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False-color scanning electron microscopy image of a cluster 
of L-cystine crystals captured on a porous fi ltration membrane 
after growth in the presence of a growth inhibitor. The tapered 
needles result from binding of the inhibitor at the crystal surface, 
which reduces the crystal growth rate and the crystal size 
(the cluster is ~95 µm across). This suggests that inhibitors 
might be designed to prevent or limit the formation of 
L-cystine kidney stones. See page 337.
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    Germany’s Energy Research Plan   
LAST MONTH, GERMAN CHANCELLOR ANGELA MERKEL APPROVED A LONG-TERM STRATEGY TO PUSH 

renewable energies as a reliable, economical, and environmentally sound pillar of sustainable 
economic growth. The “Energiekonzept” (Energy Concept) foresees an end to the country’s 
dependence on fossil fuels and defi nes key milestones to achieve by 2050, including the reduc-
tion of greenhouse gas emissions by 80% (compared to 1990 levels), the modernization and 
insulation of buildings, and a decrease in electricity consumption by 25%. Innovations must 
contribute substantially to meet these objectives, and so energy research is an explicit part 
of the Energiekonzept. By spring 2011, the German government will present a detailed new 
Energy Research Program that outlines important research tasks to support these new goals. 

Renewable energies will play the major role in restructuring Germany’s energy supply. 

These sources already generate about 16% of Germany´s energy, including wind and hydro-

power, biomass, geothermal, and photovoltaic power. The country’s 

global leadership in Green Tech innovations is based on hefty and con-

tinuous investments in research and the dissemination of technolo-

gies. In 2010 alone, the German government will spend approximately 

1 billion euros on energy and climate research. 

The Energy Concept foresees that renewable energies will account 

for 18% of gross fi nal energy consumption by 2020 (the goal agreed 

on by the European Union) and 60% by 2050. Renewables will provide 

35% of gross electricity consumption in 2020 (80% in 2050). The use 

of wind power and photovoltaics as electricity sources is a priority that 

presents a challenge to the existing infrastructure. The considerable 

fl uctuation in the performance of wind and solar systems calls for an 

overhaul of traditional power grids, which were not designed to cope 

with dominant shares of green electricity and large numbers of decen-

tralized energy producers. Basic research must lay the foundation for 

new transmission lines, large-scale storage systems, backup power stations, and information 

technology–driven networks to balance volatile electricity production. 

The German government will provide the fi nances needed to manage the economic and 

societal burden of this change. The Federal Ministry of Education and Research will address 

the challenges and contribute to the new Energy Research Program. But it will take time to 

complete a cost-effi cient transition to a new energy supply system. In the meantime, it is criti-

cal that the existing energy supply system remain stable and reliable. Extending the lifetime 

of nuclear reactors by an average of 12 years is therefore a crucial, but contentious, part of 

the Energy Concept. Nuclear power accounts for a quarter of Germany’s total energy mix. If 

nuclear power were abandoned today, the German CO
2
 output would increase by more than 

100 million tons from current levels, which is not permissible. In the Energy Concept, a sub-

stantial share of the future profi ts of nuclear energy suppliers will fund energy research and 

expand renewable energy sources.

A main goal of the German Federal Ministry of Education and Research is the develop-

ment of cities that are sustained by “green” services, energy-effi cient economic activities, 

and new consumption models. This is a global challenge as well, and can only be realized 

through projects based on both national research efforts and an international exchange of 

experience in this fi eld.

The Energy Concept and the Energy Research Program are vital for Germany’s future. They 

show the country’s dedication to the promises made internationally to address climate change, 

including the commitments made at last year’s United Nations Climate Change Conference in 

Copenhagen. Imponderables will surely arise and may well call for additional measures over the 

next 40 years. It is therefore important that energy research be defi ned to include a wide range 

of technological options, providing policy-makers with the broadest possible options for action. 

I am confi dent that the Energiekonzept will galvanize the European Union’s commitment to 
address climate change with long-lasting ambition.

10.1126/science.1198075

– Annette Schavan  
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It wasn’t long after the drilling platform 

Deepwater Horizon sank into the Gulf of 

Mexico that two contentious scientifi c issues 

rose to the surface. Researchers in and out 

of the government sparred over exactly how 

much oil was gushing out of the damaged 

well. And some scientists raised concerns 

about the wisdom of injecting large volumes 

of dispersants near the ocean fl oor to break 

up the oil gushing from the wellhead, given 

the potential toxicity of the chemicals and 

the unprecedented use of dispersants at that 

depth. Last week, a presidential commis-

sion investigating the disaster released two 

preliminary reports from its staff that fault 

the government’s handling of both issues. 

Perhaps most damaging to the govern-

ment’s credibility was its initial, low-ball 

estimate of how much oil per day was gush-

ing from the well. The commission’s report 

on the fate of the oil reveals for the first 

time the story behind this controversial fi rst 

estimate—and the public confusion it sowed. 

On 28 April, a week after the Deep water 

Horizon exploded, government off icials 

released an estimated fl ow rate of 5000 bar-

rels a day from the Macondo well. Despite 

immediate skepticism and a fl urry of con-

fl icting estimates from outside experts that 

pegged the fl ow rate at roughly 

10 times as high—estimates that 

turned out to be in the ball park 

of the actual f igure—the gov-

ernment stood by its fi gure for 

a month.

According to the report, 

the first estimate came from a 

National Oceanic and Atmospheric Admin-

istration (NOAA) scientist who apparently 

had no particular expertise in the video 

technique involved. This scientist had cau-

tioned in his e-mail to authorities that his 

was a “very rough estimate.” But neither his 

warning about the uncertainties in his fi gure 

nor any aspects of his methodology made it 

into the public release. The report found this 

to be “an overly casual approach.” 

A month after the spill began, the gov-

ernment set up the interagency Flow Rate 

Technical Group composed of about 20 

members from government, academia, and 

independent organizations to apply a vari-

ety of measurement methodologies. Still, 

the report laments, the sketchy technical 

information released by the group discour-

aged helpful input from the broader scien-

tifi c community. And the group’s offi cial 

estimates, though growing, continued to 

come in low, although some 

group members argued that the 

fl ow rate was much higher. 

 The commission staff says 

it has no evidence so far that 

the low estimates slowed the 

response, but the less-than-

transparent estimation process, 

according to the report, gener-

ated “signif icant controversy, 

which undermined public con-

fidence in the federal govern-

ment’s response to the spill.” 

The government could have 

enhanced confidence, says the 

report, by being more forthcom-

ing about how bad the spill might 

have been. From the outset, 

responders stated that they were 

scaling their efforts to the “worst-case” spill 

scenario, not anyone’s estimate of the fl ow 

rate. But authorities never revealed their 

worst-case fl ow rate or how they arrived at 

it. In late April or early May, NOAA sought 

to make public some of its worst-case spill 

models, according to the report, but the White 

House’s Office of Management and Bud-

get (OMB) denied the request. (In a recent 

statement, OMB claims it delayed release of 

NOAA’s worst-case scenario only for techni-

cal reasons, but by the time the report came 

out, the true fl ow was known.) The “lack of 

information may have contributed to pub-

lic skepticism about whether the govern-

ment appreciated the size of the Deepwater 

Horizon spill and was truly bringing all of its 

resources to bear,” the report states.

The government also bungled the rollout 

of a report about the fate of the oil, according 

to the commission staff. Although the “oil 

budget” report was technically sound, it was 

doomed to misinterpretation because of poor 

presentation, the staff report says. Appearing 

on news shows on 4 August, the day of the 

report’s release, Carol Browner, the direc-

tor of the White House Offi ce of Energy and 

Climate Change Policy, remarked that “the 

vast majority of the oil is gone” even though 

the oil budget report in no way supported her 

take. For months to come, the media would 

use her comments to characterize the oil 

budget report as overly optimistic.

A second report focuses on the govern-

ment decision to use unprecedented vol-

umes of dispersants on the surface and at 

depth. Neither the Environmental Protec-

tion Agency (EPA) nor NOAA had planned 

for large-scale use of dispersants in a deep-

water accident. As a result, according to the 

Government Chided for Poor 
Planning and Communication

G U L F  O I L  S P I L L
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Up and up. Government estimates of the fl ow from the damaged 

Gulf of Mexico well grew until early August, when direct measure-

ments put the fl ow near 60,000 barrels per day.

How fast? Scientists 
struggled to gauge 

the leak’s fl ow 
without direct 

measurements.
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Can databases 
feed the census?

High unemployment is now plaguing many 
nations’ economies, but even in the best of 
times, about one out of every 25 workers 
will be out of a job. This year’s winners of 
the Sveriges Riksbank Prize in Economic 
Sciences in Memory of Alfred Nobel laid 
out the theory that explains why full employ-
ment is impossible. 

Peter Diamond, 70, of the Massachu-
setts Institute of  Technology (MIT) in Cam-
bridge; Dale Mortensen, 71, of Northwestern 
University in Evanston, Illinois; and 
Christopher Pissarides, 62, of the London 
School of Economics will split the $1.5 mil-
lion prize. Starting in the 1970s, they devel-
oped, mostly independently, the theory of 
markets that suffer “search friction,” or 
costs for consumers and suppliers of a good 
to fi nd one another. Dubbed the “DMP the-
ory” in the economists’ honor, it has become 
the bedrock for the study of labor markets 
and explains why people are sure to be out of 
work even when the number of vacant jobs 
equals the number of job seekers, so-called 
equilibrium unemployment. 

“It’s a wonderful choice,” says Michael 
Elsby, an economist at the University of 
Michigan, Ann Arbor, of the trio’s honor. 
“If you’re going to be thinking about unem-
ployment, you’re going to start by playing 
around with the DMP model.” 

Classical economics predicts that unem-
ployment should vanish whenever the num-
ber of available jobs equals or exceeds the 
number of workers. In reality, that never hap-
pens. For example, even during the economic 
boom a decade ago, unemployment in the 

United States dipped only as low as 3.8%. 
Diamond, Mortensen, and Pissarides 

found that they could explain that fact. They 
began with a dynamical model that consid-
ers the fl ow of workers both into and out of 
jobs. They imposed costs for an unemployed 
worker to fi nd a job and for an employer to 
fi nd a suitable employee, which affected the 
fl ows. The economists then showed math-
ematically that a new equilibrium would 
arise with at least some unemployment, the 
amount of which depended on the costs. 

In the 1960s, much of economic theory 
strived to prove that the results from ideal-
ized classical economics still held sway as 
economists made their models more real-
istic, Diamond said at an MIT press con-
ference after the prize was announced. He 
preferred to let the improved models lead 
where they may. “It seemed to me that 
a better approach was to think about real 
dynamics and see where they go,” he says. 
“Maybe they go to the [classical] equilib-

rium solution, and maybe they don’t.” 
Although the DMP theory started out as 

a mathematical abstraction, it has become 
a tool for applied economists and policy-
makers. That’s because it provides a frame-
work for studying in detail the effectiveness 
of a specifi c intervention in reducing unem-
ployment or ameliorating its effects. “There’s 
a whole literature out there on unemploy-
ment insurance that uses the model,” says 
Stephen Woodbury, an economist at Michi-
gan State University in East Lansing. 

Given the unemployment crunch affl ict-
ing many countries, Pissarides says he 
favors political action to get people back to 
work. “What we should really be doing is 
to ensure that they do not stay unemployed 
too long,” he said at another press confer-
ence. “Give them direct work experience—
not necessarily advanced training—after a 
few months so they don’t lose touch with 
the labor market.” 

–ADRIAN CHO

Three Laureates Explained Why Unemployment Is Inevitable

E C O N O M I C S  N O B E L

report, a lack of studies on dispersant toxic-
ity meant that the Coast Guard’s Thad Allen, 
EPA’s Lisa Jackson, and NOAA’s Jane 
Lubchenco were “seriously handicapped” 
when deciding about the use of dispersants. 
So far, they seem to have made the right call, 
the staff paper concludes, because disper-
sants helped protect surface-dwelling wild-
life, the wetlands, and cleanup workers. 

But the biological impact of the 
dispersant-oil mixture in the water col-
umn remains unknown. “This event clearly 

shows that ecosystem-based information 
on dispersants and oil is really inadequate,” 
says Robert Diaz of the Virginia Institute of 
Marine Science in Gloucester Point, who is 
not on the panel. “The feds should have seen 
this [deep-water spill] coming and adjusted 
their planning,” he adds. The report calls for 
more extensive testing of existing disper-
sants and development of less-toxic alterna-
tives. EPA and NOAA declined to comment 
on the dispersant report. 

The commission continues to investigate 

the response to the spill, especially whether 
the low fl ow estimates slowed efforts to cap 
the well. The fi ve-member commission will 
issue a fi nal report in January. 

Meanwhile, says science policy analyst 
Roger Pielke Jr. of the University of Colo-
rado, Boulder, the government should learn 
from this crisis “to deal openly and honestly 
with uncertainties. … The public is smarter 
than politicians give them credit for. They 
can handle uncertainties.”

–RICHARD A. KERR AND ERIK STOKSTAD

PETER DIAMOND DALE MORTENSEN
CHRISTOPHER 
PISSARIDES

ECONOMICS

NOBEL
PRIZE 

2010
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A vaccine designed to ward off genital her-
pes has failed in a large clinical trial, abruptly 
ending the product’s seemingly promis-
ing future. After 8 years of study in more 
than 8000 women in the United States and 
Canada, there was not even a hint of a posi-
tive result against the sexually transmitted 
disease caused by herpes simplex virus-2 
(HSV-2). “It’s dead negative,” says Lawrence 
Corey, a herpes and vaccine specialist at the 
Fred Hutchinson Cancer Research Center in 
Seattle, Washington.

Corey stresses that a vaccine against 
HSV-2 could have a major public health 
impact. HSV-2 spreads easily through sexual 
contact; according to a 2003 estimate from 
the World Health Organization, more than 
300 million women and 200 million men 
were infected with the virus. The infection 
often lasts for life and sporadically causes 
symptoms, including painful blisters that can 

burst and form ulcers. Pregnant women can 
spread the virus to their newborns, which 
sometimes kills them. A person infected 
with HSV-2 is also much more susceptible 
to HIV, and a co-infected person may trans-
mit the AIDS virus more readily. “Its biologi-
cal component to the HIV epidemic has been 
vastly underestimated,” says Corey.

Despite its toll, HSV-2 has generally been 
seen as a “trivial” disease, says Corey, and 
vaccines have received scant attention. “It’s 
been the Rodney Dangerfi eld of the sexually 
transmitted infection fi eld,” he says.

A few large pharmaceutical and biotech 
companies have shown HSV-2 the respect 
it deserves, investing heavily in vaccine 
research over the past few decades. But none 
of the efforts panned out, leading many to pin 
high hopes on the vaccine used in the current 
study. Made by GlaxoSmithKline (GSK) in 

Rixensart, Belgium, the vaccine contains a 
protein from HSV-2 mixed with a novel adju-
vant, or immune system stimulator, trigger-
ing antibodies that researchers hoped could 
prevent infections. “A lot of the fi eld has been 
waiting for this result,” says Robert Belshe of 
the St. Louis University School of Medicine 
in Missouri, who led the study. “It’s a great 
disappointment.”

Before the trial, researchers knew the 
vaccine had serious limitations, but it still 
offered a toehold for this struggling fi eld. 
In two earlier studies, the vaccine failed to 
prevent genital herpes in male and female 
participants. But when researchers drilled 
down into the data from those trials, pub-
lished together in the 21 November 2002 
issue of The New England Journal of Medi-

cine, they discovered the vaccine may have 
worked in a subset of women. Specifi cally, 
they focused on women who at the trial’s 

start were not infected with HSV-1, a cousin 
of HSV-2 that causes cold sores in mouths 
and on lips. Infection with HSV-1 may offer 
some immune protection against HSV-2. 
This, in turn, might have masked the impact 
of the HSV-2 vaccine. The researchers came 
to this conclusion after noting that in HSV-1–
negative women, the vaccine seemed to 
work more than 70% of the time.

That led the National Institute of Allergy 
and Infectious Diseases (NIAID) to invest 
$27.6 million in the massive follow-up study 
in women who were negative for both HSVs. 
Researchers recognized that if the vaccine 
worked, it would have a narrow market: It’s 
designed only for women, and HSV-1 is so 
widespread in developing countries that the 
vaccine would be ineffective in much of 
the world. Still, they hoped to build on the 
success—a hope that has evaporated with 

the new negative data. “The inconsistency 
between the trials is really quite disconcert-
ing,” says Corey.

When NIAID and GSK revealed on 
30 September the latest vaccine trial’s fi nd-
ings, researchers were equally dispirited 
and confused. “We’re really puzzled by the 
results,” says herpes specialist Lawrence 
Stanberry of Columbia University Medical 
Center in New York City. Stanberry, who 
headed the earlier studies of the vaccine and 
was on the scientifi c advisory board for the 
subsequent trial, notes that the follow-up did 
not recruit the same population of women. 
In the first trials, women were selected 
because they were in “discordant” relation-
ships, meaning they had regular sexual part-
ners who were infected with HSV-2. The 
new study enrolled women who simply per-
ceived themselves as being at risk of infec-
tion with the virus. “Discordant couples may 
by their nature be different biologically or 
behaviorally than people in a new relation-
ship,” says Stanberry. Belshe agrees. “With 
long-standing relationships, we think there’s 
chronic exposure to herpes antigen, so there 
might be some immunologic explanation for 
the different results.”

As investigators sort through the wreck-
age for clues, many worry that the new results 
will further dampen the little interest indus-
try has shown in an HSV-2 vaccine. GSK has 
said it will no longer pursue development 
of this particular vaccine, and no other big 
pharma company currently has an HSV-2 
vaccine in clinical trials. David Knipe, a 
virologist at Harvard Medical School in 
Boston who is doing preclinical studies of 
an HSV-2 vaccine with Sanofi  Pasteur that 
relies on a weakened form of the whole virus, 
urges NIAID to ramp up its involvement. “As 
the companies become more cautious about 
getting into this risky fi eld, the investment is 
going to have to come from government and 
nongovernment people.”

Corey says the fi ndings underscore how 
little is known about HSV-2 immunology. He 
notes that the data make clear that antibod-
ies, which prevent infection, alone are not the 
answer. Next-generation vaccines, he con-
tends, should also dispatch killer cells to clear 
cells that HSV-2 manages to infect, as well 
as less specific innate immune responses. 
“These results reset the targets,” he says. 
“We’ve underestimated the kinds of immune 
responses required to restrain this virus.”   

–JON COHEN

Painful Failure of Promising Genital Herpes Vaccine 
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TIANJIN, CHINA—Delegates to a United 
Nations meeting here last week made scant 
headway on a global strategy for reining in 
greenhouse gas emissions. But amid the pes-
simism and recriminations, one nation won 
praise from observers for its efforts to boost 
energy effi ciency and invest in green technol-
ogies: the host, China.

Negotiators from 177 countries came to 
this port city near Beijing with low expecta-
tions for progress on a deal that could slow 
global warming, and thick smog that blan-
keted Tianjin further dampened spirits. Last 
week’s U.N. Framework Convention on Cli-
mate Change meeting was a preparatory 
session for a summit next month in Cancun, 
Mexico, where countries will resume the 
Sisyphean task of crafting a successor to the 
Kyoto Protocol, in which 39 industrialized 
nations and the European Union commit-
ted to reducing greenhouse gas emissions 
several percent from 1990 levels by 2012. 
According to the 1997 accord’s principle 
of  “common but differentiated responsibili-
ties,” developing nations, including China, 
have pledged to take voluntary steps to rein 
in carbon emissions.

Talks on a post-Kyoto agreement have 
fl oundered, most notably at a sumit in Copen-
hagen last year (Science, 1 January, p. 19). 
The United States, which endorsed but did not 
ratify the Kyoto Protocol, and some industri-
alized nations have balked at the economic 
cost of deep, legally binding cuts in car-
bon emissions deemed necessary to avoid 
catastrophic climate change. Developing 
nations, the group to which China maintains 
it still belongs despite its growing economic 
strength, have vowed to become more energy 
effi cient but as a group have refused to accept 
binding emissions reductions. 

With any progress toward a new accord 
elusive, the two biggest greenhouse gas emit-
ters—China and the United States—fired 
broadsides at each other. The lead U.S. nego-
tiator in Tianjin, Jonathan Pershing, criticized 
China and other major developing nations for 
refusing to implement a stringent program 
of monitoring, reporting, and verifying their 
carbon emissions. “These elements are at the 
heart of the deal, and the lack of progress on 
them gives us concern,” Pershing told report-
ers. China, meanwhile, scolded the United 
States for using the Asian nation as a scape-
goat for its own foot-dragging on addressing 

climate change. The United States “has no 
measures or actions to show for itself,” said Su 
Wei, director of the powerful National Devel-
opment and Reform Commission’s climate 
change department, who reiterated China’s 
view that the United States must take “his-
torical responsibility” for rising atmospheric 
CO

2
 levels. In the toxic atmosphere, delegates 

made only modest progress on issues such as 
a plan to pay nations to preserve forests.

One silver lining in the smog was Chi-
na’s ramped-up efforts to save energy. The 
world’s biggest greenhouse gas emitter has 
shuttered thousands of ineffi cient coal-burn-
ing power units in recent months in a fran-
tic bid to reduce its energy intensity—energy 
consumption per unit of GDP—20% from 
2005 levels by the end of this year (Science, 
4 June, p. 1216). At the Copenhagen summit 
last December, China upped the ante, vow-
ing to reduce energy intensity by 40% to 45% 
from 2005 levels by 2020. “China has the will 
and the way to achieve that,” says Barbara 
Finamore, China program director at the Nat-
ural Resources Defense Council (NRDC), 
a U.S.-based nonprofi t. China can meet or 
exceed its energy-intensity target if, among 
other things, it eases its reliance on coal from 
nearly 70% of its energy mix to 62% by 2020, 
NRDC’s David Cohen-Tanugi concluded in 
an analysis released at the meeting.

A key prong of China’s strategy is 
renewable energy. It aims to raise the non–
fossil-fuel share of its primary energy from the 
current 9% to 15% by 2020. “China is dou-
bling its wind capacity every year” and next 
year is expected to surpass Germany and the 
United States as the biggest wind-energy pro-
ducer, says renewable energy analyst Joanna 
Lewis of Georgetown University in Washing-
ton, D.C. It has also become the world’s largest 

producer of solar cells. And China announced 
last July that it would spend $738 billion over 
the next decade on alternative energy.

Another element of the nation’s energy 
strategy is to overhaul the electrical grid. 
Around 80% of China’s coal lies in the west 
and north, and 80% of hydropower generation 
is in the west, while 75% of energy demand is 
to the east. To link areas of energy production 
and demand, China plans to build thousands 
of kilometers of ultrahigh-voltage transmis-
sion lines over the next decade. And starting 
this year, grid operators must purchase all 
available renewable energy in their area.

Forecasts indicate that China’s green-
house emissions won’t peak for another 10 
to 20 years at the earliest. But energy savings 
from reduced transmission losses, increased 
renewable energy and electric vehicles, and 
more-effi cient coal burning should allow it to 
avoid a whopping 1.649 billion tons of CO

2 

emissions a year by 2020, according to the 
State Grid Corporation of China. 

All China’s initiatives are undergirded by 
massive investments in clean energy tech-
nology, from advanced solar cells to electric 
vehicles. The International Energy Agency 
in Paris forecasts a $13 trillion clean energy 
market over the next 2 decades. According 
to the Pew Charitable Trusts, in 2009 China 
invested $34.6 billion in clean energy—an 
amount second only to the European Union 
($41.1 billion) and nearly twice that of the 
United States ($18.6 billion).

Even though last week’s meeting offered 
little hope for a post-Kyoto compromise, it 
was clear which greenhouse gas superemit-
ter had made gains in revamping its image. 
“In the race for a clean energy future, China 
is already off the starting blocks,” says Jake 
Schmidt, NRDC’s international climate 
policy director. “The U.S. is still taking off 
its sweatsuit.” 

–RICHARD STONE

Climate Talks Still at Impasse, 
China Buffs Its Green Reputation
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Ten years ago, analytical chemist William 
LaCourse took a hard look at the status of 
teaching within his department at the Univer-
sity of Maryland, Baltimore County (UMBC). 
He didn’t like what he saw. “We were losing 
ground,” says LaCourse. Students were doing 
worse on tests, and more were failing or drop-
ping courses. Attendance was spotty, and only 
the best students were showing up for extra 
help. The number of chemistry majors was 
also declining.

A big part of the problem, LaCourse 
and others decided, was Chemistry 101. It’s 
the gateway course for prospective chem-
istry majors and a requirement for those in 
many other fi elds. “The student newspaper 
called it a weed-out course,” he recalls. “And 
I thought, ‘That doesn’t make any sense. 
Rather than always looking for new custom-
ers, why can’t we do a better job with the 
ones we already have?’ ”

A new report from the National Acade-
mies offers advice to universities trying to 
answer that question. It says that improving 
introductory courses is one of many steps 
needed to increase the number of students 
obtaining degrees in the fi elds of science, 
technology, engineering, and mathematics 
(STEM) and, in particular, the percentage of 
minorities in the scientifi c and engineering 
workforce.

“We are missing what could be called the 
low-hanging fruit,” says Freeman Hrabowski, 

chair of the National Research Council (NRC) 
panel that wrote Expanding Underrepre-

sented Minority Participation: America’s Sci-

ence and Technology Talent at the Crossroads. 
“These are students who have gotten into col-
lege and are majoring in math and science and 
who want to be in those disciplines. But more 
than half of them are not completing degrees 
in those fi elds.”

Only about 20% of underrepresented 
minorities who aspire to a STEM degree 
actually earn one within 5 years, accord-
ing to a longitudinal study cited in the NRC 
report by researchers at the University of 
California, Los Angeles (see graphic). And 
it’s not just minorities who are falling out 
of the science pipeline. Only 33% of whites 
and 42% of Asian-Americans complete their 
STEM degrees in 5 years, the UCLA study 
fi nds. “It’s really an American issue,” says 
Hrabowski, a mathematician and longtime 
UMBC president. “It’s simply unacceptable 
for such a large majority of students not to 
achieve their goal [of a STEM degree]. We 
must fi nd ways for larger numbers of Ameri-
can students to excel in science.” 

The new report says that retaining STEM 
majors will require better academic, social, 
and fi nancial support for students. Some of 
those steps are relatively inexpensive, says 
Hrabowski, although the report does recom-
mend that the government launch a scholar-
ship program to boost the number of needy 

minority students that could eventually cost 
$600 million a year.

Under Hrabowski, UMBC has imple-
mented enough of those ideas to become one 
of the nation’s top feeder schools for minori-
ties going on to receive a Ph.D. degree. (Some 
22% of UMBC students are underrepre-
sented minorities, and they comprise 20% of 
all STEM majors.) One especially promis-
ing intervention, notes the report, is the uni-
versity’s Meyerhoff Scholars Program, which 
offers a summer bridge program, scholar-
ships, tutoring and networking, research expe-
riences, and study abroad.

UMBC has also overhauled its introduc-
tory courses. The chemistry department, 
which LaCourse now chairs, has converted 
Chem 101 and Chem 102 into “Discovery 
Learning” courses. Students who had once 
sat passively during a weekly 2-hour recita-
tion section while a graduate student solved 
problems on the whiteboard are now part of 
four-person teams responsible for fi nding the 
right answer. Teaching assistants act as “Sher-
pas,” says LaCourse, “guiding students up 
the mountain.” Laptops and cell phones have 
been banned from the sections so that students 
can focus on the assignment. Attendance is 
mandatory, and unexcused absences result 
in lower grades. There are still lectures, but 
they are delivered by someone “who lives and 
breathes Chem 101,” says LaCourse.

The changes have produced immediate—
and dramatic—results. Pass rates for the 
introductory courses shot up the fi rst year 
from 70% to 85%—even though the depart-
ment also raised the minimum score—and 
have inched up from there. Attendance 
has improved, and fewer students drop the 
course. The number of chemistry majors has 
nearly doubled since 2003, and the outfl ow 
from chemistry to other majors has stopped, 
reversing a chronic leakage of up to a dozen 
students a year. As a bonus, a once-moribund 
student chapter of the American Chemical 
Society is now thriving.

LaCourse freely acknowledges that 
UMBC’s approach draws heavily on a national 

movement to replace the didactic style of 
undergraduate teaching with more active, 
hands-on learning (Science, 31 July 2009, 
p. 527). And although the results are impres-
sive, LaCourse says the transformation is 
not complete. The person with the primary 
responsibility for teaching the two intro 
courses, for example, is not a tenured faculty 
member. “I’d like that situation to change,” 
he says frankly. “And I think it’s only a matter 
of time before [teaching] becomes a legiti-
mate pathway. But I’m not that powerful.”

–JEFFREY MERVIS

Better Intro Courses Seen as Key to 
Reducing Attrition of STEM Majors
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Getting it done. Participatory introductory science 

courses like this one at the University of Maryland, 

Baltimore County, hope to boost the low percentage 

of black and Latino students who achieve their goal of 

earning a STEM degree. 
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ScienceNOW

From Science’s  Online Daily News Site

Building Blocks of Life in Titan’s Atmosphere? 
It’s unlikely that the process produced Titanians, but experiments 
simulating the chemistry of the dense air on Saturn’s biggest moon 
have yielded some of the basic buildings blocks of life. Last week 
at the American Astronomical Society’s Division for Planetary Sci-
ences meeting in Pasadena, California, researchers described how 
they used radio-frequency radiation—a more convenient substitute 
for ultraviolet sunlight—to turn methane, nitrogen, and carbon 
monoxide (the main constituents of Titan’s atmosphere) into glycine 
and alanine, the two smallest amino acids. The experiments also 
produced cytosine, adenine, thymine, and guanine, the four most 
basic components of DNA. And they created uracil, a precursor of 

RNA. The researchers said that because 
they achieved the reactions without the 
presence of liquid water, it’s possible 
life could have sprung forth on Earth 
not in the seas, as commonly assumed, 
but perhaps in the planet’s early 
atmosphere—a considerably thinner 
version of the fog enveloping Titan 
today. http://scim.ag/Titan-life

Read the full postings, comments, and more at 
http://news.sciencemag.org/sciencenow.

Now that’s a genome. A rare Japanese fl ower named Paris 

japonica sports an astonishing 149 billion base pairs, making 

its genome 50 times the size of a human genome—and 

the largest one ever found. Until now, the biggest genome 

belonged to the marbled lungfi sh, whose 130 billion base 

pairs weighed in at an impressive 132.83 picograms. (A 

picogram is one-trillionth of a gram.) The genome of the 

new record-holder, revealed in a paper in the Botanical 

Journal of the Linnean Society, would be taller than the Big 

Ben clock tower if stretched out end to end. The researchers 

warn, however, that big genomes tend to be a liability: Plants 

with lots of DNA have more trouble tolerating pollution and 

extreme climatic extinctions—and they grow more slowly 

than plants with less DNA because it takes so long to replicate 

their genomes. http://scim.ag/big-genome

How Volcanoes Feed Plankton
Want to spur plankton growth in the ocean? Hire a volcano. 

In August 2008, scientists on a research cruise in the northeast-
ern Pacifi c Ocean were shocked to witness a sudden, huge spike in 
the area’s plankton population. Within just a few days, the chloro-
phyll concentration in the water had increased by 150%. 

To fi nd out why, the team analyzed air and water chemistry and 
found that dissolved iron, a nutrient that plankton need to thrive, 
must have increased dramatically. The source, they deduced, 
was the 7 to 8 August eruption of the Kasatochi volcano some 
2000 kilometers away, chemical oceanographer Roberta Hamme 
of the University of Victoria in Canada and colleagues report in 
Geophysical Research Letters. 

Despite the size of the bloom, however, the plankton’s uptake 
of carbon was relatively modest. Hamme says the team’s prelimi-
nary analysis suggests that trying to stimulate plankton growth by 
adding iron to the water—a suggested countermeasure to global 
warming—would have a minuscule effect on marine CO

2
 absorp-

tion. http://scim.ag/plankton-bloom 

Who’s Your Mommy?
Breeders know that sleek, speedy, and spirited thoroughbred horses 
arose from three Arabian stallions brought to England more than 
3 centuries ago. But who were the mares that birthed these noble 
steeds? A new genetic analysis suggests that thoroughbred fore-
mothers hailed from Ireland and Britain.

Mim Bower, an archaeogeneticist at the University of Cam-
bridge in the United Kingdom, and colleagues analyzed mito-
chondrial DNA, which is passed down only by the mother, of about 
300 thoroughbreds 
and nearly 2000 other 
horses of different 
breeds from across 
Europe and Asia. Most 
of the sequences came 
from a genetic data-
base, but the research-
ers also contacted 
horse people, asking 
for samples of hair 
pulled from manes. The 
team then sequenced 
short stretches of DNA 
extracted from the tissue 
attached to the hair.

The thoroughbreds’ mitochondrial DNA sequences were clos-
est to those of native Irish and British breeds, like the Connemara 
(pictured). There was a hint of other ancestries—including 
Arabian—but thoroughbred moms most likely hailed from the 
British Isles, the researchers report in Biology Letters. And that 
makes sense—in the early days, breeders thought the important 
parent was the stallion, says Bower; any old mare would do as a 
mother. http://scim.ag/fi nd-mom

Biggest Genome Ever
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Scientists have long been frustrated in their 

efforts to use computers to simulate the 

atomic detail of how proteins fold into their 

three-dimensional structures. The computing 

demands for simulating all the motions of a 

protein’s atoms and the surrounding water 

are so high that scientists have had diffi culty 

tracking the myriad atomic wiggles and 

gyrations for long enough to see the com-

plete folding process. But now help is on the 

way. On page 341, computational biologists 

led by computer scientist and former hedge 

fund manager David Shaw report that they 

ran a specially built supercomputer for about 

3 weeks to simulate a relatively small pro-

tein going through 15 rounds of folding and 

unfolding over 200 microseconds. They also 

tracked the folding gyrations of a similarly 

sized protein for more than a millisecond.  

“This is a landmark paper,” says David 

Baker, a protein-folding expert at the Univer-

sity of Washington, Seattle. Klaus Schulten, 

a molecular simulations expert at the Uni-

versity of Illinois, Urbana-Champaign, who 

has been Shaw’s friendly rival, agrees, call-

ing the paper “very important.” 

Baker notes that the simulations from 

Shaw and his colleagues revealed that the 

folding protein followed more or less the 

same general pattern of movements each 

time it folded rather than each folding hav-

ing a distinct progression. That was some-

thing of a surprise because it wasn’t clear 

from previous modeling and experimen-

tal work this would be the case. Others 

note that simulating individual proteins for 

long periods isn’t the only way to investi-

gate protein folding: networks of comput-

ers can also cobble together large numbers 

of shorter simulations to explore some key 

events. Still, the new work sets the stage for 

extended simulations of dozens, if not hun-

dreds, of other proteins that are less well 

understood, which could reveal whether all 

proteins follow a similar set of rules as they 

fold. “Now one can approach these ques-

tions in a quantitative manner,” Baker says.  

