Jack Szostak, in his lab at ‘. } 'l‘
Massachusetts General I I r
Hospital, holds a model of s

a nucleic acid.

HOW LIFE BEGAN

Jack Szostak’s pursuit of the biggest questions on Earth
by ERIN O’'DONNELL

How pID LIFE begin on Earth? On a young, rocky planet, how
might chemicals have come together in just the right way to form
the very first cells? How did those primitive cells start behaving
like life: growing, dividing, and passing on advantageous traits to
the next generation?

The origins of life are especially murky because the geological
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record—the layers of rock and embedded fossils that hold clues
about the history of Farth and life—disappears at roughly 3.9 billion
years ago, erased by movements in the planet’s crust. As a result,
scientists lack direct evidence for conditions on early Earth, includ-
ing proof of the molecules that might have swirled in primordial
ponds and formed the building blocks of life.
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This presents a host of questions, precisely the kind of big ques-
tions to which Jack Szostak is drawn. He and others believe they
can reconstruct in the lab the long pathway that led from chemicals
in space, to Earth’s formation, to pre-life chemistry on the planet,
to early protocells, and finally to advanced cells with metabolism
and protein synthesis. Sprawling explorations like these require
expertise in many fields, including chemistry and biochemistry,
geology and geophysics, and astronomy.

Szostak (pronounced suan-stak) may be the ideal person to pur-
sue answers. A Nobel laureate, professor of genetics at Harvard
Medical School, professor of chemistry and chemical biology in
the Faculty of Arts and Sciences, the Rich Distinguished Investi-
gator at Massachusetts General Hospital (MGH), and a Howard
Hughes Medical Institute investigator, he is described by others as
a brilliant, driven scientist. But he’s also known for mild-mannered
humility, including a willingness to dive deeply into subjects that
are new to him, and for his collegiality, for helping to foster idea-
sharing that is moving science forward.

His own research focuses on one segment of the pathway to life:
the protocell, “a really, really simple primordial cell that could as-
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beth Blackburn, Sc.D.’06, now emerita at UC, San Francisco, and
Carol Greider of Johns Hopkins.

By the time Szostak received the early-morning phone call from
Sweden in October 2009, he had already spent more than 20 years
making fundamental contributions in other areas of science. After
the telomere discoveries in the mid 1980s (research linked shortened
telomeres to many diseases of aging), many scientists entered the field
and Szostak chose to change direction. “It was pretty clear what the
next experiments had to be, and it felt like anything we did would
get done anyway,” he recalled. “I've never felt that there’s much point
in doing stuff that’s going to get done anyway. So that really made me
look around and think about what other kinds of scientific questions
I could start to address.” In 1984 he accepted an offer to move his lab
from what was then the Sidney Farber Cancer Institute to MGH, to
join the researchers there Working on basic science. “It was an amaz-
ing offer: all my research would be fully funded for 10 years,” Szostak
recalls. “It was perfect for me since it allowed me to change direction
without worrying about writing grants in anew field.”

After considering his options, he settled on RNA enzymes known
asribozymes, a field that he saw as “interesting, tractable, and not
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semble from chemicals that were around early on, on the surface
of Earth,” Szostak explains. He hopes to understand how it would
grow and divide and start to replicate, and eventually evolve. “We
may not know what actually happened, but maybe we can work
out different possible paths,” he says. “All we can do is try to as-
semble things in the lab that seem plausible.”

“DIRECTED EVOLUTION”
Tu1s AucusT marked Szostak’s fortieth year at Harvard and thir-
ty-fifth at MGH (where his lab is located), a tenure marked by
important discoveries in a surprising variety of fields. In the 1980s,
his lab conducted experiments with yeast to understand the ge-
netics and biochemistry of DNA recombination—work that led
to the double-strand-break repair model, which describes how
long strands of DNA break, swap segments, and then rejoin. This
prompted subsequent research on the mechanism of recombina-
tion during meiosis, the cell division that leads to sperm and eggs.
During the same period, his team also made important discoveries
about telomeres—the protective caps, found at the ends of chro-
mosomes, that ensure that DNA replicates properly as cells divide.
For this research, Szostak later received the 2009 Nobel Prize for
Physiology or Medicine, which he shared with researchers Eliza-

highly competitive.” He and his graduate students began devel-
oping tools to evolve RNA, the single-stranded molecules in cells
that copy genetic information contained in DNA. In test tubes his
team nudged RNA to take on new roles, such as recognizing target
molecules and catalyzing reactions. Known as “directed evolution,”
this process involved introducing mutations into the RNA strands,
looking for variants that could perform useful functions, and al-
lowing those novel molecules to reproduce. They also did similar
work with DNA, peptides, and proteins.

