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RAISING THE DEAD

To dissect evolution, Joe Thornton resurrects proteins that have been extinct for
many millions of years. His findings rebut creationists and challenge polluters.

alfway through breakfast,

Joe Thornton gets a call from
H his freezer. A local power cut

has triggered an alarm on the

—80°C appliance in his lab at

the University of Oregon in
Eugene, and it has sent out an automatic call.
Thornton breaks off our conversation and calls
his senior research scientist, Jamie Bridgham,
to make sure that the back-up generator has
kicked in. If the freezer starts warming up, alot
could be lost — not least a valuable collection
of proteins that had been extinct for hundreds
of millions of years until Thornton and his
team brought them back from the dead.

One deep-frozen vial holds the more-than-
600-million-year-old ancestor of the receptors
for oestrogen, cortisol and other hormones,
which Thornton brought to life' nine years ago.
Other tubes house proteins more than 400 mil-
lion years old, which Thornton resurrected a
few years later to show how an ancient receptor
had changed its preferences — and how the
march of evolution cannot be reversed” ™. In
another corner of the freezer rest the ancient
protein components of a sophisticated cellular
machine that acquired a more complex form
through random mutations rather than selec-
tion for superior function, as the group showed
in Nature this January’. The sheer awe of work-
ing with long-dead proteins doesn’t fade, says
Thornton. “It’s amazing. The ability to do this
type of time travel is fantastic”

Thornton is aleader in a movement to do for
proteins what the scientists in Jurassic Park did
for dinosaurs: bring ancient forms back to life,
so that they can be studied in the flesh. “Instead
of passively observing things as most evolu-
tionary biologists do, you actively go in and test
the hypotheses experimentally;” says Antony
Dean, a molecular biologist at the University of
Minnesota in St Paul who heads another major
group in the field. “His is one of the leading
labs, no doubt” And Thornton is tackling some
important questions, says Kenneth Miller, a
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molecular biologist at Brown University in
Providence, Rhode Island. “He’s helping to put
some flesh on the bones of speculation about
how complexity arises.”

What isn’t so widely known is that evolu-
tionary biology is Thornton’s second career:
in his first, he was an activist for Greenpeace,
campaigning vigorously against the release of
toxic chemicals. He wrote a controversial book
on organochlorines: industrial chemicals that
include dioxins, polychlorinated biphenyls
(PCBs) and pesticides such as DDT. That activ-
istlegacy bleeds into his work today, for example
in his focus on the oestrogen receptor, which
is corrupted by many pollutants. The grubby,
sea-green tiles under Thornton’s lab benches
were carefully sourced to be free of polyvinyl
chloride (PVC), one of the organochlorines that
worries him most. His activist past also helps
to explain why he has been fearless — almost
enthusiastic — about highlighting the challenge
that his work presents to a creationist argument
called intelligent design: the claim that complex
molecular systems can only have been created
by a divine force. Thornton shows how evolu-
tion did the job, leaving no need for a designer.

ENVIRONMENT TO EVOLUTION

Thornton says that his activist days — dur-
ing which he saw that many risk-assessment
models were shot through with assumptions
and biases — left him “intensely committed
to methodological reductionism and experi-
mentalism’, which he now uses to break evolu-
tion down into detailed steps that he can test.
“If you're doing science, I think it ought to be
as strong and decisive as possible,” he says. “If
you're doing politics, go ahead, but don’t try to
disguise it as science.”

Thornton’s unconven-

tional career path started < NATURE.COM
with an obsession with  Hear more about
Moby Dick, which led proteinresurrection
him to study English at  on Nafure’s podcast:
Yale University in New  go.nature.com/5tlcza
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Haven, Connecticut. But the course, with its
focus on the philosophy of criticism rather than
literary texts, left him with a hunger for real-
ity, and nothing seemed more real than politics
and activism. He dropped out of college, signed
up with Greenpeace and spent several months
doorstepping to canvass people for money and
support.

In the early 1990s, Greenpeace was cam-
paigning against sources of toxic pollution, and
Thornton was drawn in. He became the ‘science
guy, translating the scientific literature into
reports and other material that communities
and Greenpeace could use to make their case.
“You could rely on Joe when you didn’t have
enough knowledge of an issue,” says Charlie
Cray, a research specialist at Greenpeace in
Washington DC, who worked with Thorn-
ton. His reports “put a challenge out there that
industry couldn’t answer”. One campaign that
Thornton helped to organize, against plans to
build more than 100 hazardous-waste incin-
erators across the United States, climaxed in
May 1993 when Greenpeace parked a truck
dressed up as an incinerator outside the White
House and some 60 people chained themselves
to it. The next day, the Environmental Protec-
tion Agency announced a moratorium on new
hazardous waste incinerators.

