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Life might have begun in bodies of water on land, perhaps in craters similar to Canada’s Lake Manicouagan, formed by an ancient impact.

THEWRTER PARADOX
AND THE ORIGINS OF LIFE

Water is essential for life, but it breaks down DNA and other key molecules. So how did the first
cells deal with such a necessary and dangerous substance? By Michael Marshall

n 18 February next year, a NASA

spacecraft will plummet through

the Martian atmosphere, fire its

retro-rockets to break its fall and

then lower a six-wheeled rover

named Perseverance to the sur-

face.If all goes according to plan,

the mission will land in Jezero Cra-

ter,a45-kilometre-wide gash near the planet’s

equator that might once have held a lake of
liquid water.

Among the throngs of earthlings cheering
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on Perseverance, John Sutherland will be pay-
ing particularly close attention. Sutherland, a
biochemistat the MRC Laboratory of Molecu-
lar Biology in Cambridge, UK, was one of the
scientists who lobbied NASA to visit Jezero
Crater, becauseitfits hisideas about where life
might have originated — on Mars and on Earth.

The choice of landing site reflects a shift in
thinking about the chemical steps that trans-
formed afew moleculesinto the first biologi-
cal cells. Although many scientists have long
speculated that those pioneering cells arose
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inthe ocean, recentresearch suggests that the
key molecules of life, and its core processes,
can formonly in places such asJezero — arel-
atively shallow body of water fed by streams.

That’s because several studies suggest
that the basic chemicals of life require ultra-
violet radiation from sunlight to form, and
that the watery environment had to become
highly concentrated or even dry out com-
pletely at times. In laboratory experiments,
Sutherland and other scientists have produced
DNA, proteins and other core components of
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cells by gently heating simple carbon-based
chemicals, subjecting them to UV radiation
and intermittently drying them out. Chem-
ists have not yet been able to synthesize such
awiderange of biological moleculesin condi-
tions that mimic seawater.

The emerging evidence has caused many
researchers to abandon the idea that life
emerged in the oceans and instead focus on
land environments, in places that were alter-
nately wet and dry. The shift is hardly unani-
mous, but scientists who support the idea of
aterrestrial beginning say it offers a solution
to along-recognized paradox: that although
water is essential for life, it is also destructive
to life’s core components.

Surface lakes and puddles are highly prom-
ising, says David Catling, a planetary scientist
at the University of Washington in Seattle.
“There’s alot of work that’s been done in the
last 15 years which would support that direc-
tion.”

Primordial soup

Although there is no standardized definition
of life, most researchers agree that it needs
several components. One is information-car-
rying molecules — DNA, RNA or something
else. There must have been a way to copy
these molecular instructions, although the
process would have been imperfect to allow
for mistakes, the seeds of evolutionary change.
Furthermore, the first organisms must have
had a way to feed and maintain themselves,
perhaps using protein-based enzymes.
Finally, something held these disparate parts
together, keeping them separate from their
environment.

Whenlaboratoryresearchinto life’s origins
started in earnestin the 1950s, many research-
ers assumed that life began in the sea, with a
rich mix of carbon-based chemicals dubbed
the primordial soup.

This idea was independently proposed in
the 1920s by biochemist Alexander Oparin, in
what was then the Soviet Union, and geneticist
J.B.S. Haldane in the United Kingdom. Each
imagined the young Earth as a huge chemi-
cal factory, with multitudes of carbon-based
chemicals dissolved in the waters of the early
oceans. Oparin reasoned that increasingly
complicated particles were formed, culmi-
nating in carbohydrates and proteins: what
he called “the foundation of life”.

In 1953, a young researcher named Stanley
Miller at the University of Chicago in Illinois
described anow-famous experiment that was
seenas confirming these ideas'. He used aglass
flask holding water to mimic the ocean, and
another flask containing methane, ammonia
and hydrogen to simulate the early atmos-
phere. Tubes connected the flasks, and an
electrode simulated lightning. A few days of
heating and electric shocks were enough to
make glycine, the simplest amino acid and

an essential component of proteins. This
suggested to many researchers thatlife arose
near the surface of the ocean.

But many scientists today say there’s a fun-
damental problem with thatidea:life’s corner-
stone molecules break down in water. This is
because proteins, and nucleic acids such as
DNA and RNA, are vulnerable at their joints.
Proteins are made of chains of amino acids,
and nucleic acids are chains of nucleotides.
Ifthe chains are placed in water, it attacks the
links and eventually breaks them. In carbon
chemistry, “water is an enemy to be excluded
asrigorously as possible”, wrote the late bio-
chemist Robert Shapiro in his totemic 1986
book Origins, which critiqued the primordial
ocean hypothesis?.