In 1994, Szostak received the National Academy of Sciences Award
in Molecular Biology, along with researcher Gerald Joyce, now of the
Salk Institute for Biological Studies, for simultaneously but inde-
pendently developing in vitro evolution of RNA. “It’s a technology
for making molecules that do your bidding,” Joyce explained in an
interview, describing it as similar to the way agricultural scien-
tists breed cows to produce more milk, or develop crops that resist
drought. “This is the molecular version of that. And it’s something
that’s now very widely practiced,” he adds (see “Harnessing Evo-
lution,” January-February 2017, page 15), a way of developing new
molecules for a range of uses, including medicines.

For Szostak, the work on directed evolution raised new ques-
tions. “I got more and more interested in how evolution got started

Timeline based on similar graphic by Gerald Joyce
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all by itself on the early Earth,” he recalls. “It’s one thing to impose
selective pressures and do Darwinian evolution in the lab, where
you have enzymes and students and instruments. But somehow
Darwinian evolution got started all by itself.” Given that the abil-
ity to evolve is a key characteristic of life, Szostak was asking one
of the fundamental questions of science: How did life get started?

ORIGINS: “THREE BIG, FUNDAMENTAL QUESTIONS”
THE CANADIAN-AMERICAN SZOSTAK was born in London, where
his father was studying for a degree in aeronautical engineering,
The family eventually returned to Canada, where they lived in Ot-
tawa and then Montreal, and his father worked for the Canadian
Air Force. (Szostak’s accent retains hints of his Canadian heritage.)
His mother worked for many years in administrative roles for an

industrial chemical company, and Szostak held his first summer
job there as a teenager, testing color fastness in the company’s dye
laboratory. “The job was repetitive and boring, but it did give me
my first view into how important it is to test and retest products
for real world use,” he remembers. By that time he was “seriously
interested” in science, math, and engineering. He earned his doc-
torate in biochemistry at 25 from Cornell, and calls his adviser, Ray
‘Wu, an important mentor: “He created a great lab environment, but
also showed me how to get help on a project when facing problems.”

Although Szostak has conducted some practical, applied research
in his career—one of the companies he launched, Ra Pharma, has dis-
covered a drug for the disease myasthenia gravis that is set to begin
phase III clinical trials—he is most passionate about basic science.

“To my mind there are three big fundamental scientific questions

SCIENTISTS WHO WORK with Jack Szostak praise him for an
uncommon willingness to cross disciplinary boundaries. Phillips
professor of astronomy Dimitar Sasselov, director of the Harvard Or-
igins of Life Initiative (see “Life’s Beginnings,” September-October
2013, page 29), was introduced to Szostak by mutual friends more
than a decade ago. Sasselov had recently started studying exoplan-
ets, which orbit sun-like stars in other solar systems. “An obvious
question was ‘What about life?”” Sasselov remembers. “How do we
search for it? How do we know it’s there?” He began to think about
the origins of life on early Earth as a means of pinpointing other
planets that could support life. After he and Szostak realized their
shared interests, they worked with colleagues including Andrew
Knoll, Fisher professor of natural history and professor of earth and
planetary sciences, to write a proposal for the Origins of Life Initia-
tive, winning seed money from the University to launch it in 2006.

“Szostak really is the perfect person to work with, because he
meets you half way,” Sasselov explains. “He’s a renaissance type,
very curious in everything, and tries to understand as much as he
can. He would never say, ‘You dor’t have to explain to me how it
works, just tell me what to do.” That’s not his style at all.” John
Sutherland of the Medical Research Council Laboratory of Mo-
lecular Biology in Cambridge, England (where James Watson and
Francis Crick first discovered DNA’s double-helix structure), is
an organic chemist who also studies the origins of life. He agrees
about Szostak’s willingness to branch out beyond his original
expertise in biochemistry. “I used to think I had the edge on him
in organic chemistry, but then he learned it to the extent that he’s
almost a card-carrying chemist as well as a biochemist,” Suther-
land notes. “He’s able to make these new contributions because
he’s embraced these new subject disciplines.”

The Harvard Origins of Life Initiative was designed to connect
researchers from different disciplines across campus, and Sas-
selov the astrophysicist and Szostak the biochemist reveal what
this approach can yield. They visit one another’s labs weekly and
influence each other’s work. Sasselov’s research has evolved, he
says, from astronomy to “something more like chemistry,” us-
ing his knowledge of astronomy and planetary science to deter-
mine how ultraviolet (UV) radiation, temperature, and molecules
that came through the atmosphere from space into, say, lakes or
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to synthesize the building blocks of
life. One of Sasselov’s astronomy graduate students, Zoe R. Todd,
who conducts her research in Szostak’s lab, published a paper
last year that showed that the combination of cyanide and cop-
per, when irradiated by UV rays on early Earth, could have pro-
duced the sugars needed to assemble RNA chains. “Every year
we actually get even more integrated,” Sasselov says.