But Thornton was growing older, and
yearning to “develop my own body of work”.
His time with Greenpeace had taught him the
power of science to influence society, and his
ambitions turned to research. First, he had to
deal with the small matter of graduating from
Yale. Then living in New York, he did that by
accruing course credits at Columbia University
— attending his first molecular-biology classes
aged 30 — only to find himself rejected from
almost every graduate programme he applied
to, in part because of his unusual CV.

Of the seven friends and colleagues of
Thornton’s who spoke to Nature, six called
him intense. The seventh described him
as “beyond intense”. But only a little of that
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intensity is apparent at his Wednesday morning
lab meeting in Eugene. The freezer crisis has
blown over: the power came back after half an
hour and the thermometer rose to only —76 °C.
Now graduate student Dave Anderson gets a
friendly grilling during a practice talk outlining
his thesis proposal: to trace the evolution of the
DNA-binding domain of an ancient hormone
receptor. The meeting stretches on for 2.5 hours
— not uncommon in this lab, everyone says.

ABINDING FASCINATION

Since his Greenpeace days, Thornton has been
fascinated by the steroid hormone receptors:
in vertebrates, six proteins that sit in the cell
nucleus and control the activity of genes. By
binding specific ligands’ — hormones rang-
ing from oestrogens and androgens to corti-
sol — the receptors trigger “these remarkable
cascades of biological activity during develop-
ment and physiology”, Thornton says. “Their
affinity for their hormones is just stunning.
A drop of hormone in a railroad tank car of
serum is enough” — and yet, as Thornton
learned at Greenpeace, they can be waylaid by
toxic substances. “I wanted to know where that
system came from,” he says.

When he was finally accepted for a PhD at
Columbia, he set about comparing receptor
genes from living organisms to piece together
a detailed history of how the receptor family
had evolved®.

Just as Thornton completed his first year of
graduate study, however, MIT Press called to
ask if he would write a book on organochlorine
pollution. He worked in the lab during the day
and wrote at night, in a tiny room in his Brook-
lyn apartment, encircled by towers of papers
that eventually formed the nearly 1,200 ref-
erences and 611 pages of Pandora’s Poison,
which came out in 2000. “I was shocked
when I saw the book;” says Rob DeSalle, who
studies molecular evolution at the American
Museum of Natural History in New York, and
co-supervised Thornton’s PhD. “He could’ve
been writing War and Peace and I wouldn't
have known it”

The book caused a stir. Drawing on argu-
ments that he had formulated at Greenpeace,
Thornton made the case that regulatory pol-
icy should focus on managing classes of toxic
chemicals rather than tens of thousands of
substances, one by one — and that the priority
should be organochlorines. These substances,
generated by the use of chlorine gas in the
chemical and paper-making industries, have
properties of stability and solubility that make
them desirable to industry but problematic to
the environment because they are long-lived
and accumulate in animal tissues. Nature’s
review called Pandora’s Poison a “landmark”
and another review compared it to Rachel Car-
son’s famous 1962 treatise on pollutants, Silent
Spring. The Chlorine Chemistry Council in
Washington DC, however, decried Thornton’s
“hyperbole and faulty risk analysis”.

But Thornton was already gearing up to
make a different kind of splash, with his first
paper in Science'. He and his team trampled
the assumption that only vertebrates have ster-
oid hormone receptors by cloning one from
the sea slug Aplysia californica. The finding
implied that the origin of the receptor gene was
far more ancient than anyone had realized. “I
would’ve hated to be a fellow grad student. He
was writing a book and publishing in Science
and having two children at the same time,”
says Darcy Kelley, a biologist at Columbia and
Thornton’s other PhD co-supervisor.

The approach that Thornton took in the
2003 study is one that he has loosely followed
ever since. Starting with the genes for ster-
oid hormone receptors from a slew of living
organisms, he clambered backwards through
the evolutionary tree to deduce the most likely
sequence of the common ancestor of all such
receptors, which existed some 600 million to
800 million years ago, in the common ances-
tor of “you and a snail’, as he puts it. Instead of
stopping there, as most evolutionary biologists
would have done, he then built the gene and
inserted it into cells that could manufacture
the ancient protein.