That’s been Shaw’s dream since he left 

the world of high fi nance 9 years ago to start 

an outfi t called D. E. Shaw Research in New 

York City. Shaw, who now also has an affi li-

ation with Columbia University, originally 

trained as a computer scientist and special-

ized in designing parallel supercomputers. 

After a brief stint on the faculty of Colum-

bia in the 1980s, he moved to Wall Street, 

where he designed powerful algorithms for 

stock trading. He later moved on to run his 

own hedge fund, winding up on the Forbes 

list of 400 richest Americans in the process. 

(He also recently served as the treasurer 

of AAAS, Science’s publisher.) But Shaw 

missed the intellectual challenge of science. 

“I found myself at night solving math prob-

lems for fun,” he says. 

After conversations with friends in com-

putational biology, Shaw chose the chal-

lenge of simulating the motion of proteins 

for his reentry into science. Drawing on 

his early career, he decided to design and 

build a customized supercomputer to push 

the boundaries of the fi eld. Two years ago 

Shaw revealed the result, Anton, a super-

computer containing 512 specially designed 

computer chips hard-wired to speed the 

Custom-Built Supercomputer 
Brings Protein Folding Into View

C O M P U TAT I O N A L  B I O LO G Y

Credit the matchmaker for this one. This 

year’s Nobel Prize in chemistry went to 

three chemists—Ei-ichi Negishi, Akira 

Suzuki, and Richard Heck—for discovering 

catalysts used to tie the knot between carbon 

atoms on separate molecules. The ability to 

tailor such molecular unions has spawned 

whole sectors of advanced technology, 

making possible the synthesis of everything 

from anticancer drugs and agricultural pes-

ticides to advanced displays and electronic 

chips in computers.

At the heart of these applications are 

organic molecules made from chains and 

rings of carbon atoms. Carbon is the key 

to organic chemistry—and life—thanks to 

its ability to link with its neighbors to form 

molecular chains and rings of an enormous 

variety of shapes, much as lumber can be 

nailed together to build houses of almost 

any design. To build synthetic molecules, 

chemists continually look for new ways to 

join together carbon atoms on separate mol-

ecules. The trouble is that in most organic 

molecules, the carbon atoms are happy with 

where they are and thus unlikely to react 

with their neighbors. In the early 1900s, 

German chemists came up with ways to link 

metal atoms to carbons, making them more 

reactive and willing to bond with neighbors. 

But the reactions weren’t specifi c. Instead 

of producing just the desired molecule, the 

more-reactive carbons would bond willy-

nilly with any carbon around, producing all 

sorts of junk that had to be tossed out.

In the late 1960s, Heck, then with chemi-

cal manufacturing company Hercules Corp. 

in Wilmington, Delaware, and later at the 

University of Delaware, Newark, found that 

he could tailor just which carbons he wanted 

to link together. In one early example, Heck 

fi rst linked a bromine atom to one of the six 

carbon atoms in a molecule of benzene. This 

slightly modified the electronic structure 

of the carbon and tagged it as the one that 

would react. He then added small, two-car-

bon molecules called olefi ns to the solution, 

as well as palladium. The palladium tempo-

rarily binds with both the carbon on the bro-

Carbon-Linking Catalysts Get Nobel Nod

C H E M I ST RY

RICHARD HECK EI-ICHI NEGISHI AKIRA SUZUKI

CHEMISTRY

NOBEL
PRIZE 

2010
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NEWS OF THE WEEK

From the Science 
Policy Blog

A National Academies’ report on how U.S. 
universities have managed intellectual 

property in the wake of the 1980 Bayh-Dole 
Act has concluded that things are pretty 
much hunky-dory but that schools may be 
trying too hard to cash in on discoveries. 
Universities instead should aim to dissemi-
nate technology for the public good, which 
may mean passing up a more lucrative 
licensing deal. http://bit.ly/bayh-dole-update

The U.S. Food and Drug Administration is 
pressing for a $25 million funding boost 
for research that can help it evaluate new 

treatments better and faster. Commissioner 
Margaret Hamburg says such “regulatory sci-
ence” would allow the agency to help turn the 
nation’s sizable investment in basic biomedi-
cal research “into vital products for those who 
need them.” http://bit.ly/fda-research

Israel’s minister of education, Gideon Sa’ar, 
has fi red his chief scientist for comments 
that questioned the tenets of evolution and 
global warming. Gavriel Avital’s trial appoint-
ment last December had been controversial 
from the start. http://bit.ly/sacked-adviser

The National Ignition Facility, the highest 
energy laser in the world, has fi red its fi rst 
shot in what offi cials at Lawrence Livermore 
National Laboratory hope will be a suc-
cessful campaign to achieve ignition—a 
self-sustaining fusion burn that produces 
more energy than was pumped in to make it 
happen. http://bit.ly/fi rst-blast

The National Institutes of Health has 
launched a $60 million program that will 
allow a few talented young scientists 

to become independent investigators 
shortly after earning their Ph.D.—provided 
they can get jobs with institutions willing to 
nominate them for the award. 
http://bit.ly/early-independence

The European Union has unveiled a new 
plan to foster innovation. Offi cials hope its 
emphasis on making it easier for companies 
to actually use the fruits of science will 
bridge a valley of death that slows commer-
cialization. http://bit.ly/innovation-union

For more science policy news, visit http://

news.sciencemag.org/scienceinsider.

mine-tagged benzene as well as one from the 

olefi n, bringing them close enough to pair 

up. When they do so, they form styrene, the 

building block of polystyrene plastics. The 

reacting molecules kick the bromine out into 

solution and send the palladium on its way 

to orchestrate another hookup. In the late 

1970s, Japanese-born Negishi, who spent 

the bulk of his career at Purdue University in 

West Lafayette, Indiana, and Suzuki, of Hok-

kaido University in Sapporo, Japan, modi-

fi ed the approach, adding different tagging 

atoms as well as metals to tailor the reaction 

to make other organic compounds.

Today, the three approaches are col-

lectively known in chemistry parlance as 

“palladium-catalyzed cross-coupling reac-

tions,” and they continue to grow more popu-

lar. “Of all methodologies developed over the 

past 50 years, it is safe to say that palladium-

catalyzed cross-coupling methodologies 

have had the biggest impact on how organic 

compounds are made,” says Eric Jacobsen, 

an organic chemist at Harvard University. 

“Cross-coupling methods are now used in 

all facets of organic synthesis, but nowhere 

more so than in the pharmaceutical industry, 

where they are used on a daily basis by nearly 

every practicing medicinal chemist.” 

As a result, Jacobsen and other chemists 

say they were not surprised by the award. “It 

was just a matter of time for this chemistry 

to be recognized,” says Joseph Francisco, a 

chemist at Purdue University and the pres-

ident of the American Chemical Society. 

Jacobsen says the Nobel Committee could 

have also chosen any of a few other cross-

coupling pioneers, such as Barry Trost of 

Stanford University. But Nobel rules limit 

the committee to picking no more than 

three recipients. “I think they got it right,” 

says Jeremy Berg, who heads the National 

Institute of General Medical Sciences in 

Bethesda, Maryland.

For Negishi in particular, the prize is a 

dream come true. After immigrating to the 

United States from Japan, Negishi says he 

had the opportunity to interact with several 

Nobel Laureates while studying at the Uni-

versity of Pennsylvania. “I began dreaming 

about this prize half a century ago,” Negishi 

says. At a press conference televised in Japan, 

Suzuki said he hopes his work will have a sim-

ilar effect on the next generation. “Japan has 

no natural resources. Knowledge is all we’ve 

got,” Suzuki says. 

–ROBERT F. SERVICE

With reporting by Dennis Normile in Tokyo.

relatively simple calculations involved in 

determining how neighboring atoms in a 

protein interact. By speeding computa-

tions, Shaw says, Anton has run all-atom 

simulations 100 times longer than general 

purpose supercomputers can. In the current 

study, for example, Shaw and his colleagues 

were able to track 13,564 atoms, compris-

ing a relatively small protein and surround-

ing water molecules, long enough to see the 

protein fold and unfold repeatedly. 

Like all supercomputers, the Anton used in 

the current study still has its limits and can’t 

run such lengthy simulations of very large 

proteins. But Shaw says 

he and his colleagues are 

already making progress on 

that. In addition to build-

ing 11 supercomputers 

incorporating 512 custom-

designed computer chip 

cores, or nodes—Shaw 

donated one to the National Resource for 

Biomedical Supercomputing in Pittsburgh, 

Pennsylvania—Shaw’s team has built a 1024-

node machine and one with 2048 nodes. The 

larger machines, he notes, are more effi cient 

tracking the motions of larger proteins. More-

over, Shaw says his team is already building 

successors to Anton, using the next genera-

tion of chip technology to burn through cal-

culations signifi cantly faster. And Shaw says 

he’s happy to be back in the thick of a knotty 

intellectual challenge: “I love this. It’s just the 

most fun I’ve ever had. It’s very satisfying.” 

–ROBERT F. SERVICE

Custom job. By speeding cal-
culations, this Anton super-
computer can run all-atom 
simulations (inset) 100 times 
longer than can general pur-
pose supercomputers.
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AFTER KENNETH PREWITT WAS DISMISSED 
this summer from jury duty, the former 
director of the U.S. Census Bureau assumed 
that he wouldn’t have to perform this par-
ticular civic responsibility again for another 
4 years. But the jury foreman had a surprise: 
New York uses various government data-
bases to form its pool of potential jurors, 
and Prewitt’s name was listed four separate 
times. For legal reasons, those public agen-
cies can share only small amounts of per-
sonal data, making it impossible to deter-
mine how many Kenneth Prewitts actually 
lived in the city.

For Prewitt, a professor of public affairs 
and vice-president for Global Centers at 
Columbia University, the ambiguity meant 

that he could be called again for jury duty 
any day. But it also highlights a bigger 
problem for the agency he once headed as 
it struggles to meet its constitutional man-
date to conduct a decennial nose count of 
the nation. The 2010 census that’s wind-
ing down will cost U.S. taxpayers $13 bil-
lion, a fi gure that has roughly doubled each 
of the past two censuses. That staggering 
sum—it’s the most expensive census in the 
world—has prompted policymakers to ask 
if there are cheaper and better ways for the 
Census Bureau to do its job. For instance, 
why not tap into the vast amount of digital 
data on U.S. residents already being col-
lected by various state and federal agencies 
and sitting in computers?

But Prewitt’s expe-
rience shows that using 
digital data is not as 
straightforward as it 
would appear. It also 
suggests that the Cen-
sus Bureau must be very 
careful if it decides to 
rely on it in the future. 
For starters, a census 

Can the Census 
Go Digital?
Technology seems like an obvious remedy for soaring costs and 

privacy concerns. But demographers say the cure to what ails 

the U.S. census isn’t nearly that simple

NEWSFOCUS

Cold hard data. Direc-

tor Robert Groves greets 

local officials in Noor-

vik, Alaska, to kick off the 

2010 census.

can’t err on the side of counting someone 
four times. Data from government agen-
cies also contain more mistakes about indi-
vidual characteristics—age, race, sex, and 
so on—than a census can tolerate. In addi-
tion, few databases come close to delivering 
the universal coverage the decennial census 
demands.

What’s more, there are no obvious tech-
nical fi xes to these problems. Part of the rea-
son is the dearth of research on the topic. 
Few demographers have access to these 
databases to examine these questions. And 
when they do, the research is very expensive 
because they must sort through enormous 
volumes of complicated data.

U.S. demographers aren’t alone in feel-
ing pressure to come up with a better cen-
sus. In July, the newly elected coalition gov-
ernment in the United Kingdom announced 
that it might scrap the 2021 census to save 
money. (The upcoming 2011 census will 
cost £480 million.) A few weeks before, 
Canadian Prime Minister Stephen Harper 
decreed that the long form to be used in 
the 2011 census would be voluntary rather 
than mandatory. Harper never consulted his 
statistics bureau, Statistics Canada, before 
making the announcement, which he said 
was being done in response to privacy con-
cerns. Canada’s chief statistician resigned 
in protest, noting that a voluntary question-
naire would generate results incompatible 
with those of previous censuses even if the 
response rate is the same, because the vol-
unteers won’t be representative of the entire 
country. “Censuses around the world are 
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Soap or Census?

While response rates to population surveys like the census have been sledding downhill for 
decades, the average person seems less guarded than ever about airing personal details. As Alan 
Zaslavsky, a health statistician at Harvard Medical School in Boston, puts it, “People provide vast 
amounts of information about themselves online. They’ll fi ll out a form for a coupon for a $2 box 
of soap and [provide] about as much as the Census Bureau asks for.”

Is Zaslavsky just engaging in hyperbole, or will 
people really out themselves for nominal discounts 
on lavatory cleansers? The answer seems to be yes.

The census short form asks for a person’s name, 
date of birth, gender, housing status (own or rent), 
phone number, address, and race—plus details 
about those who live with him or her. An online form 
from Proctor and Gamble promising $1 off Dawn 
dish soap asked pretty much the same things: name, 
date of birth, gender, phone number, and address. 
Scoring an Oil of Olay coupon requires dishing up 
those details, too.

Neither of those soaps ask for racial data. But an 
online survey for Tide laundry soap—after pages of 
interrogating your laundry habits and exact level of 
awareness of Tide products—does indeed ask for 

race. And really, there’s no reason to pick on soaps. Getting a deal on toiletries or anything 
else online probably requires trading demographic data. (And at least the census doesn’t 
require e-mail addresses on top of everything else, with invitations to join special census dis-
count clubs.)

This survey of consumer data-gathering was of course unscientifi c. But in a way, that’s the 
point: Even a cursory look around cyberspace suggests that Zaslavsky is more right than wrong. 
When it comes to soap or the census, the people choose soap. –S.K.

having a hell of a time fi guring out a design 
that will guarantee high levels of data qual-
ity but keep costs low,” Prewitt observes.

U.S. Census Director Robert Groves 
has ordered the bureau to determine how a 
2010 digital census might compare to the 
real one. Although results won’t be available 
for at least 2 years, Groves already knows 
one thing: “I could not guarantee that, if we 
wanted a 2011 census and we assembled the 
information from administrative records, 
that we could do as good a job.”

Digital divide
The future of the census isn’t simply a 

concern for government bureaucrats. Its fate 
affects researchers across many fi elds. Cen-
sus results are used by public health offi -
cials to study the quality of medical care, 
by economists to study the economy, and 
by epidemiologists to determine how com-
mon diseases are. As Nancy Krieger, a social 
epidemiologist at Harvard School of Pub-
lic Health in Boston who uses census data 
in her research, says, even “to determine if 
heart disease mortality is going up or down, 
or breast cancer rates are going up or down, 
without census [population] data you have 
a problem.”

While it’s not clear that the United States 
can run a wholly digital census, here’s what 
one might look like. A few months before-
hand, the Census Bureau would send work-
ers out with hand-held electronics to update 
its master address fi le of all domiciles in the 
country. These devices would have built-
in GPS maps to avoid the need for expen-
sive printed ones, and their ability to record 
information digitally right away would help 
avoid problems that arise when blackened 
bubbles don’t (for whatever capricious rea-
son) upload into computers correctly.

The census itself would likely follow 
one of two tracks. Under one scheme, peo-
ple would be directed to Web sites to enter 
details like name, age, and race. That online 
process would be far more efficient than 
having the bureau scan mailed-in question-
naires. Respondents could instantly request 
a form in another language, too, a feature 
likely to improve the response rate for recent 
immigrants, a diffi cult group to tally. Elec-
tronic programs would also prompt people 
to change nonsensical answers—can some-

one born in 2003 really be married?—and 
correct any arithmetic mistakes.

At this point, the census would have gath-
ered information on most people. Instead of 
sending workers out to knock on doors to fi ll 
in the gaps, the census would mine govern-
ment databases to fi ll in gaps and check a 

respondent’s answer if it didn’t make sense. 
This would be especially helpful in places 
like Alaska, where such follow-up activities 
can be extremely expensive because of the 
need to fl y around the state. The bureau might 
still deploy workers with hand-held devices, 
but far fewer than before. And the hand-helds 
could be updated in real time, for example, to 
cancel a visit to someone whose form arrived 
after the tardy list was compiled.

As a second option, the bureau could 
decide to use administrative records as the 
census itself. Alan Zaslavsky, a health statis-
tician at Harvard Medical School in Boston 
who has advised the Census Bureau, esti-
mates that digital records could gather up to 
90% of the data needed without asking any-
one any questions. In this case, the Internet 
form and personal follow-ups would only 
clear up records with fl aws or ambiguities. 
(The bureau already uses administrative 
data for between-census updates, but these 
updates use offi cial census data as a baseline 
and merely adjust fi gures up or down.)

However, each step in a digital census 
would have to overcome serious techni-
cal, statistical, or political obstacles. For 
instance, the planned transition to hand-held 

electronics for the 2010 U.S. census turned 
into a costly mess. Forced to buy equip-
ment years in advance because of the exten-
sive preparation time needed, the bureau 
was stuck with somewhat outdated technol-
ogy that was slow to upload data and froze 
frequently. The problems were exacerbated 
when offi cials tried to add new features to 
the devices, like one critical “dashboard” 
interface, after conducting a full-scale dress 
rehearsal in 2007. 

The census f inally abandoned the 
devices for most 2010 f ieldwork and 
reverted to pencils and paper. As for how 
much the botched effort cost, the bureau 
says it spent an extra $1.4 billion it received 
to pay for the transition back to paper and 
other increased costs.

Prewitt also questions how much money 
would actually be saved by converting to 
online response forms. For example, tying 
someone to an address—so that Jane Q. Public 
in Hawaii can’t get online and claim she lives 
in Maine—the Census Bureau would have to 
mail postcards with unique ID numbers to all 
addresses in the U.S. anyway.

There’s a more fundamental problem 
facing the census that online forms prob-
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ably wouldn’t address: decreasing response 
rates. As with most censuses, there are two 
parts to the U.S. tally. The short form, which 
goes out every 10 years to every household, 
asks about age, race, and other basic demo-
graphic characteristics. A longer version, 
which seeks details about housing, trans-
portation, and other issues, is sent to a much 
smaller population. In the United States, the 
American Community Survey is conducted 
monthly and reaches 3 million households a 
year (Science, 9 April 2010, p. 158).

There’s only so much the Census Bureau 
can do to encourage participation. Despite 
spending $370 million to publicize this year’s 
census—and despite the fact that failure to 
participate is illegal and subject to a fi ne of up 
to $100—only 72% of the 2010 census forms 
were returned. The rate dipped below 20% in 
a few rural U.S. counties. Zaslavsky suspects 
that people are so bombarded with informa-
tion nowadays that it is simply easier than in 
the past to blow off the census, no matter the 
medium. Paradoxically, people seem gener-
ally less guarded about providing information 
than ever before (see sidebar, p. 311).

Using administrative records would side-
step the low response rates, to be sure. But 
whacking this mole only causes others to 
pop up. The Internal Revenue Service (IRS), 
which has the most promising database 
because of its wide coverage, often takes a 
year to process data. That’s a nonstarter for 
the census, which must report to the presi-
dent by December of each census year. 
(Using 2019 IRS data for the 2020 census is 
not an option, either, as it would miss anyone 
who moved in the intervening year.)

Demographers worry even more about 
the accuracy of administrative data. The IRS 
might not know if it had someone’s address 
or age wrong, for instance. Gathering accu-
rate racial data would be even trickier, says 
John Czajka, a statistician at the think tank 
Mathematica Policy Research Institute, 
who has done research on incorporating 
government data into the census. Federal 
law requires the census to collect race sta-
tistics to monitor (non)compliance with the 
Voting Rights Act and Civil Rights Act. But 
few other agencies do. The other major one 
that does, Czajka notes, is the Social Secu-
rity Administration, which began collecting 
it in the pre–Civil Rights era, when racial 
classifi cations were cruder.

Another problem is that the census would 
need to supplement federal data with infor-
mation collected by local agencies, like 
those that issue food stamps or birth certifi -
cates. These systems are generally not com-
parable across all 50 states, Czajka says. For 
instance, he has found strong evidence in his 
research that local offi ces in different areas 
that perform the same function will tabulate 
race in different ways. So there is often no 
consistent methodology for gathering such 
data, making it useless for a census.

Even if data from other agencies are 
trustworthy, demographers worry that 
it may be patchy. The IRS, for example, 
would have little data about people who pay 
no taxes (e.g., many students and the very 
poor), and agencies for education or hous-
ing would have similar blind spots.

Those blind spots come on top of the 
existing shortcomings of most censuses. 

Many undercount immigrants and minori-
ties, especially the urban poor. (Demogra-
phers learned this by borrowing a trick from 
ecologists, called capture-tag-recapture, in 
which they interview people in urban neigh-
borhoods, then return to see how many of the 
same people they meet again.) But demo-
graphers have studied these shortcomings 
for decades and can at least correct the 
biases. With administrative data, no one yet 
knows how to quantify the biases.

The nation’s denominator

Some European countries, including Swe-
den, the Netherlands, and Denmark, have 
met these challenges by forming a strong 
central registry that collates data from other 
agencies and keeps a master fi le on each 
person. Demographers salivate over these 
registries—not only because they make 
population counts much easier, but because 
they offer enhanced research opportunities.

“I’m jealous as can be of what the Nordic 
countries do with their data,” says Michael 
Marmot, an epidemiologist at University 
College London who has worked on popu-
lation data with the World Health Organiza-
tion. He’d like to see the United Kingdom 
build a registry and then compare it to the 
results of a traditional 2021 census. If the 
registry looks accurate, he says he would 
feel comfortable letting the census die.

Setting up such a registry would be polit-
ically unpopular in many Western nations, 
however. Requiring residents to notify the 
government every time they move or change 
jobs “might be regarded as extreme,” says 
Ivan Fellegi, the longtime head of Statistics 
Canada who retired in 2008. In fact, those 
privacy concerns led the U.K. government 
recently to scrap its plans for a national ID 
system, a necessary precursor to a regis-
try. Echoing those concerns, in August the 
Republican National Committee passed a 
resolution comparing the census to “a scam 
artist … asking very personal questions and 
using fear of penalties to manipulate the 
respondent to answer.”

While political leaders debate the future 
of the census, scientists who rely on its data 
sit and wait, hoping that budget cuts or 
changes in methodology won’t unravel their 
research. Even simple measures of public 
health become fraught to calculate when 
census error bars expand. Says Krieger, 
“Whenever you have a rate of disease or 
mortality, it’s always a numerator divided by 
a denominator. And in the U.S. the denomi-
nator for mortality rates and many disease 
rates comes from the census.”

–SAM KEAN C
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Living proof. Census work-
ers began using GPS devices 

in March 2009 to update 
the bureau’s address list.
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QINGHAI LAKE, CHINA—The lake glitters 

like a sapphire under a blue sky as birds cir-

cle near the shore. On the rocky beach, two 

researchers are tying a GPS transmitter to the 

back of a small gray duck. They will track 

its migration by satellite, part of a series of 

investigations that began after highly patho-

genic avian infl uenza (H5N1 subtype) fi rst 

swept the region in 2005.

The studies aim to pinpoint the viral reser-

voir and the role that wild birds play in trans-

mission. “The lake has attracted the whole 

world’s researchers to keep a close eye on 

it,” says He Yubang, vice director of Admin-

istration of Qinghai Lake Chinese National 

Nature Reserve. No reservoir has yet been 

found, but transmission routes have come 

into clearer focus.  

The emergence of H5N1 was a disaster 

for wildlife and humans alike. Since 2003, 

H5N1 has killed 300 people, including 18 so 

far this year, according to the World Health 

Organization. More than 250 million infected 

domestic poultry have been culled, and thou-

sands of wild birds have been felled. In 2005 

alone, more than 6000 wild birds at Qinghai 

Lake died, “the single largest H5N1 wild bird 

mortality event that has ever occurred,” says 

Scott Newman, an animal health offi cer for 

the UN Food and Agriculture Organization 

(FAO) in Rome. 

H5N1 was fi rst isolated in 1996 from a 

domestic goose in China’s Guangdong Prov-

ince. The next year, the virus spread to people 

in Hong Kong. After laying low, H5N1 fl ared 

in 2004 in several Asian nations. It kills about 

60% those infected but does not spread eas-

ily from person to person. The virus has been 

held in check by poultry vaccination and bet-

ter husbandry, but 16 countries, including 

China and Romania, have reported H5N1 out-

breaks in poultry so far this year. A constant 

worry is that the virus will mutate into a more 

transmissible form among humans.

Because Qinghai Lake sits within 

the eastern portion of the Central Asian 

Flyway—which reaches from India and Ban-

gladesh to Russia—some experts suspect it 

is a focal point of viral transmission. Others 

question whether wild birds play a major role 

in H5N1 dispersal, suggesting that the virus 

spreads primarily among poultry (Science, 

21 October 2005, p. 426). To date, all human 

cases but one have been associated with expo-

sure to poultry or found on farms. Research-

ers now believe that wild waterfowl on the 

eastern portion of the Central Asian Flyway 

help spread H5N1 into Mongolia each spring 

as they move across the Qinghai-Tibetan pla-

teau to the north and east, says Newman. The 

role of wild waterfowl on the other major fl y-

way is less certain.

Poultry production is on the rise in Asia, as 

are farming, trade, and the mixing of wild and 

domestic birds. “All of them are increasing the 

opportunities for viral transmission and per-

sistence,” says Xiao Xiangming, a landscape 

ecologist and remote sensing expert at the 

University of Oklahoma, Norman.

Every summer, more than 100,000 migra-

tory birds descend on Qinghai Lake, China’s 

largest inland body of salt water. Half the 

birds that died here in 2005 were bar-headed 

geese (Anser indicus), says Lei Fu-Min, 

an ornithologist at the Institute of Zool-

ogy of the Chinese Academy of Sciences. 

Yan Baoping, chief engineer at the Computer 

Network Information Center in Beijing, led 

an academy team that set up a monitoring 

network after the die-off. The next year inter-

national scientists joined the effort. To date, 

the team led by FAO and the U.S. Geological 

Survey has tracked more than 525 waterfowl 

from 24 species in 11 countries. 

In the past 5 years, the involvement of 

wild birds has become clearer, Lei says. 

“The H5N1 strains from wild birds that 

subsequently arrived in Asia and Eastern 

Europe were most like the H5N1 strains of 

Qinghai Lake,” far from large poultry farms, 

he says. GPS data on migration paths are 

now being used for the fi rst time to explore 

the relationships between different groups 

of birds and their interactions with domes-

tic fowl, says Diann Prosser, a biologist at 

USGS’s Patuxent Wildlife Research Center 

in Beltsville, Maryland. This year, she says, 

researchers learned that the majority of bar-

headed geese tagged at Qinghai spend their 

winters in the Lhasa region of Tibet, south 

of the lake. These wintering grounds have 

domestic poultry and captive bar-headed 

goose farms—and H5N1 outbreaks have 

been reported there, suggesting a path for the 

virus to move from captive to wild birds.

Southeast of Lhasa, the ruddy shelduck 

may help explain the virus’s spread, says John 

Takekawa, an ecologist at USGS’s Western 

Ecological Research Center. In autumn and 

winter the ducks gather at Poyang Lake in 

the lower reaches of the Yangtze River within 

the East Asia Flyway (Science, 23 October 

2009, p. 508). Qinghai strains can be traced 

to one early strain from Poyang based on the 

genomic analysis, Lei said. But recent work 

suggests that the viral reservoir may lie far-

ther to the north, in Siberia—an area shared 

by both major Asian fl yways—or that another 

as-yet-unstudied migratory bird may be car-

rying the virus from lake to lake. Since 2006, 

Xiao has led an international team to develop 

an early-warning system for H5N1 in Asia, 

focusing on agricul-

tural and ecological 

risk factors.

Researchers need 

a better understand-

ing of wild bird dis-

tribution, habitat 

use, and daily move-

ments ,  Newman 

says. And the human 

role—including population growth and 

urbanization—must be better accounted for, 

says Takekawa. Why some people exposed 

to the virus become infected and others do 

not “is still an unsolved question,” says Shu 

Yuelong, director of the National Infl uenza 

Center of the Chinese Center for Disease 

Control and Prevention. China has launched 

a nationwide monitoring network to check 

poultry markets for H5N1. That’s a good 

start, but what’s needed is a global network, 

says Shu. It must get started now, he says, 

“without delay.”  –LI JIAO

Li Jiao is a writer in Beijing.

In China’s Backcountry, 
Tracking Lethal Bird Flu
Five years after fl u devastated wild birds in China, researchers have confi rmed one 

likely transmission route

Z O O N O S E S

Mixing bowl. Scientists track birds entering and 

leaving Qinghai Lake with GPS transmitters.

Published by AAAS
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In the early 1990s, Mark Davis’s career was 

thriving. As a chemical engineer at the Cal-

ifornia Institute of Technology (Caltech) in 

Pasadena, Davis pioneered work on cata-

lysts called zeolites. Then in 1995, his wife, 

Mary, was diagnosed with breast cancer and 

his research interests took a sharp turn.

After a mastectomy, Mary’s oncologist 

recommended chemotherapy with a medi-

cine nicknamed the Red Death because its 

toxic side effects are so debilitating. The 

surgery and medication worked: Mary’s 

cancer is in remission. During a treatment, 

she made an offhand comment to Mark 

that there had to be a better way to design 

chemotherapy drugs so others wouldn’t have 

to endure what she had to go through. He 

took the comment to heart and in 1996 turned 

part of his lab over to engineering nano-

particles to ferry toxins into tumor cells 

before they release their cargo. Now, 14 years 

later, one of Davis’s compounds has been 

picked up by a Cambridge, Massachusetts–

based company called Cerulean Pharma that 

is now in the middle of a midstage clinical 

trial to measure its safety and establish doses 

for combating various cancers.

Davis’s novel nanoparticle-based medicine 

is not the only one under development. After 

many years of studies with cell cultures and 

animals, nearly a dozen nanoparticle-based 

drugs are in clinical trials, most of which 

aim at treating or diagnosing cancer. Many 

other compounds are progressing through 

preclinical studies and are nearing human 

trials. “There is a continuous pipeline” with 

numerous nanomedicine compounds at each 

stage of development, says Piotr Grodzinski, 

who directs the National Cancer Institute’s 

Alliance for Nanotechnology in Cancer in 

Bethesda, Maryland. Grodzinski, Davis, 

and others underscore that it will require 

several more years of testing to deter-

mine whether the compounds are safe and 

effective. However, Davis says, “I’m very 

optimistic. I think the potential is very high 

to have some good results.”

That would be welcome news in the fi ght 

against cancer. Despite a decades-long “war” 

on the disease, the number of people diag-

nosed remains stubbornly high. In the United 

States alone, more than 1.3 million people 

this year will be diagnosed with cancer, and 

more than 550,000 will die from it. Overall, 

the rate of death among those who contract 

cancer has barely changed since 1950. There 

has been progress, Grodzinski acknowledges. 

Researchers know far more about the myriad 

different tumor types and about molecular 

hallmarks of some forms of the disease, and 

few novel treatments have earned widespread 

attention. Still, today most cancers are treated 

with the same blunt instruments of surgery, 

radiation, and harsh chemotherapy that 

oncologists have wielded for decades. And 

of the chemotherapies available to patients, 

many are as toxic to normal cells as they are 

to cancer cells.

Nanomedicines have the potential to 

change that, Grodzinski says, because unlike 

traditional medicines they can be engineered 

to optimize several different functions. To 

treat cancer, a medicine must not only kill 

tumor cells but also be soluble in water in 

order to travel through the bloodstream; it 

must evade immune cell sentries and avoid 

being cleared out by the liver or kidneys; and 

it must fi nd its targets. Traditional medicines 

have to build all these functions into single 

molecules. Nanomedicines, by contrast, can 

divide them among different components. 

Particle surfaces can be tailored for solubil-

ity, friendliness to immune cells, and target-

seeking ability, while the particles’ cargoes 

can be tailored to kill tumor cells.

That was the hope, anyway, more than a 

decade ago when Davis and other research-

ers f irst looked into nanoparticle-based 

medicines. The field received widespread 

hype early on, and a handful of compounds 

made it all the way to market. In 2005, for 

example, the U.S. Food and Drug Adminis-

tration approved Abraxane for treating met-

astatic breast cancer. The compound is sim-

ply a conventional anticancer compound 

called paclitaxel—better known by its trade-

marked name, Taxol—linked to a common 

blood protein called albumin. The albumin 

shields the paclitaxel, increasing its solu-

bility and circulation time and giving it a 

greater chance of winding up in tumor cells. 

In addition to proving effective in fi ghting 

metastatic breast cancer, Abraxane is now in 

a phase III clinical trial for treating advanced 

lung cancer and in phase II trials against pan-

creatic cancer and melanoma. A handful of 

other compounds, packaged in lipid ves-

sels called liposomes or combined with bio-

friendly polymers, have also made it to mar-

ket. Those successes have the fi eld booming. 

Grodzinski says more than 50 companies are 

developing nanoparticle-based medicines as 

diagnostics and treatments for cancer alone; 

34 of them formed in the past 4 years.

Most early successes have been very 

simple drug carriers; many next-generation 

nanoparticles are more complex. In Decem-

ber, for example, Bind Biosciences in Cam-

bridge, Massachusetts, expects to launch a 

phase I clinical trial of nanoparticle carri-

ers made from a trio of biodegradable poly-

mers abbreviated PLA, PLGA, and PEG. 

PLA and PLGA are the polymers currently 

Nanoparticle Trojan Horses Gallop 
From the Lab Into the Clinic
Experimental cancer treatments aim to deliver toxic medicines to cells inside packages 
that protect normal tissues and evade the body’s immune system

N A N OT E C H N O LO G Y

On target. Red blood cells (yellow) ferry nano-
particles (red) containing a chemotherapy drug 
to tumor tissue (green) in a mouse. Nanoparticles 
shield normal cells from chemotherapy toxins and 
deliver higher doses to tumors.

Published by AAAS
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used to make biodegradable sutures; PEG 

helps shield the particles from being recog-

nized and cleared by immune cells. The com-

bination was originally developed by Robert 

Langer, a chemical and biomedical engineer 

at the Massachusetts Institute of Technol-

ogy, and colleagues. In recent work, Langer’s 

team incorporated the anticancer compound 

docetaxel into the PLGA polymer matrix 

and added a targeting molecule that seeks 

out prostate-specific membrane antigen, a 

protein expressed on the surface of prostate 

cancer cells and other types of solid tumor 

cells. According to Bind’s CEO Scott Minick, 

animal trials showed that the combination 

of the targeting compound and slow release 

of the docetaxel by degrading nanoparticles 

increases the tumor cell concentration of the 

anticancer drug 20-fold over docetaxel pack-

aged in conventional liposomes. Moreover, 

Langer notes that the byproducts of the poly-

mer are lactic acid and glycolic acid, naturally 

occurring substances safe to the body.

