fig. S3, H to J). Unlike the
interstrand cross-links induced by a colibactin-
producing E. coli strain (K-12 BW25113 contain-
ing the clb locus, designated as clb+ E. coli),
these 18 isolates exhibited distinct DNA dam-
age patterns after co-incubation with linearized
pUC19 DNA. By contrast, a non-colibactin-
producing E. coli strain (K-12 BW25113 with
an empty bacterial artificial chromosome, des-
ignated as clb— E. coli) or medium alone did
not induce substantial DNA damage (Fig. 1D
and fig. S3K). Notably, most of the newly iden-
tified genotoxic isolates induced alkylation or
DNase-like DNA damage patterns; we also ob-
served evidence of DNA damage under native
gel electrophoresis.

Gut microbes from patients with IBD produce
small-molecule metabolites that can induce
DNA damage

To determine whether the 18 putative geno-
toxic bacterial isolates we identified through
electrophoresis-based screening (Fig. 1 and
fig. S4A) produce genotoxic small molecules
that cause DNA damage in human cells, we
separated their supernatants (SUP) into small-
and large-molecular weight fractions (<3 kDa
SUP and >3 kDa SUP, respectively), and eval-
uated the genotoxicity of these fractions using
HeLa cells. Small-molecule metabolites from
most selected isolates, including multiple strains
of Bifidobacterium adolescentis (three iso-
lates), C. perfringens (four isolates), C. ramosum
(phylogenetically related to C. perfringens), and
M. morganii (two isolates), induced increased
v-H2AX, a marker of DNA double-strand breaks
(DSBs) (27) (fig. S4B). As previously reported,
supernatants from clb+ E. coli failed to induce
v-H2AX, which instead required live bacterial
infection (77) (fig. S4B). Whereas both small
and large molecules from B. adolescentis and
C. perfringens induced increased y-H2AX, only
small-molecule metabolites from C. ramosum
and M. morganii exhibited genotoxicity (fig. S4,
B and C). Small-molecule metabolites from
B. adolescentis and B. dentium induced in-
creased apoptosis and necrosis, whereas small-
molecule metabolites from all other isolates
had minimal impacts on cell viability as mea-
sured by cell size and granularity (fig. S4D),
Annexin V, or 7-AAD (fig. S4, E to G). Although
large molecules from C. perfringens induced
substantial cell death, likely a result of the ef-
fects of clostridial toxins (28), small-molecule
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metabolites from C. perfringens caused DNA
damage without triggering substantial cell
death (fig. S4, B to G). On the basis of these
results, we selected C. perfringens, C. ramosum,
and M. morganii for further study and con-
firmed that small-molecule metabolites from
these strains induced y-H2AX in HeLa cells, al-
beit at a reduced level compared with the well-
known DNA-crosslinking chemical cisplatin
(Fig. 2A). Small-molecule metabolites from
C. perfringens, C. ramosum, and M. morganii
also induced cell cycle arrest in HeLa cells
(Fig. 2B), further implicating these taxa as
potential genotoxin producers.

To enrich genotoxic small molecules, we
performed ethyl acetate extractions using su-
pernatants and found that extracts from C.
perfringens (NWP4), C. ramosum (NWP50),
M. morganii (NWP135), and clb+ E. coli cul-
tures nicked circular pUC19 plasmid DNA,
whereas extracts from clb- E. coli or medium
alone had negligible impacts on DNA integrity
(Fig. 2C). Similarly, ethyl acetate extracts from
genotoxic species induced y-H2AX expression
in HeLa, HCT116, and MC38 cells (Fig. 2D and
fig. S4H) and caused tailing in an alkaline
comet unwinding assay (Fig. 2E).

Recent meta analyses have identified cross-
cohort microbial signatures associated with
CRC, including enrichment in Clostridiaceae,
Erysipelotrichaceae, and M. morganii (29, 30).
Notably, both C. perfringens and M. morganii
were also increased in IBD patients (specif-
ically in CD patients) compared with healthy
controls in data from the Human Microbiome
Project (Fig. 2F), suggesting potential roles in
IBD patients who are at an increased risk of CRC
diagnosis (21, 22). Overall, M. morganii is en-
riched in fecal samples from both IBD and CRC
patients and the genotoxicity of this species is
restricted to its small-molecule fractions. There-
fore, we prioritized M. morganii for further
genotoxin identification and characterization.

M. morganii produces genotoxins that
are distinct from colibactin

The biosynthetic machinery involved in the
production of microbial metabolites, includ-
ing previously characterized small-molecule
genotoxins, is often encoded by biosynthetic
gene clusters (BGCs) (31). For example, colibactin
production is encoded by a multimodular PKS-
NRPS pathway in E. coli (11, 32) and tilimycin
and tilivalline are encoded by an NRPS path-
way in K. oxytoca (26). However, BGC analyses
of genotoxic C. perfringens, C. ramosum, and
M. morganii using antiSMASH (33) failed to
detect any known genotoxin-encoding BGCs
(fig. S5A and table S3). While M. morganii
harbors one NRPS/PKS gene cluster, this BGC
is entirely distinct from the c¢lb genomic island
and M. morganii lacks key genes involved in
colibactin synthesis, such as c¢l/bl and clbP (fig.
S5B) (34, 35). This is consistent with recent
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Fig. 2. Small-molecule metabolites produced by gut microbes induce DNA
damage. (A) Geometric mean fluorescence intensity (MFI) and representative
histograms of y-H2AX staining of Hela cells treated with 40% (v/v) PBS (ctrl),
<3 kDa SUP (small-molecule supernatants) of medium, C. perfringens, C. ramosum,
M. morganii, clb+ E. coli, clb- E. coli isolates, or cisplatin for 5 to 6 hours

(n = 3 replicates, N = 3 independent experiments). *P < 0.05; ***P < 0.001;
**¥%p < (0.0001, one-way analysis of variance (ANOVA). (B) Representative data of
cell cycle arrest evaluated by propidium iodide (PI) staining (n = 3, N = 2). Hela
cells were treated with 40% (v/v) PBS or <3 kDa SUP of medium, C. perfringens,
C. ramosum, or M. morganii isolates. (C) Assessment of circular pUC19 DNA damage
after co-incubation with ethyl-acetate extracts of C. perfringens, C. ramosum,
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analyses of 69 publicly available Morganella
genomes, which suggest that clb genes are ab-
sent in Morganella genomes (36). The geno-
toxicity caused by M. morganii is also distinct
from that caused by colibactin—whereas clb+
E. coli caused DNA crosslinking, DNA exposed
to M. morganii displayed a smearing pat-
tern under both native and denaturing condi-
tions (fig. S5C). Finally, as previously reported,
colibactin-induced y-H2AX required live bac-
terial infection, and supernatants from clb+
E. coli failed to induce substantial increases
in y-H2AX in cell lines, likely as a result of
documented colibactin instability (11, 37). By
contrast, M. morganii supernatants and small-
molecule metabolites elicited substantial
increases in y-H2AX (Fig. 2 and fig. S4). To-
gether, these data suggest that M. morganii
produces previously undescribed genotoxins
that are distinct from colibactin and are readily
diffusible.

Isolation and identification of a family
of genotoxins derived from M. morganii

To identify specific genotoxins produced by
M. morganii, we employed a combination of
ultraperformance liquid chromatography quad-
rupole time-of-flight mass spectrometry (UPLC-
QTOF-MS)-based untargeted metabolomics,
and bioactivity-guided fractionation using
small-scale cultures, followed by large-scale
cultivation and isolation for unambiguous
structure elucidation and genotoxicity analy-
ses (Fig. 3A). We generated an initial candidate
ion list of the most abundant M. morganii-
derived metabolites relative to Gifu medium
control (~100 ion features; table S4) through
comparative metabolomics. We then performed
two rounds of activity-guided fractionation using
preparative high-performance liquid chroma-
tography (HPLC) and a circular pUCI9 plasmid-
based genotoxicity assay, then profiled the
resulting fractions and subfractions using UPLC-
QTOF-MS-based metabolomics (fig. S6, A and
B). To identify potential genotoxins, we ex-
cluded ions present in inactive fractions from
the initial ion list and ultimately identified four
ion features (I to IV) as potential genotoxic hits
(Fig. 3B and table S4). To enable structural
elucidation and genotoxic activity assessment
for these compounds, we performed large-
scale cultivation (18 liters) and ethyl acetate
extraction of M. morganii supernatant based
on previously observed retention times that
imply relatively low polarity of the compounds
of interest. The crude extract was subjected to
two rounds of HPLC to generate four semi-
pure fractions enriched in the four target ion
features (F1 to F4 enriched in I to IV, respec-
tively). One of these fractions (F2) exhibited
dose-dependent genotoxicity in a circular pUC19
plasmid-based genotoxicity assay (Fig. 3C).
Based on UPLC-QTOF-MS analyses, F2 was
primarily comprised of two metabolites with
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mass/charge ratio (m/z) values of 215.1543
(compound 1, target ion feature IT) and 234.1852
(compound 2, a metabolite that was absent
from the initial ion list but was co-enriched
during extraction and fractionation) at a ratio
of 4:6 (fig. S6C). This fraction was recalcitrant
to further purification by preparative HPLC
using diverse combinations of stationary and
mobile phases. Thus, the chemical structures
of the two components were characterized as a
mixture using one- and two-dimensional nu-
clear magnetic resonance (NMR) spectroscopy
analyses (Fig. 3D and fig. S7). Compound
1 consists of a conjugation of indole-3-aldehyde
(TAld) and the primary amine isoamylamine,
forming a functional imine group. Thus, we
termed this previously undescribed metabo-
lite indolimine-214.

To confirm which compound exerted the
observed genotoxicity, we synthesized both
indolimine-214 (1) and compound 2. Forma-
tion of the reversible imine functional group
in compounds such as indolimine-214: (1) varies
depending on the chemical environment (e.g.,
PH, temperature, solvent, and solutes). There-
fore, we fractionated fresh synthetic material
and assessed the purity of 1 in each fraction
using 'H NMR for genotoxicity analysis (fig.
S6D). Nonetheless, neither synthetic indolimine-
214: (1) nor compound 2 alone (up to 1 mg/ml)
induced DNA damage in the circular pUC19
plasmid-based genotoxicity assay. However, the
mixture of indolimine-214: (1) and compound 2
elicited dose-dependent DNA damage (fig. S6D),
suggesting that the presence of compound 2
may serve as an adjuvant for indolimine-214: (1)
(target ion feature II) in the cell-free assay. In a
more biologically relevant context, we assessed
the genotoxicity of pure synthetic compounds
in HeLa cells and found that indolimine-214:
(1) alone—but not compound 2—triggered in-
creased y-H2AX in a dose-dependent manner
(Fig. 3E) and induced tailing in an alkaline
comet unwinding assay (Fig. 3F). Furthermore,
the genotoxicity of synthetic indolimine-214:
(1) correlated directly with its purity (i.e., in
relation to its hydrolytic degradation products;
fig. S6E).

Using UPLC-QTOF-MS-based quantification,
we found that M. morganii produces a high
level of indolimine-214: (1) in vitro (~40 pg/ml;
fig. S8A), which is comparable to the concen-
trations of the synthetic compound that in-
duced genotoxicity in HeLa cells (Fig. 3, E to
F). By contrast, indolimine-214 (1) was unde-
tectable in supernatants from wild-type (WT)
colibactin-producing (clbP+) or isogenic clbP
mutant non-colibactin-producing (clbP-) E. coli
NC101 strains (38) (fig. S8A). This is consistent
with the observation that M. morganii-induced
DNA damage was distinct from the damage
caused by colibactin-producing E. coli (fig. S5).
Cecal contents from mice colonized with M.
morganii—but not those colonized by clbP-
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E. coli NC101—also contained high levels of
indolimine-214 (1) (fig. S8B). Moreover, in the
process of quantifying cecal indolimine-214 (1),
we observed the presence of two additional
new indolimines with similar structures in
M. morganii-colonized mice: conjugates of
TAld with either isobutylamine (indolimine-
200, compound 3, m/z 201.1386) or phenethyl-
amine (indolimine-248, compound 4, m/z
249.1386) (Fig. 3G, fig. S8C, and fig. S9). These
additional indolimines were also detected
within in vitro M. morganii bacterial cultures,
but not clbP- E. coli NC101 cultures, as con-
firmed by synthetic standards (fig. S8D). Finally,
synthetic indolimine-200 (3) and indolimine-
248 (4) also triggered increased y-H2AX in
HelLa cells in a dose-dependent manner (Fig.
3H). Taken together, these data show that
M. morganii produces a family of genotoxic
indolimines both in vitro and in vivo.

A previously uncharacterized bacterial
decarboxylase is necessary for
indolimine synthesis

All M. morganii-derived indolimines contain
a functional imine group, which is likely de-
rived from the spontaneous condensation of a
primary amine (isoamylamine, isobutylamine,
and phenethylamine) and the aldehyde of
indole-3-aldehyde (IAld) (Fig. 4A). Primary
amines are microbial metabolites that can
be synthesized from amino acids through a
one-step reaction mediated by bacterial de-
carboxylases (39). Based on whole-genome
sequencing, M. morganii NWP135 encoded
18 predicted decarboxylases, including three de-
carboxylases (Pegl1085, Peg1320, and Peg3098)
that were partially homologous to a previ-
ously characterized valine decarboxylase from
Streptomyces viridifaciens (39) (Fig. 4B and
table S5). We transformed codon-optimized
DNA sequences of these three candidate de-
carboxylases into E. coli, induced protein ex-
pression with IPTG, and fed each culture with
IAld and the relevant amino acid precursors
(leucine, valine, or phenylalanine). Peg1085—
annotated as pyridoxal-dependent decarbox-
ylase or aspartate aminotransferase (AAT)
superfamily (fold type I) in NCBI (Fig. 4B and
table S5)—expression in E. coli enabled robust
production of indolimine-214 (1), indolimine-
200 (3), and indolimine-248 (4) based on
QTOF-MS identification (Fig. 4C). Therefore,
the aat gene encoding AAT I (Pegl085) enables
indolimine synthesis.

To evaluate whether the aat gene is neces-
sary for indolimine synthesis in M. morganiz,
we constructed a random mutagenesis li-
brary of M. morganii NWP135 using EZ-Tn5
transposomes and isolated an isogenic aat
mutant (40) (Fig. 5A). Briefly, after optimizing
transposome electrotransformation, we picked
~16,000 colonies and mapped the transposon
insertion sites by combining combinatorial
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Fig. 3. Isolation and identification of a family of genotoxic metabolites synthetic compounds at indicated concentrations for 5 hours (n =2, N = 3). ns.,
derived from M. morganii. (A) Overview of isolation and identification of not significant; *P < 0.05; **P < 0.01; ****P < 0.0001, two-way ANOVA.
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pooling and transposon sequencing (Tn- | 7base pairs (bp) after the aat start codon (aat—; | aat— M. morganii also failed to induce DNA
Seq) using custom primers adapted from | Fig. 5B and fig. S10B). As compared with WT | damage in a cell-free linearized plasmid DNA
Knockout Sudoku (fig. S10A and table S6) | (aat+) M. morganii, aat— M. morganii failed | electrophoresis assay (Fig. 5E) or cell-based
(41,42). We identified one mutant strain (@at— | to produce indolimines (Fig. 5C) despite ex- | y-H2AX assay (Fig. 5F) as compared with aat+
M. morganit) with a transposon insertion | hibiting normal growth dynamics (Fig. 5D). | M. morganii. Therefore, the aat gene is essential
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for indolimine synthesis and M. morganii-
induced genotoxicity.

Indolimine-producing M. morganii induces
increased gut permeability and exacerbates
colon tumor burden in gnotobiotic mice

To evaluate the impacts of M. morganii-
derived indolimines in vivo, we first compared
the effects of aat+ and aat— M. morganii strains
on the intestinal epithelium using monocolo-
nized mice. We found that mice colonized with
aat+ M. morganii and fed IAld and leucine
(precursors of indolimine-214) exhibited sig-
nificantly increased intestinal permeability as
compared with aat— M. morganii—colonized
mice (Fig. 6A). Furthermore, RNA-seq of colonic
intestinal epithelial cells and gene ontology
analyses of differentially expressed genes re-
vealed an increased expression of genes involved
in cell cycle regulation, chromosome segrega-
tion, and DNA biosynthesis in mice colonized
with aat+ M. morganii (Fig. 6B, fig. S10, C
and D, and table S7). Together, these data sug-
gest that the indolimines may cause abnormal
DNA replication and IEC proliferation in vivo.

Cao et al., Science 378, eabm3233 (2022)

We next evaluated whether indolimine-
producing aat+ and non-indolimine-producing
aat— M. morganii strains induced differential
inflammatory responses, with WT colibactin-
producing cIbP+ and non-colibactin-producing
clbP- E. coli NC101 strains (38) as controls (fig.
S11A). We found that all groups of monocolo-
nized mice exhibited similar levels of bacterial
colonization and roughly equivalent inflam-
matory responses after treatment with dextran
sulfate sodium (DSS) (fig. S11, B to F), indicating
that genotoxin production did not significantly
alter bacterial colonization or gross inflamma-
tory phenotypes in a model of acute colitis.

To test the potential effects of indolimine
production on colon tumorigenesis, we colon-
ized gnotobiotic mice with aat+ M. morganii
or aat— M. morganii in the context of a mock
community of human gut microbes, followed
by treatment with azoxymethane (AOM) and
three cycles of DSS (Fig. 6C). We selected seven
nongenotoxic human gut isolates based on
our prior in vitro cell-free genotoxicity screen-
ing (Fig. 1 and fig. S11G) to construct a mock
community (Geno- community) and used WT

28 October 2022

colibactin-producing clbP+ or its isogenic mu-
tant non-colibactin-producing clbP- E. coli
NC101 strains (38) as genotoxin-producing or
non-genotoxin-producing positive and nega-
tive controls (Fig. 6C). As expected, coloniza-
tion with clbP+ E. coli NC101 induced increased
colorectal tumor burden as compared with
clbP- E. coli NC101; similarly, mice colonized
with indolimine-producing aat+ M. morganii
also exhibited an increased number of tumors
and tumor scores (indicating overall tumor
burden) as compared with mice colonized with
non-indolimine-producing aat— M. morganii
(Fig. 6D and fig. S11H). Moreover, mice colonized
with aat+ M. morganii exhibited an increased
ratio of adenomatous lesions with high-grade
dysplasia (Fig. 6E). Nonetheless, mice colonized
with aat+ or aat— M. morganii exhibited similar
levels of M. morganii colonization (fig. S11I) and
intestinal inflammation, as measured by colon
length (fig. S11J), levels of fecal lipocalin 2 (fig.
S11K) and histopathology (fig. S11L). These data
suggest that genotoxic indolimine-producing
aat+ M. morganii exacerbates colon tumorigen-
esis in this model, but does not elicit substantial
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increases in intestinal inflammation as com-
pared with a nongenotoxic control.

Finally, we mined the Cancer Microbiome
database (43) and found that Morganella
exhibited increased prevalence or abundance
in primary gastrointestinal (GI) tumors, in-
cluding colon adenocarcinomas (TCGA-COAD),
rectum adenocarcinomas (TCGA-READ), and
stomach adenocarcinomas (TCGA-STAD), as
compared with multiple non-GI tumors (fig.
S12A). Morganella was also enriched in tumors
from TCGA-READ and TCGA-STAD as com-
pared with adjacent solid normal tissues (fig.
S12B), consistent with a recent report that
Morganella is enriched in cancerous tissues as
compared with luminal contents (44). Notably,
we also found that aat was conserved across
nearly all M. morganii strains with full genome
sequences in the NCBI database (51 of 52 ge-
nomes; fig. S12C), suggesting that indolimine

Cao et al., Science 378, eabm3233 (2022)

production may be a conserved feature of
M. morganii. Overall, our data—in combina-
tion with prior reports—suggest that genotoxic
indolimines from M. morganii may serve as
tumor-inducing factors in humans.

Discussion

Aside from a small number of case studies
(26, 45), the taxonomic distribution and rep-
ertoire of small-molecule genotoxins produced
by microbiota remain mostly unexplored. We
undertook a systematic evaluation of the geno-
toxicity of a diverse selection of human gut
microbes based on prior evidence that colibactin-
producing E. coli induces DNA damage and fa-
cilitates intestinal tumorigenesis (14). Through
our investigation, we (i) found that diverse
taxa from the human gut microbiota exhibited
genotoxicity; (ii) identified and characterized a
previously undescribed family of genotoxic

28 October 2022

M. morganii-derived small molecules termed
the indolimines; (iii) decoded the indolimine
production pathway in M. morganii and gen-
erated an isogenic non-indolimine-producing
M. morganii mutant; and (iv) found that
indolimine-producing M. morganii exacer-
bated colon tumorigenesis in gnotobiotic mice.

By revealing the existence of a previously un-
charted universe of microbiota-derived genotox-
ins and defining the indolimines as a previously
undescribed family of bioactive microbiota-
derived small molecules, these studies imply
an expanded role for genotoxic metabolites
in CRC. We focused most of our studies on
M. morganii as it is enriched in both CRC
(29, 30, 43, 44;) and IBD patients, the latter of
which are at increased risk of CRC diagnosis
(21, 22). However, additional genotoxic species
identified in our initial screens may also con-
tribute to CRC. Indeed, genotoxic C. perfiingens
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of intestinal permeability of mice colonized with aat+ or aat- M. morganii
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and C. ramosum strains also promoted colorectal
tumor burden in gnotobiotic mice as compared
with a nongenotoxic mock community (fig. S12,
D to G), but did not produce indolimines (fig.
S12H), suggesting that additional microbiota-
derived genotoxins remain to be characterized.

Notably, somatic mutations can be detected
in human colonic epithelial cells even in early
life, which suggests persistent mutagenesis
throughout the lifespan of an individual (46, 47),
and colitis-related expansions of mutated clones
may influence both IBD pathogenesis and CRC
susceptibility (#8). Furthermore, although CRC
patients display increased carriage of clb+ E. coli,
clb+ taxa (including E. coli relatives such as
Kilebsiella species) are also found in healthy in-
dividuals (49). Recent studies also revealed that

Cao et al., Science 378, eabm3233 (2022)

o o o o

increased epithelial oxygenation during colitis
could drive clb+ E. coli expansion through aer-
obic respiration, increasing colibactin-mediated
CRC-inducing activity (50). These observations
support a model whereby genotoxic gut mi-
crobes contribute to CRC development by
persistently inducing DNA damage in host
epithelial cells, which synergizes with chronic
inflammation in the gut microenvironment,
along with additional environmental factors,
and eventually facilitates the initiation and
progression of CRC.

Microbiota-derived genotoxins may also af-
fect diverse aspects of host biology beyond tu-
mor initiation. Recent studies revealed that
colibactin also influences gut microbiome com-
position (51), exacerbates lymphopenia and
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(n = 4), clbP- E. coli NC101 (n = 4), aat+ M. morganii (n = 6) or aat-

M. morganii (n = 6) with nongenotoxic mock community (Geno-, constructed
with 7 nongenotoxic isolates) (N = 2). (D and E) Tumor number and tumor
score (D), representative tumor histology images (scale bar = 200 um)

and tumor grade evaluation [(E) tumor number and tumor area per section
of tissues], in gnotobiotic mice colonized with clbP+ E. coli NC101, clbP- E. coli
NC101, aat+ M. morganii or aat- M. morganii with Geno- community. n.s.,

not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, one-way
ANOVA. Data are means + SEM.

septicemia (52), triggers prophage induction
through the bacterial SOS response (53), and
restricts Vibrio cholerae colonization (54). Thus,
commensal-derived genotoxins, including the
indolimines, may also mediate diverse biolog-
ical functions. Overall, our studies underscore
the power of function-based assessments of the
microbiome to provide new insights into the
diverse impacts of indigenous microbes on
host biology and disease susceptibility.
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Spermidine activates mitochondrial trifunctional
protein and improves antitumor immunity in mice
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So Iwata, Toshihiko Ogura, Sidonia Fagarasan*, Tasuku Honjo*

INTRODUCTION: In mammals, the power of the
immune system decreases with age. This is
because of multiple factors, including a de-
crease in the output and diversity of the anti-
genic repertoire of T cells caused by thymus
involution; changes in the cellular metabolism
caused by inflammation; and defective prolif-
erative, differentiation, or survival capacities
of the immune cells. Aged individuals fre-
quently suffer from severe infections and
cancers, and often the therapies applied, in-
cluding programmed cell death protein 1 (PD-1)
blockade in cancer immunotherapy, are in-
effective when compared with results in young
patients. A biogenic polyamine, spermidine
(SPD), decreases with age, and SPD supplemen-
tation was shown to improve or delay several
age-related pathologies, including those of the
immune system. Among the proposed mech-
anisms responsible for rejuvenation of the

SPD supplementation

immune system by SPD were enhanced au-
tophagy, translational activity, and mitochon-
drial metabolism. SPD supplementation has
previously been shown to enhance the anti-
tumor immunity in animal models. However,
it remains largely unknown how SPD defi-
ciency relates to the T cell immune suppres-
sion induced by aging.

RATIONALE: Because CD8" T cells are key play-
ers in tumor immunity, we investigated how
aging would affect the metabolic and func-
tional characteristics of CD8" T cells. We asked
whether SPD insufficiency could be a factor
contributing to nonresponsiveness to PD-1
antibody therapy in aged mice. We sought to
characterize the CD8" T cell population changes
induced by SPD supplementation in aged mice
and to identify the molecular mechanisms for
the SPD action.

SPD concentration
FAO activity

ATP production
Tcell function

SPD concentration
FAO activity

ATP production
Tcell function

} Stronger antitumor
immunity

Fatty acid
(FA)

SPD binds to MTP and activates FAO in T cells. SPD directly activates MTP, which plays a central role in
FAO. SPD concentration is decreased in aged T cells, leading to low FAQO activity and ATP production
compared with those in young T cells. SPD supplementation activates FAO in aged and young T cells, which
enhances the efficacy of PD-1 blockade cancer immunotherapy. CoA, coenzyme A; TCA, tricarboxylic acid;
ETC, electron transport chain. [Figure created by Biorender]
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RESULTS: We found that the total and free
intracellular concentrations of SPD in CD8™
T cells from aged mice were about half as much
as the concentrations found in young mice.
Bioenergetically, aged CD8™ T cells showed im-
paired mitochondrial activity with lower oxygen
consumption rate, adenosine 5’-triphosphate
(ATP) production, and fatty acid oxidation (FAO)
activity compared with young CD8* T cells.
We show that SPD supplementation en-
hanced the antitumor activity of PD-1blockade
immunotherapy in aged mice. SPD supple-
mentation proved to also be effective in young
mice with tumors unresponsive to single anti-
programmed death-ligand 1 (PD-L1) antibody
therapy. SPD and anti-PD-L1 antibody combi-
nation treatment enhanced the proliferation,
cytokine production, and mitochondrial ATP
production of CD8" T cells in vivo. In vitro, SPD
effectively enhanced mitochondrial functions
and metabolized palmitate into tricarboxylic
acid cycle components within 1 hour, which sug-
gests the possibility of direct SPD binding to
mitochondria-related proteins. Biochemical
analysis identified SPD binding to mitochondrial
trifunctional protein (MTP), which is the central
enzyme of fatty acid B-oxidation. MTP is com-
posed of o and B subunits, both of which bind
SPD. Several assays using the MTP synthesized
and purified from Escherichia coli revealed that
SPD bound with strong affinity [binding affinity
(dissociation constant, K4) = 0.1 uM] and alloste-
rically enhanced their enzymatic FAO activities.
Furthermore, we found that spermine, another
polyamine derived from SPD with important
cellular protective functions, also directly binds
to MTP and competitively inhibits FAO activity
of SPD, which suggests the importance of SPD
and spermine balance for FAO evaluation in
aged cells. T cell-specific deletion of the MTP o
subunit abolished enhancement of PD-1blockade
immunotherapy by SPD, indicating that MTP is
required for SPD-dependent T cell activation.

CONCLUSION: SPD enhances FAO by directly
binding and activating the MTP. SPD supple-
mentation enhances the FAO activity and
boosts the mitochondrial activities and cyto-
toxic functions of CD8" T cells. We provide
new insights into the properties of SPD that
may facilitate the development of strategies to
prevent and improve outcomes of age-related
immune pathologies and combat unrespon-
siveness to PD-1blockade therapy in cancers,
regardless of age.
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Spermidine (SPD) delays age-related pathologies in various organisms. SPD supplementation overcame
the impaired immunotherapy against tumors in aged mice by increasing mitochondrial function and
activating CD8" T cells. Treatment of naive CD8" T cells with SPD acutely enhanced fatty acid oxidation.
SPD conjugated to beads bound to the mitochondrial trifunctional protein (MTP). In the MTP complex,
synthesized and purified from Escherichia coli, SPD bound to the o and g subunits of MTP with strong
affinity and allosterically enhanced their enzymatic activities. T cell-specific deletion of the MTP «
subunit abolished enhancement of programmed cell death protein 1 (PD-1) blockade immunotherapy by
SPD, indicating that MTP is required for SPD-dependent T cell activation.

ged animals undergo changes in meta-

bolic pathways related to sugars, fatty

acids, amino acids, and mitochondrial

functions including redox homeostasis

(I-3). For example, increased amounts
of free fatty acids, decreased long-chain acyl-
carnitines, and decreased abundance of various
amino acids such as proline and tyrosine occur
in the plasma of aged mice (7). Abundance of
spermidine (SPD), a natural polyamine, de-
creases with aging, and dietary supplemen-
tation of SPD not only prolongs the life span
of diverse organisms, such as yeast, worms,
flies, mice, and humans, but also improves age-
related dysfunction of cardiac, nervous, hepatic,
and immune systems (4). In mice, SPD admin-
istration induces metabolic changes in various
tissues, including muscle and the liver, that
resemble changes induced by fasting or the
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administration of caloric restriction mimetics,
such as metformin (4). SPD induces autophagy
in multiple cells and tissues (4, 5). In the im-
mune systems of aged mice, antitumor im-
munity is defective because of the impaired
activation and differentiation of effector and
memory (CD44™#" CD62L'°Y) T cells (6). SPD
improves the generation and function of mem-
ory T lymphocytes, similarly to other autophagy
inducers such as rapamycin or metformin (7, 8).
Because the generation and maintenance of
memory T cells depend on fatty acid oxidation
(FAO), we wondered whether SPD might also
regulate FAO (9, 10).

Biochemical mechanisms have been pro-
posed by which SPD restores age-induced
damage. SPD inhibits protein acetylation by
direct inhibition of protein acetyl transferases,
such as EP300, and may affect autophagy by
epigenetic regulation (11). SPD is a substrate
for the hypusination reaction of eukaryotic
elongation factor 5A (elF5A), which is critical
to cell proliferation because it activates protein
synthesis and mitochondrial function (72, 13).
Epigenetic changes caused by SPD are also
attributed to the SPD-hypusine axis (14). How-
ever, several SPD analogs that cannot provide
the hypusine moiety also rescue acute growth
arrest caused by SPD depletion, which sug-
gests that there may be other mechanisms of
SPD function (15).

SPD restores the efficacy of programmed cell
death protein 1 (PD-1) blockade therapy in
aged mice through the activation of effector
and mitochondrial function in CD8" T cells

We confirmed that serum concentrations of
SPD—but not those of other polyamines—
were significantly decreased in aged mice

28 October 2022

(>12 months) (Fig. 1A) (4, 5). Furthermore,
intracellular total and free SPD concentra-
tions in naive CD8" T cells from old mice were
about half as much as the concentrations
found in young mice (Fig. 1B). We therefore
wondered whether SPD insufficiency could
be a factor contributing to nonresponsiveness
to programmed death-ligand 1 (PD-L1) mono-
clonal antibody (mAb) therapy in aged mice
(6). SPD supplementation significantly im-
proved the antitumor effect of PD-L1 mAb
treatment and prolonged the survival of aged
mice (Fig. 1C). SPD alone had no antitumor
effect (Fig. 1C). Flow cytometric analysis re-
vealed that the frequency and numbers of CD8*
T cells in tumor-infiltrating lymphocytes (TILs)
were significantly increased in aged mice that
received the combination therapy with PD-L1
mADb and SPD (Fig. 1, D and E). SPD combi-
nation therapy increased the abundance of
PD-1" Tim3~ nonexhausted effector CD8"
T cells and increased the expression of cyto-
toxicity marker granzyme B (Fig. 1, F and G).

SPD supplementation also enhanced anti-
tumor activity and prolonged survival in young
mice, in which PD-L1 mAbD treatment was par-
tially effective and SPD alone was ineffective
(fig. S1A). As in old mice, SPD combination
therapy increased frequencies and numbers
of CD8" T cells exhibiting a nonexhausted
PD-1" Tim3™ phenotype and producing more
granzyme B (fig. S1, B to E). Treatment of young
mice with SPD alone reportedly increased the
abundance of regulatory T cells (T,egs) and
inhibitory arginase-1 (Argl") M2 macrophages
(16, 17). However, the abundance of Foxp3*
regulatory cells and myeloid cells, including
Argl” macrophages (M2) or major histocom-
patibility complex (MHC) II* macrophage (M1),
was not significantly changed by SPD treat-
ment in our mice (fig. S1, F and G). This dis-
crepancy might be related to the SPD amounts
used, which were 15- to 25-fold higher than
those that we used (30 mM in drinking water
and 50 mg/kg for effects on T,ees and M2 mac-
rophages, respectively, versus 200 pl of 1.4 mM
intraperitoneal injection = 2 mg/kg in our case).
The abundance of other cells with potential
antitumor activity, such as natural Killer (NK)
cells, was not changed by the SPD treatment
(fig. S1H). In other tumor models, SPD also
enhanced the antitumor activity of PD-L1 mAb
against unresponsive tumor cells, such as co-
lorectal carcinoma (CT26) in BALB/c mice and
Lewis lung carcinoma (LLC) in C57BL/6 mice
(fig. S1I).