Resurrecting the protein, says Thornton,
allowed his team “to experimentally test
hypotheses about evolution that would oth-
erwise be just speculation”. They went on to
show' that the ancestral receptor was sensitive
to oestrogens but not to related hormones —
supporting the idea that the family of receptors
evolved through a series of gene duplications

“HE’'SHELPINGTO
PUT SOME FLESH
ON THE BONES
OF SPECULATION
ABOUT HOW
COMPLEXITY
ARISES.”

and that the copies gradually evolved affinities
for other ligands (see ‘Receptors, resurrected’).

By the time his paper came out in Science,
Thornton had taken a faculty position in
Eugene, an old hippy town that pays as much
homage to bicycles as it does to cars. He built
a house (no PVC, sustainable bamboo floors)
and set to work building up his protein-
resurrection lab.

Thornton wanted to delve deeper into the
puzzle of how complex systems with tightly
interacting molecular parts evolve. It was a
long-standing conundrum. As Charles Darwin
wrote in On the Origin of Species: “If it could be
demonstrated that any complex organ existed
which could not possibly have been formed by
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numerous, successive, slight modifications,
my theory would absolutely break down.” And
what was an evolutionary puzzle to biologists
was a target for evolution’s critics. Michael
Behe, a biochemist at Lehigh University in
Bethlehem, Pennsylvania, and a senior fellow
at the Discovery Institute in Seattle, Washing-
ton, proposed in the 1990s that such systems
— the blood-clotting cascade, for example, or
the molecular motor called the flagellum — are
so “irreducibly complex” that they could not
have evolved step by step, and can only be the
product of intelligent design.

Thornton says that he didn’t set out to refute
intelligent design, but the prospect of a fight
hardly put him off. “Been there, enjoyed that,
he says. He chose to explore a pair of steroid
hormone receptors: the mineralocorticoid
receptor (MR), which binds the hormone
aldosterone and regulates salt and water bal-
ance; and the closely related glucocorticoid
receptor (GR), which binds cortisol and
controls stress response. A gene duplication
more than 450 million years ago produced the
two receptors — but aldosterone didn’t arise
until many millions of years later. The timing
seemed to make the MR a textbook example
of irreducible complexity: how could selection
drive the evolution of a lock (the MR) to fit a
key (aldosterone) that didn’t yet exist?

EVOLUTION AT WORK

Led by Bridgham, Thornton’s team found the
answer by resurrecting the ancestor of both
receptors. To their surprise, it was sensitive to
aldosterone, suggesting that it had been acti-
vated by an ancient ligand with a similar struc-
ture®. Once aldosterone had evolved, the team
proposed, evolution was able to take advan-
tage of the existing receptor to control a new
biological function — a process that Thorn-
ton termed molecular exploitation. They also
showed how its sister receptor, the GR, was
evolving functions of its own.

“Such studies solidly refute all parts of the
intelligent design argument,” wrote Christoph
Adami, an evolutionary biologist at the Keck
Graduate Institute of Applied Life Sciences in
Claremont, California, in an article entitled
‘Reducible complexity”. But Behe dismissed
the result. The receptor and ligand are not
irreducibly complex, he says, and evolution
did not give them any truly new function. “I
think his results are quite consistent with my
own view that Darwinian processes are poor
ones to explain the complexity found in life,”
Behe told Nature.

Thornton turned up more clues to the work-
ings of evolution when his team explored the
history of the GR, which became sensitive only
to cortisol over the course of about 20 million
years. Working with structural biologists at the
University of North Carolina, Chapel Hill, the
group determined the crystal structure of the
common ancestor of the GR and MR. They
showed’ that two crucial mutations together
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The vertebrate steroid hormone receptors evolved from a common ancestor that
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Two crucial and five
supporting mutations
cause shift to cortisol

Studies of resurrected receptors
show that each evolved to exclude all
other existing hormone ligands

altered the binding pocket of the ancestral
receptor so that it preferred to bind cortisol
— and identified another five mutations that
finished the job.