Szostak has fostered collaborations like this outside Harvard
as well. In 2011 philanthropist and billionaire investment-fund
manager Jim Simons convened a meeting about underfunded areas
of science, and invited Szostak to give a brief talk on his research.
This led to a one-day workshop on the origins of life, and soon
after, Szostak and Sasselov became co-directors of the Simons
Collaboration on the Origins of Life (SCOL), which infused the
field with new funding. Members of the collaboration, from fields
including chemistry, astrophysics, geology, and field chemistry,
gather three times a year in New York to share ideas and findings.

John Sutherland, who is co-director of SCOL, says these meet-
ings have been fruitful because of the atmosphere Szostak had a
hand in creating, which emphasizes giving members a high-level
education about each other’s disciplines. It has been a “very,
very friendly, open environment where people felt they could
ask stupid questions,” he says. For his part, Szostak explains
that his goal is to give participants a common language, and the
opportunity for intelligent conversation. “We're all specialists
in our own fields, but we have to learn how to talk to each other,
and to get up to speed on some level in all these other fields.”

Science is competitive, but researchers who might compete
with Szostak see him as a friend who is happy to support other
smart, rigorous work. “He’s a magnet for some incredibly bright
young people,” Sutherland says. Alumni of the lab include Jen-
nifer Doudna, known for her fundamental work in developing
CRISPR gene-editing technology, and David Bartel of MIT, who
studies microRNAs, important for gene regulation. Matthew
Powner, associate professor of organic chemistry at University
College London, worked as a research fellow in Szostak’s lab in
part because he admired Szostak’s commitment to following his
curiosity. “He’s constantly moving on to new challenges that will
teach him more,” Powner says. “His group was a great place to
learn and think about problems.”
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that are super interesting: the origin of life, the origin of the universe,
and the origin of the mind or consciousness,” he offers, sitting in his
quiet, nearly empty office in the Mallinckrodt Laboratory on Oxford
Street in Cambridge. (The office is for occasional meetings; Szostak
works mainly in his lab at MGH.) After the origin of life, the origin
of the mind interests him most. In the 1980s, when he was planning
what to do after his telomere research, he contemplated shifting to
the study of neuroscience and even sat in on Harvard seminars on
the topic. “It was fascinating, but also depressing, because the tech-
nology was so primitive,” he recalls. He has watched with
interest as the field’s tools have advanced since then. “This
is an exciting time for young people to go into neuroscience
because with all the new technology, there are problems that
can be addressed now that you couldr’t even think about 30
years ago,” he says. “Yet the overall problem is still so huge
and somewhat daunting. The way I look at it, 'm working on
the easiest of these big problems.” Because questions about
the origins of life are well suited to current research technologies,

he adds, he thinks it’s “a solvable problem.”

MODEL PROTOCELLS AND “MESSY” RNA

SzosTAK’s TEAM has been making model protocells since the
early 2000s, seeking to figure out how they might have assembled
and evolved originally. These primitive structures were “extreme-
ly simple” in comparison to the simplest single-celled bacterium
on Earth today, he explains. Protocells likely included a minimal
fatty membrane and initially just one
gene that conferred some advantage to
the cell. Modern bacteria, in contrast,
“have at least hundreds and typically
thousands of genes.”

Despite some theories that early life
arose near hydrothermal vents in the
deep ocean, Szostak is more convinced
by research showing that the earliest
cells developed on land in ponds or
pools, possibly in volcanically active
regions. Ultraviolet light and light-
ning strikes could have helped con-
vert molecules in the atmosphere into .
cyanideand other useful materials to 2
generate the building blocks of life. The 8

A model protocell, whose lipid
membrane might have enclosed and
protected a single gene

THE SZOSTAK L,

L) AL

nucleobases (shown in the image at left). If these free-
floating bases then fuse with each other, a new, mirror
copy of the RNA strand is created, which breaks apart
from the original when the water is heated. When that
new strand replicates in turn, it creates a mirror copy of
itself that matches the original strand of RNA. Some-
times errors occur in this copying process, and beneficial
mistakes perpetuate themselves. Each chain, acting as a
template for its own replication, thus evolves and
interacts with its environment.

shallow water would give those materials a place to accumulate at
high concentrations, and volcanic activity could create hot and cold
temperature fluctuations helpful for certain chemical reactions.
Some scientists, including Gerald Joyce, suggest that life might
have started outside cells, with free-floating molecules encounter-
ing each other and forming bonds that would allow them to act like
life. But Szostak argues that the cell membrane was necessary, in
part because it would keep beneficial genetic molecules together
and prevent the useful metabolites made by genetically coded ribo-

““This is an exciting time to go into
neuroscience because problems can
be addressed now that you couldn’t
even think about 30 years ago.”

zymes from floating away in surrounding water or being snagged
by other passing protocells.