PD-1 blockade increases the number of acti-
vated effector T cells but reduces their lon-
gevity and promotes exhaustion through the
glycolysis pathway (18-20). To know the effect
of SPD on T cell differentiation in vivo, we
assessed changes in subpopulations of CD8*
T cells in draining lymph nodes (DLNs). SPD
in combination with PD-1 blockade increased
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Fig. 1. SPD combi-
nation improves
antitumor activity

of PD-1 blockade
therapy and enhances
mitochondrial function
of CD8* T cells.

(A) Quantification of 0 0
polyamines in sera Putrescine Spermidine
from young (1 to

3 months, n = 31 mice)
and aged (>1 year,

n = 30) mice using
mass spectrometry.

(B) Total and free SPD
levels in naive CD8*

T cells from young

[n = 12 mice (total SPD)
or 10 mice (free SPD)]
and aged (n = 8) mice.
(C) MC38 tumor-
bearing aged mice

were intraperitonially
treated with PD-L1 mAb
and/or SPD (2 mg/kg)
every 5 days from

day 10. Tumor growth
and survival curve

of mice are shown

from pooled mice

[n = 3 mice (SPD alone
group) or 5 mice

(the other groups)]
(log-rank for survival
curve). (D to G) Tumor-
infiltrating CD8"*

T cells were gated

and analyzed on

day 13 after MC38
inoculation. CTRL,
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(I and J) Thymidine incorporation (n = 5 technical replicates) (1)

and IFN-y production (n = 6 technical replicates) (J) of total DLN CD8*
T cells pooled from five mice, after restimulation with anti-CD3 and
anti-CD28 coated beads. CPM, counts per minute. (K) Real-time OCR
(left) and ECAR (right) of total DLN CD8" T cells pooled from five mice
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per group, as assessed by Seahorse assay (n = 3 technical replicates).
R/A, rotenone + antimycin A. (L and M) ATP production rate (L) and

SRC (M) from data in (K), calculated as indicated in fig. S2, A and B.

Data are the means + SEMs [(C) and (K)] or + SEMs [(A), (B), (E) to (J),
(L), and (M)]. P values were determined using unpaired two-tailed
Student’s t tests [(A) and (B)], two-way ANOVA [(C) on day 22], or
one-way ANOVA [(E) to (J), (L), and (M)] with selected column comparison
between PD-L1 mAb and SPD combination group. *P < 0.05; **P < 0.01;
***P < 0.001; n.s, not significant. All data are representative of three

or more experiments.
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the numbers of effector and memory (P3) CD8*
T cells, whereas single treatment with PD-L1
mAD or SPD marginally increased the P3 CD8"
T cells in the DLNs of aged mice (Fig. 1H). CD8*
T cells isolated from the DLNs of tumor-bearing
aged mice treated with the PD-L1 mAb and
SPD combination showed higher proliferation
capacity and augmented interferon-y (IFN-y)
production compared with those treated with
a single therapy or with control mice (Fig. 1, I
and J). Because mitochondrial activity of T cells
is associated with antitumor activity (19, 21), we
used the Seahorse assay system to assess the
bioenergetics in the CD8" T cells in DLNSs from
tumor-bearing mice treated with or without
SPD combination. We measured oxygen con-
sumption rate (OCR) and extracellular acid-
ification rate (ECAR)—which reflect oxidative
phosphorylation (OXPHOS) and glycolysis,
respectively—at the basal state and after se-
quential addition of oligomycin [blocking
OXPHOS-dependent adenosine 5-triphosphate
(ATP) synthesis], carbonyl cyanide-4 (trifluor-
omethoxy) phenylhydrazone (FCCP) (uncoupling
the ATP synthesis from the electron transport
chain), and rotenone plus antimycin A (block-
ing electron transport complexes I and III,
respectively) (Fig. 1K) (22). Mitochondria- and
glycolysis-derived ATP production were calcu-
lated on the basis of the change in OCR and
ECAR, respectively, caused by oligomycin in-
jection (fig. S2, A and B). Compared with the
CD8" T cells from mice receiving a single or
no therapy, the CD8" T cells from the DLNs of
aged mice receiving SPD combination therapy
exhibited enhanced OXPHOS and mitochon-
drial ATP production (Fig. 1, K and L). SPD
combination treatment also enhanced the
spare respiratory capacity (SRC), which is rep-
resented by the OCR uncoupled from ATP
production and reflects the mitochondrial
metabolic potential linked to longevity and
memory formation of T cells (fig. S2A and
Fig. 1IM) (23, 24). Similar phenotypes and bio-
energetic profiles were obtained with CD8*
T cells isolated from the DLNs of MC38 tumor-
bearing young mice (fig. S3, A to F). Further
evidence of mitochondrial activation in vivo
was obtained by proteomics analysis of sorted
CD8" T cells from the DLNs of young mice,
which showed a significant increase in abun-
dance of many proteins by SPD combination
treatment compared with treatment with PD-
L1 mADb alone (fig. S3G). Among the 95 proteins
that increased in abundance, 35 were related to
OXPHOS, including the glycolysis-derived re-
duced form of nicotinamide adenine dinucleo-
tide (NADH) dehydrogenase [ubiquinone] 1 o
subunits (a component of complex-1), some
cytochromes, and adenosine triphosphatases
(ATPases) (fig. S3, H to J). These data indicate
that SPD enhances the effectiveness of PD-1
blockade immunotherapy by preventing ex-
haustion and boosting the effector functions
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of CD8" T cells through the activation of mito-
chondrial metabolism.

SPD enhances mitochondrial FAO activity in
CD8* T cells in 1 hour

Because SPD administration increased the
SRC of CD8" T cells in vivo, which is associated
with FAO activity (10, 23, 24), we next inves-
tigated the effect of SPD on FAO in vitro by
using etomoxir, a specific inhibitor of carnitine
palmitoyltransferase 1a (CPT1a) (25). To exam-
ine the effects of SPD on FAO activity, we mea-
sured bioenergetic states of naive CD8" T cells
from old mice after in vitro stimulation with
anti-CD3 and -CD28 mAb-coated beads in the
presence or absence of SPD and etomoxir.
After 44 hours, SPD treatment increased ATP
production and SRC by enhancing the mito-
chondrial and glycolytic activities (Fig. 2, A
and B). SPD appeared to enhance OCR through
FAO in stimulated CD8" T cells because SPD
effects were inhibited by etomoxir (Fig. 2, A
and B). FAO-dependent OCR coupled with ATP
production (calculated as presented in fig. S2C)
was increased by SPD (Fig. 2C). Mitochondrial
bioenergetics, such as OCR, ATP production,
and SRC, declined in aged CD8™ T cells com-
pared with CD8" T cells isolated from young
mice (Fig. 2, D to F). In the absence of exog-
enous SPD, FAO activity in aged CD8" T cells
was significantly decreased compared with
that in young CD8" T cells, consistent with
decreased SPD abundance in aged CD8" T cells
(Fig. 2G and Fig. 1B). The addition of SPD re-
stored proliferation in aged CD8" T cells (Fig.
2H). Because SPD combination treatment was
effective not only in old but also in young mice
(Fig. 1C and fig. S1A), we investigated whether
SPD could boost the bioenergetics of CD8*
T cells sorted from young mice. The addition of
exogeneous SPD to CD8* T cell cultures from
young mice also boosted the ATP production
and FAO activity to a degree comparable to
those changes observed in cultures with CD8*
T cells isolated from old mice (fig. S4, A to C).

We examined the possibility that SPD di-
rectly stimulates FAO in mitochondria, which
increases the SRC required for T cells’ lon-
gevity and memory formation (10, 24). Naive
CD8" T cells sorted from old mice and stimu-
lated for only 1 hour with anti-CD3 and -CD28
mAb-coated beads in the presence of SPD
showed enhanced mitochondrial and glyco-
Iytic activities and increased ATP production
as well as SRC (Fig. 2, I to L). Similar results
were obtained with naive CD8" T cells iso-
lated from young mice 1 hour after stimulation
(fig. S4, D to G).

We further confirmed the immediate effect
of SPD on FAO by several approaches using
naive CD8" T cells isolated from young mice.
In the real-time Seahorse system in which SPD
was injected in situ, SPD quickly increased the
OCR of CD8" T cells stimulated with immobi-
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lized anti-CD3 and -CD28 mAb, and etomoxir
cancelled enhancement of OCR (fig. S4H).
SPD enhancement of OCR was observed in the
media containing palmitate without glucose
(fig. S41). We further examined whether SPD
directly facilitates FAO by analyzing the gen-
eration of energy metabolism-related com-
pounds from *?C-labeled palmitate in sorted
naive CD8" T cells, activated in vitro in the
presence or absence of SPD. Just 1 hour after
SPD stimulation, the incorporation of *3C in
tricarboxylic acid (TCA) cycle-associated me-
tabolites, such as citrate, malate, isocitrate, and
fumarate, was significantly enhanced by SPD
(fig. S4, J and K). Although SPD exerted sim-
ilar effects on effector and memory CD44™"
CDS8" T cell populations at 44: hours, they were
not as sizeable after 1 hour of stimulation (fig.
S5, A and B). This suggests that the mecha-
nism we describe is more prominent in naive
CDS8" T cells.

SPD directly binds a central enzyme of FAO,
mitochondrial trifunctional protein (MTP)

SPD enhances mitochondrial respiration
through hypusination of translation factor
eIF5A (13, 26). Therefore, we tested whether
a similar mechanism functions in boosting
mitochondrial metabolism in CD8" T cells.
GC7, a hypusination inhibitor that acts by
blocking the deoxyhypusine synthase, the rate-
limiting enzyme for eIF5A hypusination, did
not inhibit acute (1 hour) mitochondrial acti-
vation of CD8" T cells by SPD (fig. S6A). In the
later phase (44 hours), however, GC7 signifi-
cantly decreased mitochondrial ATP produc-
tion, as it dampened OXPHOS but not glycolytic
activity (fig. S6B). Although SPD enhances au-
tophagy and mitophagy activity, we did not
observe changes in mitochondrial morphology
or accumulation of autophagy-related proteins
in 1 hour after stimulation (fig. S6, C and D).
Thus, the synthesis of mitochondrial proteins
and autophagic activity might be later effects
of mitochondrial metabolism. Acute enhance-
ment of mitochondrial respiration by SPD
appears to be dependent on its direct activa-
tion of FAO.

To explore whether SPD directly activates
FAO in mitochondria, we examined whether
SPD bound to any mitochondrial components.
We used nanomagnetic particles coated with
SPD [SPD-coated ferrite-glycidyl methacrylate
(FG) beads] to isolate SPD-binding proteins
from the cell lysates of HeLa and eluted bound
proteins in a high-salt buffer containing 2 or
4 mM SPD (Fig. 3A). We then separated the
eluted proteins by electrophoresis and sub-
jected the SPD-eluted bands A, B, and C to mass
spectrometry (MS) (Fig. 3A). Among the pro-
teins constantly detected in all three bands,
we identified hydroxyl coenzyme A (CoA) de-
hydrogenase subunits o and B (HADHA and
HADHB, respectively) that make up the MTP
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Fig. 2. SPD enhances mitochondrial respiration in a FAO-dependent manner.
(A to €) Naive CD8" T cells from aged mice were stimulated for 44 hours with
anti-CD3 and anti-CD28 coated beads in the presence or absence of SPD. Etomoxir
was added 1 hour before the assay. ATP production (A), SRC (B), and FAO-
dependent OCR (C) were calculated as indicated in fig. S2, A to C (n = 4 technical
replicates pooled from 12 mice). (D to G) Mitochondrial bioenergetics in naive
CD8" T cells isolated from young (white circle or bars) and aged mice (black circle
or bars) (n = 4 to 5 technical replicates pooled from 4 young and 18 old mice).
Real-time OCR (D), ATP production rate (E), SRC (F), and FAO-dependent coupled
OCR (G) are shown. (H) Proliferation of naive CD8" T cells from young and

aged mice after 20 hours stimulation with anti-CD3 and anti-CD28 coated beads
with and without SPD (n = 4 to 5 technical replicates). (I to L) Naive CD8" T cells
from aged mice were stimulated for 1 hour with anti-CD3 and anti-CD28 coated
beads in the presence or absence of SPD (0.2 uM). OCR (I) and ECAR (J),

ATP production rate (K), and SRC (L) are shown (n = 5 to 6 technical replicates).
Data are the means + SEMs [(D), (1), and (J)] or + SEMs [(A) to (C), (E) to (H), (K),
and (L)]. P values were determined using unpaired two-tailed Student's t tests
[(C), (E), (F), (G), (K), and (L)] or one-way ANOVA [(A), (B), and (H)]. *P < 0.05;
**P < 0.0L; ***P < 0.001; ****P < 0.0001; n.s, not significant. All data are
representative of at least three independent experiments.

complex, responsible for p-oxidation of long-
chain fatty acids (27, 28). Western blotting
experiments confirmed that the binding of
HADHA and HADHB to SPD-coated FG beads
was competitively decreased by the addition of
2 mM SPD to the mixing buffer (Fig. 3B). Sim-
ilar binding of SPD to HADHA and HADHB
was observed in mitochondrial lysates from
Jurkat T cells (fig. S7A). We further confirmed
the binding of SPD to HADHA and/or HADHB
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in situ by Duolink proximity ligation assay
(PLA), in which the direct interactions between
HADHA or HADHB proteins and SPD molecules
were specifically detected as fluorescent spots
by the interaction of two separate mAbs each
to SPD or HADHA and HADHB (Fig. 3, Cto E).

We expressed human HADHA and HADHB
proteins in E. coli and purified the complex to
homogeneity (Fig. 3, F and G). The purified
protein complex with a single peak of 256 kDa

28 October 2022

in a gel filtration profile contained o and B sub-
units in an equal molar ratio, in agreement with
the known HADHA,HADHB, form (Fig. 3, H
and I) (27, 28). We confirmed that the antibody
to SPD used in Duolink PLA recognized SPD
bound to the purified HADHA,HADHB, com-
plex (fig. S7B). To test whether SPD binds to
HADHA and HADHB independently, we also
synthesized HADHA and HADHB separately
in E. coli. Both HADHA and HADHB bound to
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Fig. 3. SPD binds to HADHA and HADHB subunits of MTP. (A) Gel
electrophoresis of Hela cell lysate proteins captured by SPD-conjugated beads.
Bands A, B, and C were eluted and subjected to mass spectrometry. The

most abundant proteins in bands A, B, and C were listed on the left. (B) High
concentration of SPD (2 mM) addition to Hel a cell lysate considerably decreased
HADHA and HADHB proteins captured by SPD-conjugated beads. Bead-captured
proteins were detected by HADHA- and HADHB-specific antibodies. (C) lllustrative
figure of the principle of Duolink-PLA assay. (D) Molecular interaction between
SPD and mitochondrial HADHA-HADHB (MTP) complex by in situ Duolink-PLA assay.
Anti-SPD and anti-HADH antibodies were used for the assays. DIC, differential
interference contrast; DAPI, 4',6-diamidino-2-phenylindole. (E) The number and
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intensity of Duolink fluorescent dots (n = 19 to 25 cells). (F) Flow of human MTP
purification steps. (G) Representative SDS-PAGE gel showing the purity of each step
shown in (F). (H) Typical profile in gel filtration chromatography of the purified
human MTP on a Superdex 200 Increase 10/300 GL column. mAU, milli-absorbance
units (at the wavelength of 280 nm). (I) Calibration curve for the determination of the
MTP molecular weight by gel filtration chromatography. (J) Separately produced
HADHA and HADHB from E. coli were collected by SPD-conjugated beads. High dose
of SPD addition to E. coli lysate decreased considerably, the HADHA or HADHB
trapped by SPD-beads. Data are the means + SEMs (E). P values were determined
using one-way ANOVA (E). **P < 0.01; ****P < 0.0001. Data are representative

of two to three independent experiments.
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SPD beads, which was inhibited by the addi-
tion of free SPD (Fig. 3J).

SPD augments the PD-1 blockade efficacy by
direct up-regulation of FAO enzymatic
activity in T cells

During B-oxidation of long-chain fatty acids,
the MTP complex catalyzes three out of four
B-oxidation reactions—i.e., 2,3-enoyl-CoA hy-
drolase and 3-hydroxyl-CoA dehydrogenase
(HAD) activities by HADHA and 3-ketothiolase
(KT) activity by HADHB (Fig. 4A) (27-29). We
thus examined the effect of SPD on the enzy-
matic Kinetics of the purified HADHA,HADHB,
complex. SPD enhanced the HAD activity cata-
lyzed by the HADHA subunit with a Michaelis
constant (K,,,) value of ~0.4 uM (Fig. 4B). SPD
reduced the K, value of NADH to the HAD
enzyme and increased the maximum velocity
of the enzymatic reaction (V},,y). Thus, SPD
may enhance the catalytic activity of HAD
by allosteric binding to the HADHA subunit
(Fig. 4C). SPD also activated the KT activity
catalyzed by the HADHB subunit with a K,
value of ~0.7 uM (Fig. 4D). SPD also reduced
the K, value of acetoacetyl-CoA to the KT
enzyme and appeared to shift the saturation
curve of this substrate from the sigmoidal
toward normal Kinetics with apparently little
change in V},,,, supporting the allosteric effect
of SPD on the MTP complex (Fig. 4E). We con-
clude that SPD interacts with both HADHA
and HADHB subunits and allosterically acti-
vates their enzymatic activities.

To demonstrate physiochemical binding
of SPD to the MTP complex in vitro, we used
biolayer interferometry (BLI) (Octet). For this
purpose, we expressed HADHA and HADHB
separately in E. coli. We could purify HADHA,
to homogeneity but failed to purify HADHB, as
it showed heterogeneous peaks in a gel elution
profile, suggestive of its hydrophobic proper-
ties (fig. S8). The biosensor tip, on the sur-
face of which SPD was immobilized, was then
immersed in a solution of purified HADHA,
homodimer, and the difference in optical path
length was traced in real time (Fig. 4F). Com-
paring two fitting model curves based on the
binding molar ratio (HADHA,:SPD = 1:1 or
1:2), we found that the 1:2 model, but not 1:1
model, fitted well, indicating that one purified
HADHA, homodimer bound two SPD mol-
ecules with the binding affinity (dissociation
constant, K4) value of 0.10 uM. Because this
method uses fixed SPD on the probe, the Ky
value obtained tends to be much lower than
the K,,, value obtained by enzymatic kinetics
(Fig. 4B).

Further depletion of CPT1a in a human T cell
line (CPT1a knockdown Jurkat) abolished the
acute enhancement effect of mitochondrial
OCR by SPD (Fig. 4G and fig. S9A). To con-
firm that the SPD effect is mediated by MTP,
we generated mice with specific deletion of
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HADHA in T cells (Fig. 4H). These mice showed
frequencies of both CD4"* and CD8™ T cells,
CD44'°¥ CD8" T cells, and CD44"=" CD8*
T cells comparable to those in wild-type (WT)
mice (fig. S9, B and C). The enhancement
effects of SPD on OCR and tumor immuno-
therapy were not present in mice with T cell-
specific deletion of HADHA (Fig. 4, I and J).
Thus, we conclude that enhanced antitumor
immunity by SPD supplementation depends
in part on FAO activation through MTP, al-
though we do not exclude other mechanisms.

Spermine competitively inhibits the FAO
activity of SPD

FG beads coated with spermine, another nat-
ural polyamine derived from SPD, also bound
to the HADHA,HADHB, complex expressed
in E. coli (fig. S10, A and B) and decreased SPD
binding to the purified HADHA,HADHB, com-
plex (fig. S10B). Furthermore, spermine blocked
SPD-induced activation of the HAD as well as
KT activity of the purified MTP complex (fig.
S10, C and D). Spermine decreased SPD-induced
mitochondrial activation in a dose-dependent
manner at both the early and late phases of
CD8" T cell activation (fig. SIOE). Addition-
ally, norspermidine (norSPD), which does not
have the moiety used for the hypusination
reaction but shares the C3-NH, structure with
SPD and spermine, also increased mitochon-
drial ATP production in the later phase of ac-
tivation (fig. S10, A and F). Within 20 hours,
injected ®C-labeled SPD was not metabolized
into spermine, indicating that most injected
SPD works directly as a positive regulator of
FAO activity (fig. S11, A and B). Thus, it is likely
that the late-phase mitochondrial activation
by SPD may also be primarily a consequence
of the activation of MTP.

Discussion

We showed that SPD acutely increased FAO
and ATP production by direct activation of
MTP in CD8" T cells, subsequently leading
to de novo synthesis of proteins related to
OXPHOS and translation. SPD binding and
the activation of MTP may initiate a series of
events, ultimately leading to enhanced mito-
chondrial metabolism. Hypusination of elIF5A
may have critical roles in protein synthesis in
a later phase of the SPD effect, although the
relative contribution of these two mechanisms
remains to be clarified. The K, value (6.49 uM)
of SPD to deoxyhypusine synthase is 10 times
as high as that for MTP (0.4 to 0.7 uM in Fig. 4)
(30). The inhibition of EP300 protein acetylase
activity was demonstrated in vitro using 10 uM
SPD, 50 times that required for MTP activation
(31). These results support the possibility that
MTP activation is the earliest and most efficient
function of SPD. The current molecular mech-
anistic analysis of SPD function in CD8" T cells
provides insight into the antiaging properties of
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SPD and may facilitate a better understanding
of the strategies to prevent age-related immune
diseases. SPD and caloric restriction mimetics
induce drastic changes in the metabolome, re-
sulting in autophagy. Also, starvation induces
autophagy and promotes longevity, whereas
exogenous lipid exposure inhibits autophagy
(32, 33). Although lipid metabolism is closely
linked to autophagy, its precise mechanism
is still unknown (34). SPD administration has
effects similar to those of starvation, prevent-
ing damage from exogenous lipid exposure
and inducing autophagy within a few hours
after administration (31, 35, 36). SPD is likely
to induce a metabolic shift through FAO ac-
tivation by allosteric binding to the MTP com-
plex. Because the MTP complex also functions
in energy production through FAO in other
tissues, such as skeletal muscles and the heart,
liver, and brain, in addition to the immune
cells (19, 37-39), the current mechanism of
FAO activation by SPD might be applicable
to a whole-body antiaging effect of SPD. Al-
though the FAO up-regulation by SPD dem-
onstrated in this work may not represent its
sole mechanism for longevity, it may be one
of the critical pathways to maintain normal
functions of various organs.

Materials and methods

Mice

Young C57BL/6N or BALB/c (1 to 3 months old)
and aged C57BL/6N (>1 year old) mice were
purchased from Charles River Laboratories
Japan. C56BL/6N-background HADHA™ mice
were purchased from Cyagen Biosciences. CD4
Cre were maintained at the Institute of Labo-
ratory Animals, Graduate School of Medicine,
Kyoto University (40). All mice were used under
protocols approved by the respective insti-
tutional review board (IRB). All mice were
maintained under specific pathogen-free (SPF)
conditions.

Cell lines

Details of murine colon adenocarcinoma
(MC38), Lewis lung carcinoma (LLC), and colon
carcinoma (CT26) cell lines were described
previously (41). MC38, CT26, and Jurkat cell
lines were cultured in RPMI medium (Gibco)
with 10% (v/v) heat-inactivated fetal calf serum
(FCS) and 1% (v/v) penicillin-streptomycin
mixed solution (Nacalai tesque). HeLa and
LLC cells were cultured in DMEM medium
(Gibco) with 10% (v/v) heat-inactivated fe-
tal calf serum (FCS) and 1% (v/v) penicillin-
streptomycin mixed solution (Nacalai tesque).

Chemical reagents

The following chemical reagents were used
at the indicated concentrations for the combi-
nation therapy, mitochondrial activity assays,
and MTP functional assays. SPD (Nacalai
tesque) prepared in MiliQ as solvent (CTRL),
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Fig. 4. SPD allosterically
activates enzymatic activities
of MTP. (A) A schematic diagram
of the MTP complex and the
enzymatic activities mediated by
the HADHA and HADHB subunits.
Long-chain fatty acids are
transported into the mitochondria
by carnitine and fatty acyl-CoA is
catabolized by three steps of
B-oxidation activity of MTP.

(B) The effect of different doses of
SPD on the dehydrogenase
activity of the HADHA subunit in
purified human MTP. The enzy-
matic activity was evaluated by
the reduction of NADH in reverse
reaction (left) (n = 4 technical
replicates; HAD activity without
SPD is used as a baseline to
adjust the measurements in this
graph). The best fit line of

(1/V versus 1/SPD concentration)
gave the K, (Kq) value (right).
(C) The effect of SPD on the
NADH affinity in dehydrogenase
activity of HADHA (left) (n =5
technical replicates). The best fit
line of (1/V versus 1/NADH
concentration) gave the K, and
Vimax Value. (D) The effect of
different doses of SPD on the
3-ketoacyl thiolase activity

of HADHB subunit in purified
human MTP. The enzymatic
activity was evaluated by the
reduction of acetoacetyl CoA in
forward reaction (left) (n = 6
technical replicates; KT activity
without SPD is used as a baseline
to adjust the measurements in
this graph). The best fit line of
(1/V versus 1/SPD concentration)
gave the K, (Kq) value (right).
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interference system on human T cell line, Jurkat. In the medium with low glucose
and high palmitate, the effect of SPD on the OCR of parent and CPTla-
knockdown Jurkat were evaluated (n = 3 to 5 technical replicates, unpaired
two-tailed Student's t tests of the second point in each step of OCR assay).
(H) Western blotting assay of protein levels of HADHA in CD3* T cells of T cell-
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spermine (Nacalai tesque), norSPD (Sigma-
Aldrich), GC7 (EMD Milipore), etomoxir (Sigma-
Aldrich), acetoacetylCoA (Cayman chemical
company), NADH (Nacalai tesque), CoA (Sigma-
Aldrich), and ®H thymidine (PerkinElmer).
Other chemical reagents used were equipped
with the Kits.

Mouse therapy model

MC38 (5 x 10%), LLC (2 x 10%), or CT26 (1 x 10°%)
were intradermally (i.d.) injected on the right
flank (day 0) into C57BL/6N or BALB/c mice.
For treatment, the mice were intraperitoneally
(i.p.) injected with 40 pg of anti-PD-L1 mAb
(clone 1-111A, made in house) alone (42) or
in combination with SPD 9 to 10 days after
tumor inoculation. Anti-PD-L1 mAb and SPD
were injected every 5 days until day 30. Tumor
measurement was performed on each alter-
nate day, and tumor volume was calculated
using the formula for a typical ellipsoid: 3.14: x
(length x breadth x height) / 6.

In vivo analysis

For in vivo analysis, MC38 tumor-bearing mice
were treated with PD-L1mAb and SPD 10 days
after tumor injection and euthanized on day 13.
Cells from the DLNs [axillary, brachial, and
inguinal lymph nodes (LNs)] on the right side
of tumor-bearing mice were harvested. All LNs
were homogenized and pooled. For TIL anal-
ysis, tumor samples were minced into 1- to
2-mm pieces with scissors and digested with
collagenase type IV (Thermo Fisher Scientific)
using a gentleMACS Dissociator (Miltenyi
Biotec). The number of TILs per milligram
was used to calculate absolute numbers. For
peripheral blood mononuclear cells (PBMCs)
analysis, 100 ul of blood was collected and then
treated with ammonium-chloride-potassium
lysing buffer to lyse red blood cells. To check
the mitochondrial activity, total CD8" T cells
were sorted from pooled DLNs using autoMACS
Pro Separator (Miltenyi Biotec, 130-1117-004:)
and used for Seahorse. The total CD8" T cells
were also stimulated with anti-CD3 and -CD28
mAD beads (Thermo Fisher Scientific) for
20 hours and used to measure the proliferation
by thymidine incorporation assay (41). The
supernatant after the stimulation was used
to measure IFN-y secretion by enzyme-linked
immunosorbent assay (ELISA) (Biolegend,
430804) according to the manufacturer’s
instructions.

Absolute quantification of polyamines by liquid
chromatography-mass spectrometry (LC-MS)
Sample preparation

For polyamine quantification in the serum
of mice, whole blood was collected from the
cranial vena cava and allowed to clot undis-
turbed at room temperature for 1 hour. The
clot was then removed by sequential refriger-
ated centrifugation at 14,500 rpm for 15 min.
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Serum was collected to new tubes and then
centrifuged for another 8 min. Serum was
aliquoted and used for analysis.

For polyamine quantification in naive CD8*
T cells, pooled peripheral LN (pLN) and spleen
cells were used for sorting naive CD8" T cells
by Mojosort system (BioLegend MojoSort:
480035). The cells were stained using CD8
(53-6.7) and CD44: (1IM7) antibodies, and CD44:
cells (naive fraction) were sorted using BD
FACSAria (BD Biosciences). For total SPD con-
centrations, 1 x 10° cells pellets were used for
analysis. To measure free SPD concentrations,
cells were homogenized in 150 ul of RNase-free,
DNase-free, and protease-free water (Nacalai
tesque) for 5 min on ice using Violamo Homog-
enizer Pestle. Then 150 ul of 70% alcohol was
added, and RNAs were removed using RNA
binding columns (Qiagen, 74104). The samples
were subsequently filtered using DNA binding
columns (Qiagen, 27106) to removed DNA and
using Ultrafree-MC-PLHCC centrifugal filters
(Milipore, UFC3LCCNB-HMT) to remove pro-
teins. Filtered samples were used for analysis.

Quantification

Polyamine concentration in blood cells and
serum was quantified by the internal standard
method. To the filtered solution was added
200 ul of methanol containing isotopically
labeled polyamines [0.01 uM, spermidine-
(butyl-**C,) trihydrochloride, spermine-(butyl-
d8) tetrahydrochloride, putrescine-15N2
dihydrochloride]. After centrifugation at
16,000 xg for 30 min at 4°C, 250 ul of the
supernatant was collected and dried using
vacuum centrifugation. The dried sample
was resuspended in 20 pul of 0.1% formic acid
in water and then subjected to LC-MS analy-
sis. Authentic standards of SPD (spermidine
trihydrochloride) and spermine (spermine
tetrahydrochloride) were purchased from
SIGMA Aldrich. Putrescine was purchased
from Tokyo Chemical Industry. Standard sol-
utions were prepared at the concentration of
0.0002, 0.0004, 0.001, 0.002, 0.005, 0.01, 0.02,
0.05, and 0.1 and treated with the same pro-
cedure as the sample. The cellular concentra-
tion of polyamines was calculated, taking into
account the mean cell volumes of each group
(young = 302 fl; aged = 443 f1) estimated
from measured cell diameter. The cell volume
was significantly different between young and
aged mouse (P < 0.001, Wilcoxon rank sum
test). For serum samples, the protocol was
slightly changed. Briefly, 50 ul of serum was
treated with 250 ul of methanol for polyamine
extraction, and the standard curve range was
0.01 to 4 uM. The correlation coefficient of
standard curve was higher than 0.99. LC sepa-
ration was conducted on a Shim-pack GIST
C18-AQ column (3 pm, 150 mm x 2.1 mm id,
Shimadzu GLC) with a Nexera UHPLC sys-
tem (Shimadzu). The mobile phase consisted
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of 0.1% formic acid in water (A) and 0.1% formic
acid in acetonitrile (B). The gradient program
was as follows: 0 to 3 min, 0% B; 3 to 15 min,
linear gradient to 60% B; 15 to 17.5 min, 95%
B; 17.5 to 20.0 min, linear gradient to 0% B;
hold for 4 min; flow rate, 0.2 ml/min. The col-
umn oven temperature was maintained at
40°C. The LC system was coupled with a
triple-quadruple mass spectrometer LCMS-
8060 (Shimadzu). LCMS-8060 was operated
with the electrospray ionization and multiple
reaction monitoring mode. The ion transitions
(precursor-product ion) for SPD, spermidine
13, spermine, spermine d8, putrescine, and
putrescine 15N2 were m/z (nass/charge ratio)
146.2 t0 72.1,150.2 to 76.1, 203.2 to 112.1, 211.3 to
120.1, 89.1 to 72.1, and 91.1 to 73.0, respectively.

Cell preparation for in vitro analysis

For in vitro mitochondrial activity assays, cells
from axillary, brachial, and inguinal pLLNs on
both sides of mice without tumor were har-
vested, homogenized, and pooled. Spleens were
harvested and homogenized and then treated
with ammonium-chloride-potassium (ACK)
lysing buffer for 2 min to lyse red blood cells.
After pooling the cells of pLNs and spleens,
naive (CD44'°%) CD8" T cells were purified
using MojoSort system (BioLegend MojoSort:
480044) according to the manufacturer’s in-
structions and used for Seahorse assays. For
effector memory (CD44™&") CD8* T cells in vitro
experiments, total CD8" T cell were first sorted
from pooled LN and spleen cells using CD8*
T cell Mojosort system (BioLegend MojoSort:
480035). The cells were then stained using CD8
(53-6.7) and CD44: (1M7) antibodies, and CD44*
cells (effector memory fraction) were sorted
using BD FACSAria (BD Biosciences). For Jurkat
experiments, 24 hours before the seahorse as-
say, the cells were transfered to low-glucose
(2.5 mM) RPMI medium.