Thisis the water paradox. Today, cells solve
it by limiting the free movement of water in
their interiors, says synthetic biologist Kate
Adamala at the University of Minnesota in
Minneapolis. For this reason, popular images
of the cytoplasm — the substance inside the
cell — are often wrong. “We are taught that
cytoplasmisjustabagthat holds everything,
and everything is swimming around,” she
adds. “That’s not true, everything is incredi-
bly scaffolded in cells, and it’s scaffolded in

“Wet-drycyclesare
everywhere.It’sassimpleas
rainwater evaporatingon
wetrocks.”

agel, not awater bag.”

If living things keep water controlled, then
theimplication, say many researchers, is obvi-
ous. Life probably formed onland, where water
was only intermittently present.

Land start

Some of the key evidence infavour of thisidea
emergedin2009, when Sutherland announced
that he and his teamhad successfully made two
of the four nucleotides that comprise RNA®,
They started with phosphate and four simple
carbon-based chemicals, including a cyanide
salt called cyanamide. The chemicals were
dissolved in water throughout, but they were
highly concentrated, and crucial steps required
UV radiation. Such reactions could not take
place deepinanocean —onlyinasmall pool or
stream exposed to sunlight, where chemicals
could be concentrated, he says.

Sutherland’s team has since shown that the
same starter chemicals, if they are treated sub-
tly differently, can also produce precursors to
proteins and lipids*. The researchers suggest
that these reactions might have taken place if
water containing cyanide salts was dried out by
theSun, leavingalayer of dry, cyanide-related
chemicals that was then heated by, say, geo-
thermal activity. In the past year, his team
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has produced the building blocks of DNA
— something previously thought implausi-
ble — using energy from sunlight and some of
the same chemicals at high concentrations®.

This approach has been extended by
biochemist Moran Frenkel-Pinter at the
NSF-NASA Center for Chemical Evolution in
Atlanta, Georgia, and her colleagues. Last year,
they showed that amino acids spontaneously
linked up to form protein-like chains if they
were dried out®. And those kinds of reaction
were more likely to occur with the 20 amino
acidsfoundin proteins today, compared with
other amino acids. That means intermittent
drying could help to explain why life uses only
those amino acids, out of hundreds of possi-
bilities. “We saw selection for today’s amino
acids,” says Frenkel-Pinter.

Wet and dry

Intermittent drying out canalso help todrive
these molecular building blocks to assemble
into more-complex, life-like structures.

A classic experiment along these lines
was published in 1982 by researchers David
Deamer and Gail Barchfeld, thenat the Univer-
sity of California, Davis’. Their aim was to study
how lipids, another class of long-chain mol-
ecule, self-organize to form the membranes
that surround cells. They first made vesicles:
spherical blobs with awatery core surrounded
bytwolipid layers. Thentheresearchersdried
the vesicles, and the lipids reorganized into
amulti-layered structure like a stack of pan-
cakes. Strands of DNA, previously floating in
thewater, became trapped between the layers.
When the researchers added water again, the
vesicles reformed — with DNA inside them.
This was a step towards a simple cell.

“These wet-dry cyclesare everywhere,” says
Deamer, who is now at the University of Cali-
fornia, Santa Cruz. “It’s as simple as rainwater
evaporating on wet rocks.” But when they are
applied tobiological chemicals such aslipids,
he says, remarkable things happen.

Ina2008 study, Deamer and his team mixed
nucleotides and lipids with water, then put
themthrough wet-dry cycles. When thelipids
formed layers, the nucleotides linked up into
RNA-like chains — a reaction that would not
happen in water unaided®.

Other studies are pointing to a different
factor that seems to be a key part of life’s
origins: light. That’s one of the conclusions
coming from the team of synthetic biologist
Jack Szostak at Massachusetts General Hos-
pital in Boston, which works with ‘protocells’
—simple versions of cells that containahand-
ful of chemicals, but can grow, compete and
replicate themselves. The protocells display
more-lifelike behavioursifthey are exposed to
conditions similar to those onland. One study,
onwhich Adamalawasaco-author, found that
the protocells could use energy from light to
divide, in a simple form of reproduction®.
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Similarly, Claudia Bonfio, now also at the
MRC Laboratory of Molecular Biology, and her
colleagues showed in 2017 that UV radiation
drives the synthesis of iron-sulfur clusters™,
which are crucial to many proteins. These
includethoseintheelectrontransportchain,
whichhelpsto power allliving cells by driving
the synthesis of the energy-storage molecule
ATP. The iron-sulfur clusters would break
apart if they were exposed to water, but Bon-
fio’s team found they were more stable if the
clusters were surrounded by simple peptides
3-12amino acids long.