Experiments in his lab showed how such a membrane might grow
and divide. The researchers combined fatty acids such as oleic acid
with water and a buffer (to keep the pH of the solution stable) and
then shook the solution. When viewed under a microscope, the in-
gredients had assembled into vesicles: circular, fluid-filled structures
with bi-layered membranes. Adding extra fatty acids to the environ-
ment—to serve as nutrients—caused the vesicles to grow long, hair-
like filaments so fragile that even a gentle
puff of air on the microscope slide caused
them to break into pieces. Szostak’s team
achieved similar results with different
membrane-forming molecules and in dif-
ferent environments, suggesting that this
is a plausible way for a protocell mem-
brane to grow and then divide. But how
might that structure pass beneficial ge-
netic material to the next generation of
daughter cells? “It’s the genetic material
that actually looks like a much harder
problem,” he says.

To share inherited traits with suc-
cessive generations, today’s cells rely on
DNA—the double-helix molecule com-
posed of the nucleobases adenine, cyto-
sine, guanine, and thymine—to store
and transmit  (please turn to page 78)
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HOW LIFE BEGAN
(continued from page 43)

genetic information. But replicating DNA in
cells requires both the single-stranded mol-
ecule RNA and protein enzymes, and geneti-
cally encoded proteins are far too complex to
have formed spontaneously on early Earth. Be-
cause RNA can both store and transmit genet-
ic information (like DNA) and can catalyze
chemical reactions (like protein enzymes),
many researchers believe that primitive cells
used RNA molecules to fulfill both genetic
and enzymatic roles.

In the late 1960s, British scientist Leslie
Orgel proposed that RNA, or something
like it, could have been the first molecule
on Earth to replicate and evolve; this be-
came known as the “RNA World” hypoth-
esis. Orgel and others worked for decades
to understand how chains of RNA might
have come together and replicated, but their

Heating and cooling attributable to volcanism, as at Yellow-
stone’s Grand Prismatic Spring, would have facilitated early
evolution of RNA.

efforts were not entirely successful. “There
was a lot of progress early on, and then it
just stalled because there were a dozen dif-
ferent problems and at the time there was
no obvious answer to any of them,” Szostak
explains. “Pretty much everybody got frus-
trated and thought, ‘Maybe life did't start
with RNA. Maybe there’s something sim-
pler, easier to make, easier to replicate.”
Researchers looked for alternatives to
RNA, “and that led to 10 to 20 years of really
interesting chemistry, coming up with a lot of
interesting molecules,” Szostak notes. “But so
far, nothing simpler or better than RNA that
really works has come up.” Some researchers
support a “metabolism-first” hypothesis, sug-
gesting that life could have started without

genetic material, through é ‘We know SO mu Ch more now,

a series of self-sustaining
reactions, but Szostak and
others remain unconvinced.
About seven years ago, he
began revisiting the hurdles
that Orgel and his contem-
poraries faced in under-
standing RNA synthesis. “We know so much
more now;” he explains, “and just by breaking
things down into individual, smaller prob-
lems, we've been able to solve some of them.”

Szostak’s lab now focuses almost entirely
on how primordial RNA might have copied
itself. Modern RNA comes together in very
regular, predictable ways, with nucleotide
building blocks clicking together like a chain.
Each block contains a sugar (ribose), a phos-
phate, and one of four nucleobases (also called
nitrogenous bases)—adenine, cytosine, gua-
nine, and uracil (usually called A, C, G, and
U). The ribose-phosphate units are joined to-
gether to make the RNA
“backbone.” In modern
cells, protein enzymes
catalyze the reaction that
joins nucleotide units into
RNA chains.