Other groups are working on variations 

on the strategy. Davis’s and Cerulean’s parti-

cles, for example, are engineered 

to degrade over time while leav-

ing their building blocks intact. 

The shell of the particles, Davis 

explains, is made from sug-

ars called cyclodextrins coated 

with PEG. These sugars contain 

hydroxyl groups that bind readily with water, 

making them—and the particles—highly sol-

uble. But once they are inside tumor cells, the 

acidic environment there breaks the cyclo-

dextrin particles and PEG apart, releasing an 

anticancer compound called camptothecin. 

The remaining fragments of the cyclodextrin 

are small enough to be cleared by the cells 

and the kidney. In August, at the American 

Chemical Society meeting in Boston, Ceru-

lean researchers reported that initial results 

from a phase I trial showed that patients tol-

erated the compound well, and in several 

patients with advanced, progressive cancer, 

the disease stabilized for more than 6 months. 

Those results are encouraging, says Ceru-

lean’s senior vice president for research and 

business operations, Alexandra Glucksmann, 

because previous trials showed that giving 

patients camptothecin alone was too toxic. 

“This gives us the opportunity to rescue drugs 

that have failed before,” Glucksmann says.

Nanoparticles are also being harnessed for 

less-traditional therapies. Numerous teams 

are using them to package tiny snippets of 

specifi c RNA molecules, in the hope that they 

can enter tumor cells and kill them by bind-

ing to the cells’ own RNA molecules required 

for building essential proteins. This strategy, 

known as antisense, became a white-hot fi eld 

in the early 2000s, when numerous teams 

developed antisense RNAs to block proteins 

critical to a variety of diseases. Numerous clin-

ical trials using this strategy to kill cancer cells 

failed, however, primarily because researchers 

injected antisense RNA directly into patients’ 

bloodstreams, where it was 

quickly chopped up by enzymes 

and cleared. “For RNA, nanoparti-

cles are enabling, because delivery 

is such a key issue,” Langer says.

An early clinical trial under-

scores this hope. In the 15 April 

issue of Nature, Davis and researchers at 

Calando Pharmaceuticals in Pasadena, Cali-

fornia, and several other institutions reported 

the fi rst results from an initial human clini-

cal trial with nanoparticles packed with RNA 

designed to target melanoma tumor cells and 

interfere with critical protein production. The 

RNA-packed nanoparticles readily penetrated 

tumor cells, where they blocked the RNA tar-

get for a gene called RRM2 that cancer cells 

need to multiply. The trial wasn’t intended to 

gauge the particles’ effi cacy, but Davis says 

the early results look promising.

A very different approach to making 

nanoparticles may also soon revolutionize the 

way common vaccines are made and deliv-

ered. The work builds on progress by Joseph 

DeSimone and colleagues at the University 

of North Carolina, Chapel Hill, in using com-

puter chip manufacturing techniques to make 

nanoparticle medicines. DeSimone’s group 

came up with a sort of nano–cookie cutter 

approach to mold virtually any organic com-

pound into nanoparticles of whatever size, 

shape, and stiffness they want. Along the way 

they found that making such changes yielded 

big results. Stiff nanoparticles injected into 

animals, for example, are cleared within as 

little as 2 hours. But soft, fl exible ones circu-

late for 93 hours. Similarly, cylindrical par-

ticles have a knack for getting inside cells far 

more readily than spheres do. In animal stud-

ies, DeSimone says, as many as 15% of the 

particles they inject can fi nd their way inside 

tumor cells, compared with about 5% for con-

ventional spherical liposomes.

DeSimone recently launched a company 

called Liquidia to commercialize the technol-

ogy. Liquidia is working to deliver particles 

packed with anticancer drugs and RNA. But 

in an initial clinical trial, likely to begin later 

this year, the company intends to deliver par-

ticles shaped like pathogenic bacteria to carry 

infl uenza proteins already used in vaccines. 

Animals injected with pathogen-shaped 

particles produce antibody titers as much as 

10 times as high as animals dosed with con-

ventional vaccines, DeSimone says. Work-

ing with flu proteins that are already part 

of conventional vaccines could also help 

Liquidia get its initial vaccines to market 

more quickly. “We think it’s just a beach-

head” and that many other products will soon 

follow, DeSimone says. –ROBERT F. SERVICE

Some Nano-Oncology Drugs in Clinical Trials

Cerulean Pharma Cyclodextrin NPs/Camptothecin Various cancers Phase 2

Calando Pharmaceuticals Cyclodextrin NPs/siRNA Solid tumors Phase 1

Alnylam Pharmaceuticals Lipid NP/siRNA Liver cancer Phase 1 

BIND Biosciences PLGA/PLA NPs/Docetaxel Prostate cancer and others  Phase 1, Dec. 2010

Memgen Adenovirus NPs/Tumor necrosis Chronic lymphocytic leukemia Phase 1

 Factor (TNF)

CytImmune Sciences Gold NP/TNF Solid tumors Phase 1

Nanospectra Biosciences Gold-coated silica NPs Head and neck cancer Phase 1

On trial. Several fi rst-generation nanomedicines have already made it to market. Now, more than 50 companies are working to bring second-generation 
nanomedicines to market. A dozen such nanoparticles (NPs) are in clinical trials, most for treating, imaging, and diagnosing cancer. 

COMPANY  AGENT INDICATION  STATUS
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Machine Science: Truly 

Machine-Aided Science
THE PERSPECTIVE BY J. EVANS AND A. 

Rzhetsky (“Machine science,” 23 July, p. 399) 

implies that the next Einstein could be a com-

puter. During the past centuries, the episte-

mological debates on the scientifi c trends and 

revolutionary aspects in the scientifi c break-

throughs of every century showed the central-

ity of the investigators and their impressive 

capabilities (and sometimes their luck). The 

use of computer-aided simulations and analy-

sis has been an important part of modern 

science; technological developments have led 

to shorter computational times and the oppor-

tunity for scientists to develop an increas ed 

number of simulations, mathematical 

models, and scientifi c calculi. 

However, despite the effectiveness of 

computer tools, the centrality of the research-

ers has not changed in science. Scientists 

defi ne the computation of models, the analy-

sis of data, and the validation of scientifi c 

hypotheses, as well as the guidelines for ad 

hoc software and large-scale computations. 

Technology is a useful tool for the scientists, 

but it cannot solve open problems such as the 

Riemann Conjecture.

“Machine science” could 

more accurately be consid-

ered “machine-aided science.” 

Science will not fundamen-

tally change until a machine 

can produce results or solve 

open problems without human 

direction. The Perspective 

describes our current scientifi c 

methodology, not the beginning of a new sci-

entifi c era. FRANCESCO GIANFELICI

Department of Health Science and Technology, Faculty of 
Engineering, Science, and Medicine, Aalborg University, 
Fredrik Bajers Vej 7E-4, DK-9220 Aalborg E, Denmark. 
E-mail: frgianf@hst.aau.dk

Machine Science: 

What’s Missing

MUCH IS MISSING IN J. EVANS AND A. 
Rzhetsky’s Perspective “Machine science” 

(23 July, p. 399), which needs to be placed 

within a broader understanding of scien-

tifi c practice. Recent discussions of data-

driven science are misrepresented. Far from 

“conjectur[ing] that hypotheses are obso-

lete,” Golub writes that “hypothesis-driven, 

experimental research should remain cen-

tral” (1), and we write that “hypothesis gen-

eration and testing are important to science 

at many points in a wider topography of 

inquiry” (2). Leroy Hood, a proponent of 

Machine Science: The Human Side
J. EVANS AND A. RZHETSKY (“MACHINE SCIENCE,” PERSPECTIVES, 23 
July, p. 399) misrepresent the crucial role played by humans in using 

computational tools for automated hypothesis generation. There is 

no doubt, as they argue, that text mining software and networks of 

concepts such as those captured by bio-ontologies greatly increase 

researchers’ ability to mine huge masses of data, compare concepts 

used across scientifi c fi elds, and, ultimately, generate new hypotheses 

(1, 2). However, both the development and the effective use of these 

tools are strongly dependent on researchers’ understanding of their sci-

entifi c fi elds and the data being mined. 

For instance, building bio-ontologies that adequately represent the 

concepts and relations used within specifi c communities requires huge 

efforts of curation (3, 4). In turn, for researchers to use such ontologies 

for the purposes of discovery, they must understand how the ontolo-

gies were constructed and the choices curators have made in selecting 

the relevant structures and concepts (5). Without such understanding, 

researchers are likely to misclassify or misinterpret results. It is thus 

misleading and unhelpful to equate the effective use of computational 

tools with the ideal of full automa-

tion, as Evans and Rzhetsky have 

done. Rather, researchers using 

computational tools should be as 

aware as possible of the human 

interventions and assumptions built 

into those systems, so as to be able to interpret the biological signifi -

cance of results obtained through these tools and, when needed, to 

challenge and/or update the assumptions that they incorporate. 
SABINA LEONELLI

ESRC Centre for Genomics in Society, University of Exeter, EX4 4PJ Exeter, UK. E-mail: 
s.leonelli@exeter.ac.uk 
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discovery science, also acknowledges the 

role of “high-quality hypothesis-driven 

biology” (3). These sources and many oth-

ers emphasize iterative feedback between 

hypothesis testing and a broader process of 

data-driven, technology-oriented, question-

forming and generally “exploratory” inquiry, 

which provides the very context for ongoing 

hypothesis formulation and testing (2).  

By focusing on the computational gen-

eration and selection of simplifi ed lego-like 

hypotheses, Evans and Rzhetsky rip scientifi c 

practice out of this context. Even the simplest 

hypotheses are generated within a complex 

system of not only discovery-oriented activ-

ities, but also human actors with intuition 

and expertise, disciplinary traditions, social 

norms, funding structures, and anticipation 

of future research directions. The specific 

modes of research that are most appropriate, 

and the iterative relationships between those 

modes, will vary according to these contextual 

factors. Automated analysis can indeed be 

useful, but many of the most interesting sci-

entifi c questions involve determining the cir-

cumstances under which such analysis works 

best and how discovery-oriented research 

modes intersect with other modes, including 

hypothesis testing. Machine science misrep-

resents and misleads when removed from this 

multidimensional understanding of practice.
CHRIS HAUFE,1* KEVIN C. ELLIOTT,2 

RICHARD M. BURIAN,3 MAUREEN A. O’MALLEY4

1Department of Philosophy, University of Chicago, Chicago, 
IL 60637, USA. 2Department of Philosophy, University of 
South Carolina, Columbia, SC 29208, USA. 3Department 
of Philosophy, Virginia Tech, Blacksburg, VA 24061, USA. 
4Egenis, Byrne House, University of Exeter, Exeter, UK.
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Response
LEONELLI AND GIANFELICI MISINTERPRET OUR 
Perspective as a call for the “full automation” 

of science. The approach we describe advo-

cates a symbiotic partnership between sci-

entists and machines (1) to make scientists 

and science much more productive. Our title 

“Machine science” emphasizes that com-

putation is expanding beyond data analysis 

and entering hypothesis generation, becom-

ing part of the scientifi c creative process, not 

unlike computer-aided design (CAD) tools 

used in present-day engineering. As com-

putational approaches to the synthesis of 

hypotheses mature, a new generation of sci-

entists will be trained to develop and oper-

ate them and to screen for those most novel 
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and fruitful. As it seems improbable to claim 

that CAD simulations and design suggestions 

have left architecture and integrated-circuit 

design unchanged, we disagree that nothing 

will change in science with the rise of intel-

lectual “design tools.”  But how will the activ-

ity of human scientists change?

Leonelli argues that computational tools 

through which scientists develop new hypoth-

eses involve human assumptions, decision-

making, and error. We agree, and suggest 

that human assumptions and biases are the 

very phenomenon that should be measured, 

modeled, and used as instruments to gener-

ate entire new classes of fruitful hypotheses. 

In our Perspective, we described exploiting 

knowledge about the social and linguistic 

disconnect between scientifi c communities. 

We and others have also explored patterns by 

which scientists prematurely converge to con-

sensus (2, 3), and the implicit rules by which 

scientists select new topics and journals pub-

lish new research (4, 5). We argue that com-

putation can help researchers systematically 

identify fruitful paths not taken.

Gianfelici argues that the “next Einstein” 

will not be a computer. Our question is: What 

problems will the next Einstein pose and 

solve with computational support (6, 7) that 

he or she could not consider or unravel with-

out it? In 1997, IBM’s Deep Blue defeated 

grand master Garry Kasparov in a chess 

competition. We can conceive of future sci-

entists as Deep Blue–enhanced Kasparovs 

solving seemingly impenetrable chess puz-

zles from nature (8, 9). We argue that with the 

advancement of computational approaches to 

hypothesis generation, the most effective sci-

entists will not only craft specifi c empirical 

conjectures, but will generalize the logic of 

those conjectures into novel algorithms that 

can generate entire new classes of hypothe-

ses.  In short, rather than assuming that scien-

tists become irrelevant in a world of compu-

tational hypothesis generation—the Luddite 

fallacy (10)—we argue that computation will 

free them to become more productive and 

more central to a growing enterprise.

Haufe argues that we misrepresent the 

vision of high-throughput data science, 

which reserves a hallowed place for focused, 

hypothesis-driven investigations. We 

acknowledge that we could not do justice to 

the diversity and complexity of data-driven 

perspectives in our brief essay. Perhaps the 

strongest disagreement within this com-

munity is not whether hypotheses are useful, 

but whether they should be invoked before or 

after the data are collected (or both) (11). One 

view is represented by a “nearly hypothesis-

neutral” approach, such as genome-wide asso-

ciation (GWA) studies that group patients by 

phenotype and then compare genomic varia-

tion to identify genetic loci putatively asso-

ciated with the disease. Because these stud-

ies involve numerous statistical tests, there 

is often not enough statistical power to iden-

tify many loci, including those with known 

association with the phenotype. In the case of 

GWA, computationally generated hypotheses 

would constrain the search space, alleviating 

the multiple-test problem. We argue that by 

using computation to generate hypotheses, the 

scientifi c community could focus the scope of 

their investigations, learn much more, and 

advance faster with the same high-throughput 

experimental resources available today.
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CORRECTIONS AND CLARIFICATIONS

Perspectives: “Feasting on minerals” by D. K. Newman (12 February, p. 793). The second fi gure reproduced errors found 
in the BMC Genomics fi gure from which it was adapted. In the corrected version (shown here), the direction of the arrow 
through the aa3 membrane protein has been reversed and ATPase has been changed to ATPsyn.  The corrected caption is 
“Electron transfer in Acidithiobacillus ferrooxidans. Fe(II) is oxidized to Fe(III) by proteins on the cell surface. These proteins 
transfer electrons from Fe(II) to other parts of the respiratory chain, leading to the generation of an energized membrane 
in the cell. This energy is used to generate metabolites necessary for growth and other cellular functions. ATP, adenosine 
5′-triphosphate; ADP, adenosine 5′-diphosphate; Pi, inorganic phosphate; NAD+ and NADH, oxidized and reduced forms of 
nicotinamide adenine dinucleotide; NDH1, NADH:ubiquinone oxidoreductase; bc1 complex, ubiquinol:cytochrome c oxi-
doreductase; aa3, cytochrome oxidase; CtaTAB, likely involved in heme sythesis and export to cytochrome oxidase; ATPsyn, 
ATP synthase catalyzes ATP synthesis. [Adapted from fi gure 1 in (10)]”

TECHNICAL COMMENT ABSTRACTS

Comment on “Narrow Primary Feather Rachises in Confuciusornis and 
Archaeopteryx Suggest Poor Flight Ability”

Gregory S. Paul

Nudds and Dyke (Reports, 14 May 2010, p. 887) reported that the primary features of the early birds Archaeopteryx and 
Confuciusornis were too weak to power fl ight. This conclusion is not supported because the authors overestimated the 
mass of the subjects and understated the strength of the primary shafts in at least one example. The total biology of the 
birds indicates that they could achieve fl apping fl ight.

Full text at www.sciencemag.org/cgi/content/full/330/6002/320-b

Comment on “Narrow Primary Feather Rachises in Confuciusornis and 
Archaeopteryx Suggest Poor Flight Ability”

Xiaoting Zheng, Xing Xu, Zhonghe Zhou, Desui Miao, Fucheng Zhang

Nudds and Dyke (Reports, 14 May 2010, p. 887) compared the rachis diameters of the primary feathers of Archaeopteryx 
and Confuciusornis to those of modern birds and found that the primary feathers of these two basal birds were too weak 
to support sustained fl ight. Our measurements of Confuciusornis specimens suggest that their conclusions need to be 
further evaluated.

Full text at www.sciencemag.org/cgi/content/full/330/6002/320-c

Response to Comments on “Narrow Primary Feather Rachises in Confuciusornis 
and Archaeopteryx Suggest Poor Flight Ability”

Robert L. Nudds and Gareth J. Dyke

Paul and Zheng et al. challenge our conclusions regarding the fl ight of Confuciusornis and Archaeopteryx, which derive 
from our method of assessing fl ight ability from estimated feather strength. They suggest that our mass and rachis data 
for these fossil birds are incorrect. Neither comment, however, invalidates our method nor alters conclusions of poor 
fl ight ability based upon our original data. We encourage researchers to use our method before critiquing our conclusions 
regarding early bird fl ight.

Full text at www.sciencemag.org/cgi/content/full/330/6002/320-d
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Comment on “Narrow Primary Feather
Rachises in Confuciusornis and
Archaeopteryx Suggest Poor
Flight Ability”
Gregory S. Paul
Nudds and Dyke (Reports, 14 May 2010, p. 887) reported that the primary features of the early birds
Archaeopteryx and Confuciusornis were too weak to power flight. This conclusion is not supported because
the authors overestimated the mass of the subjects and understated the strength of the primary shafts
in at least one example. The total biology of the birds indicates that they could achieve flapping flight.

In their attempt to estimate the aerial perform-
ance of the early birds Archaeopteryx and
Confuciusornis based on the strength of their

primary feathers, Nudds and Dyke (1) correctly
observe that accurate body mass estimates are
crucial to their calculations that flight feathers were
not strong enough for powered flight. However,
they used excessive mass values that underesti-
mated the flight potential of the ancient fliers. They
also did not test their methods by estimating the
mass and feather strength of derived fossil avians
with more highly developed flight adaptations.

A number of problems prevent restoring the
flight of Archaeopteryx using feather shaft dimen-
sions. The absence of feathers adorning the largest
skeleton, the Solnhofen specimen weighing a little
over half a kilogram with a 68-mm-long femur,
bars assessing the fully mature aerial abilities of
the adults. Other specimens are juveniles whose
mass varies by a factor of more than 7 (2, 3). With
a 46-mm-long femur, the Munich specimen ex-
amined by Nudds and Dyke (1) is a small juvenile
of just ~140 g (2, 4). A same-scale comparison
confirms that it is not possible for it to have
weighed as much as a pigeon (Fig. 1, A and C) as
assumed by Nudds and Dyke, who incorrectly
applied the quarter kilogram that a number of re-
searchers agree was the mass of the much larger-
bodied Berlin specimen (1–6) to the little juvenile.
The primary feathers of the Munich specimen are
poorly preserved. Nudds and Dyke did not pro-
vide high-resolution images showing that the shaft
base diameter of the longest primary is only 0.75
mm, and I cannot confirm such a low value using
large-format, high-resolution photographs of the
Munich slabs. Somewhat more medial primary
shafts measuring 1.25 to 1.4 mm across at shaft
mid-length are clearly present (Fig. 2), and those
rachises were probably even more robust at their
bases. The rachises of the Berlin specimen’s well-
preserved primaries do not show evidence of be-
coming more slender progressing laterally toward

the outer wing, and the maximal diameter of the
proximal shafts is obscured by other feathers (7).
The buckling resistance of the longest outer
primaries therefore cannot be estimated in any
Archaeopteryx, but the thickness of some of the
primary rachises of the Munich juvenile com-
bined with its lowmass indicate that its immature
wingswere strong enough for flapping flight, and
the flight capacity of adults may have been much
better.

Lacking high-resolution images of the well-
preserved, unobscured proximal shafts of the
longest primaries of Confuciusornis, the 1.2-mm

average diameter reported by Nudds and Dyke is
not sufficiently documented. Themass of the spec-
imen in figure 1A in (1) could not have been close
to the authors’ estimate of 0.5 kg, which equals the
weight of some teals and ducks (8–10). Instead,
at ~180 g, the shallow-bodied basal bird was in-
termediate in mass to the Munich Archaeopteryx
and the deep-bodied pigeon, so the feathers were
a number of times stronger than calculated by
Nudds and Dyke (Fig. 1, A to C).

Because focusing on one narrow aspect of a
fossil organism increases the risk of error, the
whole biology should be considered. The gross
degree of powered flight in animals with well-
developed brachial airfoils is primarily determined
by the muscle power of the arms (2, 3). Because
gliding does not require the arms to have more
strength than is needed to hold the animal off the
ground, major adaptations for increasing the arm
musculature above normal levels are not present in
nonflapping gliders, and increasing adaptations for
expanded forelimb muscles is indicative of in-
creasing powered flight performance. The wings
of Archaeopteryx and Confuciusornis were large
enough for powered flight (1–3, 5, 6, 10). In
Archaeopteryx, the large furcula and greatly ex-
panded pectoral crest indicate an expanded mus-
culature beyond the tetrapod norm and are
indicative of some level of flapping flight beyond
simple gliding, albeit well below that typical of
most birds (2, 3, 11). The presence of a large sternal
plate anchored by ossified sternal ribs, an even
larger pectoral crest, and the flattening of the hand
and fingers to better anchor the primaries shows
that Confuciusornis was markedly better adapted
for powered flight than was Archaeopteryx, and
was approaching derived fliers in performance (2).

TECHNICALCOMMENT

3109 N. Calvert Street, Baltimore, MD 21218, USA. E-mail:
GSP1954@aol.com

Fig. 1. Same-scale comparison of the skeletons
with muscle profiles and wing feathers of (A) rock
pigeon, 250 g, 43 mm femur; (B) Confuciusornis of
the size of the specimen in figure 1A in (1), 47 mm
femur; (C) Munich juvenile Archaeopteryx. Scale
bar, 100 mm.

Fig. 2. Detail of primary feathers of the Munich
specimen counterslab, including some rachises at
mid-shaft. Lateral is to the left; finger elements are
near the top. Scale bar, 10 mm.
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Because Confuciusornis is preserved as enor-
mous numbers of complete specimens that lack
evidence of substantial hydrodynamic transport in
lake bottom deposits, with volcanic aerial pol-
lutants probably being the killingmechanism (12),
it appears that the birds formed large flocks able to
fly out over large bodies of water (13). Flocking
and over-water flights are common attributes of
capable powered fliers, not of gliders that live sin-
gly or in small groups and must avoid flying over
large stretches of water. The less-developed flight
abilities of Archaeopteryx are compatible with its
scarcity in the Solnhofen lagoonal deposits.

The thesis that large-winged basal avians with
primary feathers large and asymmetrical enough
to produce lift and thrust had shafts that would
buckle under the load is a priori illogical, and it
can be presumed to be correct only if it is con-
clusively shown that the adults were sufficiently
massive to overstress the flight feathers. Because
the hypothesis that basal avians were not powered
fliers due to weak feathers is entirely dependent

on mass estimates that are controversially high,
implausible for the specimens examined, and im-
possible to verify; is contradicted by the anatomy
and lifestyle of the early birds; and in one case is
based on a small juvenile specimen, the hypoth-
esis cannot be sustained. It follows that powered
flight was probably further improved, not ini-
tiated, in more derived birds.
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Comment on “Narrow Primary
Feather Rachises in Confuciusornis
and Archaeopteryx Suggest Poor
Flight Ability”
Xiaoting Zheng,1,2 Xing Xu,3* Zhonghe Zhou,3 Desui Miao,4 Fucheng Zhang3

Nudds and Dyke (Reports, 14 May 2010, p. 887) compared the rachis diameters of the primary
feathers of Archaeopteryx and Confuciusornis to those of modern birds and found that the primary
feathers of these two basal birds were too weak to support sustained flight. Our measurements
of Confuciusornis specimens suggest that their conclusions need to be further evaluated.

Nudds and Dyke reported their latest anal-
ysis on the flight capability of two fa-
mous basal birds, Archaeopteryx and

Confuciusornis (1). By comparing the rachis
(central shaft) diameters of the primary feathers
of these two basal birds to those of modern
birds, the authors found that the primary feathers
of these birds were too weak to support sustained
flight and thus concluded that flapping flight
might have originated relatively late in avian
evolution (1).

Nudds and Dyke’s innovative analysis offers
important new insights into early avian evolution.
However, we noticed a substantial discrepancy
between their presented data based on specimens
with dubious origins and our recently collected
data on confuciusornithids and believe that their
conclusions need to be further evaluated. Our
measurements show that the primary feathers of
confuciusornithids have considerably thicker
rachises than Nudds and Dyke suggest (1).

Measuring the rachis diameter in modern
birds appears to be straightforward and easy, but
this might not be true for fossil feathers—even
for those of confuciusornithids, which are the
best documented Mesozoic fossil birds and have
some exquisitely preserved feathers (2). The
Shandong Tianyu Museum of Nature has 536
specimens of confuciusornithids, but only four
specimens preserve clear impressions of the rachis

of the primary feathers (Fig. 1A). Many speci-
mens exhibit relatively thick parallel lines through-
out the wing, but they are preservational artifacts
between remiges (flight feathers of a bird’s wing)
rather than rachises. Several other possibilities
leading to smaller measured values include mis-
taking a covert rachis as a primary feather rachis

(Fig. 1B), mistaking the longitudinal ventral fur-
row of the rachis of primary feathers as the whole
rachis, or measuring rachis diameter of primary
feathers on the dorsal side rather than ventral
side (the diameter is considerably larger on the
ventral side) (Fig. 1C).

The rachises of primary feathers of confu-
ciusornithids measure 2.1 to 2.3 mm in diameter
on four Tianyu specimens, about twice as large
as the measurements reported by Nudds and
Dyke (1). Because the specimen we measured is
similar in size to those studied by Nudds and
Dyke, it is unlikely that the difference is caused
by different body sizes. Nudds and Dyke’s study
thus underestimates the thickness and strength of
the rachises of confuciusornithid primary feathers.
Their resulting inference that confuciusornithids
were not able gliders and could only parachute
thus needs to be further evaluated based on newly
collected, more accurate data.

However, even our measurements are con-
siderably smaller than the predicted rachis di-
ameter of primary feathers with similar feather
length in similarly sized extant birds. This lends
support to Nudds and Dyke’s conclusion that
basal birds have narrow rachises of primary fea-
thers and thus had poorer flight capability than
extant birds (1), which is consistent with pre-
vious studies (3). Furthermore, rachis diameter
of the primary feathers is only one of several
useful indicators of flight capability, and other
features such as the curvature of flight fea-
thers, asymmetry of vanes, and the right angle
between the scapula and coracoid in both Ar-
chaeopteryx and Confuciusornis also should
be considered. Although Nudds and Dyke’s
inference about flight capability of basal birds
needs more data to be verified, their study out-
lines one of the future directions on early avian
flight. Further investigations on strength of
flight feathers of other basal birds, including
enantiornithines and basal ornithuromorphans,
promise to shed new light on this interesting
evolutionary issue.
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Fig. 1. (A) Well-preserved primary feathers of a
Confuciusornis specimen (STM13-62, housed at
Shandong Tianyu Museum of Nature). (B) Right
wing of a pigeon in dorsal view. Note rachises of
coverts. (C) Close-up of a primary feather of a
pigeon in ventral (top) and dorsal (bottom) views.
Note the considerably wider rachis in ventral view
than in dorsal view.

15 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org320-c

 o
n 

O
ct

ob
er

 1
4,

 2
01

0 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org


Response to Comments on “Narrow
Primary Feather Rachises in
Confuciusornis and Archaeopteryx
Suggest Poor Flight Ability”
Robert L. Nudds1* and Gareth J. Dyke2

Paul and Zheng et al. challenge our conclusions regarding the flight of Confuciusornis and Archaeopteryx,
which derive from our method of assessing flight ability from estimated feather strength. They suggest
that our mass and rachis data for these fossil birds are incorrect. Neither comment, however, invalidates
our method nor alters conclusions of poor flight ability based upon our original data. We encourage
researchers to use our method before critiquing our conclusions regarding early bird flight.

We recently published a method for es-
timating the strength of primary feather
rachises and extrapolating this to the

maximum lift forces sustainable by a bird, thereby
providing a quantitative, and novel way of es-
timating the flight abilities of fossil birds (1). Our
model is, of course, dependent on the data fed into
it. Here, we respond to the comments of Paul (2)
and Zheng et al. (3) challenging our conclusion
that Confuciusornis and Archaeopteryx were not
capable of powered flight. Paul suggests that our
mass estimates for these fossil birds and our meth-
odology are unsound, whereas Zheng et al. present
new data that highlight potential errors associated
with feather taphonomy or open the possibility that
the Confusciusornithidae may be composed of
more than one species—neither of which con-
founds our original conclusion of poor flight ability
based on data from our original specimens.

Zheng et al. (3) present measurements that add
a new twist to the debate over the flight capabilities
of Mesozoic birds based on feather morphology.
However, we cannot fully assess the importance of
their alternative rachis diameters because measure-
ments of primary feather length relative to overall
wing length for individual specimens are also re-
quired to repeat our calculations. Nonetheless, if we
use a rachis diameter of 2.15 mm and assume
everything else is equal to the data in our initial
study (1), the primary feather safety factor for the
specimens reported by Zheng et al. (assuming
hollow feathers) is 3.2, implying that their speci-
mens of Confuciusornis were capable of flapping.
We do not agree with the statement of Zheng et al.
that confuciusornithids have considerably thicker
rachises thanwemeasured, becausewhat they have
shown is only that some confuciusornithids may
have thicker rachises, which is a potentially inter-
esting development. Other work has indicated

that the known specimens of this taxon show a
bimodal size distribution (4, 5). This would either
suggest that Confuciusornis was sexually dimor-
phic or that this bird, currently represented by one
predominant species, needs to be further split.
Differences in feather morphology may also in-
dicate different flight abilities, which could most
parsimoniously be explained by the data being
extracted from separate species, based on what
we know about extant birds.

It is also worth balancing the debate about pres-
ervation influencing the dimensions of the rachis
diameters by considering what could lead to over-
estimates, for example, flattening of the rachises or
measuring the calamus, which is embedded and
supported by soft tissue. Of course, we are also as-
suming that the feather rachises are cylindrical in
cross section and that the dorsal or ventral orienta-
tion of the feathers that is measured from the fossils
is representative of the lateral dimension. Feather
and rachis preservation remains an interesting area
for future work, as it is also possible that rachis ap-
parent diameters are increased during fossilization.

As Zheng et al. (3) acknowledge, a rachis
diameter of 2.1 to 2.3 mm is still very thin com-
pared to an extant bird with a similar wingspan,
and this alone certainly implies relatively poorer
flight abilities. We hope that as more specimens
are found with preserved feathers, the methodol-
ogy we described (1) will prove important and
useful in assessing the flight capabilities of fossil
birds—not least because it provides a direct quan-
titative assessment, as opposed to often qualitative
and subjective conclusions drawn from morpho-
logical shape and palaeoecology data.

In a second comment on our study (1), Paul
(2) states that our conclusion of poor flight ability
in Confuciusornis and Archaeopteryx is incorrect
because both our mass estimates for these fossil
birds and our methodology were unsound. Paul,
however, did not present any new primary feather
safety factors based on his body mass estimates,
so exactly how his contradictory conclusion was
reached is puzzling. In our paper (1) we were
explicit about our model, its assumptions, and the

measurements used to feed it. Researchers (includ-
ing Paul) can use our method to input alternative
measurements from fossil birds and calculate
primary feather safety factors.

In response to Paul’s criticisms, consider first his
suggestion that unless we test our methods against
other fossil avians themethodweuse is flawed.This
logic is problematic: You cannot test predictions
from a model against an organism in which flight
ability is unknown.This iswhyweused extant birds
with known and observable flight abilities to test
our predictions of primary feather safety factors.

Paul (2) argues that we have overestimated the
size of both Confuciusornis and Archaeopteryx
and suggests that his estimates for the body
masses for these extinct avians are more valid. If,
however, we use Paul’s (2) lower mass estimates
in our model, then the safety factor for a hollow
primary-feathered Archaeopteryx with a 140-g
body mass is 1.1, which is still not sufficient for
flapping flight and barely enough for gliding
under static forces. Similarly, if we use 180 g for
the body mass of Confuciusornis, then the cal-
culated safety factor is 1.4—again, barely enough
to sustain a glide and certainly nowhere near
sufficient to allow flapping or any flight maneu-
vers, which involve sudden high dynamic forces.

Paul’s third criticism is that the rachis measure-
ments we present for Archaeopteryx (1) are inac-
curate. A rachis diameter of 1.4 mm, suggested by
Paul based on a photograph, would yield a safety
factor of 3.6, below that of modern birds (almost
always >4.8), but probably enough to sustain some
level of flapping. The suggestion that heavier adult
Archaeopteryx were likely better at flapping than
juveniles (2) implies that adult feathers are thicker
than those of juveniles, which is unlikely and has
not yet been shown for fossil or modern birds.

The final four paragraphs of Paul’s comment
(2) outline other lines of evidence as to why our
conclusion of poor flight ability in the two Meso-
zoic birds may be incorrect. As we have already
argued, the one clear advantage of our method is
that it is quantitative as opposed to being qual-
itative or subjective, as aremany discussions about
the lifestyles of fossil taxa based on anatomy and
palaeoecology. Such arguments may be extrane-
ous anyway: If the feathers of early birds were too
weak to withstand the forces of flight, then we
know (thanks to the laws of physics) that they
could not fly regardless of any othermorphological
features they might, or might not, have possessed.
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elvin Konner’s The Evolution of 

Childhood is the sort of book that 

is often described as “magiste-

rial”: It is very long, nearly a thousand pages; 

it is obviously the product of extensive and 

painstaking research; and it contains an enor-

mous amount of extremely varied and often 

interesting material. It is clearly intended as 

a grand synthesis. As a developmental psy-

chologist with a deep inter-

est in evolution, I had looked 

forward to learning from it. 

And yet the result is curi-

ously unsatisfying. For Kon-

ner’s principal conclusions 

from all this research are 

that human childhood is the 

result of evolution and that 

genetics and culture inter-

act—conclusions that are both surely obvious 

to everyone but creationists in the fi rst place.