Mitochondrial activity and ATP production rate
measured by Seahorse

Isolated cells were seeded in an XFe96 plate
(310 5 x 10° and 8 x 10* cells per well for the
assays of primary cells and cell line, respec-
tively), and their OCR and ECAR were mea-
sured by the XFe96 Extracellular Flux Analyzer
(Seahorse Bioscience) as previously described
(21). The three pharmaceutical modulators of
mitochondrial OXPHOS, which were included
in the XF Cell Mito Stress Test Kit (Seahorse
Bioscience), were used for OCR and ECAR
measurement (22). For these assays, XF DMEM
Base Medium (Agilent, 103575-100) was used,
supplemented with 1 mM HEPES (pH 7.4),
1 mM pyruvate (Nacalai Tesque), 2 mM glu-
tamine (Nacalai Tesque), and 10 mM glucose
(Nacalai Tesque). For the FAO measurement in
CDS8" T cells isolated from in vivo treated mice,
XF RPMI Base Medium (Agilent, 103576-100)
was used, supplemented with 1 mM HEPES

8 of 13



RESEARCH | RESEARCH ARTICLE

(pH 7.4), 2.5 mM glucose, and 0.75 mM car-
nitine (Sigma-Aldrich) on the day of the as-
say. Oligomycin (1.5 uM), carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP)
(1 uM), and rotenone/antimycin A (1 uM) were
injected sequentially. Each parameter of mito-
chondrial activity was defined as follows
(detailsin fig. S2, A and B). Basal OCR was
defined as (the last rate measurement before
oligomycin injection) - (nonmitochondrial res-
piration rate after rotenone/antimycin injec-
tion). Maximal OCR was defined as (the first
rate-measurement after FCCP injection) -
(nonmitochondrial respiration rate). OCR
coupled with ATP production (coupled OCR)
was defined as (basal OCR) - (the last rate-
measurement before FCCP injection). OCR un-
coupled with ATP production (uncoupled OCR
or SRC) was defined as (maximal OCR) — (basal
OCR). Mitochondrial and glycolytic ATP pro-
duction rates were automatically calculated
by the Seahorse machine operating software
(Wave) based on the coupled OCR and the
ECAR, the difference between measurements
before and after oligomycin injection, re-
spectively. FAO-dependent OCR (AOCR) was
defined as the (OCR untreated with etomoxir) -
(OCR treated with etomoxir) (details in fig.
S2C). Etomoxir (5 uM) or dimethyl sulfoxide
(DMSO) (as solvent control) were added 50 min
before running the assay. Palmitate (100 to
200 uM) or bovine serum albumin (BSA) (as
solvent control) were added to the correspon-
dent groups 30 s before running the assay.

Mitochondrial activity in response to SPD and
etomoxir in situ injection measured by Seahorse

Isolated cells (8 x 10* per well) were seeded in
an XFe96 plate coated or uncoated with func-
tional grade CD3/CD28 mAb. OCR was then
measured by the XFe96 Extracellular Flux
Analyzer (Seahorse Bioscience). The measure-
ment protocol was modified so that the ma-
chine injects SPD (final concentration of
0.2 uM) from the first port and etomoxir (final
concentration of 3 uM) from the second port.
Oligomycin (final concentration of 1.5 uM) was
injected from the thirst port and rotenone/
antimycin A (final concentration of 1uM) from
the fourth port. For these assays, XF RPMI Base
Medium (Agilent, 103576-100) was used, sup-
plemented with 1 mM HEPES (pH 7.4), 2.5 mM
glucose, 0.75 mM carnitine (Sigma-Aldrich)
and 200 uM palmitate (Cayman) on the day
of the assay

Proteomics

Preparation of unlabeled tryptic peptide
samples for data-independent acquisition
mass spectrometry (DIA-MS)

Tryptic peptide samples were prepared fol-
lowing the phase transfer surfactant method
(22), with modifications described as fol-
lows: Protein extracts were prepared from
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4% 10° cells in 10 ul of lysis buffer containing
12 mM sodium deoxycholate, 12 mM sodium
N-dodecanoylsarcosinate, and 100 mM Tris-
HCI pH 9.0, with complete EDTA-free prote-
ase inhibitor cocktail (Roche). To reduce and
alkylate the disulphide bonds, DL-dithiothreitol
was added to 10 mM with incubation at 50°C
for 30 min, followed by iodoacetamide added
to 40 mM at room temperature for 30 min the
dark, then cysteine was added to 55 mM for
10 min to quench the alkylation reactions.
Samples were diluted 1:2.76 with 50 mM ammo-
nium bicarbonate solution. Mass spectrometry-
grade lysyl endopeptidase (FUJIFILM Wako
Chemical Corporation) was added at 200 ng,
after mixing, 200 ng sequencing grade modi-
fied trypsin (Promega) was added, followed by
protein digestion at 37°C for 14 hours. After-
ward, 1.83 volumes ethyl acetate was added
together with trifluoroacetic acid (TFA) to
0.5% (v/v). Centrifugation at 12,000 xg for 5 min
produced an upper organic phase which was
discarded and a lower aqueous phase contain-
ing digested tryptic peptides, which was dried
using a centrifugal vacauum concentrator. After-
ward, samples were desalted with ZipTip C18,
0.6 pl Pipette Tips (MilliporeSigma) and dried.

The protein concentration of protein ex-
tracts in lysis buffer was determined using
a Pierce BCA Protein Assay Kit (ThermoFisher
Scientific). From each sample, 5 ug protein at a
concentration of 0.5 ug/ul was used to prepare
digested tryptic peptide samples, as described
above. Afterward, the tryptic peptide samples
were desalted with MonoSpin C18 columns
(GL Sciences Inc.) and dried using a vacuum
centrifuge. To generate a spectral library, a
combined sample containing tryptic peptides
from each sample condition was fractionated
using a Pierce High pH Reversed-Phase (HPRP)
Fractionation Kit, according to the manufac-
turer’s instructions (ThermoFisher Scientific).

Mass spectrometry measurement for
proteomic analysis

For liquid chromatography with tandem mass
spectrometry (LC-MS/MS), a Q-Exactive Plus
Orbitrap mass spectrometer with an attached
Nanospray Flex ion source connected to an
EASY-nLC 1200 system was used (ThermoFisher
Scientific). The peptides were separated using
an analytical column with 3 um C18 particles,
an inner diameter of 75 um and a length of
12.5 cm (Nikkyo Technos Co., Ltd.). Solvents
were LC/MS grade. LC solvent A consisted
of 0.1% (v/v) formic acid in water and LC
solvent B consisted of 0.1% (v/v) formic acid
in 80% (v/v) acetonitrile. The flow rate was
300 nl/min with a 2-hour gradient: 0 to
108 min (2% B to 34% B), 108 to 110 min (34%
B to 95% B), and 110 to 120 min consisted of a
final wash at 95% B. A 2.0-kV spray voltage
was applied, and the ion transfer tube temper-
ature was 250°C.
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For data-dependent acquisition (DDA) mea-
surement of the TMT-labeled peptide samples,
the peptides were dissolved in 6.8 ul of 0.1% (v/v)
formic acid, 3% (v/v) acetonitrile in water, and
5 ul was measured. The full MS spectra were
acquired from 380 to 1400 m/z at a resolution
of 70,000, the automatic gain control (AGC)
target was 3 x 10°, with a maximum injection
time (IT) of 50 ms. MS? scans were recorded
for the top 15 precursors at 17,500 resolution
with an AGC target of 2 x 10° and a maximum
IT of 100 ms. The isolation window was set at
0.7 m/z with a fixed first mass of 105.0 m/z.
The default charge state was 2. HCD fragmen-
tation was set to normalized collision energy
of 32%. The intensity threshold was 8.0 x 10°,
charge states 2 to 5 were included, and the
dynamic exclusion was set to 20 s.

For data-independent acquisition (DIA), the
peptide samples were dissolved in 10 pl of
0.1% (v/v) formic acid, 3% (v/v) acetonitrile
in water, and 3 ul was loaded. Data were ac-
quired with 1 full MS and 32 overlapping
isolation windows constructed covering the
precursor mass range of 400 to 1200 m/z. For
full MS, resolution was set to 70,000, AGC
target was 5 x 10°, and the IT was 120 ms. DIA
segments were acquired at 35,000 resolution
with an AGC target of 3 x 10° and an auto-
matic maximum IT. The first mass was fixed
at 200 m/=z. HCD fragmentation was set to
normalized collision energy of 27%.

For data-dependent acquisition (DDA) of
unlabeled HPRP-fractionated peptide sam-
ples, each fraction was dissolved in 6.5 pl of
0.1% (v/v) formic acid, 3% (v/v) acetonitrile
in water, and 5.0 ul was loaded. The full MS
spectra were acquired from 380 to 1500 m/z
at a resolution of 70,000, the AGC target was
3 x 10° and a maximum IT of 100 ms. The MS>
scans were recorded for the top 20 precursors
at 17,500 resolution with an AGC target of 1 x
10° and a maximum IT of 60 ms. The isolation
window was 2.2 m/z. The default charge state
was 2. HCD fragmentation was set to normal-
ized collision energy of 27%. The intensity
threshold was set to 1.3 x 10*, charge states 2 to
5 were included, and the dynamic exclusion
was set to 20 s.

Protein identification and quantification in
proteomic analysis

For analysis of the DIA data, a spectral library
was first generated from the eight raw data
files obtained from DDA measurement of the
HPRP-fractionated unlabeled samples using
Proteome Discoverer version 2.4 with the
Uniprot reviewed Mus musculus (taxon 10090)
database. The filtered output from Proteome
Discoverer was used to generate a sample-
specific spectral library using Spectronaut
software (Biognosys). Raw data files from DIA
measurement were used for extraction of pep-
tide quantities with the generated spectral
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library and integration of these quantities into
protein abundances. False discovery rate (FDR)
was estimated with the mProphet approach
and set to 0.01 at both peptide precursor level
and protein level (43, 44). Data filtering pa-
rameters for quantification were Q-value per-
centile fraction 0.5 with global imputing, and
cross run normalization with global normal-
ization on the median.

In vitro metabolic trace analysis of *C-labeled
palmitate and SPD

For palmitate-'>Cy4 tracing, naive CD8" T cells
were sorted from LNs and spleens of 3-month-
old mice and cultured in glutamine/glucose/
FBS-free RPMI-1640 medium (Wako) supple-
mented with 1x MEM NEAA, 10 mM HEPES,
50 uM 2-mercaptoethanol, 100 U/ml penicillin,
100 U/ml streptomycin, 500 uM L-carnitine
hydrochloride (Sigma), and 200 uM BSA-
conjugated palmitate-">C,¢ (Isotec). Cells were
stimulated for 1 hour in the presence of anti-CD3
and -CD28 mAb beads (Thermo Fisher Scien-
tific) with and without 0.2 uM SPD (Nacalai).
For SPD-(butyl-'*C,) tracing, naive CD8"*
T cells were cultured in RPMI-1640 medium
(Wako) with glutamine/glucose supplemented
with 10% (v/v) dialyzed FBS (Thermo Fisher
Scientific), 1x MEM NEAA, 10 mM HEPES,
50 uM 2-mercaptoethanol, 100 U/ml penicillin,
100 U/ml streptomycin, and 1 mM sodium
pyruvate. Cells were stimulated as described
above for 1 and 20 hours with and without
0.2 uM spermidine-(butyl-">C,) (Sigma).
Metabolite extraction from cultured cells
for metabolome analyses was performed as
described previously (45). Briefly, cells were
washed twice with cold phosphate-buffered
saline (PBS), and residual wash solvent was
carefully removed. Cells were then immedi-
ately frozen into liquid nitrogen and stored
at —80°C until assayed. The frozen cultured
cells were scraped with methanol containing
internal standards (450 ul) followed by the
addition of 500 pl of chloroform and 250 pul
of ultrapure water. After centrifugation, the
aqueous phase was ultrafiltered using an ultra-
filtration tube (Ultrafree MC-PLHCC; Human
Metabolome Technologies, Inc., Yamagata,
Japan). Then, the filtrate was concentrated
with a vacuum concentrator. The concentrated
filtrate was dissolved in 50 ul of ultrapure water
and used for LC-MS/MS and IC-MS analyses.

Mass spectrometry analysis to detect
BC-labeled metabolites

For metabolome analysis focused on glycolytic
metabolites, TCA cycle intermediates as well
as ketone bodies, anionic metabolites were
measured using an orbitrap-type MS (Q-Exactive
focus; Thermo Fisher Scientific) connected to
a high-performance ion chromatography (IC)
system (ICS-5000+, Thermo Fisher Scientific)
that enabled us to perform highly selective
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and sensitive metabolite quantifications owing
to the IC-separation and Fourier Transfer MS
principle. The IC was equipped with an anion
electrolytic suppressor (Thermo Scientific
Dionex AERS 500) to convert the potassium
hydroxide gradient into pure water before the
sample entered the mass spectrometer. The
separation was performed using a Thermo
Scientific Dionex IonPac AS11-HC, 4-um particle
size column. The IC flow rate was 0.25 ml/min
supplemented post-column with 0.18 ml/min
makeup flow of MeOH. The potassium hydrox-
ide gradient conditions for IC separation were
as follows: from 1 mM to 100 mM (O to 40 min),
100 mM (40 to 50 min), and 1 mM (50.1 to
60 min), at a column temperature of 30°C.
The Q Exactive focus mass spectrometer was
operated under an ESI negative mode for all
detections. Full mass scan (m/z 70 to 900) was
performed at a resolution of 70,000. The auto-
matic gain control target was set at 3 x 10° ions,
and the maximum ion injection time was
100 ms. Source ionization parameters were
optimized with the spray voltage at 3 kV, and
other parameters were as follows: transfer
temperature = 320°C, S-Lens level = 50, heater
temperature = 300°C, Sheath gas = 36, and Aux
gas = 10. The amount of cat ionic metabolites
including amino acids were quantified using
LC-MS/MS (45). Briefly, a triple-quadrupole
mass spectrometer equipped with an electro-
spray ionization (ESI) ion source (LCMS-8060,
Shimadzu Corporation) was used in the posi-
tive and negative-ESI and multiple reaction
monitoring (MRM) modes. The samples were
resolved on the Discovery HS F5-3 column
(2.1 mml.D. x150 mmL, 3 um particle, Sigma),
using a step gradient with mobile phase A
(0.1% formate) and mobile phase B (0.1%
acetonitrile) at ratios of 100:0 (0 to 5 min),
75:25 (5 to 11 min), 65:35 (11 to 15 min), 5:95
(15 to 20 min), and 100:0 (20 to 25 min), at a
flow rate of 0.25 ml/min and a column tem-
perature of 40°C.

Preparation of SPD FG beads

Immorbilization of SPD on NHS FG magnetic
beads (TAS8848 N1141, Tamagawa Seiki) was
carried out according to the manufacturer’s
instruction. Briefly, 2.5 mg of NHS beads,
which have a binding capacity for ~600 nmol
of SPD, were washed twice with DMF (N,N-
dimethylformamide, Nacalai Tesque) and then
mixed with 5 mM SPD (Nacalai Tesque) dis-
solved in DMF. After dispersion by sonica-
tion, beads were incubated for 70 min at room
temperature on a micro tube mixer. Then,
beads were centrifuged at 15,000 rpm for
5 min to remove supernatant. 500 ul of IM
aminoethanol (Nacalai Tesque) in DMF was
added to the beads, followed by dispersion
by sonication. Beads were incubated fur-
ther for 1 hour at room temperature. After
being washed three times by 50% methanol,
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beads were stored in 150 ul of 50% methanol
at 4°C.

Affinity purification with SPD FG beads

Cytoplasmic lysates of HeLa cells were dialyzed
against KCI binding buffer [20 mM Hepes
(pH 7.9), 100 mM KCI, 1 mM MgCl,, 0.2 mM
CaCl,, 0.2 mM EDTA, 0.1 mM DTT, 0.1% NP-
40, 10% (v/v) glycerol, supplemented with 1x
protease inhibitor cocktail (Nacalai Tesque)].
For affinity purification, 50 ul of SPD FG beads
were washed three times with the KCl binding
buffer by sonication and centrifugation and
then mixed with 500 pl of cell cytoplasmic
lysates (~2 mg/ml of protein). As a negative
control, SPD was added to the lysate to 2 mM
for 1 hour competition at 4°C before mixing
with the SPD beads. After being incubated for
4 hours at 4°C on a rotator, SPD beads were
isolated by magnetic separation, and then sus-
pended in the KCl binding buffer by sonica-
tion. Magnetic separation and sonication were
repeated twice. After the final wash, elution
buffers [20 mM Hepes (pH 7.9), 100 mM NaCl,
1 mM MgCl2, 0.2 mM CaCl2, 0.2 mM EDTA,
0.1 mM DTT, 0.1% NP-40, 10% (v/v) glycerol]
containing 2 and 4 mM of SPD were mixed
thoroughly with the beads by sonication, fol-
lowed by 1 hour incubation at 4°C on a micro
tube mixer for elution. Beads were separated
magnetically, and eluates were subjected to
SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Gels were stained by EzStain Silver
(ATTO), and protein bands were excised for
mass spectrometric analysis. Affinity purifica-
tion with spermine FG beads were conducted
in the same way.

For the affinity purification from the lysate
of Jurkat mitochondria, mitochondria were
isolated using the EzSubcell Farction kit (WSE-
7422, ATTO) according to the manufacturer
instructions. They were then lysed in 2 volumes
of lysis buffer [10 mM HEPES-NaOH (pH 7.9),
10 mM KCl, 1% NP40, 0.1 mM EDTA, 1 mM
DTT, 0.5 mM PMSF] and then centrifuged at
13,500 xg for 2 min. The supernatants were
collected and diluted 10 times with pull-down
buffer [820 mM HEPES (pH7.9), 100 mM
KCl, 0.1% NP-40, 1 mM MgCl,, 0.2 mM CaCl,,
0.2 mM EDTA, 10% (v/v) glycerol, 1 mM DTT,
0.2 mM PMSF]. Affinity purification using
SPD-immorbilized beads was performed as
described above.

Western blotting

For HADHA and HADHB detection in the FG
bead experiments, pull-downed samples were
subjected to SDS-PAGE and transferred to
TransBlot Turbo PVDF membranes (Bio-Rad).
The following antibodies were used for detec-
tion: HADHA and HADHB (1/300, HPA015536,
HPA066099, Atlas Antibodies, respectively)
and rabbit immunoglobulin G (IgG) HRP
(1/20000, no. 7074, Cell Signaling Technology).
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Membrane was blocked with 5% (w/v) nonfat
dry milk (Nacalai Tesque) for 1 hour at room
temperature and then incubated with primary
antibodies at 4°C overnight. The following
day, secondary antibodies conjugated to horse-
radish peroxidase (HRP) were incubated for
1 hour at room temperature. Proteins were de-
tected by Chemi-lumi One Ultra ECL Western
Blotting Substrate (WAKO).

For the detection of HADHA protein from
the T cells of HADHA™/°* CD4 Cre mice and
CPT1a knockdown Jurkat, T cell lysates were
run through the automated Simple Western
system, Jess according to the instructions
(ProteinSimple Japan K.K.). The following
antibody was used for detection; HADHA
(1/100, 60250-1-Ig, Proteintech), CPT1a (1/250,
ab128568, abcam) and beta-actin (1/250, no.
1978, Sigma), anti-Mouse Detection Mod-
ule (MD-002A, biotechne). Mitochondrial
morphology- and autophagy-related proteins
Mitofusin (1/250, no. 9482, CST), Atg5 (1/250,
no. 12994, CST), and Atg7 (1/50, no. 8558, CST)
in stimulated T cells were detected in the sim-
ilar way.

BLI experiment

Measurement of binding kinetics was per-
formed by the BLI method using the Octet K2
system (Fortebio), according to the manufac-
turer’s protocols. 10 mM SPD in PBS (pH?7.4)
was immobilized on an Amine Reactive 2nd
Generation (AR2G) sensor (Fortebio). Purified
HADHA, protein was diluted in PBS (pH 7.4) /
0.04% Tween / 0.01% BSA (Kinetics buffer) to a
concentration of 15 nM. The Kkinetics buffer
was used as a running buffer in all data ac-
quisition steps. Actual binding to SPD was
obtained by subtracting nonspecific binding
to a reference sensor (no SPD immobilized)
from total binding to the SPD sensor. Kp, Koy,
and K¢ values were calculated and fitted by the
Octet Data Analysis 8.1 Software (Fortebio). 1:2
bivalent binding model gave the best fit be-
tween the theoretical values and the actual
measurement. Kinetic constants were deter-
mined by integrating the experimental data
using the differential rate equation dR / dt =
KonC-(Rmax — R) — Kgis'R to obtain k,,, and
Kot values simultaneously (R = observed re-
sponse, Rmax = maximum response upon sat-
uration, C = analyte concentration, k., =
association rate constant, k¢ = dissociation rate
constant). Then, the ratio between Kg;s and Ky
gives the reported dissociation constants (Kp).
The goodness of fit was evaluated by the re-
duced chi-square (x2) and the R2 value.

Immunofluorescent staining of HDAHA
and HADHB

For immunostaining of HDAHA and HADHB,
Jurkat cells were fixed with 4% paraformalde-
hyde in phosphate buffer solution (09154-85,
Nacalai Tesque) for 15 min and washed three
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times with fluorescence-activated cell sorting
(FACS) buffer. Briefly, cells were permeabilized
using 0.5% TritonX-100 buffer (10 mM Tris
HCI, 50 mM NacCl, 5 mM EDTA, 0.02% NaN3,
and 0.5% TrotonX-100) for 10 min and washed
three times with FACS buffer (10% FCS in PBS).
Cells were then incubated with anti-HADHA/
HADHB antibody (1:100 dilution in FACS buf-
fer, ab110302, abcam). One hour after the pri-
mary antibody incubation, cells were washed
three times with FACS buffer and incubated
with FITC conjugated anti-mouse IgG anti-
body (1:100 dilution in FACS buffer, 103002,
SouthernBiotech) for 1.5 hours at room tem-
perature in the dark. After washing with FACS
buffer, immunofluorescence images were
collected using Olympus SpinSR10 spining
disk confocal super-resolution microscope
high-sensitivity model (x100 magnification).

Duolink in situ PLA

Jurkat cells were cultured with or without
SPD (0.2 uM) for 2 days. To detect interac-
tion between SPD and HADHA/HADHB by
Duolink analysis (46), fixation and permiabi-
lization were performed as described in immu-
nofluorescent part. Cells were then subjected
to anti-HADHA/HADHB antibody (1:100;
ab110302, abcam) and rabbit anti-SPD anti-
body (1:300; abcam, ab7318). According to
manufacturer’s instructions, the hybridiza-
tion reaction between oligonucleotide conju-
gated to 2nd mAb (Sigma-Aldaich, anti-mouse
DU092001 for HADHA/HADHB and anti-
rabbit DU092006 for SPD) and PLA probes
were amplified with DNA polymerase. The sig-
nals were detected by Duolink in situ detection
reagent orange (Sigma-Aldaich, DU092007).
Cells were mounted onto slides using Vacta-
shield mounting medium with DAPI (Vector
laboratories, Inc.) and images were taken
using Olympus SpinSR10 confocal microscope
(x100 magnification).

Recombinant MTP protein expression
and purification

Construction of the expression plasmid for hu-
man HADHA (also known as MTPa subunit)
and human HADHB (MTP subunit) was based
on the backbone of the E. coli plasmid pET-21b
(+) and pET-28a (+), respectively. For expres-
sion of the MTP in the 0,B,-heterotetrameric
form, the tag-free HADHA (UniProt ID: P40939,
residues 37 to 763) was inserted downstream of
the T7 promoter of pET-21b (+). The HADHB
(UniProt ID: P55084, residues 34 to 474) was
fused with a Hisg tag at the N terminus and in-
serted downstream of the T7 promoter of pET-
28a (+). E. coli Rosetta (DE3) cells (Novagen)
were transformed with the resulting two plas-
mids. The transformants were selected on LB
plates supplemented with 100 mgy/liter ampi-
cillin and 50 mg/liter kanamycin. For puri-
fication of HADHA alone in the o, form, the
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HADHA was fused with a Hisg tag at the N
terminus and inserted downstream of the T7
promoter of pET-21b (+). This was followed
by E. coli Rosetta (DE3) transformation and
selection on LB plates supplemented with
100 mgy/liter ampicillin. All of the cloned inserts
were verified by sequencing both strands.

E. coli Rosetta (DE3) cells harboring the
two expression plasmids for MTP were grown
overnight at 37°C and 250 rpm in LB supple-
mented with 100 mg/liter ampicillin and
50 mgy/liter kanamycin. The culture was diluted
1:100 into the same medium and grown at 37°C
to an ODgg( of 0.7 followed by overnight in-
cubation at 23°C with 0.1 mM IPTG. The cells
were harvested by centrifugation at 6000 g for
15 min and re-suspended in buffer A (100 mM
Tris-HCI, pH 8.0, 200 mM NaCl, Roche EDTA-
free protease inhibitor tablet). Cells were dis-
rupted by several cycles of sonication on ice
for 10 min. The membranes were isolated by
ultracentrifugation at 45,000 rpm for 30 min,
homogenized in buffer A supplemented with
40% glycerol, frozen in liquid nitrogen and
stored at —80°C. For MTP purification, mem-
brane extraction from 16 liters of culture was
used for each batch of preparation. Membranes
were solubilized with 1% DDM in buffer B
(50 mM HEPES-NaOH, pH 7.5, 150 mM Na(l,
20 mM imidazole, 1 mM EDTA, 10% glyc-
erol). After ultracentrifugation for 30 min at
45,000 rpm, the supernatant was loaded onto
a 5-ml HisTrap Crude column (Cytiva) equili-
brated with buffer C (100 mM Tris-HCI, pH 8.0,
200 mM Nacl, 0.02% DDM, 20 mM imidazole).
A linear gradient of 20 to 500 mM imidazole
was used for elution. The MTP fractions were
collected, concentrated and loaded onto a
Superdex 200 Increase 10/300 GL gel filtra-
tion column (Cytiva) equilibrated with buffer D
(20 mM potassium phosphate buffer, pH 7.7,
100 mM NacCl, 0.02% DDM). The peak fractions
were pooled, concentrated using an Amicon
Ultra-4 spin filter (IMWCO 50 K; Millipore)
and used for enzymological and ligand-binding
studies without freezing. The same purifi-
cation method was used for the HADHA alone
in the a, form.

Coimmunoprecipitation of SPD-conjugated MTP
by anti-SPD antibody

Purified MTP was incubated with or without
SPD (5 mM) and then immunoprecipitated
with anti-SPD antibody (abcam, ab7318)-coated
Dynabeads Protein G (Invitrogen). After incu-
bation for overnight at 4°C on a rotator, the
beads were washed three times using 10 times
diluted buffer D (20 mM potassium phosphate
buffer, pH 7.7, 100 mM NaCl, 0.02% DDM) in
100 mM Tris-HCI (pH 7.5). To elute precipi-
tated proteins, the beads were incubated for
1 hour at 4°C with 5 mM SPD in the same buf-
fer as described above except containing 0.1%
NP-40. The eluted proteins were separated in
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4 t0 20% Mini-PROTEAN TGX Precast gels
(Bio-Rad) for SDS-PAGE and transferred to
Immobilon-P membranes (Millipore). For the
detection of HADHA and HADHB bands, the
anti-HADHA/HADHB (1/500, ab110302, abcam)
mADb used in PLA assays and mouse IgG HRP
(1/20000,18-8817-33, Rockland) were used.
Membranes were blocked with 4% (w/v) nonfat
dry milk for 30 min at room temperature and
then incubated with primary antibodies for
3 hours at room temperature. Then, secondary
antibodies conjugated to horseradish perox-
idase (HRP) were incubated for 1 hour at room
temperature. Proteins were detected by Chemi-
lumi One Super (Nacalai Tesque).

MTP enzyme activities
3-hydroxyacyl-CoA dehydrogenase assay

The activity of HADHA subunit of MTP was
evaluated as a measurement of change in the
concentration of NADH. The assay buffer is
composed of 50 mM of Tris-HCl (pH 7.5),
1 mM of EDTA (pH 7.5), 250 uM (or as spe-
cified) of NADH, and 100 uM of acetoacetyl
CoA. In 180 ul of assay buffer, 10 ul of MTP
enzyme (containing 0.5 to 0.7 ug) and 10 pl of
SPD were added, and the change in NADH
concentration was monitored by the absorb-
ance decrease at 340 nm at room tempera-
ture (24° to 25°C) every 1 min for 20 min. To
obtain the enzymatic activity graphs and
K, values, the data after 10 min were used.
The value at each point was adjusted so that
the value of the respective controls comes
to 0. The control in SPD affinity to MTP ex-
periments is 0 uM SPD and in NADH affinity
experiments is 0 uM MTP.

3-ketoacyl-CoA thiolase assay

The activity of the HADHB subunit of MTP
was evaluated as a measurement of change
in the concentration of acetoacetyl CoA. The
assay buffer is composed of 100 mM of Tris-
HCI (pH 7.5), 25 mM of MgCl,, and 100 uM (or
as specified) of acetoacetyl CoA. In 180 ul of
assay buffer, 10 ul of MTP enzyme (containing
1 to 2 ug) and 10 pl of SPD were added. The
change in acetoacetyl CoA concentration was
monitored by the absorbance decrease at
303 nm at 30°C every 1 min for 20 min. To
obtain the enzymatic activity graphs and K,
values, the data after 10 min were used. The
value at each point was adjusted so that the
value of respective experimental controls comes
to 0. The control in SPD affinity to MTP exper-
iments is 0 uM SPD and in acetoacetyl CoA
affinity experiments is 0 uM MTP.

Flow cytometry analysis

The following monoclonal antibodies recog-
nizing the indicated antigens were used: CD8
(53-6.7), CD45.2 (104), CD44 (1M7), CD62L
(MEL14), CD4 (RM4-5), Foxp3 (FJK-16s), F4/80
(BM8), and Argl (AlexF5) from eBioscience;
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PD-1 (RMP1-30), Tim-3 (RMT3-23), granzyme b
(QA16A02), CD49b (DX5), and CD11b (M1/70)
from Biolegend; and MHCII (M5/114.15.2) and
MHCI (AF6-88.5) from BD bioscience. For cell
surface staining, 2 x 10° cell pellets were stained
with appropriately diluted antibodies for 12 min
in 4°C. Cells were washed by 10% FCS PBS
and run. To measure intracellular granzyme B
production, cells were stimulated with PMA
and ionomycin (Sigma-Aldrich) in the pres-
ence of GolgiStop (BD Biosciences) for 4 hours.
Intracellular staining was performed using
Fixation/Permeabilization Solution Kit (BD
Biosciences). All flow cytometry experiments
were performed on a FACSCanto II (BD Bio-
sciences) or LSR Fortessa X-20 (BD Bioscences)
and analyzed using FlowJo software.

Transmission electron microscopy (TEM)

For TEM observation, treated cells were em-
bedded in iPGell (GenoStaff) according to the
manufacturer’s instructions. The cell blocks
were fixed with 4% formaldehyde and 2%
glutaraldehyde in 0.1 M phosphate buffer (PB)
(pH 7.4) overnight at 4°C, then postfixed with
1% Og0, in 0.1M PB for 2 hours. After dehy-
dration in a series of graded concentrations of
ethanol, the fixed cell blocks were embedded
in epoxy resin (Luveak 812; Nacalai Tesque).
Ultrathin sections (70-nm thickness) were pre-
pared on an ultramicrotome (EM UC6; Leica).
The sections were then stained with uranyl
acetate and lead citrate and finally examined
with an electron microscope (H-7650 Hitachi
Tokyo). TEM was performed at the Division of
Electron Microscopic Study, Center for Ana-
tomical Studies, Graduate School of Medicine,
Kyoto University.

CPTla knock down by CRISPR interference
system in Jurkat

Jurkat cells were transfected with pLKO5d.
SFFV.dCas9-KRAB.P2A.BSD using FuGENE 6
(E2691, Promega) and selected with blasticidin
(47). The PB-Human CPT1a oligo#1-Puro was
transfected by electroporation with Cell Line
NucleofectorTM Kit V (Lonza VCA-1003). The
guide RNA sequence of human CPT1a oligo#1
was as follows

Human CPT1a -1F: 5'- CACC AGGCC-
GAGCGCACCCGACGC - 3’

Human CPTla -1R: 5- AAAC
GCGTCGGGTGCGCTCGGCCT - 3’

Statistical analysis

Statistical analysis was performed using Prism 8
(GraphPad Software). For multiple-group anal-
ysis, one- or two-way analysis of variance
(ANOVA) followed by Sidak’s multiple com-
parisons test or column factor comparison
were used to analyze, focusing on the main
groups. To compare two groups, the two-tailed
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unpaired Student’s ¢ test or unpaired multi-
ple t test were used. To assess the statistical
significance in survival curves, we used the
Mantel-Cox test. All statistical tests were two-
tailed, assume parametric data accordingly, and
a P value of <0.05 was considered significant.
The variations of data were evaluated as the
means, standard errors of the mean (SEMs),
or standard deviations (SDs). Three or more
samples were thought to be appropriate for
the sample size estimate in this study. In some
cases, cells were pooled from multiple mice
in one experiment. Samples and animals were
randomly chosen from the pool and treated.
No blinding method was used for the treat-
ment of samples and animals.
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Plastic deformation in silicon nitride ceramics via
bond switching at coherent interfaces

Jie Zhang't, Guanghua Liu*t, Wei Cuilt, Yiyao Ge?, Songmo Du, Yixuan Gao?, Yuyang Zhang?,

Fei Li', Zhanglin Chen’, Shixuan Du?, Kexin Chen3*

Covalently bonded ceramics exhibit preeminent properties—including hardness, strength, chemical
inertness, and resistance against heat and corrosion—yet their wider application is challenging because
of their room-temperature brittleness. In contrast to the atoms in metals that can slide along slip
planes to accommodate strains, the atoms in covalently bonded ceramics require bond breaking because
of the strong and directional characteristics of covalent bonds. This eventually leads to catastrophic
failure on loading. We present an approach for designing deformable covalently bonded silicon nitride
(Si3Ny) ceramics that feature a dual-phase structure with coherent interfaces. Successive bond
switching is realized at the coherent interfaces, which facilitates a stress-induced phase transformation

and, eventually, generates plastic deformability.

ovalently bonded ceramics such as sili-
con nitride (SizN,) have attractive me-
chanical, chemical, and physical properties
that feature high-temperature tolerance,
superior hardness, excellent wear and
corrosion resistance, relatively high thermal
conductivity, and electrical insulation. These

properties make the ceramics suitable for ap-
plications such as high-temperature structural
materials, cutting tools, bearings, and substrates
in electronic packaging (I-5). For example, metal
components in gas turbine engines are re-
placed with covalently bonded ceramics to
improve efficiency (6-8). However, ceramics

tend to be brittle, such that even a tiny crack
can lead to catastrophic failures without ob-
servable plastic deformation. This problem
severely restricts the applicability of ceramics.
Mechanistically, because of the strong and
directional characteristic of covalent bonds,
local plastic deformation in covalently bonded
ceramics is normally initiated via the bond-
breaking mechanism (9). Unfortunately, this
process induces nucleation, growth, and coales-
cence of nanopores, eventually leading to brittle
fracture (10). Although numerous efforts have
been devoted to toughening covalently bonded
ceramics by interlocking the microstructures
with elongated grains or designing laminated
structures (11-21), and certain deformability
of amorphous ceramics has been observed
(22-24), covalently bonded crystalline deform-
able ceramics have yet to be achieved as a
result of the intrinsic strong and directional
characteristics of covalent bonds. As such,

IState Key Laboratory of New Ceramics and Fine Processing,
School of Materials Science and Engineering, Tsinghua
University, Beijing 100084, P.R. China. University of Chinese
Academy of Sciences, Chinese Academy of Sciences, Beijing
100190, P.R. China. *Department of Engineering and Material
Sciences, National Natural Science Foundation of China
(NSFC), Beijing 100085, P.R. China.