Water, but not too much

Such studies have given momentum to the
ideathatlife began on awell-lit surface witha
limited amount of water. However, there is still
debate over how much water wasinvolved, and
what partit played in starting life.

Like Deamer, Frenkel-Pinter argues that
wet-dry cycles were crucial. Dry conditions,
she says, provided an opportunity for chain
molecules such as proteins and RNA to form.

But simply making RNA and other mole-
cules is not life. A self-sustaining, dynamic
system has to form. Frenkel-Pinter suggests
that water’s destructiveness could have helped
to drive that. Just as prey animals evolved to

run faster or secrete toxins to survive preda-
tors, thefirst biological molecules might have
evolvedto cope with water’s chemical attacks
—and even to harness its reactivity for good.

This year, Frenkel-Pinter’s team followed
uponits previous study®showing that drying
caused amino acidsto link up spontaneously.
The team found that their proto-proteins
couldinteract withRNA, and thatboth became
more stable in water as a result™. In effect,
water acted asaselection pressure: only those
combinations of molecules that could survive
in water would continue, because the others
would be destroyed.

Theideais that, with each cycle of wetting,
the weaker molecules, or those that could
not protect themselves by binding to others,
were destroyed. Bonfio and her team demon-
strated thisin a study thisyear™, inwhich they
attempted to convert simple fatty acids into
more-complexlipids resembling those found
inmodern cell membranes. The researchers
created mixtures of lipids, and found that the
simple ones were destroyed by water, while the
larger, more complex ones accumulated. “At
some point, you would have enough of these
lipids for them to form membranes,” she says.
In other words, there might be a Goldilocks
amount of water: not so much that biological
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In experiments in the 1950s, Stanley Miller created amino acids from simple building blocks.
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molecules are destroyed too quickly, but not
so little that nothing changes.

Warm little ponds

Where might all this have happened? On this
point, there is a generational divide in the
field. Many senior researchers are committed
to one scenario or another, whereas younger
researchers often argue that the question is
wide open.

The open ocean is unviable, says
Frenkel-Pinter, because there is no way for
chemicals to become concentrated. “That’s
really aproblem,” agrees Bonfio.

An alternative marine idea has been cham-
pioned since the 1980s by geologist Michael
Russell, anindependent researcher formerly at
theJet Propulsion Laboratoryin Pasadena, Cal-
ifornia. Russell argues that life began in vents
on the seabed, where warm alkaline water
seeps up from geological formations below.
Interactions between warm water and rocks
would provide chemical energy that would
first drive simple metabolic cycles, which
would later start making and using chemicals
suchasRNA.

Russellis critical of Sutherland’s approach.
“He’s doing all these fantastic bits of chem-
istry,” he says, but for Russell, none of it is
relevant. That’s because modern organisms
use completely different chemical processes
to make substances such as RNA. He argues
thatthese processes must have arisen first, not
the substances themselves. “Life, it picks very
particular molecules. But you can’t pick them
fromthe bench. You've got to make them from
scratch and that’s what life does.”

Sutherland counters that once RNA, pro-
teinsandso forth had formed, evolution would
have taken over and enabled proto-organisms
to find new ways to make these molecules and
thus sustain themselves.

Meanwhile, many researchers have
expressed scepticism about Russell’s alka-
line-vent hypothesis, arguing that it lacks
experimental support.

By contrast, chemical experiments that
simulate surface conditions have made the
building blocks of nucleicacids, proteins and
lipids. “None of that synthesis exists in that
deep-seahydrothermal vent hypothesis. It just
simply hasn’t been done, and possibly because
itcan’t be done,” says Catling.

Frenkel-Pinter is also critical of the vent
idea, because the molecules she works with
wouldn’t survive long in those conditions.
“The formation of these protopeptides is not
very compatible with hydrothermal vents,”
says Frenkel-Pinter.

A possible solution was proposed in May
by geochemist Martina Preiner, a postdoc
at the University of Diisseldorfin Germany,
and her colleagues. She argues that in the
rocks beneath hydrothermal vents, heat and
chemical reactions bind up water molecules
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or break them apart — creating dry spaces®”.
“There are rock-water interactions getting
rid of the water to a certain extent,” she says.
Intermittently, more seawater would tricklein,
giving “something like awet-dry cycling”. This
ought to make the deep-searocks much more
suitable for the formation of key molecules,
argues Preiner, although she acknowledges
this is still a hypothesis. “Of course, you still
have to dotheaccording experimentsto prove
that this could do certain reactions.”