This unsatisfying quality is common to 

much evolutionary psychology. Either the 

researchers make the empty general claim 

that behavior evolved or they draw substan-

tive conclusions from this claim that simply 

don’t follow. To say that a human behavior is 

adaptive or is the result of evolution tells 

us nothing about whether that behav-

ior is innate or learned, universally 

triggered or culturally transmitted. 

This is because our particularly 

powerful ability to adapt through 

learning and culture, is, arguably, 

the most important human evo-

lutionary advantage. For human 

beings, culture is our nature, and the 

drive to learn is our most important and 

fundamental instinct.

Of course, sometimes evolutionary evi-

dence really can lead to interesting and spe-

cifi c insights. For example, Sarah Hrdy has 

made a substantive and intriguing argument 

that human “alloparenting”—having many 

adults besides mothers take care of babies— 

is the result of a particular evolutionary his-

tory ( 1). Her argument is not simply based on 

the claim that alloparenting would be good 

for humans but on quite exact comparisons 

among primates living in different niches. 

The great apes (our closest evolutionary rela-

tives) don’t alloparent as much as we do. But 

langurs, who (like us, but unlike the great 

apes) have to haul babies for long distances, 

have evolved the equivalent of teen-aged 

baby-sitters. Unfortunately, one searches in 

vain through the many pages of this book for 

similarly interesting arguments.

Konner’s book is also unsatisfying 

because of a striking lacuna: the nearly com-

plete absence of cognition. 

It’s understandable that Kon-

ner (an anthropologist at 

Emory University) might not 

be up to date on all the var-

ied research he tries to inte-

grate, but this omission is 

still surprising. For 40 years, 

progress in psychology (and 

particularly developmental 

psychology) has hinged on the insight that 

what we know about the world and our fellow 

creatures shapes our behavior. Most impor-

tantly, it shapes our social behavior. Perceiv-

ing, representing, and learning about the envi-

ronment are central biological functions. For 

an intensely social species like ours, learning 

how our fellow humans work is a fundamen-

tal biological imperative. To understand rela-

tionships, emotions, and minds (as the book’s 

subtitle suggests), one has to understand what 

children perceive, know, and learn.

The absence of cognition is particularly 

odd in a book explicitly concerned with how 

genetic and environmental factors might 

work together. Konner offers long discus-

sions of epigenesis and the Baldwin effect 

(the genetic assimilation of acquired char-

acters). But, for complex organisms, cogni-

tion is one key—arguably, the key—mecha-

nism that allows genes and the environment 

to interact. Genetically determined processes 

of perception and learning permit organisms 

to directly represent their specifi c, immediate 

environment in their own lifetime and to adapt 

to that environment quickly and directly.

Without thinking about cognition, the 

evolutionary results that Konner describes 

are a jumble. Clearly evolution often selects 

for innovations in developmental programs, 

and Konner includes long lists of variations 

in developmental patterns among differ-

ent species. But as he describes them, there 

is little rhyme or reason behind those varia-

tions. In part, this refl ects a basic fact that is 

intrinsically problematic for all evolutionary 

psychology: Evolution is contingent. Closely 

related species may develop different devel-

opmental patterns because of the complex 

interaction of many factors and because of 

the fi ne details of their environmental niches 

and evolutionary history. Moreover, similar 

behaviors may have different developmental 

origins in different species.

Nevertheless, there is a robust, though 

certainly not universal, generalization that 

a long period of immaturity—childhood—

is correlated with sophisticated and fl exible 

cognitive abilities, across many different spe-

cies in many different environments. The best 

explanation for this relationship centers on 

learning. A long protected period of immatu-

rity allows young animals to learn about 

their specifi c physical and social envi-

ronment. Once they have fi gured out 

how the world around them works, 

they can act on that world effec-

tively and safely. So capacities for 

complex cognition and childhood 

itself are closely related, and it is no 

coincidence that we humans remain 

helpless children for so long.

I suspect that Konner neglects cogni-

tion because he holds the common but out-

dated view that cognition and childhood are 

antithetical—that children are somehow less 

cognitively adept than adults and that infants 

and young children in particular have very 

limited cognitive abilities. He consistently 

writes, for example, as if mothers’ behav-

iors simply trigger or shape social behavior 

in infants and as if infants’ responses are sim-

ple and refl exive. He perpetuates the idea that 

capacities for logic and reason only emerge in 

middle childhood.

But, actually, given the correlation 

between childhood and cognition, an evolu-

tionary perspective should predict that human 

children would be equipped with powerful 

mechanisms for understanding and learning 
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about the world and other people. And this 

has turned out to be true. One of the most 

important, and by now uncontroversial, fi nd-

ings from the past 30 years of research is that 

infants and preschoolers are far more cog-

nitively sophisticated than we once thought. 

Similarly, developmentalists have discovered 

that there are complex interactions among 

caregivers and infants and young children 

that include interpretations on all sides.

In the same way, although Konner 

describes both innately triggered behavior 

and learning, his versions of both the innate 

and the learned are extremely simple—his 

catalog of learning mechanisms could have 

come out of a 1950s textbook—and lack the 

abstractness and complexity we actually see 

even in infancy. Developmental psycholo-

gists now believe that children have complex 

and abstract representations of the world in 

place very early and that those representa-

tions are then revised, modifi ed, and reshaped 

by experience. Konner’s old-fashioned view 

of children leads to what are simply mis-

takes. For example, he says repeatedly that 

“theory of mind” (our ability to understand 

the mental states of others) emerges only in 

middle childhood, after basic social relation-

ships have already been formed. That was the 

standard view in Piaget’s day, but 20 years of 

research have made it clear that even infants 

learn about the minds of others and that such 

learning is at its peak between ages two and 

fi ve. Konner’s mistake is important because 

the early emergence of theory of mind tells 

us that, from the very beginning, children are 

actively interpreting and understanding the 

people around them.

Human beings—even, indeed especially, 

the youngest—perpetually change what they 

think and what they do in the light of experi-

ence. This allows us to invent a greater vari-

ety of physical and social environments than 

does any other species and to pass informa-

tion about those environments on to the next 

generation. The challenge is to show, in detail, 

how these capacities evolved. Exactly how do 

our minds differ from those of our closest 

relatives? What happened to bring about the 

change from our ancestors? Our unprecedent-

edly long human childhood is likely to play a 

key role in resolving those questions. We can 

hope that a magisterial survey of the next 20 

years of research into the evolution of child-

hood will provide more satisfying answers.
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          I
magine that it is 3010 and a group of pale-

ontologists are excavating a site in what is 

currently the small Swiss city of Neuchâ-

tel. The researchers will 

be surprised with what 

they might fi nd: biolog-

ical forms that evolved 

skeletons made out of 

cardboard and plas-

tic and whose remains 

(including some nicely 

preserved complete life 

cycles) are clustered 

within boxes with trans-

parent lids. What geolog-

ical process could have 

led to the preservation 

of this peculiar trove of fossils? The answer 

probably lies somewhere in the imagina-

tion of the artist François Riou, whose works 

are highlighted in the exhibition Espèces en 

voie d’apparition, currently at Neuchâtel’s 

Museum of Natural History.

The forms and color patterns of living 

things have long been a source of inspiration 

for artists. The particularity of Riou is that 

his creatures have all evolved from everyday 

Descended from 

Refuse

EXHIBITION

Thomas Junier 1 and Pilar Junier 2

human implements. Scouring such wild jun-

gles as supermarkets, the artist is constantly 

on the lookout for whatever beasts and bugs 

lurk not behind but under the guise of food, 

clothing, and other items. Recycling mun-

dane implements—such as beer caps and 

used mobile phone keyboards that seem to 

sprout jointed legs and colorful elytra—he 

brings sudden life to what otherwise would 

quickly have turned into pieces of refuse. 

As is fi tting for creative temperaments, the 

myriad of Riou’s fauna 

evidences an inordinate 

fondness for insects.

Riou’s mortal hand 

framed the fearful sym-

metry of living things, 

which he reveals in 

objects that we normally 

disregard. This symmetry 

is what makes his crea-

tures seem familiar and 

recognizable. And in turn, 

that familiarity causes 

an actual beetle hidden 

among the other pieces of the exhibition to 

remain unnoticed by unwary visitors.

Shapes and colors are not the only simu-

lacra of animals displayed in the exhibition. 

The collection arrayed about the room also 

includes shadows, tracks, and skeletons. 

Again our brains fi ll in the missing informa-

tion, and all of a sudden we see a mop fl ying 

through the room or a predator lurching on 

a wall. While other exhibits and activities at 

the museum invite visitors to learn about the 

biodiversity of Neuchâtel, Espèces en voie 

d’apparition offers an intriguing perspective 

on how we perceive organic forms.   

Espèces en voie d’apparition 

[Species About to Evolve]

Œuvres de François Riou

 

Muséum d’Histoire

Naturelle Neuchâtel, Neuchâtel, 

Switzerland. Through 9 January 2011. 

www.museum-neuchatel.ch/new/

navigation.php?cat=5

An inordinate fondness for insects. (Left) François Riou’s Muséum mutation (detail); (right) 
Escalator (detail). C
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            T
he vast majority of nations have fallen 

far short of the Convention on Biolog-

ical Diversity’s (CBD’s) 2010 target: 

to reduce the rate of loss of biodiversity ( 1, 

 2). This prompted the CBD to develop a new 

plan of action, supported by 20 “SMART” 

(specific, measurable, ambitious, realistic, 

and time-bound) targets for 2020 ( 3,  4). As 

the 10th Conference of the Parties (COP) of 

the CBD meets in Nagoya, Japan, to nego-

tiate both plan and targets, it is critical that 

targets also be grounded in the real interests 

that people have in benefi ts provided by bio-

diversity. To evaluate targets on 

this basis, we use the ecosystem 

services framework developed 

by the Millennium Ecosystem 

Assessment (MA) ( 5). This 

framework balances resource 

conservation and use accord-

ing to how societies value con-

sumptive (e.g., food and fuel) 

and nonconsumptive (e.g., 

health and aesthetics) services 

provided by ecosystems.

The ecosystem services 

framework has four main con-

sequences for target setting. 

First, what and how much biodiversity should 

be targeted for conservation depends on what 

services are important to maintain and with 

what reliability. Second, the temporal and 

spatial scale of targets should be based on 

the changing temporal and spatial distribu-

tion, and risk profi les, of ecosystem services. 

Third, target development and implementa-

tion should include all agencies involved with 

management of biodiversity and the ecosys-

tem services they support. Fourth, interdepen-

dence among ecosystem services, the benefi ts 

they provide, and the value placed on those 

benefi ts implies that targets must be condi-

tional. Implementation of one target may be 

affected by implementation of another.

The CBD 2020 Targets

The 2020 targets, color-coded according to 

( 6), are highlighted in the fi gure. Red refers to 

imminent biosecurity threats due either to col-

lapse of ecosystems or populations or to the 

rapid increase of pests or pathogens. Green 

addresses society’s conser-

vation goals. Blue addresses 

longer-term scientifi c, socio-

economic, and institutional 

conditions required to meet 

and sustain red and green tar-

gets. Red targets are typically 

“short term” (2 to 5 years). 

Green and blue targets are 

typically “longer term” (10+ 

years). Although none of the 

targets are presented as short 

term, we red-coded three 

because they address immi-

nent threats. 

Several 2020 targets refer to ecosystem 

services, including carbon sequestration and 

resilience (target 15), foods, fuels, and fi bers 

(targets 6, 7, and 13). Target 14 addresses “eco-

systems that provide essential services.” But 

aside from capture fi sheries (target 6), there is 

no clear correspondence between ecosystem 

services referred to in the targets and services 

identifi ed as at risk in the MA ( 5) and subse-

quent studies ( 1). This is especially marked for 

marine systems, in part because targets tend to 

be biased toward terrestrial systems.

All targets have, in principle, the same time 

horizon—2020—and apply everywhere. The 

spatial and temporal distribution of services 

and variation in rates of change in the pro-

cesses involved are not considered. Targets 

addressing imminent threats (e.g., 6, 8, and 

9) should be sensitive to the time available 

to act and more closely related to the threat 

to human well-being. Similarly, some targets 

(e.g., 1, 2, and 3) may only be met over time 

scales longer than 10 years, but their imple-

mentation requires action now.

There is limited attention to coordination 

of targets across agreements and agencies. 

Some targets can be achieved solely through 

the sum of individual country efforts (e.g., 5 

and 8), others only by collaboration across 

international agreements and agencies (e.g., 

4, 9, and 13). For example, target 9 requires 

action on trade and alien invasive species. 

Although port inspection is within the com-

petence of member states, trade interventions 

are not. The World Trade Organization and 

the parties to the General Agreement on Tar-

iffs and Trade would have to be willing part-

ners to reach this target.

The conditionality of targets is partly rec-

ognized in the identifi cation of blue targets 

for enabling conditions that have to be met 

for green and red targets to be reached. But 

interdependence among green and red targets 

is largely ignored.

What Is Missing?

Although some 2020 targets are congruent 

with an ecosystem-services approach, four 

main things are missing:

1) Functional diversity. Ecosystem ser-

vices derive from ecosystem functions and 

the species that perform those functions. In 

some cases, individual species play a dispro-

portionately large role in the provision of ser-

vices, but in most cases, targets should focus 

on conserving critical functional diversity. 

What matters for most ecosystem services 

is the diversity of traits species possess (e.g., 

nitrogen fi xers, pollinators, and nutrient recy-

clers) ( 7– 10). However, only target 13, on 

crop and livestock genetic diversity, refer-

ences functional diversity.

2) Environmental uncertainty and target 

adjustment. How much diversity it is critical 

to maintain depends on the range of environ-

mental conditions expected. The greater the 

expected variation in environmental condi-

tions, the greater the required diversity within 

groups providing particular functions. Eco-

logical functioning may change as environ-

mental conditions change ( 11,  12). Targets 

for diversity within functional groups of spe-

cies should adjust with changes in expecta-

tions about the state of the environment.

3) Interactions between targets. Target 3 

explicitly recognizes harmful environmental 

Ecosystem Services for 2020
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effects of agricultural subsidies. But potential 

interactions between most other targets are 

ignored. Targets 7 and 13 would be expected 

to have well-understood effects on the sup-

ply of ancillary ecosystem services and on 

species not directly exploited in the produc-

tion of crops or livestock ( 13– 15). Also, tar-

get 6 addresses threats to fi sh production. Its 

implementation would affect and be affected 

by implementation of targets for other eco-

system services, including regulation of cli-

mate ( 16,  17).

4) Trade-offs between targets. Differ-

ent services require different diversity. How 

much diversity is critical depends on the set 

of services we need. But species that support 

a service such as climate regulation are differ-

ent from species that support a service such 

as food production ( 18,  19), and there may 

be trade-offs between them. That is the core 

message of the MA ( 5). Targets need to be set 

in recognition of these trade-offs. It may not 

be possible to meet all of the 2020 targets.

Options for the Future

The 2020 targets are a signifi cant improve-

ment over the 2010 target and its indicators 

( 2), but they could be strengthened. If there 

have to be 20 targets, they should address 

the 20 highest-priority threats to critical 

ecosystem services and should not include 

omnibus targets (e.g., targets 14 and 15) 

that necessarily fail the SMART test. Set-

ting such priorities is a political process that 

refl ects national perceptions of both the rel-

ative importance of different services and 

their relative vulnerability. For example, the 

importance of preserving genetic informa-

tion in rare and endangered species is fairly 

well recognized. But the importance of 

maintaining species needed to protect many 

other services during a period of rapid envi-

ronmental change is not as widely appreci-

ated. Identifying what we collectively lose 

from failing to meet different targets is an 

important step toward target prioritization.

Collective action to identify and implement 

biodiversity targets is needed most where peo-

ple have the weakest incentive to take the bio-

diversity impacts of their actions into account. 

Open-access common pool resources—like 

the high seas—are especially vulnerable. But 

collective action is also needed where services 

at risk are of high social value.

Toward these ends, efforts to establish 

an Intergovernmental Science-Policy Plat-

form on Biodiversity and Ecosystem Ser-

vices (IPBES) are in their closing stages ( 20). 

IPBES would create capacity to evaluate both 

progress toward biodiversity targets and the 

costs of falling short. Such resources could 

provide an opportunity to put in place a more 

structured sequence of objectives for the col-

lective management of biosphere change. 
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Strategic goals Targets: by 2020…

Address underlying causes of 

biodiversity loss by mainstreaming 

biodiversity across government 

and society.

Reduce direct pressures on 

biodiversity and promote 

sustainable use.

Improve status of biodiversity by 

safeguarding ecosystems, species, 

and genetic diversity.

Enhance benefits to all from 

biodiverisity and ecosystem services. 

Enhance implementation through 

participatory planning, knowledge 

management, and capacity building.

 1. All people are aware of the values of biodiversity and the steps they can take to conserve and use it sustainably.

 2. The values of biodiversity are integrated into [national accounts], national and local development, and poverty reduction strategies....

 3. Incentives [including subsidies] harmful to biodiversity are eliminated, phased out, or reformed in order to minimize negative impacts....

 4. Governments, business, and stakeholders ... have taken steps to achieve or have implemented plans for sustainable production ...

 5. The rate of loss and degradation, and fragmentation, of natural habitats [including forests] is [at least halved] [brought close to zero].

 6. [Overfishing is ended, destructive fishing practices are eliminated, and all fisheries are managed sustainably.]....

 7. Areas under agriculture, aquaculture, and forestry are managed sustainably, ensuring conservation of biodiversity.

 8. Pollution, including from excess nutrients, has been brought to levels that are not detrimental to ecosystem function and biodiversity.

 9. Invasive alien species are identified, prioritized, and controlled or eradicated, and measures are in place to control pathways....

 10. To have minimized the multiple pressures on coral reefs and other vulnerable ecosystems affected by climate change....

 11. At least [15%][20%] of terrestrial, inland-water, and [X%] of coastal and marine areas are conserved....

 12. The extinction and decline of known threatened species has been prevented....

 13. The loss of genetic diversity of cultivated plants and domestic farm animals in agricultural ecosystems and of wild relatives is halted....

 14. Ecosystems that provide essential services and contribute to health, livelihoods, and well-being, are safeguarded....

 15. Ecosystem resilience and the contribution of biodiversity to carbon stocks has been enhanced, through conservation and restoration....

 16. Access to genetic resources is [promoted] [facilitated] [enhanced], and benefits are shared....

 17. Each party has developed, adopted, ... and implemented, an effective, participatory, and updated national biodiversity strategy and action plan.

 18. [[Have [sui generis legal] systems in place to protect] traditional knowledge, innovations, and practices relevant to biodiversity ...]....

 19. Knowledge, the science base and technologies relating to biodiversity, its values, functioning, status, and trends, are improved.

 20. Capacity (human resources and financing) for implementing the convention has increased [10-fold].

2020 targets to be considered at CBD COP10.Authors compiled headline text to be discussed by COP del-
egates on each of the targets [from ( 21)], and color-coded according to ( 6) (see text for explanation of code). 
Bracketed terms have not been agreed upon and are to be debated. For expanded text on each target, see 
Supporting Online Material.

Supporting Online Material
www.sciencemag.org/cgi/content/full/330/6002/323/DC1

10.1126/science.1196431
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Stopping the Stones

MEDICINE

Fredric L. Coe 1 and John R. Asplin 2  

Compounds that prevent the crystallization 

of an amino acid may represent a new class 

of therapeutic agent for kidney stones.

         A
n imbalance in the fl uid and mineral 

content of urine can cause debili-

tating kidney stones to form. Most 

of the time, the stones are composed of cal-

cium oxalate crystals. Much less common 

are stones that develop from crystals of the 

amino acid L-cystine. The latter only occurs 

in patients with cystinuria, a condition with 

great morbidity due to the early age of onset, 

high frequency of stone recurrence, and 

increased risk of chronic kidney damage ( 1). 

The rarity of the disease—it occurs in about 1 

in 15,000 in the United States—has deprived 

the fi eld of clinical trials to assess treatment 

options. Treatment has not changed in over 

20 years and remains unsatisfactory for many 

patients. On page 337 in this issue, Rimer 

et al. ( 2) report a potential new therapy for 

cystinuria, using compounds to retard cystine 

crystal growth.

Cystinuria is an inherited disorder in which 

intestinal and renal transport of cystine is 

abnormal ( 3). As a result, excretion of cystine 

into the urine increases, and its poor solubility 

leads to the formation of kidney stones (see 

the fi gure). Mutations in either of the SLC3A1 

or SLC7A9 genes, which encode protein sub-

units of an amino acid transporter, account for 

almost all cases of cystinuria ( 4,  5).

Current treatments for cystinuria involve 

reducing the saturation of urine with cystine 

by lowering its excretion, increasing the vol-

ume of urine, or increasing cystine’s solubil-

ity in urine. Unfortunately, not all patients 

can maintain either the necessary high urine 

fl ow over time or the low-sodium, low-pro-

tein diets needed to reduce excretion of cys-

tine ( 6,  7). Cystine solubility increases appre-

ciably when urinary pH is raised, but only at 

values approaching 8.0, the maximum that 

kidneys will attain. This requires amounts 

of alkaline compounds that often exceed 

the dose that patients can tolerate ( 8). Thiol-

containing compounds that undergo a di-

sulfi de bond exchange reaction can convert 

cystine to a soluble cysteine-drug complex. 

Although these agents lower cystine satura-

tion (decrease the amount of cystine in solu-

tion relative to its solubility), such drugs have 

adverse side effects and have not been stud-

ied in rigorous clinical trials to prove that 

they reduce kidney stone formation ( 9,  10). 

Clearly, this is a disease that could greatly 

benefi t from new therapies.

Although human urine contains many 

highly anionic proteins and glycosaminogly-

cans that inhibit calcium crystal growth and 

aggregation, none of these components have 

given rise to effective treatments for calcium 

stones. For example, synthetic polymers 

of aspartic acid can inhibit calcium crystal 

growth but when taken orally, can be digested 

to small peptides. Even if they remain intact, 

the polymers usually cannot be absorbed by 

the body. Citrate also inhibits calcium crys-

tallization, and the concentration of this 

anion in urine can be boosted by ingesting an 

alkali (such as potassium bicarbonate), which 

changes ion transport in renal cells. However, 

citrate also forms complexes with calcium, 

so it is unclear to what extent citrate directly 

blocks calcium crystal growth.

Clinicians have no therapeutic agents for 

any type of kidney stone that act strictly to 

inhibit crystal formation. Now, Rimer et al. 

have identifi ed two compounds that directly 

bind to preferred crystal growth sites on cys-

tine, thereby retarding crystal growth in vitro. 

The most effective molecule was L-cystine 

dimethylester (CDME). Even when present 

in solution at a small fraction of the cystine 

concentration, CDME reduced crystal growth 

and changed crystal shape and size as deter-

mined by atomic force microscopy and bulk 

phase crystallization experiments.

The fi nding of Rimer et al. is encouraging, 

but the path to clinical practice is very long. 

Whether CDME will act in urine as it does in 

synthetic solutions remains to be seen; per-

Cystinuria. In the human kidney, cystine can form crystals in the urine, leading to debilitating kidney stones. 
A normal renal papilla (A) and one from a patient with cystinuria (B) are shown. In the latter case, there is 
a dilated collecting duct with a protruding cystine stone. [The photos are reprinted from ( 1) with permission 
from the publisher, Nature Publishing Group]
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haps urinary proteins and other macromole-

cules will infl uence the binding of CDME to 

the surface of the cystine crystal. It’s also not 

clear whether CDME will interact with thiol 

drugs in a synergistic or antagonistic man-

ner. The fate of CDME when administered 

orally also must be determined. For instance, 

will it be absorbed from the gut, and if so, 

will it be hydrolyzed to cystine? Will it even 

reach the urine at all? Fortunately, mice that 

have been engineered to lack the SLC7A9 

gene develop cystinuria and provide a model 

for studying whole-animal safety, CDME 

metabolism, and the drug’s effectiveness in 

preventing stone formation ( 11). Rimer et 

al. suggest that the dose of CDME required 

to prevent cystine crystallization must reach 

5 to 10 mg per liter of urine in humans—is 

that safe? Interestingly, CDME can actually 

cause the accumulation of cystine within lys-

osomes of cultured cells and in animal mod-

els ( 12). Such accumulation can cause crys-

tals to form and thus damage cells. These 

issues should be addressed through rigorous 

clinical trials.

Even if CDME is not a safe and effective 

therapy, the molecular modeling method out-

lined by Rimer et al. could identify other com-

pounds that inhibit cystine crystallization. 

Likewise, at least in principle, it could provide 

candidate drug prototypes for the far more 

common calcium oxalate, calcium phosphate, 

and uric acid stones. Even though clinical tri-

als support calcium stone prevention with 

inexpensive drugs, selective inhibitors might 

be more effi cient and better tolerated. 
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Variation Catches a Ride

EVOLUTION

Brian Charlesworth

Genetic hitchhiking appears to shape 

variability in quantitative traits

        E
volutionary change often involves what 

geneticists call quantitative traits—

traits such as height, weight, or skin 

color that are determined by more than one 

gene and vary “continuously” or “semicontin-

uously” within a population (when graphed, 

the variation in the trait often resembles a bell-

shaped curve). Quantitative traits are involved 

in many human diseases and in breeding eco-

nomically important plants and animals; as a 

result, researchers are interested in understand-

ing the underlying causes of their variation. 

Geneticists are getting ever closer to pinpoint-

ing the locations of the genetic variants that 

cause variability in quantitative traits, thanks 

to increasingly detailed studies of genomes 

that identify naturally occurring variants at 

individual chromosomal sites, especially dif-

ferences at single-nucleotide sites in the DNA 

sequence (single-nucleotide polymorphisms, 

or SNPs) ( 1). There has been every reason to 

suppose that quantitative trait variation is sub-

ject to the same evolutionary forces that affect 

other types of DNA sequence variability, 

primarily by effects on the genes concerned 

through selection on a specifi c trait. On page 

372 of this issue, Rockman et al. ( 2) test this 

idea and fi nd that evolutionary mechanisms 

that target larger regions of the genome are 

more prominent than expected.

For their study, the researchers cre-

ated a set of inbred strains of the nematode 

worm Caenorhabditis elegans by crossing 

two existing stocks: the N2 strain, which 

researchers used to produce the standard 

genome sequence, and a strain fi rst identifi ed 

in Hawaii. Then, in the young adult stages of 

the resulting progeny, which each contained 

a different mixture of variants from each par-

ent, they identifi ed more than 2300 quanti-

tative trait loci (QTL), stretches of chromo-

somal DNA that are closely linked to the 

expression of known genes.

They saw a striking pattern. QTL den-

sity was much lower in the central parts of 

the chromosomes than on the adjacent arms. 

They also found that the arms contributed 

Institute of Evolutionary Biology, University of Edinburgh, 
Edinburgh EH9 3JT, UK. E-mail: brian.charlesworth@ed.ac.uk
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Evolving variation. Hitchhiking effects when there is no genetic recombination. (A) A selective sweep. A 
selectively neutral genetic variant (white circle) spreads though a population because it is linked to an advan-
tageous mutation (black circle). (B) With background selection, variation in traits linked to deleterious muta-
tions (gray circles) is reduced as selection eliminates the deleterious mutants from the population. (The gray 
circle in 4 on the right represents a newly arisen deleterious mutation.)
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more to the genetic variation between the 

two strains than the centers. At fi rst glance, 

this result is paradoxical, because the cen-

ters have much higher gene densities than the 

arms; where there are more genes, one would 

expect to detect many more variant loci that 

regulate gene expression. This paradox, how-

ever, can be explained by another difference 

between the two regions: The arms also have 

much higher rates of genetic recombination 

(exchange of genetic material between the 

maternal and paternal genomes of an individ-

ual) than the centers. Investigators have found 

a similar pattern in other organisms, includ-

ing Drosophila; in these organisms, genome 

regions with higher levels of genetic recom-

bination also have greater DNA sequence 

variability ( 3).

The process producing this pattern is 

likely to be genetic hitchhiking, in which 

changes in allele frequencies at sites that 

are under selection affect the frequencies 

of variants at nearby sites on the chromo-

some. In other words, a variant present at 

one place in the genome can spread through 

a gene pool because it “catches a ride” with 

a closely linked DNA sequence variant that 

is under selection. Two forms of hitchhiking 

may be important: “selective sweeps” caused 

by the spread of variants favored by selec-

tion ( 4); and “background selection” ( 5), 

which involves the elimination of rare del-

eterious mutations from the population (see 

the fi gure). Other things being equal, genome 

regions with low levels of recombination are 

the most likely to experience hitchhiking 

effects, resulting in a reduction of variation 

within regions close to the sites under selec-

tion. Because of this effect of hitchhiking, the 

effective population size (N
e
) in these regions 

(a measure of the number of individuals in 

the population that contribute to the next gen-

eration) is reduced. Thus, the combination of 

linkage and low recombination reduces both 

the variability of the region and its potential 

for adaptation, because levels of variability 

within a population and the effi cacy of selec-

tion are both proportional to N
e
 ( 6).

Rockman et al. investigated whether 

background selection could explain the vari-

ation in levels of gene expression between the 

chromosome centers and arms. They used 

information on genomic parameters such as 

gene densities and recombination rates across 

the C. elegans genome and also estimated the 

values for two unknown variables: the inten-

sity of selection against deleterious mutations 

and the level of inbreeding in the population 

( 7). The inbreeding parameter is important 

for C. elegans because it is a hermaphrodite 

with a high frequency of reproduction by self-

fertilization. The resulting lack of genetic dif-

ferences between the paternal and maternal 

genomes of an individual greatly reduces the 

effectiveness of recombination.

The results are consistent with a major 

role for background selection, but contribu-

tions from selective sweeps cannot be ruled 

out. A limitation of the study is that it is based 

on examining differences between only two 

strains, one of which has been in laboratory 

culture for many years.

Nonetheless, the analysis convincingly 

shows that hitchhiking effects are the most 

likely cause of the observed patterns of varia-

tion and provides the fi rst evidence that hitch-

hiking can shape quantitative variability. It will 

be interesting to see whether similar patterns 

are observed in more representative samples 

from the population and for DNA sequence 

variants as well as quantitative variability. It 

is also important to seek for similar patterns 

with respect to quantitative trait variation in 

other systems, such as human populations. 
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Filling the Light Pipe
APPLIED PHYSICS

David J. Richardson

As data transmission rates continue to increase, 
optoelectronic engineers are developing 
techniques to deal with the approaching 
“capacity crunch.”

   I
t has been a landmark year for the fi eld 

of optical telecommunications, with 

the award of the 2009 Nobel Prize to 

Charles Kao for his insight in the mid-

1960s that the future of communications lay 

in single-mode silica-based optical fi bers 

( 1) as well as the 50th anniversary of the 

fi rst demonstration of the laser—both key 

technologies responsible for the develop-

ment of the global-scale communications 

networks of today ( 2). Recently, however, a 

growing realization has emerged within the 

telecommunications industry that the end 

of the phenomenal growth in optical fi ber 

communication capacity is within sight. At 

this year’s Optical Fiber Communication 

Conference (OFC 2010), several groups 

reported results within a factor of ~2 of the 

ultimate capacity limits of existing optical 

fi ber technology. Without radical innovation 

in our physical network infrastructure—that 

is, improvements in the key physical prop-

erties of transmission fi bers and the optical 

amplifi ers that we rely on to transmit data 

over long distances—we face what has been 

widely referred to as a “capacity crunch” 

that could severely constrain future Internet 

growth, as well as having social and politi-

cal ramifi cations.

Most of the information we exchange over 

the Internet is carried through optical fi bers 

encoded on a beam of laser light. Data traffi c 

on the world’s networks is growing at around 

40% year-on-year ( 3). This growth is driven 

primarily by social networking, cloud com-

puting, and bandwidth-hungry video services 

such as YouTube. Video is responsible for most 

of the increased demand, and with high defi -

nition fi rmly established in the marketplace 

and both 3D and ultrahigh-defi nition formats 

emerging, this trend is set to continue.

The data-carrying capacity of a single 

optical fiber is determined by the spectral 

bandwidth over which suitably low-loss sig-

nal transmission can be achieved and our 

technical ability to exploit this bandwidth 

through suitable data coding and decoding 

schemes. The bandwidth of current fi ber sys-

tems is limited to around 11 THz by the opti-

cal amplifi ers used to boost the power of fl ag-

ging signals attenuated by fi ber transmission 

loss. Until relatively recently this bandwidth 

was considered to be effectively infi nite, and 

the primary issue was one of developing cost-

effective means to keep pace with the increas-

ing traffi c demands. Key to this has been the 

development of a technique referred to as 
Optoelectronics Research Centre, University of Southampton, 
Southampton SO17 1BJ, UK. E-mail: djr@orc.soton.ac.uk
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wavelength division multiplexing (WDM) in 

which the bandwidth is occupied by multiple, 

independent and spectrally distinct wave-

length channels each carrying encoded data.

The maximum amount of information 

that can be transported per unit bandwidth for 

each WDM channel is quantifi ed by a num-

ber referred to as the spectral effi ciency (SE) 

as measured in terms of numbers of bits per 

second per Hz (b/s/Hz). An upper bound on 

the SE was established by Claude Shannon in 

1948 on the basis of fundamental information 

theory principles and is given by SE = log
2
(1 + 

SNR) where SNR is the signal-to-noise ratio 

( 4). It was later shown that optical nonlinear-

ity, which restricts the signal powers that can 

be usefully sent through the fi ber for a given 

transmission distance, limits the SE values 

that can be achieved in practice ( 5). The cur-

rent consensus is that the maximum practical 

value is likely to be ~10 b/s/Hz. Such values 

of SE should be possible using advanced cod-

ing schemes borrowed from radio communi-

cations that exploit the phase, amplitude, and 

polarization of the optical fi eld ( 6).

Until recently, binary amplitude coding 

(turning the laser on and off to defi ne “1” and 

“0” bits, respectively) was the preferred and 

only practical coding option—providing for 

SEs of less than 1 b/s/Hz and considerably 

much less in most practical implementations. 