*Corresponding author. Email: kxchen@mail.tsinghua.edu.cn
tThese authors contributed equally to this work.

A .
M B-Si:N,
[ a-sisN,

1.

Coherent ¥
interface

4

Coherent :

-interface -

_ 2t
Fig. 1. Microstructure of dual-phase a/B-SisN4 ceramics with coherent
interfaces. (A) Phase map of the a/B-SisN, sample with precession electron
diffraction. (B) TEM image of an o/ coherent interface (highlighted by the
orange dashed line). The white dashed line indicates the outline of the SizNg4
grain. The area enclosed by the white dashed square is discussed in (D).

(C) Fast Fourier transform at the interface shows that the o and B subgrains
have a specific orientation relationship of [010],//[010]s, [001],//[001]s, and
(100).//(100)g. (D) HAADF-STEM image showing the o and B phase atomically
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matched along the [001] direction at the interface. The image corresponds to the
area marked by the white dashed square in (B) and is rotated here to make
the coherent interface horizontal. (E) Close-up iDPC-STEM image [corresponding
to the area marked by the orange dashed square in (D)] showing the atomic
stacking order at the coherent interface; the B-layer atoms of the o phase are
shared with the B phase to form the interface atomic layer. (F) Atomic model
corresponding to the observation; Si and N atoms are represented as blue and
orange spheres, respectively. d, d-spacing in the crystal.
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realizing the plastic deformability of covalently
bonded crystalline ceramics has been a long-
standing and critical challenge.

Macroscopic plastic deformation in response
to external loading is often an accumulative
result of successive multiple atomic displace-
ments. In alloys with metallic bonds, plastic
deformation is realized by local atomic dis-
placements that proceed through switching
one or a few interatomic bonds at a time
along the lattice planes, also known as dis-
location motion (25, 26). Stress-induced phase
transformation and the consequent plastic-
ity have been realized in metallic materials
and even in ionically bonded ceramics such
as ZrO, (27-32) with nondirectional bond-
ing. Although this mechanism has enabled
plastic deformation in other materials, it has
remained elusive in covalently bonded ceramics
(33), mainly because of the directionality of
covalent bonds.

Theoretically, it could be possible to achieve
macroscopic plastic deformation in covalently
bonded ceramics provided that bond breaking
in covalent bonds occurs in a very small
volume together with immediate healing by
new bond formations, which we define as
bond switching in this text. In this sense, the
energy barrier needs to be lower for local
atomic rearrangement to enable a relatively
easy transition of one bonding configuration
to another, and simultaneously, the lattices on
both sides of the slip plane must have roughly
the same unit atomic distance to ensure suc-
cessive atomic translation in crystalline cera-
mics (34).

Accordingly, a dual-phase structure with a
coherent interface may meet these requirements
and serve as a good candidate to realize phase
transformation-mediated plastic deformation
via bond switching in covalently bonded crys-
talline ceramics. Here, we demonstrate this
design strategy in SizNy, a typical covalently
bonded crystalline ceramic of wide interest
(35-40). Under normal conditions, SizN, has
two polymorphs, the a and  phases. These
two polymorphs have similar hexagonal lattice
structures composed of corner-shared [SiN,]
tetrahedra, that is, their lattice constant is
almost the same along the a direction but
differs along the ¢ direction, with the lattice
constant of o being twice that of B (41, 42). Such
a crystallographic configuration allows SisN,
to potentially possess coherent phase inter-
faces in the crystals. Given this, we designed
a dual-phase o/B-SizN, ceramic with coherent
interfaces and observed substantial plastic de-
formation in the ceramic.

Microstructure characterization of o./B-SisN4
with coherent interfaces

Bulk SizN, ceramics are usually prepared by
liquid-phase sintering from o-Si;N, powder,
in which the o—f phase transformation occurs
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Fig. 2. Mechanical behaviors of polycrystalline SisN, nanopillars with different proportions of
coherent interfaces (proportion of the total length of the interfaces). (A) A series of TEM images of
a/B-SisN4 (coherent interface content is 32%) and B-SisN4 (coherent interface content is 0) nanopillars
recorded during the in situ test; the coherent interface content was tested by transmission Kikuchi
diffraction (fig. S4). The scale bars are 200 nm, and both the nanopillars have a diameter of about 350 nm.
€, compression strain. (B) Nanopillars with a richer coherent interface showing higher engineering
stress-strain. (C and D) The measured maximum strain (C) and ultimate strength (D) versus coherent
interface content showing that both the maximum strain and ultimate strength simultaneously increase
with the proportion of coherent interface (N = 5, where N is the number of samples used to calculate the
average value and the error of each data point). Error bars represent SD.

via the dissolution-reprecipitation mechanism
(43, 44)), and consequently, the sintered dense
SizN,, ceramics are mostly single-phase -SizN,.
Using a method that largely differs from the
conventional process, we prepared the dual-
phase o/p-SizN, ceramics (hereafter referred
to as a/B-SizN,) with a varying fraction of co-
herent o/f phase interfaces through precise
control of the sintering parameters to quench
the a—f transformation (45). During this
process, the a- and B-SigN, grains with a spe-
cific orientation relationship were directly in-
tegrated (Fig. 1).

We examined the microstructure of o/B-SizN,
using high-angle annular dark-field scanning
transmission electron microscopy (HAADF-
STEM). The sample showed a dual-phase grain
structure, where each grain consists of both
o- and B-SizN, with a coherent interface be-
tween the two phases (Fig. 1, A and B). Further
analysis at the interfaces shows that the o and
B subgrains have a specific orientation rela-
tionship of [001],//[001]z and (100),//(100)s
(Fig. 1C and fig. S1), where the angle mismatch
between the o and f subgrains is less than 1.8°
(Fig. S2). We did not observe sharp interfaces,
indicating a high degree of lattice matching

between the o- and B-SizN, (Fig. 1D). The
integrated differential phase contrast iDPC)-
STEM image of the interface (Fig. 1E) along
the [010] direction shows the atomic columns
with periodically strong and weak intensities,
corresponding to the atomic stacking sequence
of ---ABCDABababab--- along the [001] direc-
tion. Based on the iDPC-STEM images, we
established a structure model (Fig. 1F) to
schematically reveal the highly coherent inter-
face at the atomic scale. To achieve atomic-
scale matching in o/p-SizN,, a small lattice
distortion caused by a slight difference in
the interplanar spacings of (100) planes of
the a and B phases still exists in the § grain,
which agrees with the result of strain field
analysis (fig. S3). Clearly, the coherent o/
interface is largely distinguished from the
conventional grain interfaces in SizN, ce-
ramics, where two randomly oriented grains
are separated by an intergranular glassy film
(38, 39).

Mechanical properties of a/B-SizN, by
nanopillar compression

We evaluated the mechanical properties of the
a/B-SizN, samples by nanopillar compression
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Fig. 3. Phase-content change of SisN, samples during compression under
high pressure. (A) Schematic diagram of the ADXRD test under uniaxial
pressure; the wavelength of the monochromatic x-ray beam was 0.7293 A.
(B) Selected x-ray diffraction (XRD) spectra of B-SisN4 and a/B-SizN4. The
diffraction peak shifted to the right for pure B-SisN4, the o phase never
appeared, and the B phase remained stable up to 36 GPa; by contrast, the
B phase gradually decreased until it could not be detected up to 48 GPa in
0/B-SizNg4. a.u., arbitrary units. (C) Schematic diagram of the shock experiment;
the sample was shocked through high-speed flyer (Cu) and then the phase
content was detected by XRD. The monochromatic x-ray beam had a
wavelength of 1.54178 A. (D) XRD spectra of B-SisN4 and a/p-SizN4 before
and after shocking. The B phase remained stable after shocking by ~45 GPa in
pure B-SisNg, and no o phase was observed even though obvious lattice

Presure(GPa)

distortion of the B phase was induced, as indicated by the peak shift. By
contrast, the diffraction intensity of the B phase decreased in a/B-SisN, after
shocking; thus, the content of the o phase increased by ~7%. (E) Variation in
the o phase content under pressure. The a phase content in a/p-SisN4
gradually increased as the pressure increased; under static pressure, the

B phase gradually transformed to the a phase and almost completely
transformed at ~34 GPa in o/B-Si3N4. Under shock load, the p—a
transformation could still occur, but the amount of phase transformation was
less than that under static pressure because the duration of the peak
pressure was extremely short. In pure B-SizN4, the p—a transformation could
not happen, irrespective of the type of stress stimulus. The insets show

the (110) diffraction peaks of the a and B phases in o/B-SisN4 (top) and
B-SisN,4 (bottom) after compression under different pressures.

tests. During the sintering of Si;N, ceramics,
densification usually occurs along with the
o—f phase transformation; both densification
and phase transformation are thermally activated
and achieved by the dissolution-reprecipitation
mechanism (43, 44)). To prepare our o/f-SizN,
samples containing coherent o/p interfaces, both
lowering the sintering temperature and short-
ening the holding time are required to limit
the o—f phase transformation and hamper the
densification process. As a result, the prepared
0/B-SizN, samples are not fully dense and are
prone to contain defects such as pores. The me-
chanical properties of covalently bonded cer-
amics are sensitive to these defects, which affect
crack generation and propagation and, conse-
quently, may cause a deterioration of mechan-
ical behavior (9). To minimize the ambiguities
caused by the structural defects and reveal the
intrinsic properties of the prepared o/f-SizNy
samples, we therefore used nanopillar-shaped
samples (rectangular nanopillars of about
350 nm by 350 nm by 250 nm) to evaluate the
mechanical properties (45).

SCIENCE science.org

The o/p-SizN, nanopillars exhibited higher
strength and plastic deformation compared
with conventional B-SizN, fractured just in the
elastic deformation stage (Fig. 2, A and B, and
figs. S5 to S9). The o/B-SizN, nanopillar (coher-
ent interface proportion of ~32%) showed a
fracture strength of 11.0 + 0.4 GPa and a
plastic strain of about 20% (Fig. 2, C and D,
and movie S1). For comparison, a conventional
B-SizN, nanopillar of almost the same size
showed a fracture strength of 4.7 + 0.1 GPa
with no plastic deformation (Fig. 2, C and D,
and movie S2). The plastic deformation of
0/B-SizN, under uniaxial compression is quite
different from the localized deformation under
confined compression that is observed in nano-
indentation tests (46). The Siz;N, nanopillars
exhibited an elastic strain of ~10%, which is
considerably larger than those observed in
bulk SizN, samples mainly because of the
small sample size. Similar results have been
reported for other ceramics; for instance, an
elastic strain of ~8% was observed during
the compression of MgAl,O, micropillars with

a diameter of 2.5 um at room temperature,
which is much larger than that of the bulk
samples (<1%) (47). Furthermore, the strength
and plasticity of the o/f-SisN, samples showed
a strong dependence on the proportion of o/
coherent interfaces in all the interfaces. By
increasing the proportion of coherent inter-
faces, we simultaneously enhanced the plas-
ticity and strength considerably (Fig. 2, C and
D). The effect of electron beam irradiation on
the plasticity of the o/f-Si;N, nanopillars was
negligible, which we confirmed by nanopillar
compression tests with the electron beam
switched off (fig. S10).

Stress-induced p—a phase transformation

in a/B-Si3Ny

To investigate the structural evolution upon
external loading, we performed in situ static
compression under angle dispersive x-ray dif-
fraction (ADXRD) on the o/B-SisN, and B-SisN,
samples (Fig. 3A). The B—a phase transfor-
mation began at a pressure of ~10 GPa and
completed at ~35 GPa during the compression
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Fig. 4. A representative p—a phase transformation event revealed by in
situ TEM. (A) Bright-field images of a nanopillar at different compression
strains (g, = 0, 10.60, and 21.70%); the orange and green dashed lines
show the outlines of the a and B grains, respectively, with coherent interfaces;
outside of the dashed lines in the nanopillar are the SisN4 grains bonded by
the glass phase. The nanopillar was compressed by the diamond flat indenter
shown in the bottom-left corner of the image. (B) Coherent structure caused the
diffraction patterns of (1-10), and (1-10)s to overlap; hence, the dark-field
image [diffraction beam of (1-10) was captured] reveals the outlines of the

o and B grains. (C) When the diffraction beam of the (001),, was captured,
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only the o grain appeared bright in the dark-field image; the projected area of
the o grain along the electron beam (S,,) is ~1.75 x 10* nm?, and the bottom
of the a grain is the coherent interface with the B grain. After compression, the
coherent interface extended into the B grain, and S, increased to ~2.00x10* nme.
The image drift during in situ compression was negligible, which was confirmed
by comparing the contours of the grains in dark-field images before and after
compression. (D) Sketch maps of this nanopillar at three compression stages
show the movement of the coherent interface more clearly during the
compression process. The coherent interface that separates the grains is
denoted by the red line and is labeled 1, 2, and 3.

of the o/f-SizN, sample (Fig. 3, B and E, and
fig. S11). The onset pressure for the f—ao phase
transformation here is higher than the yield
stress of o,/B-Si;N, nanopillars that we observed
in the uniaxial compression tests (Fig. 2B),
mostly because the sample here is compressed
under a constrained condition (48). After un-
loading to 0.1 MPa, only the o phase existed
and no B phase was detected (fig. S12). During

374 28 OCTOBER 2022 « VOL 378 ISSUE 6618

the compression of the single-phase -SizN,
sample, however, we did not observe any f—a
phase transformation, even under the max-
imum pressure of 54 GPa (Fig. 3B and fig. S13)
and unloading to 0.1 MPa (fig. S14). Further-
more, we performed dynamic compression
experiments for the o/p-SizN, and B-SizN,
samples (Fig. 3C). We used explosion shock
to generate a pulse of pressure on the sample

with a peak stress of ~61 GPa. We observed
the B—a phase transformation during com-
pression of the o/p-SizN, sample (which was
incomplete due to the extremely short time
duration of high pressure) (Fig. 3D). The trans-
formation was absent in the conventional
B-SizN, sample.

The structural evolution that we observed
during both static and dynamic compression
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Fig. 5. Density functional theory calculations
showing the pathway of the p—a phase
transformation. (A) Energy landscape of o, B, and
o/B dual-phase with coherent interface. The energy
barrier for the transformation of the a/p dual-phase
structure to o is much lower than that of the
transformation to B. (B) Side view of an p(001)/
0(001) interface before (top) and after (bottom)
sliding along the [-110] direction by \/Tﬁa, in which a is
the lattice constant of the supercell. In step 1, the

B phase slides along the [-110] direction with respect
to the o phase. The orange vertical lines and the

red arrow are used to highlight the sliding direction.
(C) Shown are the top views of the first and second
layers in the bottom panel of (B) (top left) and

the final state after the second layer transforms to
the B phase (bottom left). The side view of the
supercell after the phase transformation is shown at
the top right. In step 2, the second layer of the B
phase transformed to the o phase after the breaking
and rebonding of the Si-N bonds. (D) The top view
of the second and third layers in the top right panel of
(C) (top) and the final state after the third layer
transformed to the B phase (bottom). In step 3, the
Si atoms in the third layer of the B phase rotate
around the central N atoms, as indicated by the
windmills, resulting in the third layer of the B phase
transforming to the o phase. (E) The side views of the
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structure in the bottom panel of (D) (top) and the structure after sliding (bottom). In step 4, after the whole B phase slides along the [1-10] direction

by ‘/Tga, the stacking sequence of the fourth layer of the B phase changes to the o phase naturally. (F) Density functional theory—calculated energy profile of the
interface transformation steps shown in (C) and (D). (G) The shearing of original B atom layers with respect to the o phase during the pB—a phase transformation.
Atoms in the same supercell are highlighted to track the corresponding atoms in each step. The orange and blue spheres represent Si and N atoms in the

B phase, whereas the green and light blue spheres represent those in the o phase, respectively.

confirmed the occurrence of a stress-induced
—a phase transformation in SizN,. In the past
few decades, only the o—f3 phase transfor-
mation was recognized to take place, whereas
the B—o transformation has been strictly
limited because of the higher stability of 8
compared with o. The B—a phase transfor-
mation has not been observed at any tem-
perature and pressure (including at tens of
GPa) (49-51). The B—a transformation that
we observed is intrinsically different from the
well-known o—f transformation, which is a
thermally induced dissolution-reprecipitation
process with the presence of a liquid phase
and strongly relies on its diffusion property.
It appears that the —a transformation is a
stress-induced, diffusionless solid-state phase
transformation with no liquid participation.
We also found that the stress-induced p—a
phase transformation only occurred in the
0/p-SizN, sample but not in the -SizN, sam-
ple, indicating a close relation to the dual-phase
structure, especially with the coherent interface
of our a/B-SigN, sample.

We used in situ transmission electron micro-
scopy (TEM) to reveal the role of the coherent
o/p interface during the stress-induced p—a
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phase transformation. We compressed an
0/p-SizN, nanopillar approximately along the
[001] direction of the highlighted grains of
the o and  phases with a coherent interface
(Fig. 4A) and monitored the movement of the
coherent o/f interface in a dual-phase grain.
In the nanopillar, the orange and green dashed
lines in Fig. 4A indicate the boundaries of the
o and B subgrains, respectively, with the same
orientation in the dark-field image (Fig. 4B).
During compression (movie S3), the coherent
o/p interface moved to the B subgrain and
the [001]-projected area of the o subgrain (S,)
increased from 1.75 x 10* to 2.00 x 10* nm?
(Fig. 4C). Figure 4D illustrates that the stress-
induced B—a phase transformation is related
to the movement of the coherent interface
during compression.

Mechanism of the p—a phase transformation
in o/ B-Si3N4

We simulated the detailed atomic movement
on the coherent interface using first-principle
calculations based on a supercell with a co-
herent o/ interface. The supercell contains
8 atomic layers of the  phase and 12 atomic
layers of the o phase, as shown in the top panel

of Fig. 5B and fig. S16. The transformation
energy barrier from o/f-SisN, to B phase is
higher than that from o/p-SizN, to o phase
(Fig. 5A), which makes the transformation to o
phase more energetically favorable. By com-
paring all possible pathways of the f—a phase
transformation (see figs. S15 and S16), we
rationalized the following pathway for the
f—o phase transformation. The pathway
contains four steps: The first step involves
sliding at the B/a interface, followed by two
steps of intralayer transformation, and a final
step of sliding at the newly formed B/a inter-
face (Fig. 5, B to E). In the first step, an ener-
gy minimum occurs at a displacement of @ a
(where a is the lattice constant of the super-
cell) when the  phase layers slide along the
[-110] direction (Fig. 5C and fig. S15A). In the
second step (Fig. 5C), the second layer (marked
in Fig. 5B), which belongs to the § phase, trans-
forms to the o phase via a bond breaking and
rebonding process (marked by the blue and red
triangles in Fig. 5C) with an energy barrier of
0.90 eV (Fig. 5F). The bond breaking and re-
bonding process is also observed in our ab initio
molecular dynamics simulations (fig. S17 and
movie S4). In the third step, the Si atoms in the
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third layer rotate around the central N atoms,
leading to the transformation from  phase
to o phase (highlighted by orange and blue
windmills in Fig. 5D) with an energy barrier
of 1.10 eV. In the final step (purple rectangles
in Fig. 5E), the B phase layers slide along the
[1-10] direction by @ a, resulting in a stacking
layer of o phase (see fig. S15B for the energy
profile). Therefore, the three neighboring layers
in the B phase are all transformed to the o phase
during this process. Because the atomic struc-
ture of the first layer in the o phase is the same
as that of the fifth layer in the B phase and the
periodicity in the o phase along the [001] direc-
tion is four layers, the remaining  phase could
eventually transform to the o phase by con-
tinuing this process.

The pathways are characteristic of bond
switching of Si-N bonds, [NSiz] unit rotation,
and structure distortion at the interface (figs.
S17 to S21 and movie S4). One crucial process
is the sliding along the [-110] direction, which
is involved in both the first and fourth steps
(figs. S18 and S21) and leads to a shearing be-
tween the two subgrains. Bond breaking and
rebonding of Si atoms with N (or Si) atoms
participate in the process, where the rebond-
ing between the Si atom and another N atom
occurs immediately after the preceding Si-N
breaking, resulting in bond switching. Such
a bond switching mechanism fundamentally
differs from the conventional bond-breaking
mechanism that leads to crack formation.

As elaborated on earlier, the coherent inter-
faces between a- and B-SizN, facilitate the
rebonding of atoms after bond breaking, giv-
ing rise to a bond-switching process without
initiating a crack, which always occurs in a con-
ventional bond breaking process. The atomic-
scale sliding leads to a displacement between
the a and B subgrains and subsequently the
[NSiz] unit rotation, as well as structure dis-
tortion, at the interface (Fig. 5G and figs.
S17 to S21). The accumulation of successive
atomic reshufflings from bond switching re-
sults in the stress-induced B—a phase trans-
formation and the subsequent macroscopic
deformability. However, the f—o phase trans-
formation dissipates energy to release the
strain, which helps to avoid fracturing fail-
ure and thus increase the strength. Conse-
quently, the internal stress in the a/B-SizN.,
sample was lower than that in the single-phase
B-SizN, after dynamic compression (fig. S22
and table S1).

The stress-induced p—a phase transforma-
tion of SizN, is different from the martensitic
t—m phase transformation of ZrO,, despite
their similarities of being diffusionless and
leading to plastic deformation. ZrO, is com-
posed of ionic bonds, in which the t—m phase
transformation is displacive and realized by a
lattice shearing. By contrast, SizN, consists
of directional covalent bonds, and the f—a

376 28 OCTOBER 2022 « VOL 378 ISSUE 6618

transformation cannot be achieved by a lattice
shearing but instead involves an extra rota-
tion of [NSiz] units, which makes the f—a
phase transformation reconstructive rather
than displacive.

We found that bond switching, which is a
prerequisite for the dislocation motion and
phase transformation in metals, can also be
realized in covalently bonded ceramics through
the design of coherent interfaces. However,
other factors that contribute to the increased
strain and strength of o/p-SizN, cannot be
excluded, requiring even better illumination
of the interactions between the B—a phase
transformation and stress-strain behaviors.
The absolute values of the strain and strength
from the compression of nanopillar samples
usually differ from those of bulk samples,
requiring better fabrication methods to ob-
tain bulk-scale deformable SizN, ceramics
with dual-phase grand structure and coher-
ent interfaces.

Polymorphism has also been found in other
covalent ceramics, which makes it possible to
tailor the dual-phase structure with coherent
interfaces, especially in those with correlated
crystalline structures and atomic distances
(e.g., the cubic and hexagonal phases of sil-
icon carbide). In this sense, we anticipate
that the approach of our present work can
be extended to develop more deformable
ceramics.
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MAMMALIAN EVOLUTION

Attenuated evolution of mammals through

the Cenozoic

Anjali Goswami®?*, Eve Noirault!, Ellen J. Coombs"%3, Julien Clavel*, Anne-Claire Fabre >,
Thomas J. D. Halliday™’, Morgan Churchill®, Abigail Curtis®, Akinobu Watanabe*'°X,
Nancy B. Simmons'2, Brian L. Beatty'®'3, Jonathan H. Geisler'3, David L. Fox'4, Ryan N. Felice>'®

The Cenozoic diversification of placental mammals is the archetypal adaptive radiation. Yet,
discrepancies between molecular divergence estimates and the fossil record fuel ongoing debate
around the timing, tempo, and drivers of this radiation. Analysis of a three-dimensional skull dataset for
living and extinct placental mammals demonstrates that evolutionary rates peak early and attenuate
quickly. This long-term decline in tempo is punctuated by bursts of innovation that decreased in
amplitude over the past 66 million years. Social, precocial, aquatic, and herbivorous species evolve
fastest, especially whales, elephants, sirenians, and extinct ungulates. Slow rates in rodents and bats
indicate dissociation of taxonomic and morphological diversification. Frustratingly, highly similar
ancestral shape estimates for placental mammal superorders suggest that their earliest representatives

may continue to elude unequivocal identification.

lacental mammals make up 94% of ex-

tant mammalian diversity, with more

than 6100 recognized extant species

(I). This richness in species numbers is

paired with an immense variation in
ecology and morphology, with fully volant to
fully aquatic forms spanning six orders of
magnitude in size. Much diversification of
placental mammals is thought to have been
achieved quickly in the early Cenozoic, in the
aftermath of the Cretaceous-Paleogene (K/Pg)
mass extinction that removed nonavian dino-
saurs from global ecosystems (2). However,
despite a wealth of data from extant and fossil
species, the timing, tempo, and drivers of the
placental mammal morphological radiation
have remained contentious. Studies of body
size evolution variably support an early burst
(8), accelerating rates linked to climate (4), or
stable rates after the initial superordinal diver-
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gences. These studies often suggest that the
K/Pg event had little impact on placental mam-
mal evolution (5). By contrast, studies of tooth
morphology or discrete character data sug-
gest that either morphological diversifica-
tion postdated the K/Pg extinction (6, 7) or
that rates of evolution increased rapidly at
K/Pg boundary (8). Some of this uncertainty
is due to the ongoing debate on the timing of
origin of Placentalia and its proximity to the
K/Pg mass extinction (9-16). Two additional
critical factors contribute to this uncertainty:
(i) the exclusion of fossils from most studies,
despite wholly extinct lineages dominating
the initial post-K/Pg fauna (17); and (ii) the
limited phenotypic data that are used in most
analyses of the morphological diversification
of placentals. Phenotype is the object of nat-
ural selection, as the interface between organ-
isms and their environment, but most studies
reduce complex morphologies to highly sim-
plified metrics such as body size (11, 12) or
discrete binary characters (9, 13), hindering
robust understanding of the influence of so-
cial, ecological, and developmental factors on
morphological evolution.

Here, we reconstruct the pattern and drivers
of the morphological diversification of Placen-
talia with a quantitative analysis of cranial
evolution that samples the full breadth of living
and extinct placental mammal diversity. Our
dense three-dimensional (3D) morphometric
dataset (757 landmarks and sliding semiland-
marks) for 322 species spans the Cenozoic Era
and represents every extant family and a ma-
jority of extinct orders (Figs. 1 and 2, fig. S1,
table S1, and data S1). We focus on the cra-
nium because it is a feature-rich structure that
performs several critical functions implicated
in placental mammal success, from feeding,
fighting, and communication to housing and
protecting sensory structures and the brain.

Given the ongoing debate on the timing of
placental mammal diversification and the
phylogenetic positions of some extinct clades,
we perform these analyses across 1800 evolu-
tionary trees, using multiple topologies and
divergence estimates spanning from 100 to
70 million years ago (Ma), and thereby in-
corporate the impact of this chronological
and phylogenetic uncertainty on our under-
standing of placental mammal evolution. We
summarized our results by binning these phy-
logenetic frameworks into a total of 18 sets,
which are divided by tree topology and 5-million—
year intervals for the placental mammal root
age; for example, 100 trees use tree topology 2
and a divergence estimate for Placentalia rang-
ing between 80 and 85 Ma. With these analyses,
we reconstructed the tempo and mode of evo-
lution of the placental mammal skull to robust-
ly test the hypothesis that placental mammals
radiated quickly in the aftermath of the K/Pg
mass extinction and to assess the primary so-
cial, developmental, and ecological factors asso-
ciated with their morphological diversification.

Results
Cranial variation across placental mammals

Despite the vast ecological range of placental
mammals, skull variation is overwhelmingly
concentrated into a single region of morpho-
space, suggesting extensive conservation or
convergence of cranial form across all pla-
cental mammal superorders (Fig. 1 and fig.
S2). There are two other clusters observed, but
each is populated by single clades, specifi-
cally whales and rodents. The first principal
component (PC1) (34.1% of the total variation)
is dominated by shifts associated with the
land-to-water transition of whales, with two
distinct concentrations that represent “ter-
restrial” and “aquatic” adaptive peaks. Extreme
elongation of the premaxilla and maxilla and
retraction of the nasals in Cetacea drives change
along this axis, with early whales overlapping
substantially with terrestrial Laurasian “ungu-
lates” that include Litopterna, Perissodactyla,
and Artiodactyla. Several other lineages con-
verge on aspects of this morphology, particularly
the retraction of the nasals, including Sirenia,
Desmostylia, Proboscidea, and Embrithopoda.
The opposite extreme of PC1 is dominated by
short-faced, globular euarchontaglirans, par-
ticularly Rodentia and Primates. Whales span
the full breadth of PC2 (14.9% of the total varia-
tion), with the unusual extinct walrus-like whale
Odobenocetops defining the maximum end of
the axis and the early archaeocete Pakicetus
at the opposite extreme. Many placental mam-
mal lineages are better discriminated along this
axis, with extremely dolicocephalic armadillos
occupying lower PC2 values and brachycephalic
primates, bats, and elephants at the positive end.
Rodents are further distinguished on PC3, on
which they form a distinct concentration of
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Fig. 1. Cranial variation across placental mammals is highly concentrated.
(A) Cranial morphospace for placental mammals showing PC1 to 3, with density
contours that reflect three concentrations of placental mammal skull shapes
(two dominated by single clades) and highlighting specimens along the edges of
each of the high-density regions. (B) Detailed morphospace of PCl and 2,

variation that is separate from other terrestrial
placental mammals (Fig. 1 and fig. S2) and is
driven largely by the height of the facial region,
the size of the nasals, and the orientation of the

378 28 OCTOBER 2022 « VOL 378 ISSUE 6618

occipital region. Extant and extinct taxa largely
overlap in cranial morphospace, with Paleogene
to Recent taxa occupying similar positions on
the principal axes. Fossil forms fill the gap be-

showing superordinal and ordinal affiliations of specimens and wireframe models
of the variation along each axis. Symbols and colors in the morphospace indicate
clade affiliation, as described on the legend (version with color-blind palette
provided in fig. S2). Colors on skull wireframes denote different cranial elements
(see table S1 for details).

tween the terrestrial and aquatic clusters on PCl,
but they also define the extremes of most prin-
cipal axes, demonstrating the exceptional extinct
diversity of placentals. By contrast, the pale fox
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Fig. 2. Rapid evolutionary rates are observed near the base of several
placental mammal clades. Estimated branch-specific rates of cranial

evolution by using a variable-rates Brownian motion model with a lambda tree
transformation, shown here for one example tree (topology 2, root age 80 to
85 Ma, tree 85 of 100). Warmer and cooler colors indicate faster and slower rates
of evolution, respectively, with yellow indicating moderate rates. SANU refers

(Vulpes pallida) is closest to the average cra-
nial shape of extant placental mammals, with
an extinct confamilial, the borophagine dog
Desmocyon matthewst, possessing a skull most
similar to the average shape among the sam-
pled living and extinct mammals.

Tempo of cranial evolution across

placental mammals

Bayesian analysis using a reversible-jump Markov
chain Monte Carlo (MCMC) algorithm sup-
ported variable-rates Brownian motion with
a lambda tree transformation (A = 0.629 to
0.741) as the best supported model of evo-

SCIENCE science.org

lution across every phylogenetic topology and
divergence time bin sampled in this study (fig.
S3). Despite vast differences in the estimated
root age for placentals, which ranges from 100
to 70 million years in the phylogenetic hypothe-
ses included here, the results are notably con-
sistent, with little to no difference in positions
of rate shifts or relative rates of evolution across
the placental mammal tree (Fig. 2 and fig.
S4). Rate shifts are clustered at the base of
Placentalia, varying slightly in whether they
occur at the basal nodes for each superorder
or more inclusive nodes (e.g., Boreoeutheria
and Atlantogenata) and demonstrating an

to South American native ungulates. Fast branches are concentrated within
Cetacea, indicated with a whale icon, as well as more basal branches for several
orders. A subset of the sampled skulls is positioned proximal to their terminal
branches to demonstrate the immense cranial diversity of living and extinct
placentals. Geological age is indicated with alternating shading of circles, from
innermost outwards: Cretaceous, Paleogene, Neogene, Quaternary.

increase in rate from stem to crown Placenta-
lia (fig. S4). High rates are also concentrated at
the base of many orders, reflecting the rapid
accumulation of ecological and morphological
diversity early in the placental mammal radia-
tion. Multiple rate increases occur along the
stem of Cetacea, with particularly fast rates of
evolution on the branches leading to fully
aquatic whales (basilosaurid archaeocetes plus
crown cetaceans), as well as to odontocetes.
High rates of evolution are also observed at or
near the base of Paenugulata (and/or Sirenia,
depending on phylogenetic tree), Cingulata,
Primates (and/or Catarrhini), Rodentia, and
379
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Fig. 3. Rates of evolution peak early in placental mammal evolution and
attenuate through time. (A) Rates of evolution through time are shown for one
sample tree per root age for topology 2, colored by root age, and clade-specific
tip rates and ancestral estimates are shown for topology 2, root age 80 to 85,
tree 85, as in Fig. 2. The K/Pg boundary and the PETM are indicated with red and
green lines, respectively. (B) Subsetting terminal branch rates by each order

Chiroptera. There are relatively fewer high rates
of evolution observed in less-inclusive clades,
but high rates are observed on the branches
leading to hominids, saber-toothed cats, pin-
nipeds, beavers, camels, yangochiropteran bats,
and the extinct large-bodied brontothere peris-
sodactyls (Fig. 2 and fig. S4).

