How Did Life Begin?

Untangling the origins of organisms will
require experiments at the tiniest scales
and observations at the vastest

By Jack Szostak

Is the existence of life on Earth a lucky fluke or an
inevitable consequence of the laws of nature? Is it
simple for life to emerge on a newly formed planet, or
is it the virtually impossible product of a long series
of unlikely events? Advances in fields as disparate as
astronomy, planetary science and chemistry now hold
promise that answers to such profound questions may
be around the corner. If life turns out to have emerged
multiple times in our galaxy, as scientists are hoping to
discover, the path to it cannot be so hard. Moreover, if
the route from chemistry to biology proves simple to
traverse, the universe could be teeming with life.

The discovery of thousands of exoplanets has
sparked a renaissance in origin-of-life studies. In
a stunning surprise, almost all the newly discovered
solar systems look very different from our own. Does
that mean something about our own, very odd, sys-
tem favors the emergence of life? Detecting signs
of life on a planet orbiting a distant star is not going
to be easy, but the technology for teasing out subtle
“biosignatures” is developing so rapidly that with luck

we may see distant life within one or two decades.
To understand how life might begin, we first have
to figure out how—and with what ingredients—plan-
ets form. A new generation of radio telescopes, nota-
bly the Atacama Large Millimeter/submillimeter Array
in Chile’s Atacama Desert, has provided beautiful im-
ages of protoplanetary disks and maps of their chem-
ical composition. This information is inspiring better
models of how planets assemble from the dust and
gases of a disk. Within our own solar system, the Ro-
setta mission has visited a comet, and OSIRIS-REx
will visit, and even try to return samples from, an as-
teroid, which might give us the essential inventory
of the materials that came together in our planet.
Once a planet like our Earth—not too hot and not
too cold, not too dry and not too wet—has formed,
what chemistry must develop to yield the building
blocks of life? In the 1950s the iconic Miller-Urey ex-
periment, which zapped a mixture of water and sim-
ple chemicals with electric pulses (to simulate the
impact of lightning), demonstrated that amino acids,
the building blocks of proteins, are easy to make.
Other molecules of life turned out to be harder to
synthesize, however, and it is now apparent that we
need to completely reimagine the path from chem-
istry to life. The central reason hinges on the versatil-
ity of RNA, a very long molecule that plays a multi-
tude of essential roles in all existing forms of life.
RNA can not only act like an enzyme, it can also store
and transmit information. Remarkably, all the protein
in all organisms is made by the catalytic activity of
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the RNA component of the ribosome, the
cellular machine that reads genetic infor-
mation and makes protein molecules. This
observation suggests that RNA dominated
an early stage in the evolution of life.
Today the question of how chemistry
on the infant Earth gave rise to RNA and
to RNA-based cells is the central question
of origin-of-life research. Some scientists
think that life originally used simpler mole-
cules and only later evolved RNA. Other re-
searchers, however, are tackling the origin
of RNA head-on, and exciting new ideas are
revolutionizing this once quiet backwater
of chemical research. Favored geochemi-
cal scenarios involve volcanic regions or im-
pact craters, with complex organic chemis-
try, multiple sources of energy, and dynam-
ic light-dark, hot-cold and wet-dry cycles.
Strikingly, many of the chemical intermedi-
ates on the way to RNA crystallize out of re-
action mixtures, self-purifying and potential-
ly accumulating on the early Earth as organ-
ic minerals—reservoirs of material waiting
to come to life when conditions change.
Assuming that key problem is solved,
we will still need to understand how RNA
was replicated within the first primitive
cells. Researchers are just beginning to
identify the sources of chemical energy
that could enable the RNA to copy itself,
but much remains to be done. If these
hurdles can also be overcome, we may
be able to build replicating, evolving RNA-
based cells in the laboratory—recapitu-
lating a possible route to the origin of life.
What next? Chemists are already ask-
ing whether our kind of life can be gener-
ated only through a single plausible path-
way or whether multiple routes might lead
from simple chemistry to RNA-based life
and on to modern biology. Others are ex-
ploring variations on the chemistry of life,
seeking clues as to the possible diversity
of life “out there” in the universe. If all
goes well, we will eventually learn how ro-
bust the transition from chemistry to biol-
ogy is and therefore whether the universe
is full of life-forms or—but for us—sterile.
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Origins of Life :

Scientists debate a range of ideas about how life on Earth began. The most widely
accepted scenarios involve the geochemistry of the planet’s surface. '

In the early universe, vast
molecular clouds of dust
and gas condensed to form
a protostar, surrounded

by a protoplanetary disk.

Tiny dust grains,
consisting of silicate
minerals coated with
ice, stuck together:

and assembled int
larger particles. - <

Earth was formed.

Because it was not
too hot and not too
cold, not too dry
and not too wet, -

liquid water existed

on the surface.

The first land was
probably volcanic,
forming island arcs
in a'vast ocean.

Ponds or lakes in
volcanic regions
were likely environ-
ments for jump-
starting life.

The early atmosphere had
no oxygen. It consisted
mainly of nitrogen and
carbon dioxide, with
smaller amounts of hydro-
gen, water and methane.

Lightning, asteroid
impacts and ultraviolet
light from the sun acted
on the atmosphere to
generate hydrogen
cyanide, a compound
of hydrogen, carbon
and nitrogen.
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or crater lakes, the cyanide .,
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up by water circulating
through rocks.
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