However, as a result of steady technological 

improvements, most notably in the speed and 

power of electronic digital signal processing 

(DSP), the use of (coherent) phase encod-

ing has now become possible. Moreover, at 

the same time, through advances in laser and 

fi ltering technologies, the individual WDM 

wavelength channels can now be packed more 

closely together without intolerable interfer-

ence, providing a further boost to overall 

bandwidth utilization. These developments 

have culminated in the fl urry of impressive 

results at OFC 2010, which included dem-

onstrations of a record 69.1 terabit/s data 

transmission over 240 km of fi ber at a SE of 

6.4 b/s/Hz ( 7), 64 terabit/s transmission over 

320 km at a SE of 8.0 b/s/Hz ( 8), and fi nally, 

extending the distance, transmission of 

quadrature phase shift–keyed signals at 3 b/s/

Hz over >10,600 km ( 9). These are stagger-

ing results and are within a factor of ~2 of the 

nonlinear Shannon limit for the current fi ber 

technology, and it is therefore hard to envisage 

substantial further improvements. Although it 

will take much effort to transfer these high-

SE results over to commercial systems, it will 

provide welcome headroom for several years 

to come. However, in terms of capacity scal-

ing of existing fi ber systems, the end is within 

sight. Once the capacity of conventional 

single-mode fi ber-based systems is exhausted, 

the only option will be to add additional paral-

lel systems, an option that is highly undesir-

able from a cost and, ulti-

mately, a power sustain-

ability perspective.

Further innovation and 

breakthroughs in the basic 

f iber infrastructure are 

urgently required. Potential 

ways forward include the 

use of spatial division mul-

tiplexing, where N optical 

cores rather than one are 

incorporated within the 

fiber to provide a factor 

of N increase in the data-

carrying capacity; the 

development of broader-

bandwidth amplif iers; 

reduction of fiber atten-

uation; and the mitiga-

tion of optical nonlinear-

ity (either by reducing the 

nonlinearity of the trans-

mission fi ber itself, or by 

introducing active elec-

tronic or optical means to 

compensate it). However, 

it should be stressed that 

while many ideas exist, 

improving upon the cur-

rent technology will be extremely challeng-

ing and network operators will also need to 

look increasingly at ways of reducing traf-

fi c—for example, by caching data locally 

throughout the network, because stor-

ing large amounts of data is far easier and 

cheaper than transmitting it over long dis-

tances. Perhaps adopting different charging 

models for Internet use could also substan-

tially affect traffi c demands, and we may all 

increasingly need to get used to the idea that 

bandwidth (just like water and energy) is a 

valuable commodity to be used wisely. 
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And on the data fl ows.  The fi gure shows both the record data transmission capacity of fi ber transmission systems (numerical val-
ues scaled to be representative for a ~1000-km system) as a function of year along with an estimate of the single-fi ber capacity 
required to meet the 40% per annum in Internet traffi c. The nonlinear Shannon limit for the existing fi ber technology is rapidly 
being approached and a “capacity crunch” looms ahead without major innovation in the basic fi ber infrastructure used within our 
networks, as illustrated by the question mark labeling the idealized future growth curve. Progress toward the capacity limit of cur-
rent fi ber technology has resulted from several key breakthroughs over the years, which include the development of low-loss, single-
mode transmission fi ber, the invention of the erbium-doped fi ber amplifi er (EDFA), the development of wavelength division multi-
plexing (WDM), and most recently the development of DSP-based coherent detection, which allows for high-SE signaling. Although 
a capacity crunch has been marked around 2020, this should not be taken too literally, as there is considerable uncertainty in this 
date given differing estimates of traffi c growth for different countries and different future fi ber deployment scenarios.

Published by AAAS
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Temperatures to Communicate By

CIRCADIAN RHYTHMS

Isaac Edery

Temperature changes synchronize circadian 
clocks in organs that can’t sense light-dark 
cycles.
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         I
f a large orchestra were suddenly without 

a conductor, the individual players could 

continue to play music, but the overall 

harmony of the symphony likely would be 

lost. This relationship is analogous to the 

circadian timing system in mammals, which 

governs the wake-sleep cycle and synchro-

nizes biological processes and behaviors to 

roughly 24-hour time periods. In the mam-

malian brain, a “master clock” located in 

the suprachiasmatic nucleus (SCN) of the 

hypothalamus keeps in sync the many inde-

pendent clocks located in tissues and organs 

throughout the body ( 1). The coherence of 

these peripheral clocks is achieved presum-

ably through a two-tiered system in which 

the master clock follows the daily light-dark 

cycles, informed by ocular pathways that 

detect light. Somehow this temporal infor-

mation is converted to nonphotic cues that 

permeate the rest of the body, coordinat-

ing the oscillation of peripheral clocks ( 2). 

On page 379 of this issue, Buhr et al. show 

fascinating differences in the properties of 

the mouse SCN and peripheral clocks that 

provide a simple yet elegant model for how 

peripheral clocks “see” the light initially 

perceived by the SCN ( 3).

Buhr et al. found that although the SCN 

can be entrained (synchronized) by daily 

light-dark cycles, it is resistant to fl uctua-

tions in body temperature. Just the opposite 

is true for peripheral clocks. In animals, core 

body temperature undergoes daily rhythms, 

fl uctuating between 2° and 4°C. Buhr et al. 

show that this oscillation is suffi cient to syn-

chronize clocks in a wide variety of tissues. 

Thus, the SCN’s ability to drive core body 

temperature rhythms, while remaining resis-

tant to temperature cycles itself, enables it to 

function as a master clock that uses the uni-

versal language of temperature to communi-

cate temporal information to subsidiary cel-

lular clocks (see the fi gure).

The fi ndings of Buhr et al. also shift the 

debate on the relative importance of thermal 

signals in the circadian systems of organ-

isms. The body temperature of ectoderms 

depends on the surrounding environment 

and is controlled through external means 

(such as exposure to the heat of the Sun). 

By contrast, endotherms maintain a certain 

body temperature despite large variations in 

the surrounding environmental temperature. 

Although temperature entrainment is widely 

observed in ectothermic organisms (such as 

insects and reptiles), very few examples 

have been reported for endotherms ( 4). The 

obvious rationale is that the homeostatic 

mechanisms operating in thermoregulatory 

endothermic organisms would also render 

their clocks largely insensitive to the small 

daily changes in body temperature. How-

ever, recent work has raised the possibil-

ity of temperature as an entraining agent of 

mammalian peripheral clocks. For example, 

circadian gene expression in rat fi broblasts 

cultured in vitro and in livers of intact mice 

can be entrained by “square-wave” tempera-

ture rhythms (alternating regularly between 

two temperatures), but these changes in 

ambient temperature have no effect on the 

phase of the independent cellular clocks in 

the SCN ( 5). Buhr et al. expand on these 

fi ndings by using genetically altered mice 

that express a bioluminescence protein (a 

reporter) to refl ect circadian gene expres-

sion in real time. They show that explants 

of many tissues, such as lung and pituitary, 

have circadian clocks that can be synchro-

nized not only to square-wave tempera-

ture cycles but also to “natural” conditions 

that reproduce the endogenous core body 

rhythms of mice.

Why is the master clock in the SCN resis-

tant to temperature cycles? After all, the core 

molecular mechanisms underlying this and 

the peripheral clocks are very similar, if not 

identical ( 6). Even though individual SCN 

neurons can exhibit cell-autonomous circa-

dian oscillators, neuronal network properties 

are integral to their synchronization and thus 

to the normal function of the master clock. 

The SCN is a bilaterally paired structure of 

about 10,000 neurons each, with distinct 

anatomic subdivisions and functional prop-

erties ( 1). The fi ndings of Buhr et al. indi-

cate that resistance of the SCN clock to tem-

perature entrainment is a higher-order net-

work property. For example, SCN explants 

acquire sensitivity to perturbation by tem-

perature pulses when treated with drugs that 

block communication among neurons.

Clocks in isolated brains of the model fl y 

Drosophila melanogaster can be entrained 

by photic cues but not by temperature cycles 

( 7). Moreover, altering the neuronal cir-

cuitry of the central clock in the Drosophila 

brain decreases its resistance to entrainment 

by temperature cycles ( 8). Perhaps the mas-

ter clock in the brains of animals, which 

directly governs the all-encompassing wake-

Department of Molecular Biology and Biochemistry, Cen-
ter for Advanced Biotechnology and Medicine, Rutgers Uni-
versity, Piscataway, NJ 08854, USA. E-mail: edery@cabm.
rutgers.edu

Keeping clocks in sync. The mammalian master clock in the brain’s suprachiasmatic nucleus (SCN) 
controls fl uctuations in core body temperature in response to daily light-dark cycles. These cyclical 
temperature changes synchronize the oscillation of circadian clocks in peripheral tissues. The SCN is 
resistant to temperature change.
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RNA GPS

EVOLUTION

Christien Kluwe and Andrew D. Ellington  

Detailed “fi tness landscapes” could reveal 
the paths for evolution of function.

        F
or most of recorded human history, 

maps had a local focus and were used 

to navigate from landmark to land-

mark. This changed with the invention of 

the sextant, which for the fi rst time allowed 

us to place ourselves relative to an external 

standard such as the Sun, Moon, or a distant 

star. Maps quickly became global, although 

navigation was still largely local. Then we 

decided to build our own star-equivalents, 

satellites, and it became possible to have a 

Global Positioning System (GPS) that could 

determine our location to within meters.

On page 376 of this issue, Pitt and Ferré-

D’Amaré ( 1) offer what is, in essence, a GPS 

for RNA. They use “next-generation” (Next-

Gen) sequencing methods, computer analy-

sis, and a selection experiment to show that 

a molecular sequence’s abundance is corre-

lated with peak fi tness for a particular func-

tion and to produce detailed “fi tness land-

scapes.” The method offers insights into how 

molecules evolve and could help researchers 

more quickly map the best routes to optimal 

functional sequences for developing new vac-

cines or drugs.

In their experiment, the authors evalu-

ated the catalytic abilities of large pools of 

ribozymes that rejoin strands of RNA. The 

ribozymes were allowed to react with beads 

coated with an RNA substrate. Then, at vari-

ous times, they removed the molecules that 

became bound to the beads, thus “selecting” 

the most “successful” (or fi ttest) variants, and 

sequenced them. Tapping the relative ease, 

speed, and power of NextGen sequencing 

methods, the researchers were able to analyze 

the ribozymes captured via ligation in depth, 

and create a classic fi tness landscape (see the 

fi gure) with extraordinarily high resolution, 

comprising ~107 unique RNA genotypes.

In general, the fi ttest genotypes for a par-

ticular function are found at the peaks in 

such landscapes, and less fi t sequences are 

down in the valleys. The landscape can help 

researchers see potential paths to acquiring 

new or desired functions through mutation. 

As a result of Pitt and Ferré-D’Amaré’s work, 

it is now possible to provide a comprehensive 

picture of the fi tness landscape surrounding a 

ribozyme, without making painstaking serial 

measurements of the fi tness of this army of 

mutant “neighbors.” In addition, the infor-

mation content of individual sequences can 

be readily determined in a single experiment, 

and mutual information (covariation) helps to 

reveal secondary structures [such as a trans-

fer RNA (tRNA) cloverleaf].

Each successive generation of DNA tech-

nologies brings about a deeper understanding 

of evolution, and this work can be seen as a 

logical extension of using microarray tech-

nology to recapitulate fi tness landscapes. For 

example, researchers generated an array con-

taining single through triple point mutants 

of the anti-IgE (immunoglobulin E) DNA 

aptamer and measured the IgE-binding abili-

ties of 44,000 individual mutants in parallel 

( 2). The vast majority of mutations handi-

capped binding, suggesting that even minor 

changes in sequence greatly reduced fi tness.

Prior to this work, fi tness landscapes for 

functional RNAs were charted using more of 

a sextant. Investigators used multiple rounds 

of directed evolution to cull fit from unfit 

sequences, and they frequently assumed that 

the relative representation of “active” binding 

or catalytic species was a measure of relative 

function (more common species were more 

active). However, fi tness during evolution can 

mean many things other than just catalytic 

effi ciency. For instance, the original selection 

process that yielded the class II Bartel ligase 

used by Pitt and Ferré-D’Amaré also produced 

a wealth of different ligases; the more highly 

represented species, however, were not neces-

sarily the fastest-acting. Less functional spe-

cies may have predominated either because 

they contained shorter motifs or because they 

were more highly replicable. Indeed, one sem-

inal study suggested that simpler structures 

were less fi t, but became preferentially ampli-

Department of Chemistry and Biochemistry, University 
of Texas at Austin, Austin, TX 78712 USA. E-mail: andy.
ellington@mail.utexas.edu

sleep cycle, evolved complex network struc-

tures to ensure that its ticking is fi rmly syn-

chronized with the daily light-dark cycle—

a very reliable and predictable measure of 

external time.

Buhr et al. also make inroads into the 

molecular pathways involved in tempera-

ture entrainment by building on an old idea 

that the heat shock response plays a role in 

circadian systems ( 9). In animals, a sudden 

temperature jump can induce the oligomer-

ization of heat shock transcription factor 

1 (HSF1), leading to the production of a 

diverse group of heat shock proteins (Hsps) 

( 10) whose function includes stabilizing 

proteins under stressful conditions. Intrigu-

ingly, the expression level of Hsp70 exhibits 

a diurnal rhythm in humans, which suggests 

that the heat shock response can track slight 

variations in core body temperature ( 11). 

Buhr et al. show that compounds that specif-

ically inhibit HSF1 function also block the 

ability of heat pulses to shift the phases of 

peripheral clocks. Ultimately, to evoke such 

a shift requires changes in the oscillations 

of central clock genes in peripheral clocks. 

Several clock proteins exhibit a binding site 

for HSF1 ( 12). Roles for temperature and 

HSF1 in the circadian systems of mammals 

are part of an emerging realization of the 

deep interconnections between metabolism 

and peripheral clock function ( 13).

Thus, despite the homeostatic regula-

tion of temperature in endotherms, seem-

ingly slight fl uctuations in core body tem-

perature—if occurring at regular inter-

vals—appear to be a major modality used 

to track the cyclical changes imposed by 

Earth’s rotation on its axis. It will be impor-

tant to understand the extent to which ambi-

ent temperature modulates core body tem-

perature rhythms in endotherms, possibly 

helping peripheral clocks to undergo sea-

sonal adjustments. 
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fi ed, even though more complex sequences 

were much more functional ( 3).

The question of whether we need a GPS 

for RNA is in part dependent upon the nature 

of the f itness landscapes discovered. If 

sequence changes are highly correlated with 

changes in function, then even a small num-

ber of points may describe the landscape. If 

sequence and function are not closely corre-

lated, then successfully navigating the land-

scape will require more detailed knowledge 

of the many abrupt peaks and drop-offs. 

In the case of Pitt and Ferré-D’Amaré, the 

landscape proved to be relatively steep and 

narrow; most individual mutations greatly 

decreased functionality and there was not 

a large neutral plateau where sequence 

changes did not strongly affect function. 

This conclusion is consonant with results 

from previous studies ( 4).

The steep peaks observed in the current 

and previous studies seemingly stand in con-

trast to other work from Lehman and co-work-

ers ( 5). The Tetrahymena Group I self-splic-

ing intron was set the task of using calcium 

rather than magnesium, and the sequences 

of evolving variants were determined (albeit 

not at the resolution available today). Rather 

than just falling quickly off of its peak, there 

appeared to be multiple paths by which new 

function could be acquired. It is tempting to 

hypothesize that unnatural, functional RNA 

molecules, originally borne of a large random 

population, have very different fi tness land-

scapes than natural, functional RNA mol-

ecules, which have spent billions of years 

descending from a single ancestor via short 

mutational moves (see the fi gure). Although 

this hypothesis has not yet been tested, recent 

work has suggested that both natural and 

unnatural functional nucleic acids have simi-

lar compositions ( 6).

If the landscapes for unnatural and natu-

ral nucleic acids are truly different, then it 

may be diffi cult for unnatural nucleic acids 

to acquire new function. So far, however, this 

has not proven to be the case. For instance, 

fl avin adenine dinucleotide (FAD)–binding 

aptamers could acquire guanosine mono-

phosphate (GMP)–binding function via a 

relatively small number ( fi ve) of mutations 

( 7), while the class III Bartel ligase could 

become a ribozyme cleavase via a similar 

number of mutational steps ( four) ( 8). It is 

odd that sequences that cannot reacquire 

their own function after undergoing a small 

number of mutational steps (as shown in 

depth by Pitt and Ferré-D’Amaré) can sud-

denly acquire new functions in just a few 

additional mutational steps. What gives?

One solution to this conundrum is that 

the overall function space (the area holding 

possible functions) is more densely packed 

than we might have imagined, with many 

new functions being close to old ones (see 

the fi gure). Theoretical work by Schuster 

and Fontana ( 9), who simulated in silico the 

evolution of a random population of RNAs 

to a tRNA-like shape, bolsters this hypoth-

esis. Their work showed that large changes 

in fi tness occurred primarily by discontinu-

ous transitions. Sequences would percolate 

along, accumulating neutral or bifunctional 

mutations, before jumping to a new shape 

and/or function. Such jumps would not nec-

essarily recapitulate old function, but might 

very well allow the acquisition of new func-

tion. If this turns out to be true, then the 

early evolution of the RNA world might 

have been easier than previously imagined, 

because each new catalyst would have been 

able to duplicate and quickly jump to a 

new function. 
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A B

C D

Experimental fi tness landscapes. A high-resolution landscape developed with NextGen sequencing meth-
ods (A) provides extensive data for high-density mapping, compared to the pointillated landscapes con-
structed previously (B). Although the landscapes in (A) and (B) seem to suggest that unnatural catalysts 
extracted from large libraries can reach peak fi tness, a naturally evolved ribozyme species may have more 
available paths for evolution to new fi tness peaks (C). The peak fi tness of a functional nucleic acid (orange) 
may be farther from sequences with similar functions than from a new functional phenotype (blue) (D).
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The Benefi ts of Multilingualism

SOCIAL SCIENCE

Jared Diamond

Bilingual rearing of children, instead 

of confusing them, may bring lifelong 

advantages.

        M
ultilingualism—the abil-

ity to understand and 

speak several languages—

is exceptional in the United States 

but common elsewhere, especially in 

small-scale traditional societies. For 

instance, once while I was camped 

with some New Guinea Highlanders 

conversing simultaneously in sev-

eral local languages, I asked each 

man to name each language in which 

he could converse. It turned out that 

everyone present spoke at least 5 lan-

guages, and the champion was a man 

who spoke 15. What are the cogni-

tive effects of such multilingual-

ism? Recent studies ( 1– 5) show that 

children raised bilingually develop 

a specifi c type of cognitive benefi t 

during infancy, and that bilingual-

ism offers some protection against 

symptoms of Alzheimer’s dementia 

in old people.

Bilingual education is politi-

cally controversial in the United 

States. Even immigrants whose 

native language is not English often 

believe that their children should 

learn only English and will be con-

fused by learning two languages simultane-

ously. Until the 1960s, research appeared to 

show that bilingual children acquired lan-

guage more slowly than monolingual chil-

dren and achieved smaller vocabularies. But 

other variables correlated with bilingualism 

in those early studies, such as schooling and 

parental socioeconomic status, confounded 

their interpretation. More recent studies, 

comparing subjects matched for those other 

variables, have found bilinguals and mono-

linguals to be largely similar in cognition and 

language processing ( 6– 8).

The clearest difference identifi ed by these 

studies involves an advantage that bilinguals 

have over monolinguals, rather than a disad-

vantage. Our minds are assaulted by varied 

sights, sounds, and other external sensory 

inputs, plus thoughts and proprioreceptive 

sensations (which make us aware of the rel-

ative positions of our own body parts) (see 

the fi gure). To succeed in doing anything at 

all, we must temporarily inhibit 99% of those 

inputs and attend to just 1% of them, and the 

appropriate choice varies with the circum-

stances. That selective attention involves a set 

of processes, termed executive function, that 

reside in the prefrontal cortex and develop 

especially over the fi rst 5 years of life ( 9).

Multilingual people have a special chal-

lenge involving executive function. Mono-

linguals hearing a word need only compare it 

with their single stock of arbitrary phoneme 

(sound) and meaning rules, and when utter-

ing a word they draw it from that single stock. 

But multilinguals must keep several stocks 

separate. For instance, on hearing the pho-

nemes b-u-rr-o, a Spanish/Italian bilingual 

instantly interprets them to mean either “don-

key,” if the context is Spanish, or “butter,” if 

the context is Italian. Multilinguals partici-

pating in a multilingual conversation, like 

my New Guinea Highland friends or shop 

assistants in Scandinavian department stores, 

switch frequently and unpredictably between 

their stocks of phoneme/meaning rules. As a 

result, multilinguals have constant 

unconscious practice in using the 

executive function system.

Recent studies assess this abil-

ity by assigning to subjects game-

like tasks designed to be confusing, 

either because the task rules change 

unpredictably, or because the task 

presents misleading cues that must 

be ignored ( 1– 3,  7,  8). For instance, 

children are shown cards depict-

ing either a rabbit or a boat, colored 

either red or blue, with or without a 

star. If the card has a star, the chil-

dren must sort cards by color; if a 

star is absent, they must instead sort 

cards by the object depicted. It turns 

out that monolingual and bilingual 

subjects are equally successful if 

the rule remains the same from trial 

to trial (e.g., “sort by color”), but 

monolinguals have more diffi culty 

than bilinguals at accommodating to 

a switch in rules. Although success 

at these games won’t by itself make 

one rich or happy, our lives are full 

of other misleading information and 

rule changes. If bilinguals’ advan-

tage over monolinguals in these 

games also applies to real-life situations, that 

could be useful for bilinguals.

While this superior executive function 

has been reported for bilinguals of all ages, 

results for the youngest and the oldest sub-

jects are of particular interest. Kovács and 

Mehler ( 4,  5) tested confusing game tasks on 

“monolingual” infants and “crib bilingual” 

infants—i.e., infants reared from birth to 

hear and eventually to speak two languages, 

because mother and father speak to the infant 

in different languages. It might seem mean-

ingless to describe infants who cannot speak 

as monolingual or bilingual. Actually, infants 

learn to discriminate the sounds of the lan-

guage or languages heard around them and 

to ignore sound distinctions not heard around 

them. For instance, Japanese infants lose, and 

English infants retain, the ability to discrimi-

nate the liquid consonants l and r, which the 

Japanese language does not distinguish.

How can one test responses to speech by 

those preverbal infants? Kovács and Mehler 

( 4,  5) devised a clever protocol in which infants 

looked for pictures of a puppet appearing on 

Geography Department, University of California Los Ange-
les, Los Angeles, CA 90095–1524, USA. E-mail: jdiamond@
geog.ucla.edu

Competing inputs. A typical moment in the life of a typical Science 
reader, who is simultaneously processing various sensory inputs with his 
eyes, ears, nose (the smell of the food), skin touch receptors (the friend’s 
handshake, the briefcase being held), and proprioreceptors (the cramp 
in his leg), and having competing thoughts. Depending on the circum-
stances, any one of those stimuli or thoughts may warrant full attention. 
Recent studies suggest that multilingual people may have an advantage 
over monolinguals in sifting and managing these distracting stimuli.
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Recasting Metal Alloy Phases 
with Block Copolymers

MATERIALS SCIENCE

Mihai Peterca and Virgil Percec *  

Highly complex metal alloy phases have been 

replicated at a larger scale with spherical 

aggregates formed from polymers.

C
rystalline order develops through a 

balance between short-range attrac-

tive and repulsive interactions ( 1) 

that not only operate on atoms but work at 

the nanoscale on supramolecular structures 

( 2). Spherical particles often pack together 

into simple, high-symmetry arrangements, 

but more complex topologically close-

packed structures, such as the Frank-Kasper 

σ phase ( 3,  4) fi rst seen in metal alloys, have 

also been observed (see the fi gure, panel A). 

Spherical supramolecular aggregates formed 

from polymers and monodisperse branched 

macromolecules ( 5– 7) can be used to mimic 

atoms and explore how these phases arise. 

On page 349 of this issue, Lee et al. ( 8) 

show that linear block copolymers that form 

spherical aggregates through microphase 

separation can crystallize into a Frank-

Kasper σ phase. Relative to metal alloys, the 

volume of its crystalline repeating unit, the 

unit cell, is six orders of magnitude greater 

(see the fi gure, panel C). The scaling up of 

atomic lattices by using spherical supramo-

lecular aggregates is also of practical inter-

est because such structures could be used as 

photonic materials ( 9), nanoreactors ( 5), or 

drug delivery vehicles ( 10).

Understanding how spherical supramo-

lecular aggregates organize into crystals 

remains a challenging task. In the ideal case 

of incompressible “hard” spheres—which 

are a good model for metal atoms—the most 

stable structures correspond to the hexagonal 

close-packed (hcp) and face-centered cubic 

(fcc) periodic close-packing confi gurations 

shown in panel A of the fi gure. These struc-

tures maximize the packing of atoms and fi ll 

74% of their unit cell volume (versus 68% for 

the body-centered cubic, or bcc, packing). 

The stability of the packing derives from 

large numbers of nearest neighbors interac-

tions that decrease free energy.

Spherical aggregates formed by soft mac-

romolecules, including block copolymers, 

should follow the same principle and pre-

Roy and Diana Vagelos Laboratories, Department of Chem-
istry, University of Pennsylvania, Philadelphia, PA 19104–
6323, USA.  *To whom correspondence should be addressed. 
E-mail: percec@sas.upenn.edu   

the left side of a computer screen. The infants 

were conditioned to anticipate the puppet 

by fi rst hearing a nonsense trisyllable (e.g., 

“lo-lo-vu”). Within nine trials, both mono-

lingual and bilingual infants learned to look 

toward the screen’s left side when they heard 

that trisyllable. But when Kovács and Mehler 

changed the rules and made the puppet appear 

on the screen’s right side after broadcasting a 

different trisyllable, the “bilingual” infants 

unlearned their previous lesson and learned 

the new response within six more trials. In 

contrast, the “monolingual” infants couldn’t 

learn the new response even after nine trials. 

Evidently, shifting frequently and unpredict-

ably between hearing two parental languages 

made “bilingual” infants better able to cope 

with other unpredictable rule changes.

Do these fi ndings suggest that bilinguals 

have an advantage over monolinguals in 

negotiating our confusing world of changing 

rules, and not merely in the task of discrimi-

nating lo-lo-vu from lo-vu-lo? You readers 

may demand evidence of more tangible bene-

fi ts before you commit yourselves to babbling 

in two different languages to your infant chil-

dren. Hence, you may be more impressed by 

recent results suggesting a protective effect 

of lifelong bilingualism against symptoms of 

Alzheimer’s disease ( 10). Among hundreds 

of elderly Canadian patients with a proba-

ble Alzheimer’s diagnosis, bilingual patients 

showed their fi rst symptoms at an age 5 years 

older than did monolingual patients matched 

in other respects. Canadian life expectancy is 

79, hence a 5-year delay for people in their 

70’s translates into a 47% decreased probabil-

ity that they will develop Alzheimer’s symp-

toms at all before they die.

How might this be? A short answer is the 

aphorism, “Use it or lose it.” Exercising body 

systems improves their function; not exercis-

ing them lets their function deteriorate. That’s 

why athletes and musicians practice. It’s also 

why Alzheimer’s patients are encouraged to 

play brain-challenging games like bridge or 

to solve Sudoku puzzles. But bilingualism 

is arguably the most constant practice pos-

sible for the brain. Whereas even a Sudoku 

fanatic can spend only a fraction of a day 

on Sudoku puzzles, bilinguals impose extra 

exercise on their brain every minute of their 

waking hours. Consciously or unconsciously, 

the bilingual brain constantly has to decide: 

Shall I think, speak, or interpret sounds spo-

ken to me according to the arbitrary rules of 

language A or language B?

There are other unanswered questions. If 

one extra language offers some protection, do 

two extra languages offer more protection? 

If so, is the relationship between protection 

and number of extra languages linear, sub-

linear, or supralinear? For example, if bilin-

guals get 5 years of protection from their one 

extra language, do Scandinavian shop assis-

tants speaking fi ve languages also get just 

5 years of protection, or do they get 5 × 4 = 

20 years of protection? If you, alas, were not 

raised as a crib bilingual, will learning a sec-

ond language in school let you catch up? Do 

bilinguals’ advantages in coping with rule 

changes and confusing cues extend beyond 

trivial game tasks to real-life situations, such 

as school success and understanding other 

peoples’ mental states? What neural mecha-

nisms underlie bilingualism’s reported pro-

tection against Alzheimer’s symptoms? These 

questions will be of theoretical interest to 

linguists, and of practical interest to parents 

wondering how best to raise their children. 

References

 1. E. Bialystok, Dev. Psychol. 46, 93 (2010).  

 2. E. Bialystok, X. Feng, Brain Lang. 109, 93 (2009).  

 3. E. Bialystok, M. Viswanathan, Cognition 112, 494 

(2009).  

 4. A. M. Kovács, J. Mehler, Science 325, 611 (2009).  

 5. A. M. Kovács, J. Mehler, Proc. Natl. Acad. Sci. U.S.A. 106, 

6556 (2009).  

 6. E. Bialystok, Bilingualism and Development (Cambridge 

Univ. Press, New York, 2001).

 7. S. M. Carlson, A. N. Meltzoff, Dev. Sci. 11, 282 (2008).  

 8. A. Costa, M. Hernández, N. Sebastián-Gallés, Cognition 

106, 59 (2008).  

 9. T. Shallice, From Neuropsychology to Mental Structure 

(Cambridge Univ. Press, Cambridge, 1988)

 10. E. Bialystok, F. I. Craik, M. Freedman, Neuropsychologia 

45, 459 (2007).  

10.1126/science.1195067

Published by AAAS

 o
n 

O
ct

ob
er

 1
4,

 2
01

0 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org


15 OCTOBER 2010    VOL 330    SCIENCE    www.sciencemag.org 334

PERSPECTIVES

dominantly self-organize into hcp, fcc, and 

bcc structures ( 6). However, compared to 

atoms, such aggregates are more compress-

ible—they have intrinsic “softness”—which 

can be expected to create slight deviations 

from spherical symmetry that can favor other 

complex three-dimensional organizations. 

Such deviations are driven not only by min-

imization of the free energy of the overall 

crystal structure but also by changes within 

the aggregate ( 11) that are neglected in the 

simplistic “hard sphere” model.

One notable example in soft materials is 

the ubiquitous A15 cubic phase (see the fi g-

ure, panel A) that self-organizes from spher-

ical and oblate spherical ( 12) or polyhedral 

( 11) supramolecular dendrimers, which are 

formed by monodisperse branched mac-

romolecules resembling covalent or non-

covalent bonded fractal structures. This 

cubic packing seems to replace ( 13) the fcc 

and bcc structures because of the peculiar 

internal structure of the supramolecular 

dendrimers that form it. They consist of a 

“hard” aromatic core surrounded by a “soft” 

aliphatic shell. This combination was shown 

theoretically to favor the A15 cubic pack-

ing that minimizes the surface free energy 

better than fcc and bcc structures ( 14) and 

to increase the fi lling of the unit cell vol-

ume to higher fractions, in the range of 76 

to 83% ( 12). Remarkably, a few soft spheri-

cal aggregates self-assembled from den-

drons (partial wedges of dendrimers), and 

dendrimers occasionally form unexpected 

quasiperiodic structures that have rota-

tional symmetry but no translation symme-

try ( 15– 17) and σ phases ( 16– 19). The rare 

occurrence of the σ phase in soft macro-

molecules is correlated with the formation 

of alternating layers populated by spherical 

assemblies exhibiting the atypical fi ve fi rst 

nearest neighbors within the layer (see the 

fi gure, panel B).

The study of fi rst-order phase transitions 

driven by heating or cooling can also provide 

insight into the structural parameters that 

control the formation of these phases. Such 

control is essential to the next step of the scal-

ing-up of structure seen in atomic and small-

molecule crystals in soft matter. For example, 

the σ phase was consistently observed to form 

before the bcc phase upon heating ( 8,  19). In 

this fi rst example of the σ phase formed by 

block copolymers, Lee et al. attribute this 

order to the slightly lower surface area per 

unit volume in the σ phase compared to the 

bcc phase, which can account for a lower 

enthalpy ( 8). However, the similarity of the 

A15 and σ phases eluded a defi nitive assess-

ment of their thermal order. Nevertheless, 

self-assembling dendrons and dendrimers 

exhibiting these two close-packing of spheres 

consistently reverse their thermal sequence 

from σ to A15, to A15 to σ, respectively, illus-

trating that the macromolecular topology ( 7) 

also plays an important role in selecting the 

type of close packing in soft matter.

The discovery of a new equilibrium phase 

in block copolymers, which have been stud-

ied for more than half a century, is truly rare. 

Their remarkable fi nding of the thermody-

namically stable σ phase hints that block 

copolymers might also form quasiperiodic 

phases ( 8,  15– 17) and opens the door to the 

fabrication of other complex supramolecular 

organizations from soft nanomaterials. 
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Preferences in packing spheres 

into crystals. (A) Close-packed 
spheres can group together to fi ll 
space in many different arrange-
ments. (B) An electron density dis-
tribution shows the σ phase formed 
from soft macromolecules ( 7). The 
overlaid squares and triangles mark 
the unusual periodic packing within 
the alternating layers (planes z = 
1/2 and z = 1/4) formed by spher-
ical assemblies with five nearest 
neighbors. (C) The dependence of 
the molecular weight of the build-
ing block and unit cell volume for 
the σ phase illustrating the scaling-
up principle in soft matter. The large unit cells seen by Lee et al. result from the large spherical aggregates 
formed by hundreds of individual polymers. Data were calculated for metal alloys from ( 4), for self-assem-
bling dendrons and dendrimers from ( 13,  16– 19), and for block copolymers from ( 8).
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Why Testing Improves Memory:
Mediator Effectiveness Hypothesis
Mary A. Pyc* and Katherine A. Rawson

Anintuitive but incorrect assumption is that
learning only occurs during study and that
testing is useful only for evaluating the

state of memory (1). However, testing improves
memory, as demonstrated with a wide variety of
materials and learners (2). Given the wealth of
research establishing the empirical benefits of test-
ing, it is surprising that the mechanisms underly-
ing testing effects are not well understood.

We propose the mediator effectiveness hy-
pothesis, stating that testing improves memory
by supporting the use of more-effective media-
tors during encoding (a mediator is a word,
phrase, or concept that links a cue to a target).
What makes a mediator effective? Two key fac-
tors are mediator retrieval (i.e., mediator is re-
callable when prompted with the cue) and
mediator decoding (i.e., mediator elicits the target
from memory) (3). The mediator effectiveness
hypothesis assumes that mediators generated
during testing (versus restudy only) are more
likely to be subsequently retrieved and decoded,
increasing recall of target responses.

To test this hypothesis, we presented
118 participants with 48 Swahili-
English translation pairs (e.g., wingu-
cloud) for an initial study trial and then
three blocks of practice trials. In the test-
restudy group, each practice trial for an
item involved a cued recall test followed
immediately by restudy. In the restudy
group, each trial involved only restudy.
On the initial study trial and each re-
study trial, all participants generated
and reported keyword mediators (key-
words are mediators that look or sound
similar to the foreign language cue and
are semantically related to the English
target) (4). On the final test 1 week
later, participants received only the cue
(cue only, C group, as in prior re-
search), the cue with their own medi-
ator from practice (cue plus mediator,
CMgroup), or the cuewith a prompt to
recall their own mediator before recall-
ing the target (cue plus mediator recall,
CMR group).