Placing evolutionary rates in temporal con-
text necessarily depends heavily on the diver-
gence estimates of the phylogenetic framework.
Nonetheless, the distribution of evolutionary
rates across a range of phylogenetic hypothe-
ses is strongly indicative that the tempo of
cranial evolution increased rapidly early in
placental mammal evolution, proximal to the
end-Cretaceous mass extinction, and fell equally
rapidly, in contrast to studies of body size evo-
lution in extant taxa (4, 5). This initial burst is
followed by long-term decline, but this decline is
punctuated by multiple smaller peaks through-
out the Cenozoic, a pattern that we describe as
“attenuated evolution,” indicating the decreas-
ing amplitude of peaks in evolutionary rate
along a backdrop of declining rates. The initial
radiation and declining rates are consistent
with an early burst model (Z8), but the presence
of numerous intermediate peaks in evolution-
ary rates distinguishes this pattern from a stan-
dard early burst. The declining size of those
peaks likely reflects increasingly limited niche
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space with distance from the K/Pg mass extinc-
tion, whereas their timing, allowing for the
aforementioned uncertainties, likely reflects sub-
sequent bursts of diversification that are asso-
ciated with major climatic and geologic events.
Several scenarios reconstruct a large peak in
rates in the early to middle Eocene and smaller
peaks near the Eocene-Oligocene and Oligocene-
Miocene boundaries, all of which are associated
with transitions between warmer and cooler
climates (Fig. 3). By contrast, the impact of the
rapid warming event at the Paleocene-Eocene
boundary, the Paleocene-Eocene Thermal Max-
imum (PETM), on evolutionary rates is ambig-
uous, with sharp declines, small increases, or
little change in rate during this interval, depend-
ing on the estimated root age of Placentalia.
Both the slowest and the fastest evolving
clades in this study are wholly extinct lineages
that straddle the end-Cretaceous mass extinction
(Fig. 3 and fig. S5). Stem placental mammals
with unambiguous Late Cretaceous origins and
a rich fossil record evolved much more slowly
than all crown placental mammals in every
phylogenetic framework. “Archaic” and South
American native ungulates (SANU), both of
which first appear in the fossil record in the
Paleocene in the aftermath of the mass extinc-
tion, display the fastest rates of evolution in
every scenario. Comparing the overall rates of

demonstrates the slow pace of evolution in stem placental mammals and
euarchontoglirans, in contrast to Afrotheria and several laurasiatherian clades.
Asterisk indicates wholly extinct orders. (C and D) Estimated ancestral cranial
shapes (excluding teeth and bullae) for (C) Placentalia and (D) each superorder,
by using Vulpes pallida for the reference mesh, suggest a marked similarity
among the estimated MRCAs for placental mammal superorders.

cranial evolution across orders also demon-
strates a clear dissociation of taxonomic diver-
sification and morphological evolution in the
crown placental mammal radiation. Irrespec-
tive of topology and divergence estimates,
laurasiatherian and afrotherian clades display
the fastest rates of cranial evolution (Fig. 3 and
fig. S5), whereas the most speciose placental
mammal orders, Rodentia and Chiroptera, show
some of the lowest evolutionary rates for cranial
shape. The relative ranking among the five
orders with the fastest rates of cranial evolu-
tion varies depending on topology and diver-
gence time bin but always includes Cetacea,
Proboscidea, Sirenia, and the extinct orders
Litopterna and “Amblypoda” (a likely para-
phyletic grouping of early Cenozoic large-
bodied ungulates). Notably, members of the
defunct, paraphyletic “Insectivora,” including
Afrosoricida, Macroscelidea, Scandentia, and
Eulipotyphla, consistently show some of the
slowest rates of evolution, which may have
contributed to the long-standing difficulties
with ascertaining their phylogenetic relation-
ships on the basis of morphology alone.
Among extant superorders, Euarchontoglires
is consistently the slowest evolving, with all
clades, including rodents and primates, exhibit-
ing some of the slowest evolutionary rates among
placentals. The xenarthran clades all consistently
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Fig. 4. Aquatic, herbivorous, precocial, and social placental mammals evolve at the fastest rates. Rates of evolution on the basis of ecological and life-history
traits for placentals, with diet and locomotion estimated for all living and extinct taxa sampled, whereas the other four categories are limited to extant taxa.
Distributions represent results from 100 sampled trees for topology 2, root age 80 to 85.

display an intermediate rate of evolution rela-
tive to other placentals, whereas laurasiatherians
show the broadest range of evolutionary rates
across orders. Other than the fast-evolving
aquatic or extinct ungulates and slow-evolving
bats noted above, the other laurasiatherians
show a division between herbivorous ungu-
late orders (Artiodactyla, Perissodactyla, and
Notoungulata) that evolve at moderate rates,
whereas carnivorous laurasiatherians, includ-
ing Carnivora and the extinct creodonts, dis-
play relatively slow rates of evolution. Although
we do not quantify taxonomic diversification
in this study, our results do suggest that the
expected close association of rates of speci-
ation and rates of phenotypic evolution may
not extend cleanly to the placental mammal
skull. This expectation stems from hypotheses
of positive coupling between lineage split-
ting and adaptation to new niches via pheno-
typic evolution (19). By contrast, numerous
examples exist of taxonomic diversification
occurring in the absence of ecological or mor-
phological divergence (20). Recent study of
rates of body size evolution and speciation in
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several vertebrate clades identified a general
relationship between these two rates within
each vertebrate class but noted that the strength
of this association varied widely in subclades
within each class. Moreover, some smaller clades
displayed a negative relationship between rate
of speciation and that of body size evolution
(20). Similarly, the lack of a clear association
between taxonomic diversity and rate of cranial
evolution across placental mammals does not
preclude a stronger association existing within
placental mammal clades. A focused analysis
of this relationship, taking into account the
ongoing debate on the ability to accurately es-
timate rates of taxonomic diversification (21),
is needed, but it is worth considering whether
the likely drivers of nonadaptive radiations,
such as geographic isolation, may be more pro-
nounced in smaller taxa, such as those that
dominate the two most speciose placental
mammal clades, Rodentia and Chiroptera.

Drivers of cranial evolution in placental mammals

We further examined the influences of size,
diet, and locomotion on skull shape and rate

of cranial evolution using multivariate phy-
logenetic linear models fitted by penalized
likelihood, across the same distribution of
phylogenetic tree topologies and divergence
time bins that we described above. The ad-
ditional factors of habitat, development (al-
tricial or precocial), diel activity pattern, and
social structure (social or solitary) were fur-
ther examined for the 207 extant species (data
S1). When limited to extant taxa, size and diet
were the only factors consistently supported
as significantly influencing cranial shape and
significantly interacting with each other across
all phylogenetic frameworks and time bins (p <
0.05; table S2). Locomotion has a significant,
albeit weaker, effect on skull shape in all but the
youngest divergence time bin (70 to 75 Ma),
whereas habitat type was supported as a signif-
icant factor in a minority of analyses. Analyses
that include extinct taxa are congruent with
these results, with diet and size showing the
strongest and most consistent influence on
cranial shape, as well as having a significant
interaction (table S2). Shape changes asso-
ciated with increased size are concentrated in
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the elongation of the rostral region (fig. S6),
as suggested by previous studies (22). Large
size is additionally associated with retrac-
tion of the nasals, which is noted in numer-
ous lineages as described above. Variation
associated with dietary categories also re-
flects traits long identified as informative for
ecomorphological analyses, including a larger
sagittal crest in carnivores, reduced zygomatics
in social insectivores, and rostrum elonga-
tion and cranial telescoping in bulk inver-
tivores (a category that is composed entirely
of cetaceans).

Although most of the factors that we exam-
ined are not significantly associated with cra-
nial shape, there are substantial differences in
the rate of cranial evolution associated with
these factors, which could be informative for
modeling species response to environmental
change. In particular, diet, locomotion, social
structure, and development show significant
differences in cranial rate among character
states (Fig. 4 and fig. S7). Dietary categories
dominated by aquatic taxa, specifically bulk
invertivores and piscivores, evolve the fast-
est, followed by herbivores. Aquatic and semi-
aquatic mammals evolve the fastest among
locomotor categories, with arboreal and semi-
arboreal showing comparatively slow evolu-
tion. Aquatic mammals similarly dominated
among habitat categories, whereas desert taxa
exhibit a broad range of rates. Notably, social
animals evolve significantly faster than solitary
animals, which is potentially due to pressure for
elaborate cranial ornamentation in many so-
cial species. Precocial species also evolve at a
markedly faster rate than altricial mammals,
suggesting that extended parental care of
young may result in overall slower rates of evo-
lution. Placental mammals without a fixed pe-
riod of activity, a category that is dominated
by fast-evolving whales and proboscideans,
evolve more rapidly than diurnal, nocturnal, or
crepuscular species, but there are no significant
differences among taxa that display these
latter three activity patterns. Some of these
patterns, such as fast rates in bulk invertivores,
are clearly driven by cetaceans. However, sev-
eral of the character states exhibited by some
or most cetaceans are shared with other pla-
centals, and these noncetacean taxa also display
higher rates of evolution. For example, aquatic
mammals in this dataset include cetaceans,
pinnipeds, sirenians, and desmostylians, all of
which display elevated rates of skull evolution.
Other character states associated with higher
rates of evolution, such as precociality, social-
ity, and cathemeral activity pattern, are ob-
served across placentals. In particular, these
states are exhibited by many terrestrial her-
bivores (another fast-evolving ecological group),
as well as cetaceans (fig. S8), demonstrating
that these results are not solely driven by a
single, fast-evolving clade.
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Although not considered explicitly here, we
may expect postcranial systems to diverge from
the patterns observed here, particularly in terms
of the differences across clades. Specifically,
we may expect higher rates of postcranial evo-
lution in bats and euarchontans, as well as in
arboreal and semiarboreal taxa more gener-
ally, in contrast to the low rates of cranial evo-
lution that we observed for these groups. More
similarity in temporal pattern of cranial and
posteranial evolution is likely, because those
are likely driven by extrinsic phenomenon,
such as mass extinctions or large-scale envi-
ronmental change. However, some of the most
extreme postcranial transitions, which are
associated with the appearance of fully aquatic
or fully volant mammals, occur during the Eo-
cene. Quantifying postcranial evolution would
thus likely increase the amplitude of evolu-
tionary rates during that interval, but further
work along these lines is needed to test this
hypothesis.

Ancestral estimations of the earliest
placental mammals and implications for
resolving their origins

We used our extensive sample of living and
extinct placental mammals to estimate cranial
shapes for the most recent common ancestor
(MRCA) of placental mammals and of each of
the four placental mammal superorders (Fig. 3).
Regardless of the starting 3D mesh used (which
is shown here for V. pallida, the most average
extant placental mammal in this sample), an-
cestral estimates for the four superorders are
very similar, with only the euarchontogliran
MRCA distinguished by a broader vault and a
shorter and narrower rostrum. Subtle differ-
ences among all superordinal MRCAs exist,
largely in the breadth and tapering of the
rostrum. However, the similarities in these
ancestral reconstructions may explain the per-
sistent difficulties with identifying unambig-
uous Cretaceous crown placentals, despite the
near certain divergence of the superorders in
advance of the end-Cretaceous mass extinc-
tion. Rather than reflecting shortcomings of
the fossil record or phylogenetic methodolo-
gies, this uncertainty may be due to the lack
of clear morphological differences among the
earliest representatives of the placental mam-
mal superorders (7). This more pernicious
source of uncertainty may be unresolvable,
but fortunately, our results demonstrate that
reconstructions of the tempo and drivers of
the exceptional morphological diversification
of placental mammals are robust to consider-
able uncertainty in both phylogenetic topology
and the timing of their initial radiation.

Materials and methods

Our dataset samples 322 crown and stem pla-
cental mammals, including 207 extant and 115
extinct species. Sixty-six 3D landmarks and

69 semilandmark curves were collected for
the left side of the skull by using Stratovan
Checkpoint (Stratovan, Davis, CA, USA). Land-
marks and semilandmarks were imported into
R for analysis, in which curves were resampled
to a common number of semilandmarks, slid
to minimize bending energy, and registered
with generalized Procrustes analysis, which
resulted in a total of 757 3D landmarks and
sliding semilandmarks. Data on diet, locomo-
tion, habitat, development, social structure,
and activity pattern were collected from the
published literature.

In the absence of a well-resolved phyloge-
netic hypothesis that samples all living and
extinct taxa in our dataset, we constructed an
extensive range of alternative phylogenies.
Starting with a set of node-dated trees from
the posterior distribution of a recent species-
level molecular analysis of placental mammal
relationships (74), we binned these trees into
six 5-million-year bins (70 to 75 Ma, 75 to
80 Ma, 80 to 85 Ma, 85 to 90 Ma, 90 to 95 Ma,
and 95 to 100 Ma). We then grafted in fossil
taxa on the basis of a suite of recent morphol-
ogical phylogenetic analyses (see supplemen-
tary materials), resulting in three alternative
topologies that capture the major points of
uncertainty, and generated 419,400 alterna-
tive trees to capture uncertainty in divergence
estimates. Lastly, we subsampled this set to
1800 trees, 100 for each of the six 5-million-
year root-age bins for each of the three topol-
ogies, which was used in subsequent analyses.

Macroevolutionary analyses

To examine the overall pattern of cranial varia-
tion across placentals, we conducted a principal
components analysis using Procrustes-aligned
3D data and reconstructed wireframe models
for the minimum and maximum shapes on
the primary axes of variation. We further esti-
mated the ancestral shape for the placental
MRCA and each superordinal MRCA by max-
imum likelihood and warping of a reference
shape to the ancestral estimates.

We assessed 10 alternative evolutionary mod-
els (variable- and single-rate models for Brown-
ian motion [BM], Ornstein-Uhlenbeck, and BM
with lambda, kappa, or delta tree transforma-
tions) for cranial evolution using phylogenetic
PC scores that represented 95% of the total
variation in the dataset and a reversible-jump
MCMC algorithm implemented in BayesTraits
v. 3 (5). For the best supported model, we binned
rates by geological time and plotted their pat-
tern through time for one randomly selected
tree from 18 alternative tree topologies and
divergence estimate bins. We further extracted
rates for the terminal branches and plotted
them by clade to assess differences in mean
rate across clades.

We assessed the association of life-history
and ecological traits on cranial variation and
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evolutionary rates using Type II phylogenetic
multivariate analyses of variance (phylogenetic
regressions) on the Procrustes coordinates with
log centroid size and each of the six factors as
predictors across the same 18 trees. We con-
ducted one analysis of size, diet, and locomo-
tion for the full dataset of living and extinct
species (n = 322) and a second one of all six
factors for just the extant taxa (n = 207). Sub-
sequently, we used a state-specific Brownian
motion model to estimate rates of evolution
for each ecological and life-history state across
the full suite of 1800 trees. Further details of
all materials and methods are provided in the
supplementary materials.
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Stereochemical editing logic powered by the
epimerization of unactivated tertiary stereocenters

Yu-An Zhangt, Vignesh Palanit, Alexander E. Seim, Yong Wang, Kathleen J. Wang, Alison E. Wendlandt*

The stereoselective synthesis of complex targets requires the precise orchestration of chemical
transformations that simultaneously establish the connectivity and spatial orientation of desired bonds.
In this work, we describe a complementary paradigm for the synthesis of chiral molecules and their
isomers, which tunes the three-dimensional structure of a molecule at a late stage. Key to the success
of this strategy is the development of a mild and highly general photocatalytic method composed of
decatungstate polyanion and disulfide cocatalysts, which enable the interconversion of unactivated
tertiary stereogenic centers that were previously configurationally fixed. We showcase the versatility
of this method—and the implementation of stereoediting logic—by the rapid construction of chiral
scaffolds that would be challenging to access using existing tools and by the late-stage stereoediting

of complex targets.

tereochemistry plays a defining role in

the chemical and physical properties of
chiral molecules (7). Specific stereoisomers
(enantiomers and diastereomers) fre-
quently exhibit distinct interactions with
chiral receptors (e.g., enzymes and proteins),
giving rise to critical pharmacokinetic and
pharmacodynamic differences (Fig. 1A) (2-4).
Equally notable changes in the chemical and
physical characteristics of diastereomers have
been leveraged in the design of catalysts and
functional materials (5, 6). However, because
the influences of altering a single stereocenter
within a complex molecule (and within bimo-
lecular interactions) are rarely intuitive, such
isomer effects are typically discovered empir-
ically. Comprehensive synthetic access to the full
complement of stereoisomers is thus essential
for structure-function studies seeking to assess
desirable properties of chiral organic molecules.
The construction of stereochemically well-
defined complex organic molecules remains a
central challenge in organic synthesis and cat-
alysis. Stereoselective synthetic sequences often
revolve around a small number of highly gen-
eral and highly selective chemical reactions or

Department of Chemistry, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA.
*Corresponding author. Email: awendlan@mit.edu
tThese authors contributed equally to this work.

seek to leverage enantiopure, chiral pool-
derived starting materials to reliably establish
the desired stereocenter(s). Consequently, se-
lective access to some stereocenters and stereo-
chemical patterns remains more challenging
than access to others, and access to distinct
stereoisomers frequently requires de novo
synthesis of each target—often from specific
starting materials or through complementary
synthetic strategies. For example, a highly
selective reduction of drimene (1) to 8a(H)-
drimane (2a) was achieved using conventional
hydrogenation conditions, whereas access to
the 8B(H) epimer (2b) from the same interme-
diate required route redesign through an alter-
native, multistep sequence (Fig. 1B) (7).

A deceptively simple alternative would be
the direct editing of chiral products to adjust
their relative stereochemistry in a late-stage
setting. In contrast to conventional stereose-
lective synthetic strategies, this stereochemical
editing approach would enable a fundamen-
tally different synthetic logic, allowing bond
connectivity to be decoupled from the intrinsic
stereoselectivity of the bond formation step(s).
In principle, stereoediting logic would do sev-
eral things: (i) enable challenging chiral target
molecules to be prepared through unconven-
tional and/or unselective retrons, (ii) provide a
strategy to override strong substrate control
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A Importance of relative stereochemistry in organic chemistry:
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Fig. 1. Overview of stereochemical editing logic. (A) Diastereomers have distinct chemical and physical properties. ppb, parts per billion. (B) lllustration of a
stereochemical inversion strategy in multistep synthesis. (C) Established and underexplored areas for stereoediting tools (3, 4, 5). BDE, bond-dissociation energy;
EWG, electron withdrawing group; HAA, H atom abstraction; HAD, H atom donation.

effects within complex settings, and (iii) pre-
sent new opportunities for late-stage diversifi-
cation. Here, we report the realization of these
goals, enabled by the identification of a highly
general, broadly functional group-tolerant
catalytic method to interconvert unactivated
methine stereogenic centers.

The revision of stereogenic centers is rou-
tinely integrated into synthetic design but fre-
quently requires multiple chemical steps and
the use of stoichiometric redox or acid-base
pairs. The direct, catalytic interconversion of
stereocenters featuring acidic C-H bonds (e.g.,
a-carbonyl) is well established, and recent ef-
forts have identified innovative strategies to
control isomer distributions (8, 9). We and
others have sought to expand the scope of
stereoediting tools to allow for the revision of
conventionally static stereocenters, leverag-
ing radical reactions that selectively target
homolytically weak C-H bonds adjacent to
secondary alcohols (10-14) or other hetero-
atoms (I5-18) and transiently electronically
activated positions (19, 20). In spite of these
substantial advances, the selective intercon-
version of stereocenters having strong, hydri-
dic C-H bonds—such as unactivated tertiary
methines—remains an unsolved problem. Lim-
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ited reaction scope, poor functional group
compatibility, long reaction times, use of
super-stoichiometric reagent, and/or complex
side-product profiles limit the application of
existing tools using photoexcited ketone (21),
HgBr, (22), azidyl radical (23), and transition
metal-based (24, 25) reagents. The lack of
general and efficient methods targeting un-
activated tertiary stereocenters has limited the
broad exploration of stereoediting logic in
organic synthesis (Fig. 1C).

We selected cis-cyclobutane 3a, which does
not undergo efficient isomerization to the
trans isomer using established conditions, as a
model substrate to explore the epimerization
of unactivated methine stereocenters. Combs-
Walker and Hill have previously reported the
epimerization of cis-decalin to trans-decalin
using a decatungstate (DT) polyanion photo-
catalyst; however, the formation of 3b was
prohibitively slow using these conditions (Fig.
2B, black trace) (26). On the basis of our ex-
perience with cocatalytic systems composed of
distinct H atom acceptor and donor reagents,
we examined the effect of thiol and disulfide
additives on isomerization efficiency (see the
supplementary materials for full optimization
details). Enhanced reaction rate was observed

in the presence of latent H atom donors, such
as bis(4-chlorophenyl) disulfide (Fig. 2B, red
trace) (12, 13, 27, 28). Optimal reaction condi-
tions using catalytic quantities of DT, disulfide,
and base in MeCN/H,0 reached a final equi-
librium after 4 hours at room temperature under
390-nm light-emitting diode (LED) irradiation
(Fig. 2B, blue trace), allowing for the isolation
of 3b in 82% yield.

We applied these conditions to a suite of
substrates featuring representative tertiary
stereogenic centers to systematically assess the
reactivity and selectivity of the method across
diverse synthetic settings. In addition to 1,2-
disubstituted cyclobutane 3a, cyclopentane
and cyclohexane congeners also react to form
trans isomers 4b and 5b. We evaluated the
effect of substitution pattern using a series of
dimethylcyclohexanes (6a to 8a) as substrates:
cis-1,2- and cis-1,4-dimethylcyclohexanes reac-
ted to form the corresponding trans isomers,
whereas trans-1,3-dimethylcyclohexane reac-
ted to preferentially form the cis isomer.

We next assessed substituent effects using
a series of 1-methylcyclohexanols bearing 4-
methyl- (9a), 4-n-pentyl- (10a), 4-isopropyl- (11a),
4-phenyl- (12a), and 4-tert-butyl- (13a) sub-
stituents. This series revealed the feasibility
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Fig. 2. Reaction optimization and preliminary substrate scope. (A) Reaction
optimization. RSM, recovered starting material; dr, diastereomeric ratio. (B) Time-
course data highlighting difference in rate of the reaction. (C) Preliminary synthetic
scope. Reactions were performed on 0.1- to 0.5-mmol scale with 1 mol % DT
with either N("Bu)4* counterions (TBADT) or Na* counterions (NaDT), 10 mol %
(4-CIPhS),, and 10 mol % TBAH,PO4 or NaH,PO4+H,0 under 390-nm LED
irradiation at 23°C in MeCN (0.2 M) or MeCN/H,0 (v/v 4:1 or 2:3, 0.2 M) for

24 hours. Isolated yields are the average of two runs. *Reaction was performed
with 1 mol % TBADT, 10 mol % (4-CIPhS),, and 10 mol % TBAH,PO4 in MeCN/H,0
(v/v 2:3). TReaction was performed with 1 mol % TBADT, 10 mol % (4-CIPhS),,

of isomerizing methine stereocenters bearing
larger substituents, such as phenyl and iso-
propyl groups, although the reaction of 13a
(bearing a tert-butyl substituent) was pro-
hibitively slow (10% yield after 24 hours). Based
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on the preferential isomerization of substrates
3a to 8a to form lower-energy isomers, we
initially anticipated this series to strongly favor
formation of the corresponding trans isomers.
However, final equilibrium product ratios up

A (+)-23b (82%)1t

and 10 mol % TBAH,POy4 in MeCN/H,0 (v/v 4:1). 1Yield was determined by

gas chromatography (GC) analysis with nitrobenzene as an external standard.
8Reaction was performed with 1 mol % TBADT, 10 mol % (4-CIPhS),, and 10 mol %
TBAH,PO,4 in MeCN. INo D incorporation was observed adjacent to the carbamate
group. See the supplementary materials for full experimental details. #Reaction
was performed on 2.5-mmol scale (single run). **Given yield is the proton
nuclear magnetic resonance (*H NMR) yield determined with nitrobenzene as an
external standard. The isolated yield was 54% because of the volatility of 18h.
ttReaction was performed with 1 mol % NaDT, 10 mol % (4-CIPhS),, and 10 mol %
NaH,P04+H,0 in MeCN.

to 1:1 trans:cis were obtained starting from
either cis- or trans-configured isomers, allow-
ing for the isolation of higher-energy cis iso-
mers 9b to 12b in 24 to 47% yields starting
from the corresponding trans starting materials
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Fig. 3. Strategic application of stereocenter editing to DA cycloadducts.
(A) Stereochemical configuration dictated by the parent dienophile con-
former. (B) Stereochemical configuration dictated by the parent diene
conformer. Reactions were performed on 0.1- to 0.5-mmol scale with 1 mol %
DT with either N("Bu),* counterions (TBADT) or Na* counterions (NaDT),

10 mol % (4-CIPhS),, and 10 mol % TBAH,PO4 or NaH,P04°H,0 under
390-nm LED irradiation at 23°C in MeCN (0.2 M) or MeCN/H,0 (v/v 4:1 or
2:3, 0.2 M) for 24 hours. Isolated yields are the average of two runs. See the

supplementary materials for full experimental details. *Reaction was
performed with 1 mol % TBADT, 10 mol % (4-CIPhS),, and 10 mol %
TBAH,PO, in MeCN/H,0 (v/v 2:3). tNumber in parentheses denotes 'H NMR
yield with nitrobenzene as an external standard. tReaction was performed
on 2.3-mmol scale (single run). §Reaction was performed with 1 mol %
TBADT, 10 mol % (4-CIPhS),, and 10 mol % TBAH,PO, in MeCN/H,0

(v/v 4:1). YReaction was performed with 1 mol % TBADT, 10 mol % (4-CIPhS)
», and 10 mol % TBAH,PO, in MeCN.

9a to 12a. A similarly contra-thermodynamic
final product ratio was obtained from the reaction
of trans-1,2-methylaminocyclohexane 14, which
equilibrated to a 2:1 cis:trans mixture, despite a
2.1 kcal/mol calculated thermochemical bias
favoring the trans isomer (see the supplemen-
tary materials). Collectively, these data support
the formation of a stereochemical photosta-
tionary state distinct from the thermodynamic
product ratio, although the lower-energy iso-
mer is frequently preferentially formed.

The reaction of 14a was also carried out
under deuterium isotope exchange conditions
to identify the position(s) of C-H bond scission.
No D incorporation was detected adjacent to
the ~-NHBoc group (see the supplementary
materials), implicating selective epimerization
of the electron-rich o-methyl C-H bond, where
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D incorporation was observed. Similarly, the
reaction of isomethone (+)-15a led to the for-
mation of (+)-menthone 15b in 78% yield;
again, no D incorporation was detected at the
electronically deactivated a-carbonyl methine.
The selective isomerization of electron-rich
C-H bonds in the presence of electronically
deactivated and/or more sterically encumbered
positions also allows the isomerization of (+)-
isomenthol derivatives 16a and 17a to react to
form (+)-menthyl acetate congeners (16b and
17b) without racemization. Finally, cis-fused
bicyclic substrates, including decalin (18a and
19a) and lactam and lactone congeners (20a
to 22a) reacted to form the corresponding
trans-fused rings. These findings were read-
ily translated into more complex polycyclic
systems, allowing for the conversion of cis-

fused AB ring of steroid (+)-23a to trans-fused
(+)-23b.

We next sought to explore the strategic im-
plications of this DT-mediated stereochemical
editing method in more challenging synthetic
settings. We focused our efforts on a series of
retron-based strategies to explore the integra-
tion of this method into (retro)synthetic logic.

Expanding stereochemical outcomes accessible
using versatile stereospecific reactions

Pericyclic reactions—such as the Diels-Alder (DA)
reaction—are powerful complexity-generating
transformations that have been broadly im-
plemented in the synthesis of polysubstituted
cyclic small molecule and natural product tar-
gets. Like all stereospecific reactions, the DA
reaction offers fixed stereochemical outcomes
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Fig. 4. Strategic application of stereocenter editing in diverse synthetic
settings. (A to E) Stereoediting of hydrogenation (A), conjugate addition (B),
arene hydrogenation (C), cationic rearrangement (D), and radical cyclization
products (E). Reactions were performed on 0.2- to 0.5-mmol scale with 1 mol %
DT with either N("Bu)4* counterions (TBADT) or Na* counterions (NaDT), 10 mol %
(4-CIPhS),, and 10 mol % TBAH,PO, or NaH,PQ4<H,0 under 390-nm LED
irradiation at 23°C in MeCN (0.2 M) or MeCN/H,0 (v/v 4:1 or 2:3, 0.2 M) for

24 hours. Isolated yields are the average of two runs. See the supplementary

dictated by the configuration of the starting
diene and dienophile isomers. In cases where
the desired product configuration is mismatched
with the intrinsic reaction specificity—or where
the requisite well-defined diene or dienophile
isomers are challenging to access—these in-
trinsic features of the DA reaction restrict its
implementation.

We envisioned that the combination of DA
and stereoediting reactions might expand the
scope of stereochemical outcomes accessible
using DA logic to provide rapid access to other-
wise challenging scaffolds (Fig. 3). We first
examined a series of DA reactions between
cyclohexenones and 1,3-butadiene derivatives,
which conventionally exclusively afford products
with cis-decalin skeletons (Fig. 3A). Efforts to
construct o-substituted #rans-decalin products
through a similar DA retron have met with
limited success, requiring prefunctionalized
dienophiles and multiple posttransformation
steps (29). By contrast, our stereoediting meth-
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Bpin

36b (90%)"

od transforms the cis-configured adducts to
trans isomers in a single step. For example,
bicyclic ketone 24, which was prepared readily
from 2-methyl cyclohexanone and 1,3-butadiene,
was isomerized into trans-decalin 24b in
62% yield along with 149 recovered 24.a after
24 hours. (After 48 hours, no remaining
24a was detected; however, the yield of de-
sired 24b was reduced slightly to 57%. See the
supplementary materials.) Dione (+)-25a—
derived from (R)-carvone—reacted to form
(+)-25b in >90% yield on a 0.5-g scale. (S)-
Perrilaldehyde-derived ketone (-)-26a was
converted to (-)-26b in 81% yield along with
the minor epimer (+)-26¢ in 13% yield. These
examples showcase the utility of stereoediting
methods in bridging DA logic to access trans-
decalin synthons and further provide a strategy
for efficient entry into a previously undisclosed
array of chiral building blocks.

We next applied this logic to a different type
of DA scaffold accessed using 1,4-disubstituted

E Radical cyclization
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materials for full experimental details. *Reaction was performed with 1 mol %
TBADT, 10 mol % (4-CIPhS),, and 10 mol % TBAH,POy in MeCN. {Reaction
was performed with 1 mol % NaDT, 10 mol % (4-CIPhS),, and 10 mol %
NaH,PO4+H,0 in MeCN. $Reaction was performed with 1 mol % TBADT, 10 mol %
(4-CIPhS),, and 10 mol % TBAH,PO,4 in MeCN/H,0 (v/v 2:3). §Number in
parentheses denotes 'H NMR yield with nitrobenzene as an external standard.
fReaction was performed with 1 mol % TBADT, 10 mol % (4-CIPhS),, and 10 mol %
TBAH,PO4 in MeCN/H,0 (v/v 4:1).

dienes (Fig. 3B). These cycloadditions produce
two exocyclic stereogenic centers with config-
urations defined by the geometry of the diene
component. For example, the reaction of sorbic
alcohol [(2E4E)-hexa-2 4-dien-1-ol] with methyl
acrylate forms 1,4-cis lactone (+)-27a selec-
tively. When (+)-27a was subjected to stereo-
editing conditions, methyl epimer (+)-27b was
obtained in 65% yield. A direct DA approach to
form 1,4-trans adducts, such as (+)-2'7b, would
require the use of the corresponding (E,Z)
dienes, which are generally regarded as poorer
substrates for DA reaction; in this specific
case, [(2E,47)-hexa-2,4-dien-1-0l] is also sub-
stantially less accessible than the sorbate-
derived alcohol. Notably, enantioenriched
(+)-2'7a was converted into (+)-27b without
racemization, revealing that no epimerization
occurred at the bicyclic juncture. DA adducts
(28a to 30a) that arose from various dieno-
philes, such as azodicarboxylate, triazole-
dione, and benzyne, all reacted to give the
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Fig. 5. Integration of stereocenter editing tools in late-stage and total synthesis
applications. (A) Access to unnatural antipodes from chiral pool starting
materials. (B) Semisynthetic approach to access (+)-epi-cedrol. (C) A strategy
correction approach to 8B(H)-drimane. (D) Synthesis of steroid 45b. Reactions
were performed on 0.2- to 0.5-mmol scale with 1 mol % DT with either N("Bu),*
counterions (TBADT) or Na* counterions (NaDT), 10 mol % (4-CIPhS),, and 10 mol %
TBAH,PO,4 or NaH,PO4+H,0 under 390-nm LED irradiation at 23°C in MeCN (0.2 M)

or MeCN/H,0 (v/v 4:1 or 2:3, 0.2 M) for 24 hours. Isolated yields are the average of
two runs. See the supplementary materials for full experimental details. *Reaction
was performed with 1 mol % NaDT, 10 mol % (4-CIPhS),, and 10 mol % NaH,PO4+H,0
in MeCN. Reaction was performed with 1 mol % TBADT, 10 mol % (4-CIPhS),, and
10 mol % TBAH,POy in MeCN/H,0 (v/v 4:1). tReaction was performed with 1 mol %
TBADT, 10 mol % (4-CIPhS),, and 10 mol % TBAH,PO, in MeCN/H,0 (v/v 2:3).
8Reaction was performed in acetone instead of MeCN as the solvent.

corresponding epimerized products (28b to
30b) in synthetically useful yields, illustrating
the broad functional group compatibility of
the method and the broad applicability of this
approach.