In protocells on early
Earth, the RNA chain
would have served as a
template on which a new,
complementary chain of
nucleotides assembled
before detaching to be-
¢ come an additional tem-
5 plate on which other
B free-floating nucleotides

could click together. But

unlike predictable mod-

ern RNA, early RNA did
not have the benefit of proteins to catalyze
the building process. (Because proteins
car't form without the complex and high-
ly evolved cellular machinery required for
their synthesis, most researchers believe
they were unlikely to exist on primordial
Earth.) Early RNA, therefore, was probably
messier, with much more variation in the
sugar backbone and bases, Szostak says.
His team is Currently experimenting “to
get some idea of what variability would be
tolerated and what would be weeded out.
Our current model is that you start out with
something that’s messy and has a lot of dif-
ferent variations in it, and over cycles of rep-
lication, you end up with something that’s
closer to modern homogeneous RNA.”
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and just by breaking things
down into individual, smaller
problems, we’ve been able to
solve some of them.”

A 2018 paper by Szostak and graduate
student Seohyun Kim illustrates the pos-
sible variability of early RNA, and its A, C,
G, and U building blocks. Scientists have
made progress in understanding how C and
U could have been generated by prebiotic
chemical reactions, but they have struggled
with A and G. Szostak and Kim suggest that
RNA may have started with different nucleo-
bases, and their experiments have showed
that the nucleoside inosine, which can be
made from A (adenine), works effectively in
place of G (guanosine). “This simplifies the
overall problem,” Szostak explains. “Now we
just need to know how to make A.”

Other recent experiments in the lab have
focused on the metal ions needed to set off the
RNA copying process. Researchers typically
use magnesium, “but we have to use it at very
high concentrations,” which has negative side
effects, triggering the degradation of RNA or
the destruction of the cell membrane. “Hope-
fully we'll find some simple, plausible way of
making everything work with less magne-
sium, or maybe we have to rethink the whole
problem and come at it from a different direc-
tion,” Szostak explains. “We're just feeling our
way around in the dark, trying to see where
there might be a path to a solution.”

Some of the paths dor’t work out, and
even yield errors. In 2016, Szostak’s lab
published a paper in Nature Chemistry that
showed that a peptide could have helped
RNA replicate without enzymes. Soon af-
terward, research fellow Tivoli Olsen joined
the lab and could not reproduce those find-
ings. Her review of the paper revealed that
the team had misinterpreted the data, and
Szostak retracted the paper. “We’re work-
ing on hard problems, and the hardest thing
in science, as I think Feynman said, is not
fooling yourself,” Szostak says. The potential
solution was exciting, “and I think it just
blinded us to what was going on.” The “sav-
ing grace,” he adds, is that they discovered
the errors on their own, though he wishes
that had happened “before the paper got
published instead of after. I'd say a lot of
our ideas end up being wrong, but usually
we realize that pretty quickly.”
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He’s optimistic about the potential of re-
cent discoveries in other labs; for example,
John Sutherland of the Medical Research
Council (MRC) Laboratory of Molecular
Biology in Cambridge, England, recently
discovered a new technique for activating
nucleotides—chemically modifying these
building blocks to power the replication
process. Sutherland shared these findings
with Szostak’s lab before they were pub-
lished, and Szostak says they are exploring
ways to incorporate this technique into
their own experiments.

Once his team assembles working proto-
cells that contain pieces of RNA, they expect
information in some specific RNA sequenc-
es to confer some benefit to the protocell
that surrounds it. For example, previous
work suggests that some RNA sequences
might fold to become a ribozyme that could
make slightly more advanced lipids for the
cell membrane. “Any RNA sequence that
does anything that helps its own cells to sur-
vive or replicate faster will start to take over
the population,” Szostak explains. “That’s
the beginnings of Darwinian evolution. And
then we're back to being biologists again.”

AFTER WINNING the Nobel Prize, Szostak
could have left the lab to devote himself to
travel and speaking invitations, but “He
stays focused on the science,” Gerald Joyce
says. “That’s what I admire most about
him.” Some may see basic research as an
intellectual luxury, but its practitioners
make the case that all applied science starts
with basic science findings. “When Crick
and Watson sat down and started making
cardboard models of the structure of DNA,
they had no idea that it would spawn an
industry worth billions of dollars 70 years
later,” John Sutherland notes.

Szostak remains committed to chipping
away at those big, challenging questions,
continuing the work of decades. “I do hope
to be able to build an evolving cellular sys-
tem before I retire,” he says. He’s optimis-
tic about his chances. “I think we’re getting
there. There are a few more hard problems,
and then I think everything will hopefully

0

be solved in a couple of years.”

ErinO’Donnell, a freelance writer in Milwaukee, re-
ports frequently on research under way at Harvard
for this magazine’s Right Now department, and pre-
viously profiled David Keith, Gordon McKay profes-
sor of applied physics and professor of public policy
(“Buffering the Sun,” July-August 2013, page 36).
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