The mediator effectiveness hypoth-
esis makes two key predictions. Con-
cerning mediator retrieval, retrieval of
mediators at the final test in the CMR
group will be greater after test-restudy
versus restudy practice. Concerning
mediator decoding, retrieval of targets

at final test in the CM group will be greater after
test-restudy versus restudy practice.

Replicating the robust testing effects from prior
research, test-restudy practice produced almost a
threefold increase in final test performance in the
C group (Fig. 1A). According to the mediator ef-
fectiveness hypothesis, this benefit is due to dif-
ferential effectiveness of mediators, with testing
improving mediator retrieval and decoding.

Confirming the prediction of increased me-
diator retrieval, recall of mediators at final test
in the CMR group was greater after test-restudy
versus restudy practice (51% versus 34%). For
converging evidence, consider final test perform-
ance in the C and CM groups. Providing me-
diators at final test significantly improved recall
after restudy practice but not after test-restudy
practice, suggesting that explicitly providingme-
diators was largely redundant with participants’
spontaneous retrieval of mediators in the test-
restudy group.

Confirming the prediction of increased medi-
ator decoding, final test performance in the CM

group was significantly greater after test-restudy
versus restudy practice. Even when differences in
mediator retrieval were circumvented by provid-
ing participants with their mediators, mediators
were more likely to elicit recall of targets after
test-restudy versus restudy practice. As converg-
ing evidence, the same pattern is apparent when
examining recall as a function of mediator re-
trieval in the CMR group (Fig. 1B). Although
mediator retrieval benefited recall in both groups,
the benefit was greater after test-restudy versus
restudy practice. Furthermore, in trials in which
mediators were retrieved, recall was greater after
test-restudy versus restudy practice.

Results support the mediator effectiveness
hypothesis and offer one theoretical explana-
tion for why testing is beneficial for memory:
Mediators generated during encoding are more
effective (i.e., more likely to be retrieved and
decoded) with test-restudy versus restudy prac-
tice. We are not claiming that mediator effective-
ness is the only mechanism underlying testing
effects. However, mediator effectiveness may be
an important contributor.

Why did testing yield more-effective medi-
ators? Successfully retrieving mediators during
practice may enhance their memory strength.
Additionally, retrieval failures during encoding
may promote shifting from less- to more-effective
mediators (5), and retrieval failure occurs dur-
ing testing but not restudy. Consistent with this
idea, shifting to new keywords was more likely
during test-restudy versus restudy practice (25%
versus 19% of trials). Importantly, the mediator
effectiveness hypothesis defines two compo-
nents of mediator effectiveness (i.e., mediator
retrieval and decoding), and results provide evi-
dence for a contribution of each of these factors
to the testing effect.
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IDH2 Mutations in Patients with
D-2-Hydroxyglutaric Aciduria
Martijn Kranendijk,1* Eduard A. Struys,1 Emile van Schaftingen,2 K. Michael Gibson,3
Warsha A. Kanhai,1 Marjo S. van der Knaap,4 Jeanne Amiel,5 Neil R. Buist,6 Anibh M. Das,7
Johannis B. de Klerk,8 Annette S. Feigenbaum,9 Dorothy K. Grange,10 Floris C. Hofstede,11
Elisabeth Holme,12 Edwin P. Kirk,13 Stanley H. Korman,14 Eva Morava,15 Andrew Morris,16
Jan Smeitink,17 Rám N. Sukhai,18 Hilary Vallance,19 Cornelis Jakobs,1† Gajja S. Salomons1

Recent studies in human cancer genetics have
led to a resurgence of interest in a group
of metabolic enzymes called isocitrate

dehydrogenases. A recurrent heterozygous somatic
mutation in the gene encoding cytosolic isocitrate
dehydrogenase-1 (IDH1) is present in glioblastoma
multiforme and alters residue Arg132 (R132) in
the enzyme’s active site (1). This mutation disables
the enzyme’s normal ability to convert isocit-
rate to 2-ketoglutarate (2-KG) and confers on it
a new function: the ability to convert 2-KG to D-2-
hydroxyglutarate (D-2-HG) (2). Heterozygous
mutations that alter residues R140 and R172 of
mitochondrial isocitrate dehydrogenase-2 (IDH2),
the latter corresponding to R132 of IDH1, have
been detected in other tumor types, acutemyeloid
leukemia and gliomas. These mutations also lead
to abnormal production of D-2-HG (3, 4).

This unusual pathophysiological mechanism
prompted us to explorewhethermutations in IDH1
or IDH2 are associated with D-2-hydroxyglutaric
aciduria (D-2-HGA) (Mendelian Inheritance in
Man no. 600721). D-2-HGA is a rare inherited neu-
rometabolic disorder with a wide clinical spec-
trum. Although some children with D-2-HGA are
asymptomatic, others exhibit characteristics that
can include developmental delay, epilepsy, hypo-
tonia, cardiomyopathy, and dysmorphic features.
All affected individuals
have consistently in-
creased D-2-HG levels
in urine, plasma, and
cerebrospinal fluid (5).
About 50% of patients
with this disorder, de-
noted D-2-HGA type I,
have autosomal reces-
sivemutations in thegene
D2HGDH encodingD-2-
hydroxyglutarate dehy-
drogenase (6), but the
genetic basis of the dis-
ease in the remaining
patients is unknown (5).

We sequenced the
open reading frames of
IDH1 and IDH2 in 17
unrelated idiopathicD-2-
HGA patients (i.e., nor-
malD-2-HGDHenzyme
activity or no mutations
in D2HGDH and con-
sistently increasedD-2-

HG levels in body fluids). No mutations were
detected in IDH1. In 15 patients, germlinemutations
were detected in IDH2: the known heterozygous
G-to-A substitution at position 419 (c.419G>A),
resulting in the replacement of Arg140 with Gln140

(p.R140Q) (4), and a novel heterozygousC-to-G sub-
stitution at position 418 (c.418C>G),Arg140→Gly140

(p.R140G) (Fig. 1 and table S1). Although the
D-2-HGDH enzyme functions normally in these
patients, the active protein appears to lack the cat-
alytic capacity to oxidize all D-2-HG formed by
IDH2 containing the R140 mutation; we thus de-
note the disorder in these patients asD-2-HGA type
II. The higher urinary excretion of D-2-HG in the
type II patients compared with that of type I
patients (Fig. 1) is best explained by hyperpro-
duction of this metabolite. The involvement of
mitochondrial IDH2 is also consistent with the
finding that D-2-HG is derived from mitochon-
drial 2-KG (7).

In eight of nine sets of parents, the mutation
could not be detected, indicating that the heter-
ozygous mutation arose de novo and that D-2-
HGA type II is an autosomal dominant trait. In one
family, however, three subsequent affected preg-
nancies were diagnosed by increasedD-2-HG levels
in amniotic fluid, suggesting germline mosaicism
in the mother who herself had normal urinary

D-2-HG levels and showed somatic mosaicism
in her blood (Fig. 1).

The pathophysiological consequences of in-
creasedD-2-HGinboth cancer andD-2-HGAremain
to be determined.Dang et al. have hypothesized that
D-2-HG is an “onco-metabolite” that contributes to
the formation of gliomas (2).However, patientswith
malignant gliomas and anaplastic astrocytomas that
harbor IDH1 or IDH2 mutations show improved
survival in comparison to patients whose tumors
lack these mutations (1, 4). The absence of cancer
diagnoses in our D-2-HGA patient population (>85
patients) is also not consistent with the proposed
role ofD-2-HGas an onco-metabolite, although the
15D-2-HGA type II patients are young,whichmay
preclude firm conclusions about cancer susceptibil-
ity (Fig. 1 and table S1).

An increased incidence of brain tumors has been
noted among patients with L-2-hydroxyglutaric
aciduria (L-2-HGA) (8). L-2-hydroxyglutarate (L-2-
HG) is the stereoisomer ofD-2-HG, but L-2-HGA is
a distinct neurometabolic disease. In contrast to
D-2-HGA, L-2-HGA is a leukodystrophy. L-2-HGA
manifests in early childhood with slowly pro-
gressive neurological symptoms, including psy-
chomotor retardation, cerebellar ataxia, variable
macrocephaly, and epilepsy (9). The biochemical
defect in L-2-HGA is caused by mutations in the
L2HGDH gene, which encodes an enzyme that
specifically degrades the L enantiomer of 2-HG (9).

Now that disease-associated mechanisms have
been described for nearly all D-2-HGA patients,
genetic counseling is expected to be enhanced.
Our findings provide additional impetus for inves-
tigating the role of D-2-HG in the pathophysiol-
ogy of inborn errors of metabolism and neoplastic
disorders.
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Fig. 1. Characteristics of patients with D-2-HGA types I and II. The living
D-2-HGA type II patients (n = 6) range in age from 3 to 22 years. The age of
death of the remaining patients (n = 9) ranged from a few months up to 14
years. To date, none of the patients has been diagnosed with cancer. Shown
below the table are sequence chromatograms from patients 5 and 15 (table
S1), who have heterozygous IDH2 mutations. Somatic mosaicism for the
R140Q mutation was detected in DNA of the mother of patient 5, unlike the
other sets of parents in whom the mutation was not detected.
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Crystal Growth Inhibitors for the
Prevention of L-Cystine Kidney
Stones Through Molecular Design
Jeffrey D. Rimer,1*† Zhihua An,1* Zina Zhu,1* Michael H. Lee,1 David S. Goldfarb,2
Jeffrey A. Wesson,3 Michael D. Ward1‡

Crystallization of L-cystine is a critical step in the pathogenesis of cystine kidney stones. Treatments
for this disease are somewhat effective but often lead to adverse side effects. Real-time in situ
atomic force microscopy (AFM) reveals that L-cystine dimethylester (L-CDME) and L-cystine
methylester (L-CME) dramatically reduce the growth velocity of the six symmetry-equivalent
{100} steps because of specific binding at the crystal surface, which frustrates the attachment
of L-cystine molecules. L-CDME and L-CME produce L-cystine crystals with different habits that reveal
distinct binding modes at the crystal surfaces. The AFM observations are mirrored by reduced
crystal yield and crystal size in the presence of L-CDME and L-CME, collectively suggesting a new
pathway to the prevention of L-cystine stones by rational design of crystal growth inhibitors.

Kidney stones comprising L-cystine (Fig.
1) affect at least 20,000 individuals in
the United States. Although this num-

ber is substantially smaller than the number of
individuals afflicted by calcium oxalate mono-
hydrate (COM) stones (approximately 10% of
the U.S. population), L-cystine stones are larger,
recur more frequently, and are more likely to
cause chronic kidney disease (1). The formation
of L-cystine stones is a consequence of exces-
sive levels of L-cystine in the urine because of
defective reabsorption of filtered cystine (2). This
condition is the result of an autosomal reces-
sive disorder caused by mutations in one of the
two genes, either SLC3A1 on chromosome 2
(type A cystinuria) or SLC7A9 on chromosome
19 (type B cystinuria), which code for compo-
nents of the major proximal renal tubule cys-
tine and dibasic amino acid transporter (3). This
condition is exacerbated by the low solubility
of L-cystine (4), which favors facile formation of
crystals that aggregate into stones, often with
centimeter dimensions (Fig. 2A).

Current treatments for L-cystine stone preven-
tion, including dilution through high fluid intake
(5) and increasing urine pH through ingestion
of alkalinizing potassium or sodium salts (5, 6),

can suppress but may not completely prevent
stone formation. Severely afflicted individuals
often rely on additional treatment with L-cystine–
binding thiol drugs such as D-penicillamine
[HSC(CH3)2CH(NH2)COOH] and a-mercaptopro-
pionylglycine [HSCH(CH3)C(O)NHCH2COOH],
which react with L-cystine to generate more sol-
uble asymmetric disulfides (2). These drugs, how-
ever, have an unpleasant odor and can cause
adverse side effects, such as nausea, fever, fa-
tigue, skin allergies, and hypersensitivity (5). For
patients with very high L-cystine concentrations,
L-cystine–binding thiol drugs may not reduce L-
cystine levels sufficiently at dosages (up to 2000
mg per day) regarded as below the threshold
for toxicity, and patient adherance to these pre-
scribed medications and high fluid intake can
be problematic (5). We report an alternative ap-
proach to the prevention of L-cystine kidney
stones that is based on crystal growth inhibition
achieved through the binding of tailored growth

inhibitors—L-cystine dimethylester (L-CDME)
and L-cystine methylester (L-CME)—to specific
crystal surfaces, as revealed by in situ real-time
atomic force microscopy (AFM) (7, 8) and par-
allel bulk crystallization studies (9).

L-cystine stones are aggregates of individual
crystals with hexagonal habits (Fig. 2). L-cystine
can be crystallized in vitro at physiological pH
(6 ≤ pH ≤ 8) by means of slow evaporation
(10), acidification of basic L-cystine solutions
to neutral pH (11), or gradual cooling of solu-
tions supersaturated with L-cystine (12). Under
these conditions, L-cystine crystallizes as hex-
agonal plates (Fig. 2B) with large (001) basal
surfaces that can achieve widths of 400 mm
and are bounded by six equivalent {100} faces.
The typical thickness of these crystals ranges
from 10 to 30 mm. The crystal structure (hexag-
onal P6122 space group, a = b = 0.5422 nm, c =
5.6275 nm) reveals L-cystine molecules orga-
nized as a helix about the 61 screw axis so that
six cystine molecules span the ~5.6-nm unit cell
length of the c axis (13). The L-cystine mole-
cules exhibit intermolecular NH3

+…–O(C=O) hy-
drogen bonding along the 61 screw axis (Fig.
2C, I), intermolecular S…S interactions between
the helices at intervals of c/2 along each of the
six equivalent {100} directions (Fig. 2C, II), and
NH3

+…–O(C=O) hydrogen bonding (Fig. 2D,
III and IV) between adjacent helices in the (001)
plane. The hexagonal plate habit reflects the
multiple strong intermolecular interactions in
the (001) plane. The basal surfaces of L-cystine
grown at neutral pH are decorated with {100}
steps that are observable through either optical
(Fig. 2B) or scanning electron microscopy (SEM)
(fig. S2).

Crystal growth near equilibrium is common-
ly described by the terrace-ledge-kink model
(14), in which steps created by dislocations ad-
vance across crystal terraces by the addition of
solute molecules to kink sites along the ledge
(a ledge is the intersection of a step and ter-
race). Steps originating from screw dislocations
typically exhibit a spiral growth pattern, with the
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Fig. 1. Molecular structures of L-
cystine and the inhibitors L-CDME
and L-CME.
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first turn occurring once every step has reached
its critical length (15). Real-time in situ AFM of
the L-cystine (001) face during growth in
aqueous solutions containing L-cystine revealed
steps emanating from screw dislocations, gen-
erating hexagonal hillocks in a spiral growth
pattern. Occasionally, multiple dislocations were
observed (Fig. 3, A and B, and movie S1),
merging to generate a range of step heights from
1 nm to 60 nm, with the larger steps observed
distant from the dislocation cores, where step
bunching would be expected (fig. S3). In con-
trast, hillocks generated by single isolated dis-
locations were bounded by six well-defined
major {100} steps, each with a ~6-nm height cor-
responding to the unit cell length along c, sepa-
rating (001) terraces. Each hillock terrace was
decorated with six minor {100} steps at 60° in-
tervals, each with a ~1-nm height corresponding
to a single L-cystine molecule, creating the ap-
pearance of a pinwheel. These minor steps most
likely reflect a splitting of the dislocation into
six equivalent dislocations described by a Burgers
vector having a magnitude of c/6. Consecutive
images during crystal growth revealed a clock-
wise rotation of the pinwheel at the dislocation
core (a left-handed screw) accompanied by con-
tinuous generation of new hillocks. Attachment
of L-cystine molecules to both the minor and
major steps on the surrounding terraces results
in outward advancement of the steps with re-
spect to the dislocation core (Fig. 3C and movie
S2). The spiral growth pattern also is observed
for D-cystine, the unnatural enantiomer, but with
counterclockwise (a right-handed screw) rota-
tion of the pinwheel (Fig. 3D and movie S3). A
preference for screw dislocations of opposite
handedness for enantiomeric crystals has been
predicted (16).

Quantitative determination of crystal growth
rates at the near-molecular level were obtained
by using AFM to measure the {100} step ve-
locity (Fig. 4, A and B, and fig. S4). In order to
achieve growth rates within a reasonable mea-
surement timeframe, the L-cystine concentration
was adjusted to 480 mg/liter (2 mM), which is
five times larger than L-cystine solubility at room
temperature (17). The {100} step velocity (Vo),
determined through measurement of the step ad-
vance in successive images, was 11 nm/s, which
is equivalent to 50 molecules/nm2 s. The step
velocity was equivalent along all six directions,
as expected for the hexagonal symmetry.

Crystallization outcomes such as habit, chi-
rality, and polymorphism can be influenced by
tailored growth inhibitors that reduce crystalli-
zation rates through binding at specific step
sites (18, 19). These inhibitors, which have been
described as “imposters,” (15) consist of a binder
moiety that emulates a critical structural element
of the solute that attaches to a specific crystal
site and a perturber moiety that obstructs the ap-
proach of additional solute molecules to neighbor-
ing sites, pinning step motion. Growth inhibitors
may be monomers that closely resemble the

solute, as demonstrated for amino acid and adipic
acid crystals (20–22). The effect of molecular
inhibitors on the crystal growth of b-hematin—
a synthetic malaria pigment—and their poten-
tial role as antimalarial drugs has been reported
(23, 24). Polyvalent macromolecules capable of
binding to multiple crystal sites, such as pep-
tides and proteins, also can influence ice crystal-
lization (25) and the formation of biominerals,
including calcium carbonate (26, 27) and cal-
cium oxalates (28–30).

AFM revealed that addition of L-CDME, a
structural mimic of L-cystine in which the car-
boxylate groups are replaced by methylester
groups, resulted in roughening of the otherwise
highly linear {100} step edges and rounding of
the hillock corners, which is consistent with

step pinning through adsorption of L-CDME
at the {100} steps (Fig. 3, E and F). This effect
was reversible because the steps once again be-
come linear after addition of aqueous solu-
tions containing only L-cystine (fig. S5). The step
velocity decreased monotonically with increas-
ing L-CDME concentration, becoming negligi-
ble above 30 mg/liter (Fig. 4, A and C). Similarly
to the step roughening, the inhibitor effect was
reversible, with the rates returning to the original
value once the growth medium was replaced with
aqueous solutions containing only L-cystine. The
reduction of the step velocity was equivalent
along all six directions in the (001) plane, as ex-
pected for the hexagonal symmetry of the crystal.
These observations are consistent with attachment
of L-CDME to the {100} step planes through a

Fig. 2. (A) Human stones with millimeter-
scale dimensions [courtesy of M. Lewis,
International Cystinuria Foundation]. (B) A
hexagonal L-cystine crystal prepared in
vitro. The faint lines on the top surface of
the crystal, parallel to the edges, are the
{100} steps. (C) Two adjacent helices of
L-cystine molecules, viewed on the (100)
plane, each winding about a 61 screw axis
that coincides with the c axis. Six L-cystine
molecules, denoted C1 to C6, span the
5.6-nm c axis. Key intermolecular inter-
actions include amine-carboxylate hydro-
gen bonds along the helix (I, dN…O =
2.87 Å) and S…S interactions (II, dS…S =
3.47 Å) between helices at intervals of c/2,
depicted here for C1 and C4 along the
[010] direction (identical S…S interactions
occur at symmetry-related sites along the
other five equivalent directions). (D) In-
termolecular amine-carboxylate hydrogen
bonds in the (001) plane (III, dN…O =
2.79 Å and IV, dN…O = 2.81 Å). Atom
color code is gray, carbon; red, oxygen;
blue, nitrogen; yellow, sulfur; and white,
hydrogen. (E) Schematic illustration of a
hexagonal L-cystine crystal, with Miller in-
dices. The six planes flanking (001) belong
to the {100} family.

Fig. 3. (A and B) Real-
time in situ AFM images
of a L-cystine crystal, ac-
quired 12 min apart. A
pair of hexagonal hillocks
generated by two closely
spaced dislocations serve
as landmarks. (C and D)
AFM images of a single
dislocation center of (C)
L-cystine and (D) D-cystine
crystal during growth. (E
and F) AFM image of a
hexagonal growth hil-
lock on the (001) face of
L-cystine (E) before and
(F) after addition of L-CDME (5 mg/liter; 0.02 mM), revealing roughening of the {100} steps due to step
pinning. Images were acquired in aqueous solutions containing 2 mM L-cystine.
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combination of intermolecular (cystine)S…S(L-
CDME), (cystine)C(=O)O–…+H3N(L-CDME),
and (cystine)N-H…O=C(L-CDME) interac-
tions in a manner that mimics the attachment
of L-cystine solute molecules at the {100} steps,
with the ester methyl groups of bound L-CDME
molecules blocking the attachment of L-cystine
solute molecules at neighboring crystal sites.
The steric bulk of the ester methyl group is not
sufficient to prevent binding of L-CDME to the
{100} steps.

The AFM measurements demonstrate that
L-CDME slows growth along the naturally fast
growth directions within the (001) plane. This
microscopic behavior was mirrored in bulk crys-
tallization by a gradual change in the crystal habit
from (001) plates to small hexagonal needles ori-
ented along the [001] direction as the L-CDME
concentration was increased (Fig. 5A and fig. S6).
At L-CDME concentrations as low as 5 mg/liter
(0.02 mM; equivalent to 1% of the L-cystine con-
centration), the area of the (001) face was re-
duced by a factor of 1000, whereas the length of
the needles was comparable with the thickness
of the hexagonal plates grown in the absence of
L-CDME (~30 mm), resulting in crystals that
were 1000 times smaller. Moreover, the total
crystallization yields decreased with increas-
ing L-CDME concentration, approaching com-
plete inhibition above 2 mg/liter (Fig. 4D),
which is consistent with the AFM observations.
The dramatic change in crystal habit in the

presence of L-CDME and L-CME may influ-
ence the aggregation of crystals and their at-
tachment to renal cells, which are also critical
steps in stone formation (31). L-CDME also
promoted the formation of small amounts of
minute crystals of tetragonal L-cystine (Fig. 5B).
The formation of the tetragonal polymorph, which
ordinarily crystallizes only under more basic
conditions (pH > 8) (32), can be attributed to
the suppressed growth of the hexagonal form
by L-CDME.

The unsymmetrical L-CME, a cystine mimic
with only one ester methyl group, also inhibited
L-cystine crystallization. AFM measurements re-
vealed that the {100} step velocity declined with
increasing L-CME concentration, but to a lesser
extent than L-CDME (Fig. 4, B and C). L-CME
also reduced the size of L-cystine crystals sub-
stantially, and it reduced the crystal yield, but to
a lesser extent than did L-CDME (Fig. 4D).
Step roughening was observed in the presence
of L-CME, but at higher concentrations as com-
pared with that of L-CDME (fig. S5). These ob-
servations are consistent with weaker inhibition
of L-CME as compared with that of L-CDME.
The L-cystine crystals grown in the presence of
L-CME exhibited a tapered hexagonal habit, with
six faces intersecting the basal (001) plane at an
angle of 85°, which is attributable to the emer-
gence of six equivalent {101} surfaces (Fig. 5, C
and D, and fig. S7). The different crystal habits
generated by L-CDME and L-CME provide in-

teresting insight into the binding modes of these
inhibitors at the L-cystine crystal surface.

The P6122 space group symmetry generates
inequivalent projections of the L-cystine mole-
cules on each flank of a hexagonal hillock. Each
projection winds around the hillock by trans-
lations of Tc/6 on adjacent faces. In the 5.6-nm
span of the hillock, diad axes create two distinct
pairs of symmetry-related projections in which
the L-cystine molecules are oriented in oppo-
site directions along c—for example, C1/C3 and
C4/C6 on the (010) face (Fig. 6). The two re-
maining sites, located on the diad special posi-
tions, create two additional distinct projections
along directions containing the aforementioned
intermolecular S…S contacts. Molecular models
reveal that binding of L-CDME at (001)∩{100}
ledge sites [illustrated in Fig. 6 by the intersec-
tion of (001) and (010) planes] is precluded by
the steric obstruction introduced by one of the
ester methyl groups (Fig. 6). Consequently, attach-
ment of L-CDME must occur at L-cystine sites
above the ledge sites. It is reasonable to sug-
gest that L-CDME would bind preferentially
at the diad sites because of the additional S…S
interactions—for example, the C2 and C5 sites
on the (010) face. Binding of L-CDME would

Fig. 4. (A and B) The position of the 5.6-nm-high {100} steps, as measured from the center of the spiral
dislocations during growth in aqueous solutions containing 2 mM L-cystine with various concentrations of
L-CDME or L-CME. The step velocities in the absence of inhibitor, determined from the slopes of the lines,
are Vo = 11.4 T 0.3 and 11.3 T 0.1 nm/s, respectively. The SD is based on the average of the velocities
determined for three independent steps. (C) Comparison of the effectiveness of L-CDME and L-CME on the
inhibition of the {100} step velocity, expressed as V/Vo. (D) The mass yield of L-cystine crystals obtained
after crystallization for 72 hours in the presence of various concentrations of L-CDME or L-CME. The error
bars represent 1 SD based on three measurements for each inhibitor concentration.

Fig. 5. (A) Minute L-cystine crystals grown in the
presence of L-CDME (5 mg/liter; 0.02 mM) exhibit
a hexagonal needle-like habit with prominent
{100} faces and high c/a aspect ratios, approach-
ing 30 for many crystals. (B) Small quantities of
the tetragonal P41 polymorph are formed in the
presence of L-CDME (5 mg/liter). (C) L-CME (10
mg/liter; 0.04 mM) produces tapered hexagonal
needles with six {101} faces. Some crystals exhibit
the tapered habit at both ends of the crystal, as
expected for the crystal symmetry (fig. S7). The
observation of only one half of the tapered crystal
suggests that growth often begins on a surface.
(D) The tapered needles formed in the presence of
10 mg/liter L-CME occasionally grow from a nidus
that may be an amorphous L-cystine particle or a
microscopic unidentified foreign object. Crystal
growth was performed in aqueous solutions con-
taining 3 mM L-cystine (700 mg/liter).
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prevent steps from advancing further above
the inhibitor site, leading to step bunching that
would terminate in {100} planes and produc-
ing hexagonal needles with small cross sections.
L-CDME binding to other sites cannot be ex-
cluded; the projections of L-cystine molecules

at each site of a diad-related pair (blue-blue or
green-green on each hillock face in Fig. 6) dif-
fer only with respect to their “up” or “down” ori-
entation (denoted by the white arrows). The C2

symmetry of L-CDME would result in equiv-
alent binding to either site of a diad pair.

In contrast, L-CME can bind at (001)∩{100}
ledge sites in its up orientation because the car-
boxylic acid terminus is indistinguishable from
the ends of L-cystine (the ester methyl group
would prevent binding at the ledge in the down
orientation). The terrace of the ledge site ef-
fectively breaks the twofold up-down sym-
metry of the diad-related pairs. Consequently,
each flank of the hexagonal hillock contains
six crystallographically, and therefore chemical-
ly, inequivalent (001)∩{100} ledge sites along
the 5.6-nm span of the c axis (fig. S8). The
tapered crystals grown in the presence of L-CME
can be explained only by highly selective bind-
ing of L-CME at one of these sites. Crystal step
motion would then be pinned at these sites,
repeating at an interval of c, creating a vicinal
face with a tangent plane intersecting the (001)
plane at an angle of 85°, which is identical to
the angle of the tapered faces on the macro-
scopic crystals and assignable to {101} planes.
The different mode of binding in the presence
of L-CDME and L-CME, particularly the dis-
crimination of L-CME for one of the six pos-
sible ledge sites, is a remarkable illustration of
molecular recognition between tailored inhib-
itors and crystal surface sites. Moreover, the step
velocity measurements, step roughening, crystal
habit effects, and crystal yields represent a rare
example of a correspondence between inhib-
itor effects at the microscopic level and macro-
scopic crystallization behavior.

L-CDME is extraordinarily effective com-
pared with inhibitors examined for other kid-
ney stone–forming materials. Molecular additives
have been found to be substantially less effec-
tive as crystal growth inhibitors of COM as
compared with that of their polymeric forms;
for example, aspartic acid is more than 1000
times less active for COM inhibition than
poly(aspartic acid), in which the carboxylate
side chains are thought to bind to calcium sites
on the crystal surfaces. The effective inhibition
observed for polymers can be attributed to the
entropic benefit associated with binding of mul-
tiple carboxylate groups on a single chain. Sur-
prisingly, the concentrations at which L-CDME
becomes effective for L-cystine inhibition (~2
mg/liter) is comparable with those observed for
poly(amino acid) inhibitors of COM crystalli-
zation (28). The importance of molecular rec-
ognition between L-CDME and the L-cystine
step planes is underscored by our observations
that other additives with proximal carboxylate
and amine groups, such as those in L-cystine,
had a negligible influence on L-cystine growth.
For example, L-cysteine, the thiol relative of
L-cystine, reduced the size of L-cystine crystals
somewhat (at 10 mg/liter), but its effect on
crystallization yield was negligible (fig. S9).
Urinary proteins such as osteopontin, human
serum albumin, and Tamm-Horsfall protein af-
forded only modest reductions in crystallization
yield at concentrations comparable with phys-
iological values (2 mg/liter), suggesting a neg-

Fig. 6. (Top left) Schematic representation of an L-cystine hillock, color-coded to denote the distinct
projections of L-cystine along each flank of the 5.6-nm-high hillock. The six flanks are depicted in the
unraveled version of the hillock on the right. Equivalent projections on adjoining flanks are related by
the 61 screw axis. Diad axes, denoted by black ovals, generate two identical projections that differ only
with respect to their up or down orientation (denoted by white arrows). (Bottom right) L-CDME binding
at a (001)∩{010} ledge site is frustrated by one of the ester methyl group, emphasized here by the
white arc. (Bottom left) L-CDME binding to the (010) step: The ester methyl groups of L-CDME,
depicted by purple spheres, block attachment of L-cystine to adjacent sites. Binding to the C1 and C4
sites on the {010} step allows S…S and hydrogen-bonding interactions between L-cystine molecules
projecting from the step surface and L-CDME. In contrast, in the up orientation the carboxylic acid
terminus of L-CME can bind to the ledge sites in a manner like L-cystine, through hydrogen-bonding
interaction I, at the (001) terrace, as well as S…S interactions and hydrogen bonding at the (010) step.
Crystallographically equivalent (001)∩(010) ledge sites, depicted here for the C6″-C1 and C6-C1′
combinations, are spaced at intervals of c, generating a vicinal surface equivalent to a (011) plane. This
plane intersects the (001) plane at an angle of 85°, which is consistent with the tapered faces observed
in the presence of L-CME.
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ligible role for these substances in the regu-
lation of cystine stone formation.

Collectively, the AFM and bulk crystalliza-
tion behavior for L-cystine suggest that L-CDME
is a viable therapeutic agent for the prevention
of L-cystine kidney stones. This approach to stone
prevention uses a potentially benign crystal growth
inhibitor at low concentrations rather than drugs
that rely on a chemical reaction with L-cystine
(L-cystine–binding thiol drugs), increases in urine
alkalinity (which are often accompanied by un-
desirable side effects), or dramatic increases in
urine volume (which can be unreliable owing to
patient nonadherance). The reduction in mass
yield in the presence of inhibitors is a kinetic ef-
fect that maintains a metastable supersaturated
L-cystine concentration, but from a pathological
perspective this is a sufficient condition for pre-
venting stone formation. L-cystine stone formers
typically have urinary L-cystine concentrations
ranging from 250 to 1000 mg/liter (equivalent
to 1 to 4 mM), which is comparable with the
concentrations we used for the AFM and bulk
crystallization studies. Therefore, L-CDME con-
centrations near 2 mg/liter (<0.01 mM), at which
inhibition of L-cystine growth was highly effec-
tive, may be adequate for therapeutic effect. Cell
culture data, acquired for the purpose of evaluat-
ing cystine exodus from lysosomes, show loss
of cell viability at approximately 1 mM L-CDME,
and studies in rats, performed to measure oxi-
dative stress in the brain cortex, demonstrated
adverse effects at dosages of approximately 500
mg/kg (mass of rat) per day (33–35). Although
the pharmacokinetics of L-CDME are not well
known, on the basis of typical daily urine vol-

umes a L-CDME dose of 10 to 50 mg per day—
far below toxic levels but greater than the amount
needed for crystal growth inhibition in vitro—
may prove sufficient to achieve adequate L-CDME
concentrations in urine for crystal growth inhibi-
tion in vivo.
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Atomic-Level Characterization
of the Structural Dynamics of Proteins
David E. Shaw,1,2* Paul Maragakis,1† Kresten Lindorff-Larsen,1† Stefano Piana,1†
Ron O. Dror,1 Michael P. Eastwood,1 Joseph A. Bank,1 John M. Jumper,1 John K. Salmon,1
Yibing Shan,1 Willy Wriggers1

Molecular dynamics (MD) simulations are widely used to study protein motions at an atomic
level of detail, but they have been limited to time scales shorter than those of many biologically
critical conformational changes. We examined two fundamental processes in protein
dynamics—protein folding and conformational change within the folded state—by means of
extremely long all-atom MD simulations conducted on a special-purpose machine. Equilibrium
simulations of a WW protein domain captured multiple folding and unfolding events that
consistently follow a well-defined folding pathway; separate simulations of the protein’s constituent
substructures shed light on possible determinants of this pathway. A 1-millisecond simulation
of the folded protein BPTI reveals a small number of structurally distinct conformational states
whose reversible interconversion is slower than local relaxations within those states by a factor
of more than 1000.

Many biological processes involve func-
tionally important changes in the three-
dimensional structures of proteins.

Conformational changes associated with protein

folding (1), signal transduction (2), the catalytic
cycles of enzymes (3), and the operation of mo-
lecular machines and motor proteins (4) often
involve transitions among two or more structur-

ally distinct states. These states are often charac-
terized as “basins” separated by barriers on an
“energy landscape” (5).

Substantial progress has been made, using
both experimental (1, 6) and computational (7, 8)
techniques, in characterizing conformational basins
and theways that proteinsmovewithin and among
them. It has proven difficult, however, to structur-
ally characterize sparsely populated or disordered
states and to elucidate the “basin-hopping” mech-
anisms involved in the interconversion of various
states.