Overturning substrate-controlled selectivities

The presence of an existing stereogenic center
can present substantial challenges for the se-
lective formation of additional stereocenters
in a molecule. In cases strongly governed by
so-called substrate control, efforts to achieve
complementary stereochemical outcomes
through tuning the reagent or catalyst may
meet with limited success. We explored op-
portunities to use stereoediting to upgrade or
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overturn substrate-controlled selectivities, using
representative examples obtained through the
hydrogenation retron (Fig. 4A). For example,
cis-methylproline (-)-31a is obtained selectively
(6:1 31a:31b) from the corresponding precursor
exo-methylene using a conventional hydrogen-
ation protocol. The reaction of this mixture
under epimerization conditions resulted in the
isolation of cis-epimer (-)-31b in 57% yield,
with no detectable erosion of enantiomeric
excess (see the supplementary materials). Treat-
ment of (—)-31a under base-mediated epimer-
ization conditions would, in principle, afford
(+)-31b; however, our efforts to promote this
isomerization were unsuccessful, illustrating
the difficulty of obtaining the trans isomer in

this system while also showcasing the com-
plementary chemoselectivity preferences of
the DT-based conditions. Likewise, hydro-
genation of Wieland-Miescher ketone and (-)-
verbenone followed by epimerization afford the
corresponding trans isomers 32b and (-)-33b
in 81 and 58% yields, respectively. Diester
34a—obtained from syn-selective hydrogen-
ation of the precursor alkene—also reacted
under DT conditions to form trans isomer
34b in 94% yield.

This stereoediting approach was also applied
to a suite of other (retro)synthetic scenarios. A
1,4-conjugate addition forms trans-configured
lactone 35a, which reacted under epimeriza-
tion conditions to form cis isomer 35b in 40%
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yield (Fig. 4B). Exhaustive reduction of 1,4~
subsituted arene formed cis-boronate ester
36a; reaction of this substrate under stan-
dard conditions resulted in 90% yield of trans
isomer 36b (Fig. 4C). Cationic ring contrac-
tion to form 37a (Fig. 4D) and radical cycli-
zation to form 38a (Fig. 4E) both occurred
with excellent levels of diastereoselectivity.
In both cases, epimerization under standard
conditions resulted in the formation of the
more synthetically intractable trans diaste-
reomers 37b (90% yield) and 38b (50% yield).
The latter two examples illustrate the po-
tential application of epimerization for the
revision of stereocenters generated in reac-
tions that proceed through highly reactive in-
termediates that are intrinsically challenging
to control.

Tools for late-stage diversification and to
expand the chiral pool

In most synthetic applications, high yields and
selectivities for a single reaction product are
desired. However, in some cases, access to sev-
eral different isomers may be advantageous—
for example, when the starting materials are
abundantly available and where both products
are potentially useful. Likewise, in other con-
texts, the formation of even small quantities of
an isomer may be valuable, such as to access—
and validate—a diastereomer that is extremely
challenging to make so as to justify a targeted
synthesis campaign.

We thus sought to explore whether a stereo-
editing approach could be leveraged to pro-
vide access to unnatural antipodes of a desired
target starting from abundant, but incorrectly
configured, chiral pool precursors. We obtained
enantiopure 3-methylcyclohexanone from the
naturally occurring (R)-pulegone through a
retro-aldol reaction (Fig. 5A). A subsequent
Reformatsky reaction resulted in the for-
mation of a 1.3:1 mixture of diastereomers
(-)-39a and (-)-40a as single enantiomers,
respectively, which were readily separated
by routine silica gel chromatography. Each
diastereomer was then independently sub-
jected to the epimerization conditions, which
allowed for the isolation of another diaster-
eomer having the opposite absolute stereo-
chemistry [i.e., (-)-39a converted to (+)-40a,
and (-)-40a converted to (+)-39a]. Over-
all, this strategy enables access to enantiopure
diastereomers corresponding to the unnatu-
ral enantiomer of (S)-pulegone, which is more
challenging to obtain, and illustrates the po-
tential to use selective isomerization tools to
expand the scope of chiral building blocks
that can be obtained from the chiral pool. In
principle, this strategy can extend to other
1,2-addition products with varying substitu-
tion patterns when commenced from enantio-
merically pure starting materials (see also 41a
and 42a).
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‘We next examined the application of stereo-
editing as a late-stage diversification strategy.
Cedrol is an important fragrance compound,
and molecules that contain the cedrane scaf-
fold have shown activity in diverse biological
settings (30, 31). Studies of structurally related
C-7 cedrane epimers have not yet been re-
ported. One factor that may have constrained
advancement in this direction is the difficulty
in accessing cedrane analogs: To date, the only
reported synthesis of C-7-epi-cedrol (43b) was
completed in a racemic form, in 7% yield over
nine steps (32). Using stereoediting condi-
tions, enantiopure (+)-43b was obtained from
commercially available (+)-cedrol (43a) in a
single step in 50% yield (Fig. 5B).

Integrating stereoediting into the logic of
multistep synthesis

Finally, we sought to integrate this stereo-
center editing tool within the logic of multistep
organic synthesis (33). The efficient assembly of
complex organic molecules requires the precise
orchestration of connectivity- and selectivity-
generating bond formation steps; unexpected
selectivity outcomes encountered along the way
can require the global revision or iteration of
the overall synthetic design. For example, in the
total synthesis of petroleum biomarker (-)-
8B(H)-drimane (2b) by Gonzalez-Sierra et al.,
hydrogenation of drimene (1) with Adam’s
catalyst afforded the undesired isomer 2a as
the major product; a four-step workaround was
devised to obtain pure (-)-2b (7). This case
represents a typical dilemma encountered by
synthetic chemists: Strategic innovation was
required because of undesired diastereose-
lective outcomes. This limitation was later
addressed by Iwasaki and co-workers, who de-
veloped an elegant, mechanistically distinct
Co-mediated radical reduction method to pro-
vide access to the desired trans isomer (-)-2b
(6:1 diastereomeric ratio) (34). In our study,
the stereoediting method offers a complemen-
tary approach to resolving this situation with-
out requiring (i) revision of the optimal route
or (ii) the development of novel chemical meth-
ods to achieve the desired transformation by
direct revision of the undesired chiral center.
This strategy correction approach upgrades
the mixture of drimane (2a and 2b) result-
ing from the original hydrogenation directly
to (-)-8B(H)-drimane (2b) in 83% yield with
no remaining 2a detected (Fig. 5C).

The same logic can be applied in the syn-
thesis of allocholate derivative (+)-45b, which
shares a common scaffold with various bio-
active compounds and has found application in
supramolecular systems (35, 36). Starting from
(+)-cholic acid (44), a one-pot esterification-
oxidation sequence afforded trione (+)-45a in
81% yield. The ensuing stereoediting step con-
verted the cis-fused AB ring junction of (+)45a
to trans-fused (+)-45b in 94% yield (Fig. 5D).

Overall, this route reflects an efficient two-step
synthesis of (+)-45b from (+)-44, where pre-
viously reported efforts for the same purpose
have required seven steps (37).

The stereoediting method reported here en-
ables the selective isomerization of completely
unactivated tertiary stereocenters, providing
efficient one-step access to distinct stereoiso-
mers in diverse synthetic settings. This tool
adds to a growing suite of stereoediting meth-
ods capable of independently tuning the
three-dimensional structure of complex chiral
molecules and unlocks a fundamentally dis-
tinct (retro)synthetic strategy. We further il-
lustrate how stereoediting logic can be used
to amplify the versatility of powerful existing
transformations, streamline the synthesis of
complex chiral targets, and expand access to
previously undiscovered chiral pool building
blocks and natural product analogs.
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Design of fast-onset antidepressant by dissociating

SERT from nNOS in the DRN

Nan Sun’2t, Ya-Juan Qin®t, Chu Xu'*1, Tian Xia't, Zi-Wei Du’, Li-Ping Zheng®, An-an Li5, Fan Meng!,
Yu Zhang’, Jing Zhang, Xiao Liu®, Ting-You Li>*, Dong-Ya Zhu'"*, Qi-Gang Zhou""%*

Major depressive disorder (MDD) is one of the most common mental disorders. We designed a fast-onset
antidepressant that works by disrupting the interaction between the serotonin transporter (SERT) and
neuronal nitric oxide synthase (nNOS) in the dorsal raphe nucleus (DRN). Chronic unpredictable mild stress
(CMS) selectively increased the SERT-nNOS complex in the DRN in mice. Augmentation of SERT-nNOS
interactions in the DRN caused a depression-like phenotype and accounted for the CMS-induced depressive
behaviors. Disrupting the SERT-nNOS interaction produced a fast-onset antidepressant effect by
enhancing serotonin signaling in forebrain circuits. We discovered a small-molecule compound, ZZL-7,

that elicited an antidepressant effect 2 hours after treatment without undesirable side effects. This
compound, or analogous reagents, may serve as a new, rapidly acting treatment for MDD.

ajor depressive disorder (MDD) is one
of the most common mental disorders
(I). The serotonin transporter (SERT)
is presently the primary target for anti-
depressants (2). However, SERT inhib-
itors have serious limitations: (i) they take at
least 3 to 4 weeks to take effect, (ii) only a por-
tion of patients recover after treatment, and
(iii) they have extensive side effects, including
suicide in some patients (3-5). Rapid elicitation
of an antidepressant response by ketamine has
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been reported (6, 7). A low dose of ketamine
effectively inhibited the suicidal tendency of
patients and was effective in >70% of patients
with refractory depression within hours of ad-
ministration (8, 9). However, potential addic-
tive properties and the risk for schizophrenia
have raised concerns. Therefore, scientists are
still searching for new, fast-acting antidepres-
sant targets and compounds (10-13).

The dorsal raphe nucleus (DRN) is a main
source of 5-hydroxytryptamine (5-HT) in the
brain. It projects to the cortex and limbic sys-
tem and plays a major role in modulating
depressive mood (14, 15). The effect of the
5-HT/5-HT;, autoreceptor (5-HT 4 Rauto) in
the DRN is completely opposite to that of
5-HT/postsynaptic 5-HT;, heteroreceptor (5-
HT;aRpeter) in the cortex and hippocampus
(HPC) (14, 16, 17). Under physiological con-
ditions, the activation of somatodendritic
5-HT;aR.ut0 in the DRN represses neural firing
of serotonergic neurons, leading to decreased
5-HT release in the cortex, HPC, and other
parts of the brain (74). Under depressive sta-
tus, somatodendritic 5-HT AR08 in the DRN
are hyperactive, causing a reduced firing fre-
quency of 5-HT neurons, a low 5-HT level in
the synaptic cleft, and deactivation of post-
synaptic 5-HT aRpeterS (I8, 19). SERT inhibi-
tors activate both somatodendritic 5-HT;zR.u08

and postsynaptic 5-HT;4Ry,eerS. Desensitization
of 5-HT;ARaut08 breaks the balance between
5-HT;aARaut08 and 5-HT;zRyyeerS Within weeks
after treatment and induces antidepressant
effects through postsynaptic 5-HT;sRpeterS
(14, 20, 21), indicating that enhanced DRN
5-HT/5-HTaR.u10 signaling is the primary rea-
son for the delayed onset of SERT inhibitors.

Neuronal nitric oxide synthase (nNOS) con-
trols the cell surface localization of SERT
through physical interaction between nNOS
and SERT in the DRN (22). The cell surface
localization of SERT determines the intercel-
lular 5-HT concentration in the DRN and thus
the function of DRN 5-HTsRaut08 (2). We hy-
pothesized that dissociating SERT from nNOS
may diminish DRN 5-HT/5-HTaRuo Signaling
by enhancing SERT function, thereby enhancing
the firing of DRN serotonergic neurons. If this is
indeed the case, then SERT-nNOS interaction
blockers (SNIBs) may produce a fast-onset
antidepressant effect without the drawbacks
of current monoamine antidepressants.

Results
DRN SERT-nNOS coupling is implicated in the
modulation of depressive behaviors

SERT interacts with nNOS through the bind-
ing of its C-tail motif to the atypical disk large/
Z0O-1 (PDZ) domain of nNOS in the DRN (22).
We observed ~90% co-localization of nNOS
and SERT immunoreactivities in the mouse
DRN (fig. S1A). Coimmunoprecipitation and
Western blot revealed that the levels of SERT,
the SERT-nNOS complex, and the complex as
fraction of total SERT protein in the DRN
were much higher than in other depression-
associated brain regions, including the HPC,
prefrontal cortex (PFC), nucleus accumbens,
hypothalamus, and corpus striatum, suggest-
ing a selective enrichment of the complex as a
fraction of total SERT protein in the DRN (fig.
S1B). The selective enrichment of SERT-nNOS
complex is possibly due to the lack of nNOS in
the presynaptic part in the terminal regions
of serotonergic neurons such as those in the
PFC and HPC (fig. S1C). CMS is a classic mod-
el of depression in rodents. Four-week CMS
exposure caused a significantly increased
SERT-nNOS complex in the DRN of mice but

science.org SCIENCE


https://www.science.org/about/science-licenses-journal-article-reuse
http://science.org/doi/10.1126/science.add6852
http://science.org
mailto:dyzhu@njmu.edu.cn
mailto:l_tingyou@njmu.edu.cn
mailto:qigangzhou@njmu.edu.cn
https://www.science.org/about/science-licenses-journal-article-reuse

RESEARCH | RESEARCH ARTICLES

in the: DAN

Fig. 1. Depression-like phenotype induced by promoting the level of
SERT-nNOS coupling in the DRN. (A) Schematic of construction of
nNos'/*® mice using the CRISPR-Cas9 technique. (B) Expression level

of SERT and nNOS in serotonergic neurons 1 min after conditional knockout of
nNos as shown by immunofluorescence (n = 5 mice). (C) Expression of nNOS
and SERT in the DRN after conditional deletion of nNOS in the serotonergic
neurons (n = 5 mice). (D) Animal behavior in the TST, FST, and open-field test
(OFT) 1 min after tamoxifen administration (n = 15 to 18 mice; data were
analyzed with Student's t test). (E) SERT-nNOS coupling level and membrane
expression of SERT in the DRN 2 hours after infusion of Sakura (3 ug, 200 nl)

into the DRN (n = 5 mice; data were analyzed with Student’s t test). (F) nNOS-

CAPON and nNOS-PSD95 coupling level and membrane expression of SERT in

the DRN 2 hours after infusion of Sakura (1 ug) into the DRN (n = 5 mice; data
were analyzed with Student’s t test). (G) Depression-related behavior change
measured by the FST, TST, and OFT 2 hours after infusion of Sakura (1 ug)
into the DRN (n = 14 to 16 mice; data were analyzed with Student's t test).
(H) Soft hydrogen bond donor/acceptor surface of the binding pocket of nNOS
PDZ with Sakura. (I) Proposed interactions among SERT, Sakura-6, and the
nNOS PDZ domain. Val®3®, Ala®%, Asn®? and Met®?’ are the C-terminal
tetrapeptide of SERT. Gly%, Leu?®, Gly?3, Phe®*, Lys?’, Tyr’!, and Arg’® are
part of nNOS PDZ domain. *P < 0.05; **P < 0.01; NS, not significant. Error
bars indicate SEM. S-SERT, cell membrane surface SERT; T-SERT, total SERT
of the whole cell; IB, immunoblotting; IP, immunoprecipitation; Co-IP,
coimmunoprecipitation analysis; WB, Western blot analysis.

not in other brain regions (fig. S1, D and E).
However, CMS did not affect mRNA and pro-
tein levels of nNOS, nitric oxide production, and
protein nitrosylation in the DRN (fig. S1, F to I).

To selectively disrupt the SERT-nNOS inter-
action in DRN serotonergic neurons, we con-
ditionally knocked out 72Vos in TPH2-positive
neurons (Fig. 1A). In Tph2-CreER; nNos' /1o

SCIENCE science.org

mice, no nNOS was detected in the DRN sero-
tonergic neurons (Fig. 1B and fig. S1J), and the
nlNOS level in the DRN was much lower than
that in nNos'®*/1°*? mice (Fig. 1C). Tph2-
CreER;nNos' /1P mice showed significantly
increased SERT on the cell membrane surface
in the DRN (Fig. 1C and fig. S1, K and L) and
displayed antidepressant-like behaviors as

shown by the tail suspension test (TST) and
forced swimming test (FST) 4 weeks after
tamoxifen administration (Fig. 1D). No abnor-
mal phenotype was observed in nNos'©®/1oxp
mice compared with wild-type (WT) mice (fig.
S1, M to P).

To further examine the role of SERT-nNOS
coupling in the DRN as it relates to depression,
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we screened our compound library previously
established on the basis of nNOS-mediated
protein-protein interactions, some of which
has been published previously (23-26). Unex-
pectedly, we found that two compounds of
the Sakura series (fig. S2A), Sakura-6 (IN-
cyclohexylethyl-Ala-Asp-Trp-Val-OH) and
Sakura-8 (IN-cyclohexylethyl-Ala-Asp-Ala-Val-OH),
significantly increased the SERT-nNOS com-
plex but decreased the cell surface SERT level,
thus working as SERT-nNOS interaction pro-
motors (Fig. 1, E and F, and fig. S2, B and C).
Microinjection of Sakura-6 into the DRN acute-
ly (2 hours after injection) caused depression-
like behaviors in mice, as indicated by enhanced
immobility time in the TST and FST (Fig. 1G).
This treatment did not change the total con-
tent of nNOS and SERT (fig. S2D) and had no
impact on nNOS-C-terminal PDZ ligand of nNOS
(CAPON) coupling and nNOS-postsynaptic
density protein-95 (PSD95) coupling in the
DRN (Fig. 1F). Pretreatment with intra-DRN
Way-100635, a 5-HT 4R antagonist, blocked
the effect of Sakura-6 (fig. S2E), implicating
the DRN 5-HT 4R in the effect. In addition,
microinjecting Sakura-6 into the medial PFC
(mPFC) or the ventral HPC (vHPC), the two
brain regions that receive serotonergic projec-
tions and are closely related to depression
(27, 28), did not induce depression-like be-
havior (fig. S2, F and G), and microinjection of
Sakura-8 into the DRN, the other screened
SERT-nNOS interaction promotor, also induced
depression-like behavior (fig. S2H), further con-
firming an important role of DRN SERT-nNOS
in the modulation of depression. Through mo-
lecular docking and chemical calculations, we
speculated that Sakura may act as linker be-
tween the nNOS PDZ domain and SERT to
facilitate the association of nNOS and SERT
(Fig. 1, H and I).

Next, we constructed a recombinant lenti-
viral vector carrying full-length cDNA of nNOS
with or without a mutated nucleotide critical
for the catalytic activity (29) (LV-nNOS-GFP
and LV-nNOSA-GFP) (fig. S3, A and B). We
infused LV-nNOS-GFP, LV-nNOSA-GFP, or LV-
GFP into the DRN of mice. Overexpression of
nNOSA lacking catalytic activity resulted in
a significantly increased SERT-nNOSA com-
plex and a decreased cell surface SERT level
(fig. S3, C and D), and caused depression-like
behaviors, as shown by TST and FST, 28 d af-
ter virus infection (fig. S3E). However, over-
expression of nNOS did not have this effect
(fig. S3, F and G), possibly because of the un-
expected effects of forced overproduction of
nitric oxide (22).

Dissociating SERT from nNOS in the DRN
produces a fast-onset antidepressant effect
Serotonergic neuronal activity is essential for
the regulation of emotion and DRN somato-
dendritic 5-HT;sRaut08, Which is crucial for the
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self-inhibitory mechanism of serotonergic
neuronal activity (14, 30). A PDZ-binding
motif of nNOS, the 15 C-terminal amino acids
(TPTEIPCGDIRMNAYV) of SERT (SERT-15C),
is sufficient for the interaction between SERT
and nNOS, and the SERT-nNOS association
diminishes the cell surface localization of
SERT in the brain and thereby reduces 5-HT
reuptake of serotonergic neurons in the DRN
(22). On the basis of these previous results and
our present data (Fig. 1), we hypothesized that
emotional stress may reduce the cell surface
localization of SERT by promoting a SERT-
nNOS association, thereby facilitating the
activation of DRN 5-HT;sR,.o and causing de-
pression. Therefore, dissociating SERT from
nNOS may reverse this pathological process
(Fig. 2A). We synthesized a peptide named
TAT-SERT-15C, in which the SERT-15C was
N-terminally fused to the transduction do-
main of the Tat protein from the HIV type
1 (YGRKKRRQRRR) to permit its intracellular
delivery. We incubated the 293T cell line trans-
fected by the full length of cDNA encoding
SERT and nNOS with Tat-SERT-15C and found
that Tat-SERT-15C decreased the SERT-nNOS
complex and increased SERT in the cell sur-
face dose dependently (fig. S4A). Microinjec-
tion of Tat-SERT-15C into the DRN of mice
caused a reduction in the SERT-nNOS com-
plex as a fraction of total SERT protein, a sig-
nificant increase in the SERT level in the cell
surface 2 hours after the microinjection (fig.
S4B), and a significant decrease in the intercel-
lular 5-HT concentration in the DRN measured
in vivo (fig. S4C), and produced an antidepressant-
like effect (fig. S4D). Moreover, the treatment
did not change nNOS-PSD95 and nNOS-CAPON
complex levels in the DRN (fig. S4E). Micro-
injection of a modified peptide with 15 ran-
dom amino acids (KKADNHSMGAYAGHK)
fused to Tat (Tat-Control-15A), which is not
capable of disrupting the SERT-nNOS interac-
tion, into the DRN did not cause a depression-
like behavior change (fig. S4F). Additionally,
microinjecting Tat-SERT-15C into the DRN of
nNos™'~ mice did not affect depression-related
behaviors (fig. S4G).

Next, we microinjected Tat-SERT-15C, fluox-
etine, or vehicle into the DRN of mice at 29 d
after CMS exposure for 28 d (28d-CMS). We
measured SERT expression, SERT-nNOS com-
plex and intercellular 5-HT in the DRN, and
depression behaviors using the TST, FST, and
sucrose preference test 2 hours after micro-
injection. CMS significantly increased the in-
tercellular 5-HT concentration (Fig. 2B) and
SERT-nNOS complex and decreased the cell
surface SERT level in the DRN (Fig. 2C). Tat-
SERT-15C reversed the CMS-induced changes
(Fig. 2, B and C). However, fluoxetine, a clas-
sical SERT inhibitor, amplified the CMS-
induced elevation in intercellular 5-HT in the
DRN (Fig. 2B). CMS-caused depression behav-

iors were reversed by Tat-SERT-15C acutely
(Fig. 2D). Systematic treatment of Tat-SERT-
15C in mice subjected to 28d-CMS produced
similar effects (fig. S4, H and I). Moreover, we
microinjected 8-OH-DPAT, a selective agonist
of 5-HT;sR, into the DRN through a previously
implanted cannula and then administered mice
with Tat-SERT-15C intraperitoneally. Behav-
ior tests 2 hours after treatment showed that
8-OH-DPAT significantly blocked the induc-
tion of antidepressant-like behaviors by Tat-
SERT-15C (Fig. 2E). Moreover, activating DRN
somatodendritic 5-HT AR08 by 8-OH-DPAT
or deactivating 5-HTsR 108 by Way-100635
was sufficient to induce a depression-like or
an antidepressant-like effect (Fig. 2, F and G).
Together, these data suggest that the SERT-
nNOS interaction modulates depression through
DRN somatodendritic 5-HT AR08 (Fig. 2A).

Activating the serotonergic circuit is crucial
for the action of SERT-nNOS in the DRN

The activity of DRN serotonergic neurons is
regulated by negative feedback from inter-
cellular 5-HT acting through somatodendritic
5-HTaRaut08 (16, 31). We thus investigated
whether the fast-onset antidepressant effect
of Tat-SERT-15C was due to the enhancement
of firing activity of DRN serotonergic neurons
(Fig. 3A). To test this, we optogenetically stim-
ulated DRN neurons and recorded neural fir-
ing 28 d after AAV infection (Fig. 3, B and C).
Tat-SERT-15C was given 2 hours before in vivo
electrophysiology recording (Fig. 3B). Tat-
SERT-15C increased the neural firing rate of
serotonergic neurons significantly compared
with vehicle (Fig. 3C). To determine whether
the enhanced firing activity of serotonergic
neurons is necessary for the effect of Tat-
SERT-15C on behaviors, we silenced DRN neu-
rons expressing SERT in the presence of the
designer receptors exclusively activated by de-
signer drugs (DREADDSs) agonist clozepine-N-
oxide (CNO) (Fig. 3D). Four weeks after AAV
infection, we injected Tat-SERT-15C or vehicle
with or without CNO to these mice 2 hours
before performing behavioral tests. Although
the mice treated with Tat-SERT-15C without
CNO displayed marked antidepressant-like
behaviors, the mice treated with Tat-SERT-15C
plus CNO did not (Fig. 3E). Moreover, these
treatments did not affect locomotor activity of
mice in the open-field test (Fig. 3E).
Terminal serotonin release into the mPFC
and vHPC is strictly controlled by firing ac-
tivity of serotonergic neurons in the DRN, and
the firing activity is negatively regulated by
DRN 5-HTARaut0s (I4). We thus hypothesized
that the CMS-induced increase in intercel-
lular 5-HT in the DRN (Fig. 2B) may activate
5-HTaRau08 and weaken the activity of sero-
tonergic neurons, resulting in reduced 5-HT
release into the mPFC and vHPC. If this is
the case, then dissociating SERT-nNOS may
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Fig. 2. Dissociating SERT from nNOS in the DRN reverses CMS-induced
depressive behaviors. (A) Sketch describing our hypothesis: chronic stressors
reduce the cell surface translocation of SERT by promoting a SERT-nNOS
association, thereby increasing intercellular 5-HT concentration, facilitating the
activation of DRN somatodendritic 5-HT1aR,.10S, and causing depression. Dissociating
SERT from nNOS may reverse this pathological process. (B) Microinjection of
Tat-SERT-15C (1.6 pg) but not fluoxetine (2 ug) into the DRN reversed CMS-induced
elevated intercellular 5-HT in the DRN at 2 hours as measured by in vivo microdialysis
(n =5 to 13 mice; data were analyzed with one-way ANOVA). (C) Microinjection of
Tat-SERT-15C (1.6 pg) into the DRN reversed 28d-CMS-induced SERT-nNOS
overcoupling and reduced translocation on the cellular membrane in the DRN at
2 hours. The expression of nNOS and SERT in the DRN were not affected

(n = 4 mice; data were analyzed by one-way ANOVA). (D) Microinjection of
Tat-SERT-15C (1.6 pg) into the DRN rescued depressive behaviors of CMS-
exposed mice in TST, FST, and sucrose preference test at 2 hours. n =10 to

14 mice; data were analyzed by one-way ANOVA). (E) Microinjecting 8-OH-DPAT
(1 ug) into the DRN through a previously implanted cannula, followed by Tat-SERT-
15C treatment (5 mg/kg, intraperitoneally) at 5 min. TST, FST, and OFT were
performed 2 hours later (n = 15 mice; data were analyzed by one-way ANOVA).
(F) TST, FST, and OFT 2 hours after microinjecting 8-OH-DPAT (1 ug) or vehicle
into the DRN (n = 15 mice; data were analyzed by Student's t test). (G) TST, FST,
and OFT 2 hours after microinjecting Way-100635 (3 ug) or vehicle into the DRN
(n =15 mice; data were analyzed using Student's t test). *P < 0.05; **P < 0.01;
***p < 0.001; ****P < 0.0001; NS, not significant. Error bars indicate SEM.

reverse the CMS-induced changes (Fig. 3A).
We therefore measured concentrations of 5-HT
in the DRN, mPFC, and vHPC 24 hours after
microinjection of Tat-SERT-15C and fluoxetine
into the DRN. Tat-SERT-15C decreased intercel-
lular 5-HT in the DRN and increased intercellu-
lar 5-HT in the mPFC and vHPC significantly,
whereas fluoxetine had the completely opposite
effect (fig. S5, A and B). Although chronic ad-
ministration of fluoxetine has antidepressant
activity, acute microinjection of fluoxetine into
the DRN induced depressive-like behavior (fig.
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S5C). Neither treatment affected intercellular
NA and DA concentrations in any of the re-
gions (fig. S5D). 28d-CMS exposure caused
significantly reduced intercellular 5-HT in the
mPFC and vHPC. Microinjecting Tat-SERT-
15C, but not fluoxetine, into the DRN reversed
the CMS-induced decrease in intercellular
5-HT in the mPFC and vHPC 2 hours after
treatment (Fig. 3F).

Next, we microinjected AAV9-DIO-hM4Di-
GFP virus into the DRN of SERT-Cre mice and
implanted a cannula in the mPFC or vHPC.

Four weeks later, we treated the mice with
Tat-SERT-15C intraperitoneally and infused
CNO into the mPFC or vHPC through a can-
nula 2 hours before the behavioral tests (Fig.
3@G). GFP-labeled projection fibers observation
showed DRN-mPFC (5-HTP®N™PFC) and DRN-
VHPC (5-HTPRNYHPC) gerotonergic circuits (Fig.
3H). Silencing the 5-HTPRN"PC circuit by CNO
abolished the antidepressant-like effect of Tat-
SERT-15C, but silencing the 5-HTPFNHPC cipe-
uit did not (Fig. 3I). Microinjection of either
CNO or Tat-SERT-15C into the mPFC of WT
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Serclonergic neuron

All i SERT-Cre mice

Fig. 3. Circuit mechanism mediates the antidepressant effect produced
by dissociating SERT-nNOS. (A) Diagrammatic sketch of our hypothesis.
(B) A volume of 0.5 ul of AAV9-DIO-ChR2 was microinjected into the DRN of
2-month-old SERT-Cre mice, followed by implantation of a photogenetic lens
and an in vivo electrophysiological recording electrode 14 d later. Two weeks
later, Tat-SERT-15C (5 mg/kg, intraperitoneally) was administered 2 hours
before recording. (C) The recording of neural firing of serotonergic neurons
was validated by blue laser (473 nm) stimulation (n = 14 neurons from

n = 3 mice; data were analyzed by paired Student's t test). (D) A volume of 0.5 ul of
AAV9-DIO-hM4Di-GFP was microinjected into the DRN of 2-month-old SERT-Cre
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mice. One month later, mice were treated with Tat-SERT-15C (5 mg/kg,
intraperitoneally) or vehiclel (saline) with or without CNO (5 mg/kg, intraperitoneally)
or vehicle2. Brain slices were prepared 2 hours after treatment for in vitro
electrophysiology recording. Data are representative of 10 individual neurons.
(E) Mice behavior in the TST, FST, and OFT 2 h after treatments (n = 13 to

14 mice; data were analyzed by one-way ANOVA). (F) Microinjection of
Tat-SERT-15C (1.6 ug) but not fluoxetine (2 ug) reversed the CMS-induced
decrease of intercellular 5-HT in the mPFC and vHPC at 2 hours, as measured
by in vivo microdialysis (n = 9 to 12 mice; data were analyzed by one-way ANOVA).
(G) Design of the selective deactivation of the 5-HTPRNMPFC o 5.HTPRN-vHPC
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circuit. (H) Infection status 1 min after injection of AAV9-DIO-hM4Di-GFP into the
DRN of SERT-Cre mice. Note the projected GFP* serotonergic fibers in the mPFC
and vHPC (n = 5 mice). (I) Behavior in the TST and FST 2 hours after CNO

(2 ug) infusion into the mPFC or vHPC through a previously implanted cannula in

mice did not induce a depression-associated
behavior change at 2 hours (fig. S5C). Addi-
tionally, neither ketamine nor fluoxetine treat-
ment altered SERT-nNOS coupling in the DRN
(fig. S6, A and B). RNA-sequencing data showed
that microinjection of Tat-SERT-15C into the
DRN and intraperitoneal injection of ketamine
or fluoxetine affected different profiles of gene
expression in the mPFC (fig. S6, C and D), sug-
gesting that they have different underlying
mechanisms.

Small-molecule fast-onset antidepressant drug
designed by dissociating SERT from nNOS

To find small molecules that selectively disso-
ciate SERT from nNOS, we analyzed the chem-
ical mechanism of binding the C-tail of SERT
to the PDZ of nNOS in the DRN and, based on
this, designed a common chemical structure
(Fig.4A). Using cultured 293T cells transfected
with plasmids encoding nNOS and SERT, we
detected the effects of a series of compounds
on the SERT-nNOS interaction (fig. S7). The
quantitative structure-activity relationship in-
dicated that the chemical structure of Ac-Ala-
Val-OH, tightly bound into the groove between
the oB helix and BB folding of the nNOS PDZ
domain and the L configuration of Val, was
crucial for blocking SERT-nNOS. Steric hindrance
caused by large groups on the ester may be
disadvantageous for binding into nNOS PDZ
domain, and the chirality of Ala did not affect
the binding activity (Fig. 4, B and C, and fig.
S7A). Of these compounds, ZZL-7 had advan-
tageous structural characteristics: The acetyl-
ated amino of Ala of ZZ1-7 formed an H-bond
with Phe** of nNOS with a 2.11-A bond dis-
tance; the carbonyl of Val of ZZL-7 made two
H-bonds with the guanidino of Arg™ of nNOS
with 1.96-A, 2.18-A, respectively; and there was
a hydrophobic interaction between the methyl
of acetyl and the benzene ring of Phe** of
nNOS (Fig. 4, A to C, and fig. S7B).
Incubation of the cultured 293T cells trans-
fected with nNOS and SERT with ZZL-7 for 2 h
significantly decreased the SERT-nNOS com-
plex level (Fig. 4D). In vivo electrophysiology
in SERT-Cre mice showed that ZZL-7 caused
significantly increased firing frequency of se-
rotonergic neurons 2 hours after treatment
(Fig. 4E). In WT mice, ZZ1.-7 reduced immo-
bility time as shown by TST and FST 2 hours
after systematic administration, suggesting
a fast antidepressant-like effect. In nNos™'~
mice, however, the treatment did not affect
immobility time in the TST and FST (fig. S7C).
Treatment with ZZI-7 caused a significantly
decreased SERT-nNOS complex level and an
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increased cell surface SERT level in the DRN
in WT but not in nNos™~ mice (fig. S7D). In-
tragastric administration of ZZL-7 produced
antidepressant-like behaviors dose dependent-
ly 2 hours after treatment (Fig. 4F). To inves-
tigate whether ZZL-7 could elicit a fast-onset
antidepressant effect in depressed mice, we
injected ZZL-7 intravenously to 28d-CMS-
experienced mice. As expected, ZZL-7 reversed
the CMS-induced increase in the SERT-nNOS
complex in the DRN (Fig. 4G) and reversed
CMS-induced depressions behaviors 2 hours
after treatment (Fig. 4H). The fast-onset anti-
depressant effect persisted at least for 24 hours
(fig. S8A). At 30 min after administration of
771.-7, 7Z71-7 was detected in the DRN tissue,
indicating that it crossed the blood-brain bar-
rier readily (fig. S8B). We incubated 293T cells
with ZZL-7 and washed out the culture me-
dium 30, 60, 90, and 120 min later. Liquid
chromatography-mass spectrometry analysis
of compound composition in the cytoplasm
demonstrated that ZZL-7 also penetrated the
cellular membrane (fig. S8, C and D).