In a final chapter to the story, Thornton tried
to run that evolutionary sequence backwards.
But when the researchers reversed the seven
mutations in the ancient cortisol-specific form,
they could not transform it back into a protein
that worked like the common ancestor of the
GR and MR. They instead engineered a dud,
unable to respond to any hormone”. That was
because a handful of other mutations had also
cropped up on the way to making a cortisol-
specific receptor. They played little part in the
receptor’s new function, but acted as an evolu-
tionary ratchet, preventing it from regaining
its old one.

Thornton showed that it was necessary to
undo those mutations too, to reverse the change.
To him, the work was a powerful demonstration
that the path of evolution can be contingent on
random events. “Chance plays a very large role
in determining what evolutionary outcomes are
possible;” he says. The study captivated the sci-
entific press — and beyond. “Evolution opens
gateways into the future. But it appears to close
them — firmly — behind it as well,” read an edi-
torial in the New York Times.

In the Nature article that was published this
year’, Thornton took a break from hormone
receptors, and instead collaborated with Tom
Stevens, a geneticist at Eugene, to dissect the
evolution of V-ATPase, a molecular machine
that pumps protons across membranes to
acidify compartments inside cells. The group

Two crucial mutations cause
shift away from oestrogens

= Common ancestor

wanted to know how an essential part of the
machine — a ring of proteins that spans cell
membranes — evolved from an ancestral form
with two components to one with three.

With their protein-resurrection toolbox,
the researchers showed that, around 800 mil-
lion years ago, the ancestral gene coding for
one protein component was duplicated, and
the daughter genes then picked up two vital
mutations. The changes meant that the proteins
could no longer sit anywhere in the ring, but
instead had to occupy a specific spot. Suddenly,
the ring could function only with all three parts.
What surprised Thornton was that the three-
component ring seemed to work no better
than its two-component counterpart. Random
mutations that actually corrupted proteins had
led to ‘irreducible complexity’

COMPUTING COMPLEXITY
The study flipped another finger to intelli-
gent-design proponents — but “I'm sort of
bored with them”, Thornton says. He is more
excited by the next scientific story that is about
to come out of the lab. His group wanted to
explore how the ancestor of the entire steroid
hormone receptor family, which was sensitive
only to oestrogens, evolved into forms sensi-
tive to other hormones. And this time, he found
no clues in the crystal structures of resurrected
proteins from before and after the change.
The answer can be found on a computer
screen at the end of Thornton’s lab. Mike
Harms, a postdoc who joined the lab three
years ago, used his expertise in biophysics
and some immense computational power
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to simulate the movements of every atom in
the ancestral receptors, showing how just two
mutations drove the transformation. When
Harms hits play, an oestrogen molecule snug-
gles its way into the binding pocket of a recep-
tor roughly 550 million years old. But when
he runs a simulation of the same receptor with
those two mutations, the oestrogen never finds
a comfortable spot.

This evolutionary story also sheds light on
why the oestrogen receptor is now vulnerable
to the threats against which Thornton cam-
paigned in his former life. The team worked
out that each steroid receptor evolved to be
only as specific as it had to be to bind its target
ligand and exclude all others that existed at the
time. The oestrogen receptor achieves this by
binding substances that contain a chemical
structure called an aromatized A ring. Because
oestrogens are the only steroid hormones to
have such a ring, that criterion was enough
to ensure that the receptor bound only oes-
trogens for many millions of years. Until, that
is, the chemical industry started pumping out
hundreds of substances containing such aro-
matized rings, which the oestrogen receptor
unwittingly bound. “The endocrine disrupt-
ers are taking advantage, unfortunately, of the
promiscuity that is the result of the evolution-
ary history of receptors,” Thornton says.

Thornton does see progress on the issues
on which he once campaigned. Production of
toxic chemicals in the United States has fallen
since his days with Greenpeace, and in 2007 the
European Union enacted REACH (Registra-
tion, Evaluation, Authorisation and Restriction
of Chemicals), which emphasizes elimination
of the most dangerous substances. That law
puts the onus on the chemical industry to show
that a chemical is safe rather than on regula-
tors to prove it is dangerous — the approach
for which Thornton argued in Pandora’s Poison.

Does he miss having something to campaign
against? Yes and no. “I'm less able to convince
myself that the world has to be exactly as I
envision it. So it’s harder for me to occupy that
activist persona.” Besides, he says, “My kids
take all that energy now””

Or almost. His creations need tending too.
Back in his office, we listen to the tinny voice-
mail message left by the freezer on his phone
earlier that day. “The past is calling,” Thornton
says. m

Helen Pearson is Nature’s chief features
editor.
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