All-atom molecular dynamics (MD) simula-
tions are designed to provide a high-resolution
view of the motions of biological macromole-
cules (9), producing continuous trajectories with
the potential to connect static structural snap-
shots generated from experimental data. Compu-
tational constraints, however, have limited such
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simulations to ~1 ms of simulated biological
time. [The longest previously published all-atom
MD simulation of a protein, at 10 ms, required
more than 3 months of supercomputer time
(10).] This has limited the usefulness of MD, as
many biological processes involve conforma-
tional changes that take place on time scales
between 10 ms and 1 ms.

To access such time scales, we designed and
constructed a special-purpose machine, called
Anton (11), that greatly accelerates the execution
of such simulations, producing continuous trajec-
tories as much as 1 ms in length. This has allowed
new insight into two fundamental processes in
protein dynamics: protein folding and the inter-
conversion among distinct structural states of a
folded protein.

Specifically, we have been able to formulate a
detailed description of the folding of a WW do-
main (12) as well as the folded-state dynamics
of bovine pancreatic trypsin inhibitor (BPTI), a
workhorse in the study of protein dynamics [and
the subject of the first protein MD simulation
(13) and of pioneering computational studies of
protein folding (14)]. Our choice of biological
systems was motivated in part by the fact that a
considerable amount of experimental data is
available for both of these proteins, providing
us with various ways to test the reliability of our
simulations.

Folding of a WW domain. WWdomains are
small, independently folding protein domains
that bind to proline-rich sequences. The topology
of WW domains is characterized by two b hair-
pins, which form a three-stranded b sheet (15).
Mutational analyses of the folding of WW do-
mains show that the rate-limiting step in the fold-
ing reaction involves the formation of the first
hairpin (16–18). This information facilitated the
original design of the fastest-foldingWW domain
reported to date, FiP35 (12), which folds in 14 ms.

FiP35 has several features that make it at-
tractive as a model system for use in computa-
tional studies of protein folding. A great deal
of experimental data is available for this system
(12, 16, 17), and previous attempts to charac-
terize its folding mechanism through explicit-
solvent simulations have been largely unsuccessful
(10, 19). It has been suggested that WW do-
mains such as FiP35 fold through multiple dis-
tinct routes that differ in the order of formation of
the individual hairpins (20–22), but this has not
been conclusively demonstrated. It has also been
speculated that the mutations involved in the
design of FiP35may have shifted the rate-limiting
step relative to that of the Pin1 WW domain,
which formed the basis for its design. Finally, it
has been suggested (12) that the fast folding of
FiP35 may be close to the downhill regime, with
only a small (<3kBT) free-energy barrier. Many
of the unresolved questions surrounding the fold-
ing of FiP35 raise issues central to the process of
protein folding more generally, and we believed
they might be amenable to investigation using
very long atomistic simulations.

Folding FiP35 and villin to experimental
resolution using the same force field. We first
ran a simulation at 337 K, a temperature at which
FiP35 should be predominantly folded. The pro-
tein was initially configured in a fully extended
state and was observed to fold to a stable confor-
mation with a backbone root-mean-squared de-
viation (RMSD) of ~1Å from the crystal structure
(15) (Fig. 1B). A previous attempt to fold FiP35
computationally, using a 10-ms explicit solvent
simulation (10), did not converge to the native
state, and subsequent work (19) provided evi-
dence that this was attributable to deficiencies in
the force field. Our successful folding simulation
was based on a modified version of the Amber
ff99SB force field (23).

One potential concern in simulating the fold-
ing of an all-b protein is the possibility that the
force field used might tend to overstabilize b
sheets, thus “assisting” the folding process in a
nonphysical manner. The force field we used,
however, also folded a variant of the villin
headpiece C-terminal fragment, a small all-a
protein (24), to within an RMSD of ~1 Å from
the crystal structure. (These results cannot be
taken as evidence that the same force field would
necessarily succeed in folding other proteins.)

Reversible folding and unfolding in an
equilibrium simulation of FiP35. In the hope of
observing a number of folding and unfolding
events under equilibrium conditions, we then ran
two independent 100-msMD simulations of FiP35
at a temperature (395 K) approximating the pro-
tein’s in silico melting temperature. [The in silico
melting temperature was estimated using a replica
exchange metadynamics simulation (25) and is
~40 K higher than the experimental melting tem-
perature.] In each of the two equilibrium simu-
lations, FiP35 underwent multiple folding and
unfolding transitions, for a total of 15 events in the
two simulations (Fig. 2A). We found the folding
time, as calculated from the average waiting time
in the unfolded state, to be 10 T 3 ms, in relatively
close agreement with the experimental folding
time [14 ms (12)]. The population of the folded
state in the simulations was 60%.

In our simulations, a well-defined sequence
of events leads from the disordered, unfolded

state to the native state: In all folding transi-
tions, formation of the tip of the first hairpin is
followed by formation of the entire first hair-
pin, then by formation of the second hairpin,
and finally by consolidation of the hydrophobic
core (Fig. 2B, top). Unfolding transitions follow
the reverse pattern. Thus, the folding mecha-
nism of FiP35 appears to be dominated by a
single pathway, with any flux through alternative
pathways being small. This is in contrast with
recent studies of WW domains (20–22)—using
simulations shorter than the folding time—which
found structurally heterogeneous dynamics with
multiple parallel pathways connecting folded
and unfolded states.

To explain why FiP35 folds along a single,
dominant route, we performed reversible folding
simulations of peptides corresponding to the two
hairpins of FiP35. Both the first and second hair-
pin, in isolation, fold to the structure found in the
full WW domain, with similar time constants
(1.2 T 0.1 ms and 0.86 T 0.06 ms for hairpins 1 and
2, respectively). The two hairpins, however, dif-
fer substantially in their stabilities, with the pop-
ulation of the folded state being 25% and 4% for
the first and second hairpins, respectively. Thus,
the order in which the individual hairpins form
during folding of the full WW domain mirrors
their intrinsic thermodynamic stabilities, with the
slower but more stable hairpin 1 forming first.
We suspect that the alternative pathway in which
the second hairpin forms first may not be sub-
stantially utilized because of the relatively large
difference in stability between the two hairpins
(~1.5 kcal mol−1). Indeed, experiments have
shown that variations in substructure stabilities
can cause substantial shifts in folding pathways
(26, 27), as have computational studies in the
context of the diffusion-collision model for pro-
tein folding (28).

Our simulations show that both hairpins also
form with similar rate constants in the context of
the fullWWdomain. The first hairpin forms with
a time constant of 5 T 1 ms, slower than in isola-
tion by a factor of 4; such a slowdown is greater
than expected for a simple hydrodynamic drag.
To determine its origin, we performed simula-
tions in which we systematically added residues

Fig. 1. Folding proteins
at x-ray resolution, show-
ing comparison of x-ray
structures (blue) (15, 24)
and last frame of MD
simulation (red): (A) sim-
ulation of villin at 300 K,
(B) simulation of FiP35 at
337 K. Simulations were
initiated from completely
extended structures. Villin
and FiP35 folded to their
native states after 68 ms
and 38 ms, respectively,
and simulations were continued for an additional 20 ms after the folding event to verify the stability of the
native fold.

A B
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in silico, three at a time, to the two ends of the
hairpin (25). Adding 12 C-terminal residues re-
sulted in a slowdown by a factor of 2. There was
no change in the folding rate upon adding the first
three N-terminal residues (residues 1 to 3), but
the addition of residues 4 to 6 slowed hairpin for-
mation by a factor of 2. Thus, approximately half
of the observed slowdown is determined by the
addition of just a few residues.

Characterizing the transition state for folding.
MD simulations can in principle provide detailed
insight into all steps of the protein-folding path-
way. Experiments, however, are generally limited
to the characterization of stable states and rate-
limiting transition states. To facilitate comparison
with experiment, we determined the transition state
in our simulations.We used a previously described

variational approach (29) to find an optimized
reaction coordinate that separates the transition
state from the stable folded and unfolded basins
(25). To validate the resulting transition-state en-
semble (TSE, Fig. 2C), we calculated the com-
mitment probability (Pfold), the probability that
simulations initiated from a given structure will
fold before unfolding. For each of 101 structures
sampled at random from the TSE, we ran four
simulations until either the folded or unfolded
state was reached, requiring in total an additional
151 ms of simulation.

The distribution of Pfold obtained with this
approach peaked at 0.5, closely resembling the
binomial distribution expected for an ideal TSE
(Fig. 2D), thus validating the reaction coordi-
nate and the TSE. The average commitment time

observed in the simulations initiated from the
transition-state region is relatively long (0.36 ms
and 0.40 ms for folding and unfolding, respec-
tively), suggestive of a diffusional process over a
flat free-energy barrier. Inspection of the TSE
shows that formation of the first hairpin, but not
the second, is part of the rate-limiting step. We
note also that the time constant of formation of
the first hairpin determined above (5 T 1 ms) is
half of that for folding (10 T 3 ms), consistent with
our finding that formation of this hairpin is rate-
limiting in folding. (The factor of 2 difference in
time constants arises from the 50% probability of
folding from the TSE.)

The most important experimental strategy for
inferring the structural properties of the TSE is
the protein engineering method, in which folding
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Fig. 2. Reversible folding simulation of FiP35. (A) RMSD time series of two
independent 100-ms simulations of FiP35 initiated from an extended state.
RMSD with respect to the x-ray structure (15) was calculated for the Ca atoms of
residues 4 to 32. A total of eight folding and seven unfolding events can be
observed within the two simulations. (B) Representative sequence of events
leading to folding (left) and unfolding (right). RMSD to the x-ray structure was
calculated for different regions of the protein, namely the tip of hairpin
1 (residues 12 to 18, blue), the entire hairpin 1 (residues 8 to 22, green), hairpin
2 (residues 19 to 30, orange), and the full protein (residues 2 to 33, red).
Analyses of the individual transitions reveal a consistent sequence of events
leading to folding (upper panel): The tip of hairpin 1 forms first, followed by
hairpin 1, followed by hairpin 2, followed by the rest of the protein. The reverse

sequence of events is observed in unfolding transitions. (C) Representative
members of the transition-state ensemble reveal that the first, but not second,
hairpin is structured in the TSE for folding. The transition-state ensemble was
identified from equilibrium simulations using a previously described procedure
(29), and representative structures were superimposed using Theseus software.
(D) Commitment probability (Pfold) distribution of the TSE as calculated from 101
structures, using four simulations for each structure. The observed distribution of
Pfold (red) is compared with the binomial distribution expected for a true TSE
(black). (E) Comparison of experimental and calculated f values. Two sets of f
values (red and green) were calculated independently from the two simulations
and are compared to the experimental values (black) obtained for wild-type Pin1
WW domain (17). Error bars in (D) and (E) correspond to T1 SEM.
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and unfolding rates are measured for a series of
mutants. The results are typically presented as
f values (30). A f value of ~1 suggests that the
interactions formed by a residue in the native
state are also present in the TSE, whereas a value
close to zero indicates that the native-state inter-
actions are not present in the TSE. Commonly,
f values are calculated from simulation by ap-
proximating the mutational free-energy changes
from the fraction of native side-chain contacts
lost upon mutation (31). We used this approach
to calculate f values for side chains and a free-
energy perturbation approach (25) for the back-
bone, and compared the results to experimental
measurements in a related WW domain (Fig.
2E) (17). The values obtained confirm the ob-
servation that the first hairpin is essentially fully
formed in the TSE, whereas the second hairpin
only makes a fraction of the contacts found in the
native state.

Although the agreement between simulation
and experiment (Fig. 2E) is encouraging, it may
also be somewhat fortuitous, as the number of
atomic contacts is only a rough approximation
for the free energy (32). We thus also calcu-
lated f values directly from the folding and
unfolding rates obtained from reversible fold-
ing simulations of mutant proteins (33, 34) and
compared these results to f values calculated
by applying the contact approximation to the
TSE for FiP35.

We chose to study the effects of six mutations
that we expected to have different effects on the
folding and unfolding rates (Fig. 2E). Ser13 →
Ala, located in the tip of the first hairpin, and
Arg11 → Ala, located in the central b strand, are
expected to have high f values; Tyr19→ Leu and
Phe21→ Leu, both located in the central b strand,
are expected to have intermediate f values; and
Leu4 → Ala and Trp8 → Phe, located in the
hydrophobic core, are expected to have low f
values.

All six mutants folded reversibly to the na-
tive state, albeit with different rates and stabil-
ities (Table 1). For most mutants, the changes
in stability upon mutation were in good agree-
ment with experimental data. Most of the f
values calculated from the folding and unfold-
ing rates were in reasonable agreement with the
magnitude calculated from the TSE of FiP35
(Table 1), although our results support the no-
tion that individual f values are best interpreted
qualitatively (35, 36).

A notable exception is the Arg11 → Ala mu-
tation, whose low f value calculated from the
folding kinetics (0.2) is substantially smaller than
the high value expected from the contact ap-
proximation (0.8). Although the reasons for this
discrepancy remain unclear, our results overall
support the use of experimentally derived f values
to infer the structural properties of the TSE, with
the caveat that the contact approximation may fail
in individual cases (35); all the experimental f
values should thus be considered simultaneously
when inferring the overall structural properties for

a TSE (31). Finally, we note that all mutant pro-
teins fold via the same overall pathway as FiP35,
although some of the mutations appear to cause a
noticeable Hammond-like shift in the structure of
the TSE (fig. S4).

It is perhaps worth noting that these simu-
lations may also provide a computational gold
standard for future studies exploring the accuracy
and efficiency of methods for the prediction of
mutational free-energy differences and folding
rates.

FiP35 folds across a small free-energy bar-
rier. We determined the free-energy profile
and position-dependent diffusion constant along
the optimized reaction coordinate (25). We found
that the free-energy barrier for folding is small
(1.6 kcal mol−1 or ~2kBT), consistent with the
suggestion that FiP35 is an incipient downhill
folder (12). The transition-state region is broad
and flat (Fig. 3A), helping to explain the long
commitment time observed in the Pfold analysis.
Langevin simulations on the free-energy profile
(Fig. 3B) approximate well the folding dynamics
observed in the MD simulations, and we are
thus able to use this kinetic model to simulate a
temperature-jump experiment (25). In addition to
the slow phase associated with folding, we ob-
served a fast “molecular” phase whose amplitude
and time constant depend on both the size of the
temperature jump and the spectroscopic probe
used (25). Such features are spectroscopic indi-
cations of protein folding across a low free-

energy barrier, and they support the notion that
experimental studies of fast-folding proteins might
be used to probe directly the spectroscopic prop-
erties of the TSE (37).

It has been argued that the fast molecular
phase provides an estimate of the time scale for
transition paths in folding of FiP35 (37). The
value obtained in these experiments (≤0.7 ms) is
in agreement with theoretical estimates (0.3 ms)
as well as with the upper bound (200 ms) obtained
directly through single-molecule experiments (6).
These values also agree with the average tran-
sition path time observed in our equilibrium sim-
ulations (0.4 T 0.1 ms). Thus, a range of different
techniques (simulation, theory, ensemble, and
single-molecule experiments) provide indepen-
dent evidence for transition path times for protein
folding on the order of 1 ms.

Native-state dynamics of BPTI. Dynamic
changes in protein structure typically occur not
only during but also after the folding process.
The 58-residue protein BPTI was the subject of
the first nuclear magnetic resonance (NMR)
experiments of the internal motions of proteins
(38). NMR studies showed that on time scales
ranging from nanoseconds to milliseconds, sev-
eral internal water molecules exchange with the
bulk (39, 40), a number of aromatic rings rotate
(38, 41), and a disulfide bridge isomerizes (42, 43).
We used a 1-ms MD simulation at a temperature
of 300 K to reproduce and interpret the kinetics
of folded BPTI.

Table 1. Computational f-value analysis of FiP35. In columns 2 and 3, the f values for six selected
mutants, calculated from the folding and unfolding rates obtained from reversible folding simulations,
are compared with the values estimated from a contact approximation. In columns 4 and 5, the calculated
free-energy changes upon mutation are compared to the values measured experimentally at the melting
temperature of the hPin1 WW domain (49).

Mutation f Value DDGmut (kcal mol−1)
MD Contact approx. MD (±SEM) Experiment

Leu4 → Ala −0.6 −0.1 0.5 (0.4) 1.5
Trp8 → Phe −0.1 0.4 1.6 (0.4) 1.8
Arg11 → Ala 0.2 0.8 1.8 (0.5) 1.7
Ser13 → Ala 1.1 0.9 0.4 (0.5) n/a
Tyr19 → Leu 0.3 0.7 1.1 (0.4) 1.1
Phe21 → Leu 0.4 0.5 2.4 (0.5) 1.4

Fig. 3. Folding kinetics
across a low energy barrier.
(A) Free-energy profile along
an optimized reaction coor-
dinate. The profile exhibits
two minima, centered at 0.1
and 0.7, corresponding to the
folded and unfolded basins,
respectively. The folding and
unfolding free-energy bar-
riers are 2kBT and 3.5kBT,
respectively. (B) Langevin sim-
ulation of WW folding in a
one-dimensional model. The
simulation was based on the one-dimensional free-energy profile in (A) and a position-dependent
diffusion coefficient, both derived from the MD simulation data.
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Our simulation of BPTI transitioned re-
versibly among a small number of structurally
distinct long-lived states (Fig. 4A) of lifetimes
ranging from 6 to 26 ms. The two most pop-
ulated states in the simulation, which together
accounted for 82% of the trajectory, are sup-
ported by experimental data. The average struc-
ture of the “crystallographic” state, which was
occupied 27% of the time in our simulation, had
an RMSD (between nonsymmetric heavy atoms
of residues 4 to 54) of only 0.8 Å from the
crystal structure (44). The most populated state
(occupied 56% of the time) exhibits a left-handed
conformation of the disulfide bridge between
Cys14 and Cys38, which has been previously sug-
gested by NMR experiments (42, 43). The im-
balance in populations between simulation and
experiment represents an error in the confor-
mational free-energy difference of just a few
times the thermal energy, which falls within
the expected accuracy range of the force field
representation.

In addition to the two states anticipated by
previous experiments, the systematic analysis of
the dynamics provides evidence for the existence
of at least three additional states. In some, the
exposed surface area of BPTI was large, as the
conformation displayed an additional water-filled

cavity or even a pore; in others, the small N-
terminal helix unfolded.

Separation of time scales in protein dynamics.
As part of our analysis of the native-state dy-
namics of BPTI, we performed dynamical con-
tent calculations, derived from the autocorrelation
of bond orientations over a very wide (and pre-
viously inaccessible) range of time lags, to quan-
tify the structural relaxation occurring on different
time scales and the persistence of various struc-
tural features (25). These analyses revealed a dis-
tinct separation of time scales: Hopping among
conformational basins occurs on time scales on
the order of 10 ms, whereas motions within the
individual basins occur on a time scale that is
faster by several orders of magnitude. Substan-
tially less dynamical content is measured within
the wide gap that lies between these two time
scales (Fig. 4B).

This separation of time scales, a hallmark of
barrier-crossing dynamics (5), allowed us to par-
tition the trajectory into distinct long-lived states
(color-coded in Fig. 4A) using a new kinetic clus-
tering scheme, which was designed to retain im-
portant aspects of the long–time scale behavior
observed in the MD simulation (25).

We found that the fast relaxations, which ex-
tend up to the 10-ns time scale, originate primar-

ily from side-chain motions, whereas the slow
relaxations—corresponding to hops betweenwell-
separated basins—originate almost exclusively
from backbone motions (Fig. 4B). Apart from
low-amplitude vibrations with frequencies several
orders of magnitude higher than those of con-
formational state transitions, bond orientations
within the backbone exhibit little variation within
a given state; motion is “frozen out” not only at
the level of the protein’s global structure, but at a
local level within the polypeptide chain. Side
chains, on the other hand, experience large fluc-
tuations on the nanosecond time scale; these fluc-
tuations, however, are nearly identical in all
conformational states, leading to the absence of
a long–time scale signature in the side-chain dy-
namical content. These findings provide a unify-
ing model, encompassing an extremely wide
range of time scales, that integrates the previously
established picture of “liquid-like” side chains
attached to a “solid backbone” (45, 46) with the
common observation of distinct conformational
states (2, 3).

The transition path time for conformational
transitions was generally at least several hundred
nanoseconds (25). This time—which might, if
anything, tend to increase with protein size—
serves as a lower bound for the lifetime of indi-

Fig. 4. Native-state dynamics of BPTI.
(A) All-residue backbone RMSD from
the crystal structure with PDB ID 5PTI
(44). Each point shows themedian value
in a window of 50 ns. The color of the
data points denotes cluster member-
ship. [See (25) for PDB files represent-
ative of each of the five most-visited
states in the 1-ms simulation of BPTI,
together with a more detailed analysis
of the local structural features that best
discriminate each state from the others.]
(B) Dynamical content of the P2 internal
correlation functions (25) and its de-
composition into side-chain and back-
bone contributions. The peak near 28 ps
results from the relaxation of the side
chains within a conformation, whereas
the peak around 10 ms results from the
relaxation of the backbone during jumps
between states. The cartoon shows the
fractional contribution of each residue
to the decay of the average internal cor-
relation function between lag times of
10 ns and 20 ms. (C) Crystal structure of
BPTI, highlighting the aromatics that
rotate slowly in purple and those that
rotate quickly in orange, with represent-
ative structures from each of the four
additional conformations observed in
the simulation. (D) Survival probability
distributions for each of the four internal
water molecules of BPTI. The arrow at
14 ms marks the lifetime of the slowest
waters, as determined from a double-
exponential fit of the tail of the W122
survival times.
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vidual conformational states. Even for a protein
as small as BPTI, this lower bound is more than
an order of magnitude larger than the time scale
of intrabasin side-chain motions. This observa-
tion suggests that a distinct separation of time
scales, with a region of reduced dynamical ac-
tivity in the interval between those time regimes,
is likely to be a common feature of the dynamics
of folded proteins.

Local probes that report on large-scale con-
formational change. Seven of the eight aromatic
rings of BPTI rotated in the simulation (25)
with rates that generally agree with experiment
(38, 41). We found that the rings that rotated
slowly in the simulation were all located in the
portion of the protein that did not change during
hops between basins (purple side chains in Fig.
4C). In contrast, the rings that rotated quickly in
the simulation were located in the portion of the
protein that changed in the different conforma-
tional states (orange side chains in Fig. 4C) (25).

In agreement with experiment (40), the sim-
ulation displayed three distinct behaviors for the
four internal water molecules (Fig. 4D), with
W111 exchanging very rapidly with the solvent,
W112 and W113 exchanging on a slower time
scale, and W122 exchanging even more slowly.
The tail of the survival probability of W122
displays single-exponential decay with a lifetime
of 14 ms, suggesting that the longest-lived waters
have a single escape mechanism. The binding
events of the eight longest-lived instances of
W122 (each bound for more than 9 ms) all oc-
curred while the simulation was in the “crystal-
lographic” state. Accordingly, the lifetime of this
state in the simulation (25 ms) is longer than the
lifetime of W122 (14 ms). The lifetime of the
longest-lived waters may thus provide an exper-
imentally measurable lower bound on the life-
time of the protein conformation that most tightly
binds to that water.

The water escape path lasted only a few pico-
seconds. Before the escape, a small pocket opened
on the protein surface that allowed a single water
molecule to form a hydrogen bond with W122;
W122 took the place of that hydrogen-bonded
water, and a transient empty cavity was created
inside the protein. The wide contrast between the
lifetime of W122 and the duration of its exit and
entry pathways suggests that ligand entry and
escape can proceed without the need for long-
lived intermediate conformations; thus, binding
and escape events can be considerably faster than
the lifetime of the ligand.

Transition path times for conformational
changes. Conformational changes such as those
described here for FiP35 and BPTI differ from
simpler chemical reactions in that the former
occur on a rough free-energy landscape charac-
terized by many local minima. The roughness of
the landscape manifests itself in a substantial slow-
down of conformational changes and in a kinetic
preexponential factor, k0, that is many orders of
magnitude larger than the value expected for ele-
mentary reactions in small molecules. Using the

folding rate and barrier height we obtained for
FiP35, we estimate the preexponential factor to
be ~1 ms−1. A related quantity is the average
transition-path time 〈tTP〉 (i.e., the time required
for the actual conformational change to occur).
This value is also expected to be sensitive to the
landscape roughness. We obtained a 〈tTP〉 value of
0.4 ms for the folding reaction of FiP35 and 0.3 ms
for the conformational changes observed in BPTI.

Indirect estimates for k0 and 〈tTP〉 have pre-
viously been proposed on the basis of theory and
experiment (6, 12, 24, 37, 47, 48), but these
fundamental quantities have proven difficult to
measure. The microsecond time scales associated
with these constants are not only in general
agreement with previous estimates, but also close
to the observed time scales for conformational
changes in FiP35 and BPTI, thus strengthening
the notion that landscape roughness is a major
determinant of the rates for conformational
transitions in biological macromolecules.

Conclusions. The specialized machine we
developed has allowed us to perform continuous,
all-atom molecular dynamics simulations of
proteins in an explicitly represented solvent en-
vironment over periods as much as 100 times
longer than was previously feasible. Compari-
son of the results of these simulations with ex-
perimental measurements provides evidence
for the non-obvious finding that existing force
fields are capable of realistically describing of
the structure and dynamics of proteins over
even these extended time scales. More generally,
our findings suggest that very long molecular
dynamics simulations can serve as a powerful
tool for elucidating the atomic-level behavior
of proteins on a biologically critical but previ-
ously inaccessible time scale.
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Particle Acceleration on Megaparsec
Scales in a Merging Galaxy Cluster
Reinout J. van Weeren,1* Huub J. A. Röttgering,1 Marcus Brüggen,2 Matthias Hoeft3

Galaxy clusters form through a sequence of mergers of smaller galaxy clusters and groups. Models of
diffusive shock acceleration suggest that in shocks that occur during cluster mergers, particles are
accelerated to relativistic energies, similar to conditions within supernova remnants. In the presence of
magnetic fields, these particles emit synchrotron radiation and may form so-called radio relics. We
detected a radio relic that displays highly aligned magnetic fields, a strong spectral index gradient, and a
narrow relic width, giving a measure of the magnetic field in an unexplored site of the universe. Our
observations show that diffusive shock acceleration also operates on scales much larger than in supernova
remnants and that shocks in galaxy clusters are capable of producing extremely energetic cosmic rays.

In the universe, structure forms hierarchically,
with smaller structures merging to form big-
ger ones. On the largest scales, clusters of

galaxies merge, releasing energies on the order
of 1064 ergs on time scales of 1 billion to 2 billion
years (1, 2). During such merger events, large-
scale shock waves with moderate Mach num-
bers of 1 to 5 should be created. In such shocks,
diffusive shock acceleration is expected to accel-
erate electrons to high energies; in the presence
of a magnetic field, these particles are expected
to form large regions emitting synchrotron radia-
tion at radio wavelengths (2–4). The accelerated
particles at the shock front have a power-law
energy distribution, which directly translates into
an integrated power-law radio spectrum (flux º
na, where a is the spectral index and n is fre-
quency). The slope of the particle distribution s
in the linear test particle regime, and thus the
radio spectral index [a = (1 − s)/2], depends only
on the compression ratio r of the shock (5, 6),
with s = (r + 2)/(r − 1). At the shock front, the
intracluster medium (ICM) is compressed such
that magnetic fields align parallel to the shock
front (7). These ordered and aligned magnetic
fields cause the radio emission to be highly polar-
ized. Synchrotron and inverse Compton losses
cool the radio plasma behind the shock, creating
a strong spectral index gradient in the direction
toward the cluster center. It has been suggested that
such synchrotron-emitting regions from shocks
can be identified with radio relics (3, 7). These are
elongated radio sources located mostly in the out-
skirts of massive merging galaxy clusters (8–14).

We detected a 2-Mpc radio relic (Figs. 1 and
2) located in the northern outskirts of the gal-
axy cluster CIZA J2242.8+5301 (redshift z =
0.1921). This x-ray luminous cluster (15) (Lx =
6.8 × 1044 erg s−1, between 0.1 and 2.4 keV)
shows a disturbed elongated morphology in

Röntgen Satellite (ROSAT) x-ray images (16),
indicative of a major merger event. The relic is
located at a distance of 1.5 Mpc from the cluster
center. Unlike other known radio relics, the north-
ern relic is extremely narrow with a width of
55 kpc. Deep Westerbork Synthesis Radio Tel-
escope (WSRT), Giant Metrewave Radio Tele-
scope (GMRT), and Very Large Array (VLA)
observations (see supporting online material)
show a clear unambiguous spectral index gra-
dient toward the cluster center (Fig. 3). The spec-
tral index, measured over a range of frequencies
between 2.3 and 0.61 GHz, decreases from −0.6
to −2.0 across the width of the narrow relic. The
gradient is visible over the entire 2-Mpc length

of the relic, constituting clear evidence for shock
acceleration and spectral aging of relativistic elec-
trons in an outward-moving shock. The relic’s
integrated radio spectrum is a single power law,
with a = −1.08 T 0.05, as predicted (5, 6). The
relic is strongly polarized at the 50 to 60% level,
indicating a well-ordered magnetic field, and
polarization magnetic field vectors are aligned
with the relic. In the southern part of the cluster,
located symmetrically with respect to the cluster
center and the northern relic, there is a second
fainter broader relic. The elongated radio relics are
orientated perpendicular to the major axis of the
cluster’s elongated x-ray–emitting ICM, as ex-
pected for a binary cluster merger event in which
the second southern relic traces the opposite shock
wave (1). Furthermore, there is a faint halo of dif-
fuse radio emission extending all the way toward
the cluster center connecting the two radio relics
(Fig. 1). This emission extends over 3.1 Mpc.

The source cannot be a gravitational lens,
because it is too large and located too far from the
cluster center. The morphology, spectral index,
and association with a cluster exclude the pos-
sibility of the source being a supernova remnant.
The source is also not related to the radio AGN
(active galactic nucleus) located at the eastern end
of the relic. High-resolution observations show
this source to be detached from the relic (Fig. 2).
The spectral and polarization properties are also
unlike that of any known tailed radio sources
(17, 18). The power-law radio spectral index, clear
spectral index gradient, and enormous extent

1Leiden Observatory, Leiden University, P.O. Box 9513, NL-
2300 RA Leiden, Netherlands. 2Jacobs University Bremen,
P.O. Box 750561, 28725 Bremen, Germany. 3Thüringer Landes-
sternwarte, Sternwarte 5, 07778 Tautenburg, Germany.

*To whom correspondence should be addressed. E-mail:
rvweeren@strw.leidenuniv.nl
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Fig. 1. WSRT radio image at 1.4 GHz. The image has a resolution of 16.5 arc sec × 12.9 arc sec and
the root-mean-square (RMS) noise is 19 mJy beam−1. Colors represent intensity of radio emission; red
contours (linearly spaced) represent the x-ray emission from ROSAT showing the hot ICM.
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exclude the possibility that the source is
tracing (compressed) fossil radio plasma from a
radio source whose jets are now off (19, 20). The
integrated radio spectra of such fossil sources are
very steep (a < −1.5) and curved, because the
radio-emitting plasma is old and has undergone
synchrotron and inverse Compton losses. In addi-
tion, the shell-like (and not lobe-like) morphol-
ogy does not support the above scenario.

Instead, all the observed properties of the relic
perfectly match those of electrons accelerated at
large-scale shocks via diffusive shock accelera-
tion. The characteristics of the bright relic pro-
vide evidence that (at least some) relics are direct
tracers of shock waves; moreover, the narrow
width of the relic provides a way to determine
the magnetic field strength at the location of the
shock, using arguments similar to those that
have been used for supernova remnants (21).

The configuration of the relic arises naturally
for a head-on binary cluster merger of roughly
equal masses, without much substructure, in
the plane of the sky with the shock waves seen
edge-on. The polarization fraction of 50% or
larger can only be explained by an angle of less
than 30° between the line of sight and the shock
surface (10). Moreover, because there is evidence
for spectral aging across the relic, only part of the
width can be caused by projection effects.

The amount of spectral aging by synchrotron
and inverse Compton losses is determined by the
magnetic field strength B, the equivalent magnetic
field strength of the cosmic microwave back-
ground BCMB, and the observed frequency. The
result is a downward spectral curvature result-
ing in a steeper spectral index in the post-shock
region (i.e., lower a). For a relic seen edge-on, the
downstream luminosity and spectral index profiles
thus directly reflect the aging of the relativistic
electrons (22). To first approximation, the width of
the relic (lrelic) is determined by a characteristic
time scale (tsync) due to spectral aging, and by the
downstream velocity (vd): lrelic ≈ tsync × vd, where
tsync º [B1/2/(B2 + BCMB

2)] × [n(1 + z)]−1/2.
Conversely, from the width of the relic and its
downstream velocity, a direct measurement of the
magnetic field at the location of the shock can be
obtained. Using standard shock jump conditions,
it is possible to determine the downstream veloc-
ity from the Mach number and the downstream
plasma temperature.

The spectral index at the front of the relic is
−0.6 T 0.05, which gives a Mach number of
4:6þ1:3

−0:9 for the shock (14) in the linear regime.
Using the Lx − T scaling relation for clusters (23),
we estimate the average temperature of the ICM
to be ~9 keV. Behind the shock front, the tem-
perature is likely to be higher. Temperatures in
the range of 1.5 to 2.5 times the average value
have previously been observed (24). The derived
Mach number and the advocated temperature
range imply downstream velocities between 900
and 1200 km s−1 (we used an adiabatic expo-
nent of 5/3). For the remainder we adopt a value
of 1000 km s−1. Using the redshift, downstream

velocity, spectral index, and characteristic syn-
chrotron time scale, the width of the relic (in
kpc) can be derived as

lrelic, 610 MHz ≈ 1:2� 103
B1=2

B2 þ B2
CMB

ð1Þ

where B and BCMB are in units of mG. Because
BCMB is known, the measurement of lrelic from
the radio maps directly constrains the magnetic
field. From the 610-MHz image (the image with
the best signal-to-noise ratio and highest angular
resolution), the relic has a deconvolved width (full
width at half maximum) of 55 kpc (Fig. 4). Be-
cause Eq. 1 has two solutions, the strength of the

magnetic field is 5 or 1.2 mG. However, projection
effects can increase the observed width of the relic
and affect the derived magnetic field strength.
Therefore, the true intrinsic width of the relic
could be smaller, which implies that B ≥ 5 mG or
≤ 1.2 mG (Eq. 1). We investigated the effects of
projection using a curvature radius of 1.5 Mpc,
the projected distance from the cluster center.
Instead of using Eq. 1, we computed full radio
profiles (25) for different angles subtended by a
spherical shock front into the plane of the sky
(Y; the total angle subtended is 2Y for a shell-
like relic). The profile for Y = 10° and B = 5 mG
agrees best with the observations (Fig. 4). For
Y = 15°, B is 7 mG or 0.6 mG. Values ofY larger

Fig. 2. GMRT 610-MHz
radio image. The im-
age has a RMS noise of
23 mJy beam−1 and a res-
olution of 4.8 arc sec ×
3.9 arc sec. Colors repre-
sent intensity of radio
emission.