ZZ1.-7 had no effect on general activity or
locomotor activity, memory, or cognition (fig.
S9, A to F) and did not induce aggressive be-
havior, addiction, or abnormal brain waves
(fig. S9, G to I). Our results suggest that ZZL-7
should be developed as a new, fast-onset anti-
depressant candidate. All of the uncropped
Western blots are shown in fig. S10.

Discussion

Significantly increased 5-HT concentration,
somatodendritic 5-HT;sR,ut0 level, and
5-HTaR,ut binding rate in the DRN are rel-
ated to MDD and suicide attempts (19). Sup-
pression of 5-HTsR,ut05 €vokes strong and
rapid antidepressant-like effects (21). Rapid
DRN 5-HT 4R desensitization or knockdown
can accelerate the onset of the therapeutic
effects of antidepressants (32, 33). Therefore,
selectively blocking DRN 5-HT;sR.u08 could
be a strategy for discovering fast-onset anti-
depressants. However, how to selectively man-
ipulate DRN 5-HT;5R,,108 Without affecting
postsynaptic 5-HT;sRypeterS remains unresolved.
If intercellular 5-HT in the DRN could be
selectively reduced, then DRN 5-HT;sR.ut0
function could be selectively suppressed. We
discovered that dissociating SERT from nNOS
specifically reduces intercellular 5-HT con-
centration in the DRN by facilitating the cell
surface translocation of SERT, enhances DRN
serotonergic neurons activity, and substan-
tially promotes 5-HT release into the mPFC,
thereby producing a fast-onset antidepres-

SERT-Cre mice (n = 13 to 18 mice; data were analyzed by one-way ANOVA).

*P < 0.05; **P < 0.0L; ***P < 0.001; ****P < 0.0001; NS, not significant. Error bars
indicate SEM. PL/IL, prelimbic/infralimbic area of the mPFC; fmi, forceps minor

of the corpus callosum; HL, hilus; ML, molecular layer; GL, granule layer.

sant effect. Further, the small molecule SNIB
ZZ1.-7 that we designed had a fast-onset anti-
depressant effect in our mouse depression
model.

Current antidepressants such as fluoxetine,
which work as selective serotonin reuptake
inhibitors (SSRIs), have no selectivity in in-
hibiting somatodendritic SERT in the DRN
or presynaptic SERT in nerve terminals. They
also have no preference in enhancing the
functions of DRN 5-HT;4R.ut08 and postsynap-
tic 5-HTaRpeterS in the cortex and HPC (34).
Because of the enhancement of DRN 5-
HTsR,uo function caused by inhibiting
somatodendritic SERT, SSRIs suppress neu-
ral firing and 5-HT release of serotonergic
neurons (16, 35). The effects of SSRIs depend
on the desensitization of DRN 5-HT;sR,ut08
(16, 21, 36). The desensitization of 5-HT;sR.u108
explains the drawbacks of SSRIs, including
third delayed onset, unstable effectiveness,
individual differences, and even aggravating
symptoms (19, 33, 34). By contrast, SNIBs work
by reducing intercellular 5-HT and thereby
deactivating DRN 5-HT;sR,u08 Without the
requirement for desensitization, thus poten-
tially avoiding the deficits of SSRIs.

The concentration of intercellular 5-HT in
the DRN is critically regulated by SERT on the
cell surface. SERT is a natural ligand of the
nNOS PDZ domain and can bind to the pocket
constituted by the oB helix and BB fold of this
domain through its C-terminal peptides (22).
The binding site on the nNOS PDZ domain is a
shallow and long groove containing the bind-
ing pocket of the conserved sequence GLGF
(Gly*, Leu®?, Gly*?, Phe®*) (37). The C-terminal
residue of SERT also binds transport molecules
Sec23A and Sec24C, two subunits of coat com-
plex II, which is critical for the trafficking of
SERT to the plasma membrane, and nNOS may
compete with Sec23-Sec24 for binding to the
SERT C terminus (22). Therefore, the fast-onset
antidepressant effect of SNIBs may be ex-
plained by the fact that the dissociation of
SERT-nNOS facilitates Sec23-Sec24-mediated
trafficking of SERT to the cell surface, thereby
reducing intercellular 5-HT and in turn down-
regulating 5-HT R0 activity.

The limitations of ketamine, including neu-
rotoxicity, cognitive dysfunction, abnormal
mental status, and psychotomimetic effects,
have been reported (38). Although ketamine is
a noncompetitive antagonist of the N-methyl-
p-aspartate receptor, it also binds on many
other receptors, with potentially extensive
pharmacological effects and side effects (39).
Our data showed that ketamine had no effect
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Fig. 4. Development of a
small-molecule drug elicit-
ing rapid-onset anti-
depressant effect. (A) Top:
general structure with
potential bioactivity to
uncouple nNOS and SERT.
Bottom: structure of ZZL-7.
(B and C) ZZL-7 (Ac-Ala-Val-
OCHs) was tightly bound into
the groove between the aB
helix and BB folding of the
nNOS PDZ domain. In the
ZZL.-7-nNOS PDZ domain
complex, there was a hydro-
gen bonding interaction
between the ZZL-7 and GLGF
loop (Gly*!-Leu?*-Gly-
Phe?®) of the nNOS PDZ
domain. The acetylated
amino of Ala (ZZL-7) formed
a H-bond with Phe?*; the
H-bond distance was 2.11 A.
The —carbonyl of Val made
two H-bonds with the guani-
dino of Arg” and H-bond
distances were 1.96 A,

2.41 A. (D) Co-IP showing
SERT-nNOS complex levels in
293T cells incubated with
1.0 uM ZZL-7 for 2 hours

(n = 5 mice; data were
analyzed by Student's t test).
(E) Enhanced firing fre-
quency of serotonergic neu-
rons 2 hours after ZZL-7
administration (10 mg/kg,
intraperitoneally) in SERT-
Cre mice detected by in vivo
electrophysiology (n = 15
neurons measured from n =
3 individual mice; data were
analyzed by paired Student's
t test). (F) Mouse behavior
in the TST and FST 2 hours
after intragastric administration
of ZZL-7 (10, 20, and 40 mg/kg).
(G) SERT-nNOS complex

level in the DRN of 28d-CMS-
exposed or control mice

2 hours after intraperitoneal
administration of ZZL-7

(10 mg/kg) (n = 5 mice; data were analyzed by one-way ANOVA). (H) TST, FST, and sucrose preference test in 28d-CMS-exposed or
intraperitoneal administration of ZZL-7 (10 mg/kg) (n = 14 to 18 mice; data were analyzed by one-way ANOVA). *P < 0.05; **P < 0.01

significant. Error bars indicate SEM.

on SERT-nNOS association, and the gene ex-
pression profile was differently regulated by
ketamine and SNIB. Therefore, SNIBs may
produce a fast-onset antidepressant effect
without the drawbacks of ketamine.

The mPFC is closely related to rapid anti-
depressant responses (40-43). The activity of
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TST (2h)

mPFC is significantly elevated during periods
of struggling in depression-related behav-
ior tests including TST and FST (44). Keta-
mine acutely increases the activity of mPFC
pyramidal neurons (45). Neuronal vascular en-
dothelial growth factor (VEGF) and mamma-
lian target of rapamycin (mTOR) signaling in

Arg 79

. Diomor
H-Bonds
Acceptor

FST (2h) SPT (2h)

trol mice 2 hours after
**P < 0.001; NS, not

the mFPC are the mediators of ketamine’s rapid
antidepressant effects (46, 47). Intra-mPFC in-
fusion of 8-OH-DPAT induces rapid and long-
lasting antidepressant-like effects (48). We
found that the activity of the 5-HTPRN-MFFC
circuit contributes to the fast-onset anti-
depressant effect of SNIBs. Consistent with
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previous reports (49, 50), our data suggest that
the 5-HTPRNYEPC ¢ireuit may be implicated in
the chronic antidepressant effect of SNIBs.

The level of SERT as part of the SERT-nNOS
complex and the fraction of total SERT protein
in the DRN are much higher than in other
depression-associated brain regions. The selec-
tive existence and formation of SERT-nNOS
are possibly due to the predominant and in-
tensive expression of SERT in the DRN and
the selective postsynaptic location of nNOS in
the synaptic terminal regions of serotonergic
neurons (51, 52). In these regions, presynaptic
membrane SERT is the target of SSRIs, and no
nNOS is found (57-53). Although a few SERT-
nNOS complexes are detected in the fibers of
serotonergic neurons, such as those in the
mPFC, the interaction is predominantly lo-
cated in the cell body (54, 55), and our results
suggest that the SERT-nNOS complex in the
mPFC is not implicated in depression. More-
over, there was no evidence for the existence
of SERT-nINOS complexes outside of the brain,
such as in the gut, platelets, and the immune
system. Therefore, SNIBs may selectively tar-
get the DRN, thus avoiding undesirable phar-
macological effects.

Furthermore, although a large number of
protein-protein interaction inhibitors have been
reported, compounds that promote protein-
protein interactions are rare. We found here
that Sakura can promote the SERT-nNOS
association. We deduce that Sakura may act as
a linker of the nNOS PDZ domain and SERT
and thereby facilitate the SERT-nNOS interac-
tion, because it not only forms several H-bonds
with Lys”, Tyr™, and Arg™ on the nNOS PDZ
domain, but also binds to SERT through
H-bond and hydrophobic interactions. For
example, there is a hydrophobic interaction
between the side chain of Met®”’ in SERT and
the cyclohexylethyl of Sakura, the carbonyl of
Ala®® in SERT forms an H-bond with Lys*’ of
nNOS PDZ, the side chain of Val®® in SERT
has a hydrophobic interaction with Leu?® of
the nNOS PDZ, and the carboxyl of Val®® in
SERT can form an H-bond with indole of Trp
on Sakura.

In sum, we show here that dissociating
SERT-nNOS can rapidly reverse the depres-
sive behaviors caused by CMS in mice, open-
ing a new avenue for developing therapeutics
for mood disorders, which should now be
tested in humans.

Methods summary

Mice

Male C57BL/6J (8 to 12 weeks old, 20 to 25 g,
stock no. 000664), Tph2-CreER (stock no.
016584), nNos ™'~ (stock no. 002986), and SERT-
Cre (stock no. 014554) mice were purchased
from the Jackson Laboratory (Bar Harbor, ME,
USA) and maintained at the Model Animal
Research Center of Nanjing Medical Univer-
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sity (Nanjing, China). The nNos™¥1°% mice
(C57BL/6J background), exons 4 to 7 with loxP
recombination sites, were generated by CRISPR
genome editing technology (CRISPR-Cas9 sys-
tem) and maintained at the Model Animal Re-
search Center of Nanjing University (Nanjing,
China). Conditional knockout of 72Nos in seroto-
nergic neurons (nNos CKO) was established
by crossing Tph2-CreER mice with 7Nos1¥1x
mice to generate Tph2-CreER; nNos™ 1% mice,
treated with tamoxifen (150 mg/kg subcuta-
neously for 3 days) when mice were 2 months
old. Behavior tests and immunofluorescence
were performed 1 month later. Every effort
was made to minimize pain and suffering,
and we reduced the number of animals used
in the experiments. Mice were housed five
per cage under standard laboratory conditions
(22 + 1°C, 60% humidity, 12 h light-dark cycle
with lights on at 7:00 a.m., food and water ad
libitum) for 1 week before starting experi-
ments. All procedures concerning animal care
and treatment were performed in accordance
with the protocols approved by the ethical
committee of Nanjing Medical University (pro-
tocol no. IACUC-1704010-1).

Drugs and polypeptides

ZZ1 molecules and Sakura were designed and
synthesized by the Ting-You Li laboratory
at the Department of Pharmacochemistry,
Nanjing Medical University (Nanjing, China).
CNO, Way-100635, and 8-OH-DPAT were pur-
chased from Sigma-Aldrich (St. Louis, MO,
USA) and introperitoneally injected (10 mg/
kg) or locally microinjected into the mPFC or
vHPC to activate hM4Di DREADD receptors.
Dimethyl sulfoxide (0.5%) in saline was used
as a vehicle (referred to as “vehicle2” in Fig. 3)
(56). To selectively knock out the nNos gene in
serotonergic neurons in Tph2-CreER;nNos /1%
mice, tamoxifen (150 mg/kg, intraperitoneally,
dissolved in a 1:10 mixture of ethanol and
sunflower oil, Sigma-Aldrich) was admin-
istered daily for 3 days when the mice were
2 months old (56). Fluoxetine and (2R,6R)-
hydroxynorketamine hydrochloride were pur-
chased from Sigma-Aldrich and Jiangsu
Pharmaceutical Co., Ltd. (Jiangsu, China), dis-
solved in saline, and administered as approved
by the Food and Drug Administration of
Jiangsu Province (2018). A cannula was im-
planted into the DRN, mPFC, or vHPC and
used for microinjection of drugs or peptides 3 d
later. During microinjection, mice were anes-
thetized temporarily for 5 min by isoflurane
(induction 3%, 0.8 liters/min O,; maintenance
1 to 1.5%, 0.5 liters/min O,).

Microdialysis

The microdialysis methods used in the con-
struction of guide cannula and probes have
been previously described (57). Under isoflur-
ane anesthesia, all animals underwent a stereo-

tactic surgical procedure for placement of a
polysulfone recording chamber (Crist Instru-
ments, Damascus, MD), in the DRN, mPFC, or
vHPC, which directs the insertion of the mi-
crodialysis probes. Microdialysis probes were
placed in sites that had not been previously
sampled the day before the experiment. After
lowering the probe, a protective cap was used
to cover the chamber overnight. The following
day, the cap was removed, and inlet and outlet
lines were attached to the probe for micro-
dialysis. Probes were held in place snugly and
were prevented from rotating by using a tab.
The solution used to perfuse the probe at
1.0 ul/min contained the following (in mM):
KCl 2.4, NaCl 137, CaCl, 1.2, MgCl, 1.2, and
NaH,PO, 0.9, pH 7.4, ascorbate 0.2. The levels
of serotonin, noradrenalin, and dopamine in
the perfusates were then determined using
liquid chromatography-mass spectrometry.
Using these procedures, dialysate transmitters
were sampled every 10 min from the regions
of interest at baseline and after treatments.

Coimmunoprecipitation and pull-down analysis

Procedures for coimmunoprecipitation and
pull-down analysis were previously described
(24). The DRN or cultured 293T cells were
lysed and centrifuged. The supernatant was
preincubated with protein G-Sepharose beads
(Sigma-Aldrich) and then centrifuged to ob-
tain the target supernatant. Antibody-conjugated
protein G-Sepharose beads were incubated with
the target supernatant, centrifuged, washed, and
heated to elute bound proteins, and proteins
were analyzed by immunoblotting. For more
details, see the supplementary materials.

Stereotaxic injection

The surgical procedure was performed as de-
scribed previously (58), with additional changes
to the injection coordinates. Under isoflurane
anesthesia, stereotactic surgery was per-
formed to deliver virus or solution into the
DRN and to implant cannulas into the DRN,
mPFC, or vHPC using the following coordi-
nates: DRN, AP = 0 mm, ML = 0 mm, DV =
3.0 mm, from lambda; mPFC, AP = +1.8 mm,
ML = + 0.3 mm, DV = 2.1 mm; vHPC, AP =
-2.9 mm, ML = + 2.8 mm, DV = -3.6 mm,
from bregma. A volume of 200 nl of drugs or
500 nl of viruses was microinjected into brain
regions. A motorized stereotaxic injector
(Stoelting, model no. 53311) was used to
infuse virus at a rate of 0.2 yl/min.

Design and synthesis of ZZL-7

H-Ala-Val-OH was the C-terminal dipeptide of
SERT, which was potential as a small-molecule
blocker of SERT/nNOS interaction. In view of
the poor stability of enzymatic hydrolysis and
the blood-brain barrier permeability of H-Ala-
Val-OH, acetylated alanine and esterified Val
were used to form ZZL-7 (Ac-Ala-Val-OMe).
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ZZ1.-7 has the advantages of small molecular
weight and being easy to synthesize. ZZ1.-7 was
obtained by following the next synthetic steps.
To a solution of Boc-Ala-OH (4 g, 21.1 mmol)
and H-Val-OMe-HCI (3.9 g, 23.3 mmol) in an-
hydrous DMF (50 ml), DIPEA (9.3 ml, 53.3 mmol)
and PyBOP (12 g, 23.3 mmol) were added at
0°C. The mixture was stirred overnight at
room temperature. The solvent was removed
in vacuo. The residue was dissolved in EA
(100 ml), washed with 10% critic acid (3 x
40 ml), 5% NaHCO3 (3 x 40 ml), and brine
(2 x 40 ml), dried over Na,SO,, and con-
centrated in vacuo. The crude product was
purified by silica gel chromatography (PE:
EA=2:1) to give Boc-Ala-Val-OMe (6.07 g, 95%)
as a white solid. 'H nuclear magnetic reso-
nance (*H NMR) imaging (400 MHz, CDCl,):
5 6.96 (d, J = 8.0 Hz, 1H), 5.40 (d, J = 6.7 Hz,
1H), 4.54 (q, J = 8.9 Hz, 1H), 4.34 - 4.16 (m,
1H), 3.74 (s, 3H), 2.14-2.22 (m, 1H), 1.45 (s,
9H), 1.36 (d,J = 7.0 Hz, 3H), and 0.92 (dd, J =
10.9, 6.9 Hz, 6H). A solution of Boc-Ala-Val-
OMe (6 g, 19.8 mmol) in 80.6 ml (386.9 mmol)
of hydrochloride dioxane (4.8 mol/L) was
stirred at room temperature for 2 hours. After
completion of the reaction, the solution was
concentrated in vacuo to obtain the crude
H-Ala-Val-OMe-HCI.

DIPEA (6.9 ml, 39.7 mmol) was added to a
solution of H-Ala-Val-OMe-HCl and Ac,O
(2.8 ml, 29.8 mmol) in THF at 0°C. The mix-
ture was stirred for 10 min and then warmed
to room temperature to stir for 2 hours. The
solvent was concentrated in vacuo. The resi-
due was dissolved in EA and washed with 10%
critic acid, 5% NaHCO3, and brine, dried over
Na,SO,, and concentrated in vacuo. The crude
product was purified by silica gel chromatog-
raphy (CH,Cl,: MeOH = 30:1) to give ZZL-7
(Ac-Ala-Val-OMe, 3.6 g, 74%) as a white solid.
'H NMR (400 MHz, CDCl,): 6 6.77 (d, J =
8.4 Hz, 1H), 6.30 (d, J = 6.9 Hz, 1H), 4.59 (p,J =
7.0 Hz, 1H), 4.50 (dd, J = 8.7, 5.0 Hz, 1H), 3.75 (s,
3H), 2.24 - 2.13 (m, 1H), 2.00 (s, 3H), 1.38 (d, J =
6.9 Hz, 3H), 0.92 (dd, J = 9.4, 6.9 Hz, 6H). **C
NMR (101 MHz, CDCly) 6 172.43, 172.19, 170.03,
57.39, 52.24, 48.90, 31.11, 23.17, 19.01, 18.32,
17.74. MS (ESI) calculated for C;;H;9N,O,4 [M-
H]™ was 243.13; found: m/z 243.2.

Statistics

All data were analyzed using Prism 8 software
(GraphPad Software, Cary, NC, USA). After a
homogeneity test of variance, when equal
variances were assumed, unpaired or paired
Student’s ¢ test was used to estimate the
differences between two groups, one-way
ANOVA was used for comparison among three
or four groups, and two-way ANOVA with
Bonferroni’s multiple-comparisons correc-
tions was used to compare the effect of two
factors with respect to a numeric outcome.
The results were considered significant at P <
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0.05. All experimental results are shown as
mean + SEM. Sample sizes were based on
previous studies in this field. Outliers were
excluded according to the analysis of identify
outliers using Prism software. Animals were
randomly assigned to experimental groups.
The investigator was blinded to the group al-
location during the experiment and/or when
assessing the outcome. Statistical parameters,
including n, ¢, and Fvalues and P values, and
the analytical method used for each experi-
ment, are listed in the supplementary materials.

Additional methods

Detailed methodology, including electrophysio-
logical recordings, viral production, behavioral
testing, CMS model, Western blot analysis,
and drug concentration determination are de-
scribed in the supplementary materials.
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Closed-loop optimization of general reaction
conditions for heteroaryl Suzuki-Miyaura coupling

Nicholas H. Angello*?}, Vandana Rathore'?}, Wiktor Beker®, Agnieszka Wotos®*, Edward R. Jira®®,
Rafat Roszak®#, Tony C. Wu®7, Charles M. Schroeder*>58, Alan Aspuru-Guzik®7->101112
Bartosz A. Grzybowski>*34*, Martin D. Burke'21516:17«

General conditions for organic reactions are important but rare, and efforts to identify them usually
consider only narrow regions of chemical space. Discovering more general reaction conditions
requires considering vast regions of chemical space derived from a large matrix of substrates
crossed with a high-dimensional matrix of reaction conditions, rendering exhaustive experimentation
impractical. Here, we report a simple closed-loop workflow that leverages data-guided matrix
down-selection, uncertainty-minimizing machine learning, and robotic experimentation to discover
general reaction conditions. Application to the challenging and consequential problem of heteroaryl

Suzuki-Miyaura cross-coupling identified conditions that double the average yield relative to a
widely used benchmark that was previously developed using traditional approaches. This study
provides a practical road map for solving multidimensional chemical optimization problems with

large search spaces.

he development of automated synthesis

methods for peptides (I), nucleic acids

(2), and polysaccharides (3) required dis-

covery of highly general reaction con-

ditions applicable to a wide range of
building block combinations. In contrast, in the
synthesis of small organic molecules, bespoke
reaction conditions are usually developed to
maximize the yield of each target molecule,
minimize side products, and/or minimize the
cost of the corresponding process. Reaction
optimization per target is often necessary be-
cause synthetic methods are typically opti-
mized on only one or a few pairs of substrates
and then applied to a wider range of substrate
combinations with the rarely fulfilled hope
that the same conditions will generally lead

'Department of Chemistry, University of lllinois at Urbana-
Champaign, Urbana, IL, USA. 2Beckman Institute for
Advanced Science and Technology, University of lllinois at
Urbana-Champaign, Urbana, IL, USA. Alichemy, Inc.,
Highland, IN, USA. “Institute of Organic Chemistry, Polish
Academy of Sciences, Warsaw, Poland. °Department of
Chemical and Biomolecular Engineering, University of lllinois
at Urbana-Champaign, Urbana, IL, USA. ®Department of
Chemistry, University of Toronto, Toronto, ON, Canada.
"Department of Computer Science, University of Toronto,
Toronto, ON, Canada. ®Department of Materials Science and
Engineering, University of lllinois at Urbana-Champaign,
Urbana, IL, USA. ®Vector Institute for Artificial Intelligence,
Toronto, ON, Canada. ‘°Canadian Institute for Advanced
Research, Toronto, ON, Canada. 'Department of Chemical
Engineering and Applied Chemistry, University of Toronto,
Toronto, ON, Canada. *Department of Materials Science and
Engineering, University of Toronto, Toronto, ON, Canada.
3Center for Soft and Living Matter, Institute for Basic
Science, Ulsan, Republic of Korea. *“Department of
Chemistry, Ulsan Institute of Science and Technology, Ulsan,
Republic of Korea. **Carl R. Woese Institute for Genomic
Biology, University of lllinois at Urbana-Champaign, Urbana,
IL, USA. *Cancer Center at lllinois, University of lllinois at
Urbana-Champaign, Urbana, IL, USA. YCarle lllinois College
of Medicine, University of lllinois at Urbana-Champaign,
Urbana, IL, USA.

*Corresponding author. Email: mdburke@illinois.edu (M.D.B.);

nanogrzybowski@gmail.com (B.A.G.)
tThese authors contributed equally to this work.

SCIENCE science.org

to high yields (4). Even the application of ma-
chine learning to optimization protocols (5-9)
does not ensure generality, which is critical
for automating, accelerating, and ultimately
democratizing the small molecule-making
process. Identification of such general con-
ditions is difficult because the search space—
spanning all possible combinations of sub-
strates multiplied by all possible combinations
of reaction conditions—is enormous and
thus impractical to navigate using standard
approaches.

Heteroaryl molecular fragments are ubiqui-
tous in many industrially relevant functional
molecules, including pharmaceuticals, mate-
rials, catalysts, dyes, and natural products. In
all of these spaces, synthesis remains a key

bottleneck. Finding general conditions for
(hetero)aryl Suzuki-Miyaura cross-coupling
(SMC) is therefore an important problem. It is
also a challenging and largely unsolved prob-
lem, primarily owing to variable degrees of
both desired and undesired reactivities across
the very large and diverse range of potential
heteroaryl and aryl substrates (10-12). We re-
cently attempted, but failed, to use machine
learning (ML) to discover general reaction
conditions by mining the extensive chemical
literature on (hetero)aryl SMC (13). This is
mainly because the choices of conditions re-
ported in the literature lacked causal links to
the substrates’ structures, and because of a
lack of published (or otherwise accessibly ar-
chived) negative results.

Here, we report a simple closed-loop work-
flow that can efficiently navigate vast substrate-
condition space to discover general reaction
conditions. The approach leverages: (i) data-
guided matrix down-selection to render the
vast search space tractable while retaining val-
idity to the whole; (ii) uncertainty-minimizing
ML to efficiently drive prediction optimization;
and (iii) robotic experimentation to increase
throughput, precision, and reproducibility of
datasets recursively generated on demand
(Fig. 1). We demonstrate that this workflow
succeeds in identifying general reaction con-
ditions for the (hetero)aryl SMC reaction. The
optimized solution doubled the average yield
compared with benchmark general conditions
that had previously been developed through
traditional human-guided experimentation
(hereafter referred to as JACS 2009) (14) and
that have since been used extensively in aca-
demic and industrial laboratories worldwide
(cited in >590 papers and patent applica-
tions). This approach can thus find powerful

Fig. 1. Problem definition and substrate scope for generalized heterocyclic cross-coupling. Workflow
developed in this work for the discovery of general reaction conditions.

28 OCTOBER 2022 « VOL 378 ISSUE 6618 399


http://science.org
mailto:mdburke@illinois.edu
mailto:nanogrzybowski@gmail.com

RESEARCH | RESEARCH ARTICLES

solutions that lie in vast multidimensional
search spaces and stands to accelerate the
field of organic chemistry’s march toward auto-
mated and democratized small molecule syn-
thesis (15-28), which critically requires more
general reaction conditions.

Data-guided down-selection of substrates

To enable practical pursuit of general hetero(aryl)
SMC reaction conditions, we first strategical-
ly down-selected both the matrix of possible
building block combinations and the matrix
of possible reaction conditions in a way that
preserved relevance of the subsets to their
wholes (Fig. 1). Specifically, we first data mined
the inventories of common fine chemical sup-
pliers and assembled a list of ~5400 (hetero)aryl

halide building blocks that were practically
purchasable and therefore accessible for
study [supplementary materials (SM) sec-
tion 4]. To define a representative subset of
this chemical space, we applied a stratified
clusterization strategy (fig. S21) to algorith-
mically cluster the building blocks by their
common (hetero)aromatic ring substructures
and pendant functionalities, down-selecting
54 “centroid” molecules most representative
of each section of the available chemical space.
Combining these molecules with a selection
of 54 commercially available (hetero)aryl
N-methyliminodiacetic acid (MIDA) boronates
defined a down-selected substrate scope com-
posed of 2688 representative cross-coupling
products (figs. S22 and S23). Mapping this

potential product space and comparing it to
all previously reported heteroaryl products
in the literature revealed substantial overlap
between both sets, suggesting that it is repre-
sentative of heteroaryl chemical space as a
whole (Fig. 2A). However, testing even this
initially down-selected collection of cross-
coupling products against many possible re-
action conditions is technically unfeasible.
Accordingly, we pursued a second layer of
down-selection. Specifically, we used a greedy
algorithm based on the Tanimoto similarity
(29) to identify from this larger collection a set
of 11 representative substrate pairs that max-
imize mutual dissimilarity of the resulting
products (Fig. 2B). For all of these products,
we determined liquid chromatography-mass

Fig. 2. Automated synthesis of the initial training set. (A) T-distributed
stochastic neighbor embedding (t-SNE) mapping of the substrate combinations
(2688 heteroaryl products) examined in this work versus all (hetero)aryl products
previously reported in the literature. Blue circles represent literature-reported
products, yellow stars represent products exclusively belonging in this reported search
space, and green triangles represent products present in both sets. (B) t-SNE
mapping of the product space synthesized during the training and test sets versus the
overall reaction space. Blue circles represent products belonging to the reported
search space, green triangles represent products belonging to the training set, and
yellow stars represent products belonging to the test set. (C) Reaction scheme and
chemical structures of the initial training set. Me, methyl; Et, ethyl. (D) Photo of the
automated synthesis instrument used in this work. (E) Initial training set with the
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benchmark condition; all other common palladium catalysts reported in the
literature; and a condition with the most common catalyst [Pd(PPhs),], base
(Na,CO0s), temperature (100°C), and solvent (dioxane:water) used in the literature.
Yields are the average of two automated repetitions (+2% deviation), measured
by LCMS-UV/Vis with an authentic product standard (response factor to
phenanthrene; SM section 9). HPLC, high-performance liquid chromatography.
(F) Yield-based similarity between Pd-based catalysts differing only in organic
ligands. Each square quantifies the Spearman rank correlation coefficient between
yields obtained for each of the 11 substrate pairs. Two pairs of ligands (XPhos
and dppf, and SPhos and PCys) were highly correlated and redundant. PtBus,
tri-tert-butylphosphine; PCys, tricyclohexylphosphine; dba, dibenzylideneacetone;
dppf, 1,1'-bis(diphenylphosphino)ferrocene.
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Fig. 3. Closed-loop experimentation and analysis. (A) Convergence of the
model's uncertainty. Dashed horizontal line depicts threshold for Gita — Gtrain
obtained in calibration simulations. The shaded areas correspond to 95%
confidence interval computed by repeatedly training the model 10 times.

(B) Comparison of ML-guided searches versus random searches for general
conditions. Simulations with both model selection policy [probability of

SCIENCE science.org

improvement (PI) in conditions space and maximum uncertainty (MaxUnc)

in substrate space for given conditions; abbreviated as Pl:MaxUnc and
corresponding to green lines] and random selection of the next reactions
(red lines) were repeated 100 times to evaluate the random factor in the
algorithm (random initialization of neural network weights as well as selection
of the next step in the random baseline). The shaded areas mark the
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interquartile range. (C) Comparison of yield distribution between literature-
reported reactions and those explored in this work. (D) Color scale indicates the
percent yield per general condition as perceived by the ML model at the
conclusion of a given optimization round, 1 to 5. Along the horizontal axis,

the conditions are ranked according to the ML prediction after round 5.

(E) Ranking per general condition per round as perceived by the ML model.
(F) Uncertainty per general condition per round as perceived by the ML model

spectrometry ultraviolet/visible spectroscopy
(LCMS-UV/Vis) response factor curves, which
enabled us to automatically measure the yields
of automated reactions (SM sections 8 and 9).

Data-guided down-selection of conditions

We considered four condition variables—
solvent, base, catalyst and ligand, and temper-
ature. As our aim was to test a broad range of
conditions, we initially down-selected repre-
sentatives of condition classes on the basis of
not only their extent of prior use from our
earlier comprehensive literature analysis (13)
but also structural and functional diversity.
For instance, whereas the two most commonly
used solvents in the literature are dioxane and
dimethoxyethane, they both belong to the same
solvent class of ethers, and so we selected only
one of them (dioxane). Similar reasoning led
us to keep only one carbonate base [in (13), we
showed that the nature of the cation did not
alter the yields]. We selected 100°C as the most
frequently used temperature in the literature,
as well as 60°C, which was used in the pre-
viously developed benchmark protocol (4). In
the end, we selected three solvents (dioxane,
toluene, and dimethylformamide, all used in
5:1 mixture with water), two bases (sodium
carbonate and potassium phosphate), two
temperatures (60° and 100°C), and seven cat-
alysts [Pd SPhos G4, Pd(PPh3),, Pd XPhos G4,
Pd P(tBu);; G4‘, Pd PCY3 G4<, Pdg(dba)g, and
Pd(dppf)Cl,; G4 refers to the fourth-generation
Buchwald precatalyst] to evaluate. The down-
selected 11 building block combinations de-
scribed above were tested under an initial set
of conditions to “seed” the ML optimization
(Fig. 2C) and then tested iteratively under a
much broader set of conditions during the
ML-guided optimization phase.