At present, however, that evidence doesn’t
exist. Meanwhile, experimental support is
growing for the idea that life started in small
bodies of water on land.

Sutherland favours a meteorite impact
crater, heated by the Sun and by the residual
energy of the impact, with multiple streams
of water running down the sloping sides,
and finally meeting in a pool at the bottom.
This would have beena complex, 3D environ-
ment withmineral surfacesto actas catalysts,
where carbon-based chemicals could have
beenalternately dissolved in water and dried
outinthe Sun.“You cansay withsome degree
of confidence we need to be on the surface,
we can’'tbedeepinthe oceanorl0kilometres
downinthecrust,” says Sutherland. “Thenwe
need phosphate, we neediron. Alot of those
things are very easily delivered by iron-nickel
meteorites.” The impact scenario has a fur-
ther advantage: meteorite impacts shock
the atmosphere, producing cyanide, says
Sutherland.

Deamer has long championed a different
suggestion: volcanic hot springs. Inastudy this
year, heand his colleague Bruce Damer argued
thatlipids would have formed protocellsin the
hot waters", as his earlier experiments indi-
cated. Thewet-dry cyclesonthe edges of the
pools would have driven the formation and
copying of nucleic acids such as RNA.

Deamer has conducted several experiments
inmodern volcanichot springsto test his ideas.
In 2018, his team showed that vesicles could
form in hot spring water', and even enclose
nucleicacids —but they would not forminsea-
water. A follow-up study last year found that
when the resulting vesicles were dried, nucle-
otides linked up to form RNA-like strands™®.

Narrowing down the location where life
started will require understanding of the
broader picture of prebiotic chemistry: how
the many reactions fit together, and the ranges
of conditions under which they occur. That
mammoth task hasbeenattempted by agroup
led by chemist SaraSzymku¢, president of the
start-up firm Allchemy in Highland, Indiana.
The team published acomprehensive studyin
September that used acomputer algorithmto
explore how avast network of known prebiotic
reactions could have produced many of the
biological molecules used in life today”.

The network was highly redundant, so key
biological compounds could still form even

NASA's Perseverance rover will search for signs of life in Jezero Crater on Mars.

if multiple reactions were blocked. For this
reason, Szymku¢ argues that it is too early
to rule out any of the scenarios for where life
originated. That will require systematically
testing a range of different environments, to
see which reactions occur where.

Beyond Earth

If experiments such as Sutherland’s do point
the way to how life began on Earth, they can
also help to explore where life might have
started elsewhere in the cosmos.

Mars has attracted the most attention,
because there is clear evidence it once had
liquid water onits surface. The landing site for
NASA’s Perseverance rover, the Jezero Crater,
was chosen in part because it seems to have
once been alake — and could have hosted the

“You cansay withsome
degree of confidence we
need tobe onthesurface, we
can’tbedeepintheocean.”

chemistry Sutherland has studied. He helped
to write a 2018 presentation to NASA led by
Catling, which summarized the prebiotic
chemistry findings and advised on where
Perseverance should look. “We presented this
chemistry and said this Jezero Crater, whichis
the onethey eventually chose, isthe one where
there was the highest likelihood of this chem-
istry playing out,” says Sutherland.

It will be two months before Perseverance
reaches Mars —and years before the samples it
collectsarereturned to Earth by anas-yet-un-
named future mission. So, there is still a long
waitbefore we find out whether Mars harbours
life, orifit did sobillions of years ago. But even
ifitdid not, it mightreveal traces of prebiotic
chemistry.
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The best case, says Catling, is that
Perseverance finds complicated carbon-based
molecules in the layers of Martian sediment,
such as lipids or proteins, or their degraded
remains. He also hopes for evidence of
wet—-dry cycles. This might come in the form
of carbonate layers that formed when a lake
dried and refilled many times. He suspects
that “life didn’t get particularly far on Mars”,
because we haven’t seen any obvious signs of
it, such as clear fossils or carbon-rich black
shales. “What we’re looking for is pretty sim-
ple, maybe evento the point of being prebiotic
rather than the actual cells themselves.”

It could be that Mars took only the first few
chemical steps towards life, and did not go all
the way. Inthat case, we might find fossils — not
of'life, but of pre-life.

Michael Marshall is a science writer based
in Devon, UK, and the author of The Genesis
Quest.
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