Seeding experiments, reaction standardization,
and conditions space

All reactions were performed automatically on
the robotic system shown in Fig. 2D. Before
solvent addition, heating, and stirring, reac-
tion mixtures were purged with 10 automated
vacuum and argon cycles, which led to highly
reproducible reaction yields (fig. S11). This
automated Schlenk process was necessary—
even when using air-stable precatalysts and
building blocks—for reproducibility. To “seed”
the optimization procedure, we performed all
couplings between the aforementioned 11 pairs
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of substrates, each under seven different con-
ditions: those corresponding to the JACS 2009
benchmark (5:1 dioxane:water, 60°C, K3PO,,
Pd SPhos G4); same base and solvents but
with the other selected palladium catalysts
[Pd XPhos G4, Pd P(tBu); G4, Pd PCy; G4,
Pd,(dba)s;, and Pd(dppf)Cl,]; and a condition
with the most common catalyst [Pd(PPhg),],
base (Na,CO3), temperature (100°C), and sol-
vent (dioxane:water) used in the literature
(Fig. 2E). When each reaction was repeated
twice, the yields exhibited only +2% devia-
tion, underscoring one of the key advan-
tages of automated experimentation [indeed,
it has previously been reported (30) that
repetition of the same reaction even by the
same human experts entails variability of
~10 to 15%].

This initial round of experiments also allowed
us to identify catalysts that, for different sub-
strate pairs, systematically gave similar yields
and could thus be redundant. Such functional
rather than structural similarity is quantified
by the Spearman rank matrix shown in Fig. 2F
and correlating yields obtained for all 11
substrate pairs using two different catalyst
ligands—in this representation, redundant
catalysts correspond to high-correlation, off-
diagonal elements (e.g., XPhos and dppf, or
PCy; and SPhos). On the basis of this analysis,
we eliminated PCy; and dppf from our pool of
ligands to decrease redundancy, and we elimi-
nated Pd,(dba); because of poor performance
(<5% yield for 8 of 11 substrates), yielding a full
space to be explored of 528 reactions (11 sub-
strates x 2 temperatures x 2 bases x 3 solvents x
4 catalysts).

Uncertainty-minimizing ML for generality

A reaction condition can be considered max-
imally general when it provides the highest
average yield across the widest range of chem-
ical space. Optimization for generality is an
unsolved and underexplored challenge in the
evolving field of ML. We thus considered an
alternative de novo approach, where small
sets of highly reproducible data are generated
on demand during ML-guided closed-loop
optimization, including negative data vastly
underrepresented in existing datasets. We
also decided to strategically focus the ML algo-
rithm on decreasing model uncertainty and
thereby maximize the efficiency of the learn-
ing process.

(computed from 10 repetitions). (G) Number of substrates tested per general
condition per round of closed-loop optimization. (H) Coverage of reaction
space tested by round 5 of closed-loop experimentation. A value of 1 indicates
that the condition was tested, and a value of O indicates that the condition
was not tested. (I) Distributions of yields measured and predicted prior to the
measurement for each round of closed-loop optimization. MAE, mean absolute
error; MSE, mean squared error.

Denoting the set of possible reaction con-
ditions as C = {c}, a set of substrate pairs as S =
{s}, and reaction yield as y(s,c), our aim is to
maximize the objective function given by

flo) = % > YS9 (1)

Then, the general conditions Ceeneral are given as

Cgeneral — argrile%x f(C) (2)

At first glance, the problem of identifying
Cgeneral 111 the least number of experiments
resembles standard Bayesian optimization
(BO). However, there is a substantial differ-
ence: In all BO algorithms, each experiment
or measurement performed immediately pro-
vides information about the objective func-
tion desired for optimization. In contrast,
experimental evaluation of f(c) in our problem
requires multiple experiments (because sum-
mation in Eq. 1 runs over the entire set S)—that
is, determination of f(c) for given conditions
requires experiments with every pair of sub-
strates in the S set. To address this problem,
we modified the standard BO approach by
constructing a surrogate model for predict-
ing reaction yields, ¥ (s, ¢). We then used its
predictions to estimate f (c) according to
Eq. 1 and using the model’s prediction for
the yet-unperformed reactions. Note that in
standard BO, we would have observed f(c) for
the “seen” conditions and estimated for the
“unseen” ones; in our case, f(c) was estimated
even for the already-tested conditions, unless
the entire substrate space S had already been
tested. On the basis of these considerations,
the optimization over C (selection of the next
conditions to examine) is performed with stan-
dard BO techniques, whereas sampling of S is
achieved using an active learning approach—
each of these techniques is known on its own
(8, 31), but the combination of the two (where
the observation of the BO objective can be in-
complete) seems to be unknown. In particular,
we decided to choose substrate pairs on the
basis of the model’s prediction of uncertainty
for given substrates under given reaction con-
ditions: the highly uncertain (low-confidence)
predictions indicate missing information, and
providing the model with the corresponding
experimental data should decrease its uncer-
tainty the most.
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model offering prediction uncertainty com-
mensurate with prediction error—for instance,
highly confident predictions with high error
are undesirable. Per the analyses of numer-
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Fig. 4. Test set for
ML-discovered reaction
conditions. (A) Set of

20 diverse compounds from
outside the training set
selected to test whether the
discovered general reaction
conditions translate to other
diverse heteroaryl product
classes. JACS 2009 condition:
5:1 dioxane:water, 60°C, K3POy,
Pd SPhos G4. ML General
condition 1: 5:1 dioxane:water,
100°C, Na,COs3, Pd XPhos G4.
ML General condition 2:

5:1 dioxane:water, 100°C,
Na,CO3, Pd SPhos G4. ML
general condition 3: 51
dioxane:water, 100°C, Na,CO3,
Pd(PPhs),. ND, not detected.
(B) Jitter plot showing the
performance of the top

ML conditions versus the
benchmark. Brackets indicate
95% confidence interval.

(C) Jitter plot showing the
relative performance in
change of yield of the top

ML conditions versus the
benchmark. Brackets indicate
95% confidence interval.

(D) The number of products
per general condition with
>10% yield measured.

(E) Relative protodeboronation
per condition, as measured
by integrated UV peak area
(UVppg) standardized to

the internal standard (UVsrp).
(F) Relative remaining halide
per condition, as measured by
integrated UV peak area
(UVya) standardized to the
internal standard (UVstp).
(G) Relative product forma-
tion per condition (UVppr)
relative to by-product forma-
tion (UVayppr)-

Sananltang® U 00

ous neural-network (NN) and Gaussian process
(GP) models (SM section 3), we ultimately
selected an ensemble of GP supplemented
with a NN kernel component [GPE(NN)]; sim-
ilar approaches were recently used in BO (32)

and interactive learning (33). Such a model is
particularly appealing because of its flexibil-
ity (the similarity metric between different
conditions will be learned from the data) and
the reliability of the prediction uncertainties

28 OCTOBER 2022 « VOL 378 ISSUE 6618 403



http://science.org

RESEARCH | RESEARCH ARTICLES

(e.g., it is guaranteed that the prediction of
a test sample will not be more confident
than a training sample). For the selection of
conditions to be tested, we chose as an acqui-
sition function the probability of improve-
ment (PI).

Closed-loop, ML-driven optimization with
robotic experimentation

The GPE(NN)/PI model guided the auto-
mated experiments over the down-selected
search space. We worked in experimental
batches, meaning that multiple experiments
were performed before the theoretical model
was updated. Within each batch, the algo-
rithm formed a “priority queue” of unexplored
reactions by sorting and selecting condi-
tions according to the computed PI and
substrate pairs according to the prediction
uncertainty. The batch size for rounds 1 and
2 of optimization was 36 duplicated reac-
tions, followed by 72 and 84 unduplicated
reactions for rounds 3 and 4 and round 5,
respectively.

Over the closed-loop rounds, the model’s
uncertainty decreased and converged at the
fifth round to the threshold obtained during
calibration simulations (Fig. 3A and fig. S20),
suggesting that the model gained sufficient
knowledge about the whole space, at which
point the optimization was terminated. This
strategy converges to this optimum in about
half as many reactions as does random sampling
(Fig. 3B) and with a higher likelihood of suc-
cess compared with typical BO strategies (fig.
S30). As the algorithm explored the reaction-
condition space, reaction yields for our data-
set were distributed more or less uniformly
over the range of possible values (Fig. 3C). In
other words, our protocol learned by probing
both low- and high-yielding conditions. This
contrasts with the distribution of yields in
published reaction sets—such yields are heavi-
ly skewed toward positive outcomes, which,
as we discussed in many of our previous works
on computerized synthesis (34-36), limits the
usefulness of approaches aiming to learn from
published datasets.

In this dataset, the discovered top-1 condi-
tion conferred 72% average yield across all
11 substrates, whereas the benchmark condi-
tion [found to also be the top-5 (i.e., fifth best)
condition] conferred 64% average yield. To
understand how the model arrived at this op-
timum, we examined the model’s perception
of the average yield and ranking of each gen-
eral condition per round (Fig. 3, D and E).
Within the first two rounds, the model gains
the ability to accurately categorize these con-
ditions into high, medium, and low overall
average yield and, in the subsequent rounds,
establishes the correct ranking within these
categories. The increasing accuracy of the
model over the course of the experiment is
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recapitulated in Fig. 3F, which shows the
model’s ranking uncertainty decreasing be-
tween rounds and is especially apparent for
the top conditions. The model chose to test a
few substrates per round across many con-
ditions for the first three rounds, followed by
primarily filling in the top conditions in the
latter rounds (Fig. 3G). By the fifth round, the
model explored nearly all of the top-7 con-
ditions, which corresponds to every condition
with >50% overall average yield, as estimated
by the model (Fig. 3H).

Finally, we analyzed the yields of reactions
the model requested in order to gain more in-
formation about the reaction-condition space
(Fig. 3I). These values are not expected to in-
crease as the optimization progresses, because
the yield of a single experiment is not our
objective. Given the uncertainty-guided selec-
tion of substrates, one could even expect the
opposite: Once a set of suitable conditions is
identified, further exploitation should in-
volve lower-yielding reactions to verify that
the found candidate conditions are indeed
better, as well as to increase confidence of the
estimate of f(c). The results shown in Fig. 31
indicate that after exploring good reactions
in the second iteration, the model gradually
shifted its attention toward the parts of the
reaction-condition space that can be consid-
ered as “negative examples” (and, in doing so,
improved its prediction accuracy). From these
results, it appears that (i) relatively good can-
didate solutions were identified early, (ii) the
model initially tried to look for better-yielding
reactions (to find better candidates), and (iii)
more and more attention was dedicated to
decreasing the uncertainty of its estimates as
the “loop” progressed.

Quantifying generality
After the discovery of higher-yielding gen-
eral conditions in the training set, we next
sought to determine whether the learning
would transfer to substrates outside of the
optimization—specifically, over 20 substrate
pairs chosen [by the Butina algorithm (37)]
to maximize dissimilarity to the training set
while ensuring coverage of the heterocyclic
substructure and functional group space (Fig.
2B). We then set out to synthesize and purify
all of the computer’s suggestions and test them
against the benchmark condition and the top-3
highest yielding general reaction conditions
discovered during the closed-loop optimiza-
tion (Fig. 4A), as ranked by the model after
the completion of round 5. Despite including
some very challenging building block combi-
nations, this process was 95% successful, with
only one product having no measurable yield
under all four conditions.

The ML-discovered general reaction condi-
tions performed substantially better than the
previously reported and widely used bench-

mark condition (74). The top-2 conditions
provided statistically significant increases in
average yield compared with the benchmark,
with the top condition doubling the overall
average yield from 21% to 46% (Fig. 4B). Com-
paring the relative increase in yield reveals
statistically significant differences between
the top-1 and both the top-2 and top-3 con-
ditions (Fig. 4C). Notably, the experimental
yields correlate with the predicted ranking
of the conditions such that the yield for the
top-1is higher than that for the top-2, which,
in turn, is higher than that for the top-3. In
the context of functional discovery efforts, the
binary capacity to isolate or not isolate testable
quantities of purified targeted compounds is
arguably even more important than the spe-
cific percent yield. We estimate that the prac-
tical limit for isolating purified products is
10% yield. For the benchmark condition, only
11/20 targeted products cleared this bar, whereas
this fraction rose to 19/20 for the top-1 condi-
tion (Fig. 4D).

Extending the reaction times for couplings
that were low yielding under the benchmark
conditions did not increase yields (fig. S33).
Comprehensive analysis of by-products and
product formation for all 20 reactions (SM
section 10) demonstrated that a favorable
shift from the former to the latter accom-
panies the shift from the benchmark to the ML~
discovered reaction conditions. Specifically, the
ML-discovered conditions were associated with
a trend toward decreased protodeboronation
(Fig. 4E), increased halide conversion (Fig. 4F),
and an overall statistically significant increase
in the ratio of product to total by-products
formation (Fig. 4G) (0.30 + 0.12 for JACS
2009 versus 0.58 + 0.12 for ML conditions;
P =0.0005).

Outlook

The straightforward workflow developed here
has enabled the accelerated discovery of im-
proved general reaction conditions for diffi-
cult C-Cbond forming reactions, representing
a key step toward increasing the efficiency,
generality, and accessibility of small molecule
synthesis. This result also highlights the power
of down-selection as an entry point into large
multidimensional search spaces, the distinct
advantages of a de novo ML approach for
navigating such spaces by generating datasets
that evenly reflect the reality of positive and
negative data during optimization, and the
particular suitability of robotized chemistry
for generating high-quality, reproducible data.
Future studies will incorporate next-generation
ligands and reagents to yield further improved
general reaction conditions, creating an ac-
tionable path for automated small molecule
synthesis to achieve reaction efficiencies ap-
proaching that of automated peptide synthesis.
This general workflow should be applicable to
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the optimization of reactions beyond SMC, as it
did not require extensive prior literature data
to be successful.
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SYNTHETIC BIOLOGY

Mirror-image T7 transcription of chirally inverted
ribosomal and functional RNAs

Yuan Xu'?3 and Ting F. Zhu?3*

To synthesize a chirally inverted ribosome with the goal of building mirror-image biology systems requires
the preparation of kilobase-long mirror-image ribosomal RNAs that make up the structural and catalytic core
and about two-thirds of the molecular mass of the mirror-image ribosome. Here, we chemically synthesized a
100-kilodalton mirror-image T7 RNA polymerase, which enabled efficient and faithful transcription of the
full-length mirror-image 5S, 16S, and 23S ribosomal RNAs from enzymatically assembled long mirror-image
genes. We further exploited the versatile mirror-image T7 transcription system for practical applications such
as biostable mirror-image riboswitch sensor, long-term storage of unprotected kilobase-long L-RNA in water,
and L-ribozyme-catalyzed L-RNA polymerization to serve as a model system for basic RNA research.

ore than 160 years after Louis Pasteur’s

discovery of molecular chirality and

proposal of a chirally inverted form of

life (7), mirror-image life has not been

discovered in nature. The laboratory
realization of in vitro mirror-image biology
systems with p-amino acids and r-nucleic acids
as the building blocks (as opposed to the
natural-chirality 1-amino acids and p-nucleic
acids) presents unique opportunities but re-
mains challenging. An important part of this
effort is establishing a mirror-image version of
the central dogma of molecular biology (2, 3).
After mirror-image DNA replication, transcrip-
tion, and reverse transcription (2, 4-8), the
next step is to realize mirror-image translation
(Fig. 1A) (3, 9, 10). This requires high-quality

1School of Life Sciences, Tsinghua-Peking Center for Life
Sciences, Beijing Frontier Research Center for Biological
Structure, Tsinghua University, Beijing, China. 2School of Life
Sciences, Research Center for Industries of the Future,
Westlake University, Hangzhou, Zhejiang, China. *Westlake
Laboratory of Life Sciences and Biomedicine, Hangzhou,
Zhejiang, China.

*Corresponding author. Email: tzhu@westlake.edu.cn

long L-RNAs such as the kilobase-long mirror-
image ribosomal RNAs (rRNAs), which make
up the structural and catalytic core of the
>2-MDa mirror-image ribosome.

The chemical synthesis of high-quality long
1-RNAs remains difficult because traditional
phosphoramidate chemistry only allows effi-
cient RNA synthesis of up to 60 to 70 nucleo-
tides (nt) (11). One way to overcome this
limitation is through enzymatic transcription
by mirror-image polymerases. We previously
used a Y12S mutant of the mirror-image
Sulfolobus solfataricus P2 DNA polymerase IV
(p-Dpo4-5m-Y12S) to transcribe a 120-nt mirror-
image Escherichia coli (E. coli) 5S TRNA (7).
Additionally, cross-chiral ribozymes have been
developed to polymerize 1-RNAs (12, 13). How-
ever, both systems suffer from low efficien-
cy and fidelity, and require single-stranded
L-DNA or .-RNA templates, which are diffi-
cult to prepare and remove from the polymer-
ized 1-RNAs.

An alternative is to synthesize a mirror-image
version of the bacteriophage T7 RNA polymer-
ase, which is a widely used workhorse enzyme
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Fig. 1. Synthetic natural- A
chirality and synthetic mirror-

Mirror-image central dogma of molecular biology

image T7 RNA polymerases. D-ASFV pol X

S . D-Dpo4 Dp-Dpo4
(A) Mirror-image version of the b-Pfil DNA pol bpos .
central dogma of molecular biology, L-DNA T————— S L-RNA I\/Iirror—\mage. D-Protein &
including mirror-image DNA replica- o D"SSFX 2(01|2XS ribosome @&(b
tion, transcription, reversetranscrip- Mirror-image ) o-Dpod ( ) ) ) ) ) Q\{\\\\*
. ! gene assembly Mirror-image ~ D-T7 RNA pol Mirror-image Mirror-image L L
tion, and translation (blue arrows), and X W @

L genes rRNAs r-proteins & S

the role of the synthetic mirror-image AN P LS

T7 RNA polymerase in transcribing

the mirror-image rRNAs (shown in B
red) to be assembled with the mirror-
image ribosomal proteins (r-proteins)
into a mirror-image ribosome.

(B) Structure of the WT T7 RNA
polymerase (Protein Data Bank ID:
1CEZ) in natural-chirality and mirror-
image forms. The N fragment is shown
in green, the M fragment in yellow,
and the C fragment in pink, with the
amino acids at the two split sites (K363
and P364, N601 and T602) shown in
red. (C) Recombinant WT, recombi-

ragment

Natural-chirality T7 RNA polymerse

C fragment C fragment

M fragm

Mirror-image T7 RNA polymerse

63-
48- <N fragment

35- «C fragment

<M fragment
25-

nant double-split mutant, synthetic natural-chirality, and synthetic mirror-image T7 RNA polymerases analyzed by SDS-PAGE and stained by Coomassie brilliant blue. M, protein marker.

Fig. 2. Mirror-image T7 transcription of
short L-RNAs. (A) Transcription of the
natural-chirality and mirror-image 122-nt

5S rRNAs from the double-stranded o- or
L-DNA template by the recombinant WT,
recombinant double-split mutant, synthetic
natural-chirality, and synthetic mirror-image
T7 RNA polymerases, respectively, analyzed
by denaturing PAGE and stained by SYBR
green |l. NC and MI-NC, negative controls
without natural-chirality or mirror-image

T7 RNA polymerase, respectively; M, Low
Range ssRNA ladder. (B and C) Transcription
of the natural-chirality and mirror-image
122-nt 55 rRNAs (B) and 90-nt tRNAs®®" (C)
from the double-stranded b- or L-DNA
template by the synthetic natural-chirality and
synthetic mirror-image T7 RNA polymerases,
respectively, purified by denaturing PAGE,
treated by natural-chirality RNase A, analyzed
by denaturing PAGE, and stained by SYBR
green Il. M, Low Range ssRNA ladder.

(D) Natural-chirality and mirror-image dFx
charging of - or p-serine onto the natural-
chirality and mirror-image tRNAs®®" with

L- or p-Ser-DBE, respectively, analyzed

by acid PAGE and stained by SYBR green II.

for both in vitro and in vivo transcription in
the laboratory because of its excellent efficiency,
fidelity, and promoter specificity (74). The T7
RNA polymerase uses double-stranded DNA
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DNA template »
tRNASST »

templates for transcription, the mirror-image
version of which can be readily assembled
by mirror-image polymerase chain reaction
(PCR) (4-6, 8). However, the full-length T7

Natural- Mirror-

chirality image

T7 transcription S+ 4+ -+ o+ o+

RNA purification -+ - -+ o+
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5S rRNA »
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Natural-  Mirror-
chirality image
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55%
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RNA polymerase contains 883 amino acids,
beyond the general size limit for chemical pro-
tein synthesis that combines solid-phase pep-
tide synthesis (SPPS) (I5) with native chemical
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Fig. 3. Mirror-image T7 A Natural-chirality Mirror-image
transcription and purification T7 transcription - + o+ + - + + +
of kilobase-long mirror-image RNA purification S S -t

rRNAs. (A and B) Transcription of
the natural-chirality and mirror-
image 1.5-kb 16S (A) and 2.9-kb
23S (B) rRNAs from the double-
stranded p- or (-DNA template by
the synthetic natural-chirality and
synthetic mirror-image T7 RNA

Natural-chirality RNase A M1

DNA template » 2000 -
1000~

Size
(bp)

500-
250-

Size

(nt)

-2000
12000 « 165 rRNA

-500

. - B
polymeraseg, resp.ectlvely, purified Natural-chirality Mirror-image
by low-melting-point agarose gel T7 transcription - 5+ + _ r + 4
electrophoresis and p-agarase | RNA purification - - + + - - + +
digestion, treated by natural- Natural-chirality RNase A M1 - - -t - - -

chirality RNase A, analyzed by

agarose gel electrophoresis, and
stained by ExRed. M1, Trans2K

Plus DNA marker; M2, RNA

marker RL6,000. (C) Gel-purified
natural-chirality and mirror-image
122-nt 5S, 1.5-kb 16S, and 2.9-kb C
23S rRNAs treated by natural-
chirality RNase A, analyzed by
agarose gel electrophoresis, and
stained by ExRed. M2, RNA
marker RL6,000; M3, RNA marker
RL1,000. (D) Structure of the

T. thermophilus ribosome (Protein
Data Bank ID: 4V4P) in natural-
chirality and mirror-image forms,
showing the 5S rRNA in red,

16S rRNA in gold, 23S rRNA in
pink, and r-proteins in green.

ligation (NCL) (I16), enabling the synthesis of
various mirror-image enzymes (2, 5, 6, 17-21)
typically smaller than ~400 amino acids, or
~45 kDa. Recently, we applied split-protein
design and systematic isoleucine substitution
to facilitate the total chemical synthesis of a
90-kDa high-fidelity mirror-image Pfu DNA
polymerase, which enabled the accurate as-
sembly of a 1.5-kb mirror-image 16S rRNA
gene (8). Although we also developed a mutant
Pfu DNA polymerase for transcribing RNA,
the suboptimal transcription efficiency and
difficulty in preparing long single-stranded
1-DNA templates will likely make this approach
impractical (8). Here, we set out to synthesize
a100-kDa mirror-image T7 RNA polymerase
using split-protein design and systematic iso-
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leucine substitution and test its ability to ef-
ficiently and faithfully transcribe high-quality
long L-RNAs such as the mirror-image 58, 16S,
and 23S rRNAs and various functional 1-RNAs.

Results
Design and synthesis of a 100-kDa mirror-image
T7 RNA polymerase

Split-protein design divides a large (natural-
chirality or mirror-image) protein into two or
more smaller split-protein fragments that can
co-fold in vitro into a functionally intact en-
zyme (8). Many enzymes have naturally occur-
ring or engineered split versions, including the
T7 RNA polymerase (22, 23). However, some
of the previously reported split sites alter its
transcription efficiency (22) or are near the

+ + + M2
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(nt)

-3000
-3000 <235 rRNA

-1000
-500

Mirror-image

5S 16S 23S 5S

16S 23S

M3 - - -+ o+ M2

23S rRNA

16S rRNA

Mirror-image ribosome

N or C terminus of the polymerase (22, 23),
resulting in split-protein fragments larger
than 400 amino acids, which are difficult to
chemically synthesize. We designed a double-
split version of the T7 RNA polymerase with a
previously reported split site between N601
and T602 (23) and a newly discovered split site
between K363 and P364 in a solvent-exposed
loop, dividing the 883-amino acid polymerase
into three split-protein fragments: the 363-
amino acid N fragment, the 238-amino acid
M fragment, and the 282-amino acid C frag-
ment (Fig. 1B). Additionally, we substituted
14 of the 51 isoleucines in the polymerase with
valine, leucine, and methionine (fig. S1 and
table S1) to facilitate the chemical protein syn-
thesis and to reduce the p-amino acid costs (8).
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‘We next biochemically validated the design by
comparing the transcription efficiencies of the
recombinant wild-type (WT) and recombinant
double-split mutant (containing 14 isoleucine
substitutions) T7 RNA polymerases at various
enzyme concentrations with a double-stranded
D-DNA template, and observed similar tran-
scription efficiencies between them (fig. S2).
‘We then performed total chemical synthesis
of the double-split mutant version of both the
natural-chirality and mirror-image T7 RNA
polymerases (hereafter referred to as the syn-
thetic natural-chirality and synthetic mirror-
image T7 RNA polymerases, respectively). The
N, M, and C fragments of the natural-chirality
and mirror-image polymerases were each di-
vided into five to eight peptide segments rang-
ing from 20 to 76 amino acids in length (figs. S3
to S6 and table S2). All of the peptide segments
were prepared by 9-fluorenylmethoxycarbonyl
(Fmoc)-SPPS, purified by reversed-phase high-
performance liquid chromatography (RP-HPLC),
and assembled by hydrazide-based NCL (24),
followed by metal-free radical-based desulfuri-
zation (25) to convert unprotected cysteine to
alanine (26). After the synthesis, ligation, puri-
fication, and lyophilization (figs. S7 to S55), the
N, M, and C fragments of the natural-chirality
and mirror-image polymerases were obtained
at milligram scales with the expected molec-
ular masses of 41.4, 26.8, and 31.5 kDa, re-
spectively, totaling ~100 kDa (table S2). Both
the synthetic natural-chirality and synthetic
mirror-image T7 RNA polymerases were folded
in vitro by dialysis, as validated by 8-anilino-1-
naphthalene sulfonate (ANS) fluorescence (fig.
S56), and analyzed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) (Fig. 1C).

Mirror-image T7 transcription of short .-RNAs

We tested the transcription activity of the syn-
thetic mirror-image T7 RNA polymerase with
a double-stranded 1-DNA template coding for
the Thermus thermophilus (T. thermophilus)
5S rRINA (tables S5 to S7) assembled by mirror-
image PCR (5), and found that it was capable
of transcribing the full-length 122-nt mirror-
image 5S rRNA (Fig. 2A) despite having lower
efficiency than the recombinant WT, recom-
binant double-split mutant, and synthetic
natural-chirality polymerases (fig. S57). The gel-
purified 122-nt mirror-image 5S rRNA was
resistant to natural-chirality ribonuclease A
(RNase A) digestion (Fig. 2B). Because of the
lack of high-fidelity mirror-image reverse tran-
scriptase and Sanger sequencing tools, we were
unable to evaluate the transcription fidelity of
the synthetic mirror-image T7 RNA polymerase
directly, and thus we examined the transcription
fidelity of the synthetic natural-chirality T7 RNA
polymerase as an estimate for the mirror-image
version. We reverse-transcribed the DNase-
treated transcription product of the synthetic
natural-chirality T7 RNA polymerase by a high-
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Fig. 4. Mirror-image riboswitch sensor. (A) Schematic overview of the natural-chirality and mirror-image
riboswitch sensors by fusing a guanine aptamer (purple) with a Spinach aptamer (blue) through a
“transducer” stem sequence (pink). (B) Transcription of the natural-chirality and mirror-image 130-nt
riboswitch sensors from the double-stranded p- or L-DNA template by the synthetic natural-chirality and
synthetic mirror-image T7 RNA polymerases, respectively, purified by denaturing PAGE, treated by
natural-chirality RNase A, analyzed by denaturing PAGE, and stained by SYBR green Il. M, Low Range
ssRNA ladder. (C) Fluorescence intensities measured at 500 nm of the natural-chirality and mirror-image
riboswitch sensors incubated with DFHBI and guanine, o-GTP, L-GTP, and adenine in a buffer prepared
with DEPC-treated water and RNase-free reagents at 37°C for 30 min. NC, negative control with the
natural-chirality or mirror-image riboswitch sensor but without guanine; FU, fluorescence unit. Data are
presented as mean + SD (n = 3) with individual data points. P values were calculated by the Student's
two-tailed t test. (D) Fluorescence intensities measured at 500 nm of the natural-chirality riboswitch
sensor without or with RNase inhibitor and of the mirror-image riboswitch sensor without RNase inhibitor
incubated with DFHBI and guanine in a buffer prepared with DEPC-treated water and RNase-free reagents
at 37°C for up to 65 days and longitudinally measured at selected time points. NC and MI-NC, negative
controls with the natural-chirality or mirror-image riboswitch sensor but without guanine, respectively;

FU, fluorescence unit. Data are presented as mean + SD (n = 3).

fidelity reverse transcriptase, followed by high-
fidelity PCR and Sanger sequencing (fig. S58).
We measured the error rate of the synthetic
natural-chirality T7 RNA polymerase on the
order of 10™*, consistent with those of the
recombinant WT and recombinant double-
split mutant polymerases, as well as the WT
polymerase reported in previous studies (table
S3) (27).

Toward realizing mirror-image translation,
we previously used a mirror-image version of
the 46-nt dinitro-flexizyme (dFx) (28) to charge
three p-amino acids (p-lysine, p-alanine, and
p-phenylalanine) and the achiral glycine onto
the corresponding mirror-image transfer RNAs
(tRNAs) transcribed by p-Dpo4-5m-Y12S (10).
However, p-Dpo4-5m-Y12S was unable to tran-

scribe certain mirror-image tRNA sequences,
such as the 90-nt mirror-image serine tRNA
(tRNAS) (fig. $59), likely because of the length
and extensive secondary structure of the single-
stranded 1-DNA template. We addressed this
issue by mirror-image T7 transcription with a
double-stranded 1-DNA template coding for
tRNAS" (tables S5 to S7) assembled by mirror-
image PCR (5). We found that the transcrip-
tion efficiency of the 90-nt mirror-image tRNAS"
by the synthetic mirror-image T7 RNA poly-
merase was substantially higher than that by
D-Dpo4-5m-Y12S (fig. S59). The gel-purified
90-nt mirror-image tRNAS" was resistant to
natural-chirality RNase A digestion (Fig. 2C).
Furthermore, we charged p-serine onto the
mirror-image tRNAS" using the mirror-image
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Fig. 5. Stability of kilobase-long L.-RNA. (A and B) Electropherograms of the
1.5-kb natural-chirality 16S rRNA incubated in DEPC-treated water at 37°C
without (A) or with (B) RNase inhibitor for up to 8 or 72 hours, respectively,
and longitudinally measured at selected time points. (C) Electropherograms of
the 1.5-kb mirror-image 16S rRNA incubated in DEPC-treated water at 37°C
without RNase inhibitor for up to 1080 hours and longitudinally measured at
selected time points. (D and E) Electropherograms of the 1.5-kb natural-chirality

dFx and p-Ser-3,5-dinitrobenzyl ester (Ser-DBE),
with a charging yield similar to that of the
natural-chirality version (Fig. 2D).

Mirror-image T7 transcription and purification of
kilobase-long mirror-image rRNAs

Encouraged by the results of the transcription
and purification of short 1-RNAs, we performed
the mirror-image T7 transcription of the
kilobase-long mirror-image rRNAs. Using
double-stranded 1-DNA templates coding for
the T. thermophilus 16S and 23S rRNAs (tables
S5 to S7) assembled by mirror-image PCR
(fig. S60) (5, 8) and through further optimizing
the transcription conditions, particularly for
23S rRNA (figs. S61 and S62), we transcribed
the full-length mirror-image 1.5-kb 16S and
2.9-kb 23S rRNAs by the synthetic mirror-
image T7 RNA polymerase (Fig. 3, A and B).
Meanwhile, we also transcribed the natural-
chirality rRNAs by the synthetic natural-
chirality T7 RNA polymerase (Fig. 3, A and B).

Because a mirror-image DNase to digest
L-DNA templates is unavailable, we purified
the kilobase-long mirror-image 16S and 23S
rRNAs from the double-stranded 1-DNA tem-
plates by low-melting-point agarose gel electro-
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phoresis and (3-agarase I digestion (Fig. 3,
A and B). The Kkilobase-long natural-chirality
rRNAs and RNA markers were partially de-
graded despite our best effort to avoid natural-
chirality RNase contamination and use of
RNase inhibitor in conjunction, whereas the
mirror-image 5S, 16S, and 23S rRNAs were
stable (Fig. 3C), suggesting that the assembly
of the mirror-image ribosome (Fig. 3D) could
be more experimentally convenient to per-
form than the natural-chirality version be-
cause of the stability of the mirror-image rRNAs.
We further evaluated the transcription fidelity
of the synthetic natural-chirality T7 RNA poly-
merase (again, as an estimate for the mirror-
image version) with double-stranded p-DNA
templates coding for the 58, 16S, and 23S rRNAs,
and measured error rates on the order of 107%,
consistent with that of the WT polymerase re-
ported in previous studies (table S4) (27).

Mirror-image riboswitch sensor

Inspired by the broad utility of T7 transcrip-
tion in the laboratory, we explored the practical
applications of the mirror-image T7 transcrip-
tion system through developing a 130-nt mirror-
image riboswitch sensor by fusing a mirror-image

16S rRNA incubated in pond water at 37°C without (D) or with (E) RNase
inhibitor for up to 8 hours and longitudinally measured at selected time

points. (F) Electropherograms of the 1.5-kb mirror-image 16S rRNA incubated in
pond water at 37°C without RNase inhibitor f