200 kpc

Fig. 3. Radio spectral
index and polarization
maps. (A) The spectral
index was determined
using matched observa-
tions at 2.3, 1.7, 1.4, 1.2,
and 0.61 GHz, fitting a
power-law radio spectrum
to the flux density mea-
surements. The map has
a resolution of 16.7 arc
sec × 12.7 arc sec. Con-
tours are from the WSRT
1.4-GHz image and are
drawn at levels of 1, 4,
16, … × 36 mJy per
beam. (B) The polariza-
tion electric field vector
map was obtained with
the VLA at a frequency of
4.9 GHz and has a res-
olution of 5.2 arc sec ×
5.1 arc sec. The contours
are from Fig. 2 and are
drawn at levels of 1, 4,
16, … × 70 mJy per
beam. The length of the
vectors is proportional
the polarization fraction,
which is the ratio be-
tween the total intensity
and total polarized inten-
sity. A reference vector for 100% polarization is shown in the upper left corner. The vectors were
corrected for the effects of Faraday rotation using a Faraday depth of −140 rad m−2 determined from
WSRT observations at 1.2 to 1.8 GHz.
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than ~15° are ruled out. Lower limits placed on
the inverse Compton emission (26, 27) and mea-
surements of Faraday rotation (28) indicate
magnetic fields higher than ~2 mG. We therefore
exclude the lower solutions for the magnetic
field strength and conclude that the magnetic
field at the location of the bright radio relic is
between 5 and 7 mG.

Magnetic fields within the ICM are notorious-
ly difficult to measure. No methods have yielded
precise magnetic field strengths as far from the
center as the virial radius; only lower limits using
limits on inverse Compton emission have been
placed. Equipartition arguments have been used as
a method to determine the magnetic field strength
(9, 10, 12, 14), but this method gives only a rough
estimate for the magnetic field strength and relies
on various assumptions that cannot be verified.
The value of 5 to 7 mG we find shows that a
substantial magnetic field exists even far out from
the cluster center.

Because radio relics directly pinpoint the lo-
cation of shock fronts, they can be used to obtain a
complete inventory of shocks and their associated
properties in galaxy clusters. Such an inventory
helps to clarify the impact of shocks and mergers
on the general evolution of clusters. Because less
energetic mergers are more common and have
lowerMach numbers, there should bemany fainter
relics with steep spectra that have escaped detec-
tion by current instruments. Interestingly, these
large-scale shocks in galaxy clusters have been
suggested as acceleration sites for highly relativistic
cosmic rays (29). As the radiation losses for relativ-
istic cosmic ray protons are negligible, the maxi-
mum energy to which they can be accelerated is
only limited by the lifetime of the shock, which can
last for at least 109 years. This means that in merg-
ing clusters, protons can be accelerated up to ex-
treme energies of 1019 eV, much higher than
particles accelerated in supernova remnants.
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Discovery of a Frank-Kasper s Phase in
Sphere-Forming Block Copolymer Melts
Sangwoo Lee, Michael J. Bluemle,* Frank S. Bates†

Sphere-forming block copolymers are known to self-assemble into body-centered cubic crystals near
the order-disorder transition temperature. Small-angle x-ray scattering and transmission electron
microscopy experiments on diblock and tetrablock copolymer melts have revealed an equilibrium
phase characterized by a large tetragonal unit cell containing 30 microphase-separated spheres. This
structure, referred to as the sigma (s) phase by Frank and Kasper more than 50 years ago, nucleates and
grows from the body-centered cubic phase similar to its occurrence in metal alloys and is a crystal
approximant to dodecagonal quasicrystals. Formation of the s phase in undiluted linear block copolymers
(and certain branched dendrimers) appears to be mediated by macromolecular packing frustration, an
entropic contribution to the interparticle interactions that control the sphere-packing geometry.

The organization of atoms, molecules, and
larger aggregates into condensed phases
with specific symmetries and spatial di-

mensions dictates the physical properties of all

materials. Naïvely, spherical particles might be
expected to present the simplest case. Yet filling
space in three dimensions with spherical objects
can produce surprisingly complex structures,

Fig. 4. The deconvolved
profile at 610 MHz, aver-
aged over the full length
of the relic, is shown by
the solid black line and
dots. Models for different
magnetic field strengths
and projection angles (Y;
i.e., the angle subtended
by the relic into the plane
of the sky) are overlaid.
We used an equivalent
magnetic field strength
of the CMB at z = 0.1921
of 4.6 mG and a down-
stream velocity of 1000
km s−1. The model (red)
for Y = 10° and B =
5 mG provides the best
fit. A model for B = 5 mG
without any projection effects is overlaid in blue. For Y > 15°, no good fit to the data could be
obtained; as an example, we have plotted the profile (gray) for Y = 20° and B = 10 mG. Inset: The
intrinsic width of the relic as a function of magnetic field strength (Eq. 1); for a given width, usually two
solutions for the magnetic field strength can be obtained.

F
lu

x 
[a

rb
itr

ar
y 

un
its

]

distance [kpc]

www.sciencemag.org SCIENCE VOL 330 15 OCTOBER 2010 349

REPORTS

 o
n 

O
ct

ob
er

 1
4,

 2
01

0 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org


including disordered liquids, vitrified glasses, crys-
talline solids, and quasicrystals. Rare gas atoms,
governed by attractive van derWaals interactions
and strongly repulsive cores, such as argon and
xenon, behave as simple hard spheres and form
either face-centered cubic (fcc) or hexagonal
close-packed (hcp) crystals at low temperatures
and high pressures (1). These close-packed struc-
tures, along with body-centered cubic (bcc) pack-
ing, account for all but a few of the metallic
elements in the periodic table (2). Colloidal crystals
present a similar packing problem but at much
larger length scales, typically 0.1 to 1 µm. Mod-
ern synthetic and processing techniques permit
the preparation of uniformly sized spherical col-
loidal particles that can be arranged as fcc, hcp, or
bcc crystals, depending on the surface treatment
and processing strategies employed (3–5).

Many soft materials contain spherical molec-
ular assemblies at mesoscopic length scales, in-
termediate to those associated with atomic and
colloidal crystallization, including lipids and sur-
factants (6), dendrimers (7) and block copoly-
mers (8). Ordering in these systems often reflects
a tendency to minimize packing frustration, that
is, elimination of entropically expensivemolecular
configurations necessitated by the incompressible
nature of soft matter (9). These constraints are
particularly evident in block copolymers (10),
which exhibit a host of self-assembled morphol-
ogies depending on the molecular architecture
(e.g., AB diblock and ABC triblock), block
chemistry and composition, and overall molec-
ular weight. Thirty years ago, Leibler anticipated
that near the order-to-disorder transition (ODT),
asymmetric diblock copolymer melts would
form spherical microdomains ordered on a bcc
lattice (11), a prediction that is now universally
accepted (12).

Leibler also considered the possibility of icosa-
hedral order in block copolymer melts, motivated
in part by a provocative publication by Alexander
and McTague describing a general treatment of
crystal melting based on Landau theory (13).
However, because objects with five-fold symmetry
can not form periodic structures with translational
order, this option was dismissed by both groups.
Discovery of quasicrystalline order in multi-
component alloys in 1984 (14, 15), just 4 years
after Leibler’s seminal contribution, heralded a
new era in material design, one that continues to
expand today. Hundreds of aperiodically ordered
compounds have been reported with underlying
5-, 7-, 8-, 10- and 12-fold symmetry, usually
generated by rapidly supercooling a multicom-
ponent liquid (16). With one noteworthy excep-
tion (17), we are unaware of any experimental
realizations of quasicrystals formed from single-
component, sphere-forming liquids, although

computer simulations suggest that this may be
possible.

Keys and Glotzer (18) reported the growth of
a metastable dodecagonal quasicrystal phase in
molecular simulations of a supercooled liquid of
spherical particles governed by an interatomic
potential due toDzugutov (19), known to produce
local icosahedral clustering. The stable (equilib-
rium) state for this system is believed to be the s
phase (20), a crystal structure formed from co-
ordinated polyhedra as first described by Frank
and Kasper (21) more than 50 years ago. There is
a close relationship between aperiodic order and
periodic crystals with large unit cells; the Frank-
Kasper s phase represents the “periodic approx-
imant” to certain dodecagonal quasicrystals (18).

Soft materials are likely candidates for the for-
mation of Frank-Kasper phases and the corre-
sponding quasicrystals (22–24). A tendency to
minimize packing frustration should favor co-
ordination shells among spherical particles that
may be incompatible with cubic and hexagonal
crystallization for certain molecular architectures.
We are aware of only one example of a single-
component, sphere-forming soft material (and
one class of nonspherical two-component blends)
(25) that exhibits such phase behavior. Ungar and
co-workers (26) reported the s and bcc phases
with increasing temperature, and subsequently a
dodecagonal quasicrystal (17), in wedge-shaped
dendrimer molecules that self-assemble into ap-
proximately spherical particles. They argue that
these morphologies, and a litany of other structures
(7), are controlled by molecular shape, dictated
by specific branched architectures.

Block copolymers offer nearly unlimited flex-
ibility for the design of microphase-separated soft
materials based on chain statistics common to all
linear molecular architectures. In this report, we
demonstrate formation of the Frank-Kaspers phase
in two different single-component, sphere-forming,
block copolymer melts near the order-disorder
transition temperature (TODT). This finding an-
ticipates fresh opportunities for designing soft
materials with new and potentially useful ordered,
and possibly quasicrystalline, structures.

Two undiluted linear block copolymers were
investigated. They were prepared by sequential
anionic polymerization and characterized using
well-established techniques (27, 28). IL-15 is a
poly(isoprene-b-lactide) (PI-PLA) diblock co-
polymer with a number-average molecular weight
Mn = 3.89 kg/mol and containing 28 weight
percent PLA and polydispersity index Mw/Mn =
1.12. Based on the corresponding homopolymer
densities, this compound contains 22 T 1% by
volume PLA blocks. Differential scanning calo-
rimetry measurements establish glass transition
temperatures of –66°C (PI) and 5°C (PLA) for this
material (fig. S1). SISO-3 is a poly(styrene-b-
isoprene-b-styrene-b-ethylene oxide) (PS-PI-PS-
PEO) tetrablock copolymerwith a number-average
molecular weight Mn = 23 kg/mol and poly-
dispersity index Mw/Mn = 1.04, containing 46%
by volume PS (divided equally), 46% PI and 8%

PEO (each T 1%); synthesis and characterization
of this compound has been described elsewhere
(28). This material forms PEO-rich spheres dis-
persed in a mixed PS and PI matrix above the
melting (T ≈ 38°C) and glass transition (T<100°C)
temperatures, with TODT,SISO-3 = 224 T 3°C. Both
molecular structures are illustrated in Fig. 1.

Small-angle x-ray scattering (SAXS) exper-
iments were conducted at the Advanced Photon
Source (Argonne National Laboratory) to as-
sess the state of order in these block copoly-
mers, employing a sample-to-detector distance
of 4.04 or 6.64 m and radiation wavelength l =
0.729 Å. Scattered x-rays were recorded on a
Mar CCD area detector and azimuthally aver-
aged to the one-dimensional form of intensity
(I) versus scattering wave vector magnitude
j→q j ¼ q ¼ 4pl−1sinðq=2Þ, where q is the scat-
tering angle. Figure 2A shows a series of SAXS
measurements obtained after rapidly cooling
(≈ 100°C/min) sample IL-15 from 70°C to 40°C.
Several minutes after cooling, the broad peak
associated with disordered state (correlation
hole scattering) spawns sharp, instrument-
resolution limited, diffraction peaks that satu-
rate after about 30 min with relative positions
q=q* ¼ ffiffiffi

1
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ffiffiffi
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p

,
ffiffiffi
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p

,
ffiffiffi

4
p

,
ffiffiffi

5
p

,
ffiffiffi

6
p

,
ffiffiffi
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p

, where q*=
0.0648 Å−1 is the location of the lowest-order
reflection. This diffraction pattern is consistent with
bcc symmetry (unit cell size a = 137 Å), which we
associate with the self-assembly of PLA rich spheres
in a PI matrix. Based on the molecular compo-
sition, the radius of these spheres is R = 41 Å,
which is consistent with form-factor scattering at
higher q (not shown). Each sphere incorporates
approximately 193 block copolymer molecules.

Three-dimensional ordering transforms dis-
ordered block copolymer melts into soft solids
accompanied by a large increase in the dynamic
elastic shear modulus G′ (29). We monitored G′
at a frequency of 0.1 rad/s using a mechanical
spectrometer after rapidly cooling IL-15 from
120° to 40°C (fig. S2). This experiment confirms
that nucleation and growth of the cubic phase
takes about 30min. Upon heating the bcc ordered
material from 40°C, the diffraction pattern disap-
pears and G′ collapses at 50 T 1°C, which is
identified as TODT,IL-15.

A qualitatively different SAXS powder pat-
tern develops when sample IL-15 is rapidly
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Fig. 1. Molecular architecture of poly(isoprene-b-
lactide) (IL) and poly(styrene-b-isoprene-b-styrene-
b-ethylene oxide) (SISO).
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cooled from T > TODT,IL-15 to 25°C, as illustrated
in Fig. 2B. Initially, scattering peaks consistent
with the bcc structure appear, but these are
replaced by a set of completely different reflec-
tions over the course of about 1 day. After aging
this specimen at room temperature (~25°C) for
26 days, we recorded a remarkable diffraction
pattern, containing at least 48 distinct peaks as
shown in Fig. 3A, which cannot be indexed based
on any previously reported block copolymer
morphology. Dynamic elasticity measurements
reveal a two-step ordering process at 25°C. Evo-
lution of G′ (0.1 rad/s) during the first 30 min after
a quench from 120°C follows the behavior doc-
umented at 40°C, then the shear modulus con-
tinues to slowly grow, by an additional 50% over
the next 24-hour period (fig. S2).

We obtained the same unusual SAXS pattern
shown in Fig. 3A from sample SISO-3 between
140° and 224°C (TODT), as illustrated in Fig. 3B
(140°C); these data were taken after 1 day of
annealing at 140°C (30). To facilitate comparison
of the data taken from IL-15 and SISO-3, we
have adjusted the q scales in Fig. 3 so that the
peaks align. Although the SAXS pattern from
SISO-3 contains fewer high q reflections, the
relative positions and intensities of at least 15
peaks nearly duplicate those recordedwith IL-15,
leading us to conclude that these materials con-
tain the same structure. Discovery of these nearly
identical SAXS results was serendipitous but
helped to convince us that this complicated scat-
tering pattern was indeed characteristic of a well-
defined ordered morphology.

The positions of the diffraction peaks in Fig. 3,
A and B, are consistent with tetragonal symmetry
yielding unit cell dimensions: a = 431 Å, c =
228 Å for IL-15 (indexing is provided in table
S4), and a = 777 Å and c = 411 Å for SISO-3.
Assuming identical spherical morphologies, each

large unit cell would contain 30.5 domains based
on the initial bcc (Fig. 2B, 4.7 hours) and final
(Fig. 3A) Bragg scattering from IL-15. Ungar et al.
(26) reported a SAXS pattern for undiluted
wedge-shaped dendrimers that nearly duplicates
the 10 most intense peaks found in Fig. 3. They
determined that these branched compounds as-
sembled into approximately spherical particles
(each containing on average 11.6 molecules) on
a tetragonal lattice, 30 particles per unit cell, with
P42/mnm space group symmetry. (P4n2 and
P42nm symmetry are also feasible; the authors
assumed the highest allowed symmetry.)

Definitive assignment of a nanoscale morphol-
ogy to a material is best accomplished based on
complementary reciprocal space (i.e., scattering)
and real space (i.e.,microscopy) analyses.Although
IL-15 provides access to an impressive number of
SAXS reflections, this specimen is not easily
characterized by transmission electron microscopy

(TEM) due to the combined effects of a lowmatrix
molecular weight and a reduced glass transition
temperature, which complicate microtoming and
transferring of thin slices onto microscope grids.
Fortunately, SISO-3 is sufficiently robust to permit
sample preparation for TEM imaging. A specimen
was annealed in vacuum at 140°C for 10 hours,
then frozen by plunging into liquid nitrogen. After
warming to room temperature, a small piece of the
stiff glassy material was sectioned using a Reichert
cryo-ultramicrotome. Thin slices (~70 nm thick)
were transferred onto copper grids, stained by ex-
posure to the vapor from a 4% aqueous osmium
tetraoxide solution (OsO4 reacts selectively with
the PI blocks), and examined with a FEI F30 in-
strument operated at 300 kV.We found sizable areas
of well-ordered morphology in this material (up
to 1 mmby 0.4 mm in size), as illustrated in Fig. 4.

Real-space electron density maps were gen-
erated from the IL-15 SAXS powder diffraction

Fig. 3. Synchrotron SAXS powder
patterns from (A) IL-15 after 26 days
at room temperature, and (B) SISO-3
after 1 day at 140°C. The q axes have
been scaled to facilitate comparison
of the relative positions and inten-
sities of these scattering patterns,
which are both associated with the s
phase. A model (Rietveld) simulation
of the data in (A) for 0.017 ≤ q ≤
0.081 Å−1 based on space group
P42/mnm is presented in (C).

Fig. 2. Synchrotron SAXS powder patterns obtained from sample IL-15.
(A) After cooling from 70 to 40°C. (B) After cooling from 120 to 25°C.
Growth of bcc crystals at 40°C is evidenced by the development of Bragg

peaks at q/q*=
ffiffiffi
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) is replaced by a slowly evolving state of
order that derives from the s phase.
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data using the Rietveld method with P42/mnm
symmetry (space group 136) and a set of 30
spherical particles per unit cell. A background
intensity function, modeled after the correlation
hole scattering obtained immediately after a
temperature quench to 25°C (Fig. 2B and fig.
S3), was employed in this analysis. Comparison
of the experimental and calculated I(q) patterns,
determined for 0.017 ≤ q ≤ 0.081Å−1, is shown in
Fig. 3, A and C, respectively; optimizedWyckoff
positions are listed in table S5. (Note that for q <
0.04 Å−1 the calculation is sensitive to minor var-
iations in the scattering power assigned to each
Wykoff position, whichwe estimated based on the
Wigner-Seitz cell volumes, as described below.
We believe the minor discrepancy between the
computed and experimental scattering patterns
in the low q range can be attributed to this effect).
The resulting crystal structure is shown in Fig. 5A,
and projection of a collection of unit cells along
the c axis is presented in Fig. 5B. This complex
periodic structure is formed from fused dodecag-
onal cells (layers of alternating hexagonally coor-
dinated rings surrounding a column of spheres)
resulting in a vertical projection that closely approx-
imates theTEM image in Fig. 4.Owing to the finite
thickness of the TEM specimen, we are not able
to delineate every anticipated sphere in themicro-
graph. Nevertheless, an array of white spots sur-
rounded by dark and gray rings, decorated with
additional white spots, are plainly evident. Com-
parison of the calculated and experimental unit cells
indicates that the TEM specimen was sliced at an
oblique angle, distorting the four-fold tetragonal
symmetry apparent in the calculated projection.

Frank and Kasper (21) postulated a rich as-
sortment of space-filling algorithms in an effort to
rationalize the structure of complex alloys formed
from spherical particles. The s phase, which has
P42/mnm symmetry and 30 spheres per unit cell, is
an important example of such a Frank-Kasper phase.
We are aware of only two elemental manifestations
of this structure, b-uranium (31) and b-tantalum
(32), although the s phase is common in metal
alloys (33), particularly stainless steels, where it
nucleates and grows in conjunction with bcc ferrite
(34). A distinctive feature of this structure is the
two-dimensional pattern created by tiling the four-
fold plane perpendicular to the stacking (c) di-
rection with triangles and squares. Figure 5B
illustrates the basic tiling element of the s phase:
a 32.4.3.4 unit containing two triangles, a square, a
triangle, and a square. Five equal-length segments
connect the nearest vertices of this element,
identifying the five-fold coordination of dodecag-
onal stacks in the c-axis projection of the s phase
(Fig. 5B). After accounting for the aforementioned
skewing, the TEM image can be tiled using the
32.4.3.4 element (Fig. 4), corroborating our assign-
ment of the Frank-Kasper s phase to SISO-3 at
elevated temperatures, and IL-15 at 25°C based
on the SAXS identity in Fig. 3.

Ordered microphases in block copolymer
melts reflect a delicate balance between enthalpic
(H) and entropic (S) factors that govern the
overall Gibbs free energy at a given temperature
and pressure,G=H – TS. Self-assembly leads to
ordered arrays of microdomains with specific
interfacial area S ~ d2 (d is the characteristic
domain dimension) and interfacial tension g ~ c1/2

(c is the Flory-Huggins interaction parameter),
where the product Sg determines H. To maintain
constant density at fixed domain geometry, the
polymer blocks must adopt a distribution of
molecular configurations that collectively define
the overall entropy S. The equilibriummorphology
and lattice parameters are determined by a tradeoff
between minimizing H and maximizing S. Until

now, the phases that characterize microphase-
separated diblock copolymers (spheres, cylinders,
gyroid, and lamellae) contain one uniform domain
type, for example, one sphere per bcc lattice site
(8). In contrast, five distinct sphere packing ge-
ometries, distributed between ten 12-fold, sixteen
14-fold, and four 15-fold coordinated sites char-
acterize the s phase.

We have constructed the five differentWigner-
Seitz polyhedra that make up the overall volume
of the s-phase unit cell (fig. S6), ranging in
volume from 91% to 106% of the average cell
volume. This arrangement, which represents a
compromise between the purely icosahedron and
truncated octahedron (bcc) symmetries antici-
pated by Landau theory, appears to create addi-
tional packing frustration (i.e., a wider range of
length scales that must be accommodated by
stretched and compressed block configurations),
thus reducing the system entropy. Occurrence of
the bcc phase at higher temperatures than those
associated with the s phase in IL-15 is consistent
with this entropic argument. Based on the lattice
parameters obtained at 25°C before and after the
bcc-to-s transformation (Fig. 2B), the ratio of
interfacial areas per unit volume is <Ss>/Sbcc =
0.99. This implies a slightly smaller enthalpy for
the s phase relative to bcc, which would explain
why it is favored over bcc packing at lower
temperatures. Clearly, these simple observations
must be tested with quantitative theory.

Although IL-15 and SISO-3 have relatively
narrow molecular weight and composition dis-
tributions, these polymers are not strictly mono-
molecular and we cannot rule out the possibility
that the polymer chains are distributed asym-
metrically among the different sites within the s-
phase unit cell. However, the occurrence of this
morphology in (presumably) puremonomolecular
dendrimers argues against this entropically expen-
sive explanation.

Finally, we are intrigued by the possibility of
preparing soft quasicrystalline phases from single-

Fig. 5. (A) Unit cell for the s-phase morphology
(P42/mnm symmetry) based on a Rietveld analysis of
the IL-15 SAXS powder pattern shown in Fig. 3.
Columns of spheres (dashed blue lines) surrounded
by fused rings of hexagonally coordinated spheres (solid blue lines) produce a distinctive pattern when
projected along the c axis (B), which is consistent with the TEM image in Fig. 4. A 32.4.3.4 tiling element,
characteristic of the five-fold coordination of the dodecagonal elements in the s phase, and the
tetragonal face of the unit cell, are sketched on this image.

Fig. 4. TEM image recorded from a stained (OsO4)
thin section of sample SISO-3. The morphology is
consistent with a tilted c-axis projection of the s
phase, where the unit cell is identified by the
dashed rectangle. Isolated white spots surrounded
by dark and gray rings are consistent with columns
of dodecagonal units of spheres. A five-fold coor-
dinated 32.4.3.4 tiling element, formed from
squares and triangles, is associated with each ring
in the morphology, verifying the assignment of the
s phase to SISO-3.
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component block copolymer melts. The s phase
is the approximant crystal structure to certain do-
decagonal quasicrystals, and an example of both
s-phase and quasicrystal formation has been re-
ported in a single-dendrimer compound (17, 26).
Hayashida et al. also reported a dodecagonal quasi-
crystal in cylinder forming binary blends of star
block terpolymer and homopolymer based on the
nonperiodic tiling of TEM micrographs with
32.4.3.4 nets (25). Molecular simulations indicate
that dodecagonal quasicrystals represent slowly
evolving metastable states relative to the (equilib-
rium) s phase (18). Our time-dependent SAXS
(Figs. 2 and 3) and mechanical spectroscopy (fig.
S2) experiments with IL-15 may reflect a transient
quasicrystalline morphology, consistent with these
simulations. Appropriately designed block copoly-
mers could represent ideal materials with which
to characterize the thermodynamic and kinetic
properties of these fascinating aperiodic systems.

Identification of the s phase in linear block
copolymer melts presents the opportunity for
designing interesting and useful materials from
many other polymers. Decades of experimental
experience and well-established theory show that
single-component block copolymer melts exhibit
universal phase behavior, governed by well-
established molecular parameters, primarily the
molecular weight, composition, and segment-
segment interaction parameter c (8). The s phase
has an enormous unit cell, with lattice parameters
that are expected to scale with the two-thirds
power of block copolymer molecular weight.
Thus, an asymmetric diblock copolymer pre-
pared with 20 times the molecular weight of IL-15
(i.e., a modest 80 kg/mol), and subject to judicious
choice of block types (which controls c), should
result in a unit cell dimension of a ≈ 0.3 mm,

potentially suitable for application as a photonic
crystal (35). More generally, the concept of guid-
ing the growth of gigantic crystals and quasicrys-
tals by tailoring the packing frustration of soft
macromolecules might be extended to other or-
ganic and inorganic nanoparticles by attaching
polymer chains with controlled molecular weight
and polydispersity to the surfaces.
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Room-Temperature Detection of a
Single Molecule’s Absorption by
Photothermal Contrast
A. Gaiduk, M. Yorulmaz, P. V. Ruijgrok, M. Orrit*

So far, single-molecule imaging has predominantly relied on fluorescence detection. We imaged single
nonfluorescent azo dye molecules in room-temperature glycerol by the refractive effect of the heat that
they release in their environment upon intense illumination. This photothermal technique provides
contrast for the absorbing objects only, irrespective of scattering by defects or roughness, with a signal-
to-noise ratio of ~10 for a single molecule in an integration time of 300 milliseconds. In the absence of
oxygen, virtually no bleaching event was observed, even after more than 10 minutes of illumination. In
a solution saturated with oxygen, the average bleaching time was of the order of 1 minute. No blinking
was observed in the absorption signal. On the basis of bleaching steps, we obtained an average
absorption cross section of 4 angstroms2 for a single chromophore.

Single-molecule optical detection (1) has
become an indispensable tool in molecular
biology and materials science. For the past

20 years, optical single-molecule detection has
relied on fluorescence (2, 3) because of the low

background of this technique. However, moni-
toring optical absorption more directly would
have definite advantages. Fluorescence requires
an efficient pathway for populating the emitting
state and also the near absence of nonradiative

relaxation to the ground state or to intermediate
dark states. The fluorescent state is easily de-
stroyed or quenched by photochemical reactions,
often involving electron or proton transfer. Indeed,
only a very small fraction of all absorbing mole-
cules (called chromophores) are strongly fluores-
cent (then called fluorophores). Nonfluorescent
chromophores include certain metal complexes
and many conjugated molecules, for example,
DNA bases, that are important in biology. Such
molecules could becomemore-natural labels than
fluorophores.

The first single-molecule optical detection ex-
periment, by Kador and Moerner, was achieved
by absorption (4) but relied on favorable cryo-
genic conditions, under which the absorption
cross section of the narrowest molecular tran-
sition was extremely large. Their doubly modu-
lated absorption technique was later improved on
with modern optics and detectors (5–7), but the
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absorption signal still appears on a strong back-
ground of unabsorbed photons, resulting in a
lower signal-to-noise ratio than fluorescence.
Detecting the absorption of a single molecule at
ambient conditions ismuchmore challenging than
at low temperature because of the reduction by 5
to 6 orders of magnitude of the cross section,
essentially because of fast dephasing by thermal
fluctuations. Amethod for the detection of single-
molecule absorption at room temperature must
thus solve two different problems.

First, the absorption cross section of a typical
chromophore at room temperature is only of the
order of 10−2 nm2. The number of the absorption
events varies as the ratio of the absorption cross
section to the area of a diffraction-limited light
beam. This ratio is about 10−7 for a laser spot di-
ameter of 300 nm. Because statistical fluctuations
in a number N of photons scale as

ffiffiffiffi

N
p

, a change
in transmitted signal of 10−7 requires more than
1014 photons to be detected. Of those, at least 107

have to be absorbed by the molecule. The de-
tection of such small signals therefore requires
many absorption events, which may conflict with
the poor photostability of many fluorescent mole-
cules at ambient conditions.

Second, in a direct extinction measurement,
where only missing photons are identified, a
molecule’s absorption appears on a background
of scattering by any inhomogeneities in refractive
index, arising for instance from roughness of the
interfaces. Therefore, for practical applications, it
is vital to be able to discriminate true absorption
from scattering.

Three main routes have been pursued in the
past 10 years toward surmounting these obstacles.

Photothermal contrast relies on the intensity
change of a probe beam caused by a modulated
heating beam of a different color. Kitamori and
co-workers (8) have detected sub-yoctomole
concentrations of absorbers in solution with inte-
gration times of several seconds, that is, in con-
ditions under which many diffusing molecules
contributed in turn to the signal. Boyer et al. (9)
applied a similar method to detect single im-
mobilized gold nanoparticles down to 5 nm in
diameter, a performance that was later substan-
tially improved by Berciaud et al. (10, 11) and
has led to a number of applications in recent
years.

Alternatively, various sensitive optical tech-
niques have been applied either in interferometers
(12) or in a reflection or transmission geometry
(13, 14) to detect some tens of molecules (12),
small particles (13), or quantum dots (15). In the
latter two cases, however, the use of ultraclean
and stable conditions was essential to ensure the
absence of scattering background.

Most recently, Xie and co-workers have
explored stimulated emission to distinguish ab-
sorption from scattering (16). Indeed, because
stimulated photons can only arise from the excited
state of molecules, this method efficiently rejects
scattering and fulfills the second requirement.
With a modulated stimulating beam, they were

able to image absorption in cells down to a few
tens of molecules.

We pushed the sensitivity of photothermal
detection to the single-molecule limit, demonstrat-
ing a signal-to-noise ratio of about 10 with rea-
sonable integration times of 100 to 300ms, joined
to excellent rejection of the scattering background.

Photothermal contrast relies on a time-
dependent thermal lens. This inhomogeneous
refractive index profile results from the heat dis-
sipated by a pointlike absorber in its surround-
ings. The local inhomogeneity of the refractive
index scatters a probe beam. The resulting weak
scattered field interferes with themain probe field
(either transmitted or reflected), thereby slightly
changing the detected probe intensity. A disad-
vantage of the method is that the transduction ef-
ficiency, relating the index change to the dissipated
heat, is rather low. It is proportional to ∂n/∂T, of
the order of 10−4 K−1 or lower. However, this in-
efficiency is more than compensated for by a gain
in applicable probe intensity and the associated
reduction in photon noise. Because the probe
wavelength can be chosen in a transparency re-
gion, a spectral range where absorption is negligi-
ble, the probe intensity can be very high, much
higher than the saturation intensity of the heating

beam. Photon noise on the probe beam is there-
fore considerably reduced.

Our setup for photothermal contrast imaging
is shown in fig. S1 (17). The absorbed pump
power gives rise to a temperature gradient with
an amplitude DTsurf ¼ sabsIheat

4pkR at the surface of the
source, assumed to be spherical: sabs is the ab-
sorption cross section of the absorber, Iheat the
pump intensity, k the thermal conductivity of
the medium, and R the radius of the heat source.
The backward scattered probe light is collected
by the focusing microscope objective, sent to a
fast photodiode, and fed into the lock-in ampli-
fier. The photothermal signal is proportional to
both the heating and probe powers. We mod-
ulate the pump at rather high frequency (around
1 MHz) to reject mechanical, electronic, and laser
noise. We have chosen the reflection geometry
with index matching to adapt the probe signal
to the characteristics of our fast low-noise de-
tector (maximum detected intensity 18 mW). Be-
cause a good overlap of the two tightly focused
beams with different colors is critical, residual
chromatic aberrations of the objective must be
carefully compensated.

We very recently used this setup (18) to
improve the photothermal detection approach of
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Fig. 1. Photothermal images of gold nanospheres illustrate the large dynamic range of the method and
its low background. (A) A raster scan image of a sample containing 10-nm (yellow) and 5-nm (red)
diameter gold particles in glycerol: heating power is 0.43 mW; probe power, 21 mW; integration time per
pixel, 3 ms. The FWHMs of the photothermal spots are 210 nm and 370 nm. a.u., arbitrary units. (B)
Histogram of the photothermal signals for 94 gold particles of 5-nm or 10-nm diameter. (Inset) Histogram
of signals for 88 gold particles of 20-nm diameter in the same conditions. As expected, the photothermal
signal roughly scales as the volume of the particles. (C and D) The point-spread function (PSF) of the
photothermal signal is well fitted by a Gaussian with sx = 220 nm, sy = 250 nm, and sz = 670 nm, as
mapped by scanning a 20-nm-diameter gold particle in three dimensions. Note the two weak lobes of the
PSF in the x, z image, also observed in confocal fluorescence microscopy. These data are reproduced from
(18). (E) Linear scaling of the photothermal signal of a 20-nm gold particle with heating and probe (inset)
powers. Solid lines show linear fits at low heating and probe powers. Error bars indicate standard deviation
values. For most of the data, they are smaller than the symbol size.
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Berciaud et al. (10, 11). Among the different points
discussed in (18), the choice of the transducing
fluid is crucial to enhance the sensitivity. We first
characterized the sensitivity of our setupwith gold
nanoparticles used as absorption standards.
Figure 1A shows an image of a sample contain-
ing 10-nm- and 5-nm-diameter gold spheres on
glass surface in glycerol. We measured photo-
thermal signals by heating at 514 nm and probing
at 800 nm. The signals from different diameters
differ by a factor of about 8, as expected from the
volume ratio. The elongated shape of the photo-
thermal spots in this image (210 nm and 370 nm
principal half-maximum widths) arose from the
shape of the pump beam, because spatial filtering
was weak in this experiment. Stronger spatial fil-
tering yielded a much better shape. In our pre-
vious work (18), we measured the photothermal
detection volume by scanning a 20-nm gold
sphere in three dimensions. The full widths at half
maximum (FWHM, determined by aGaussian fit)
across x, y, and z are 220 nm, 250 nm, and 670 nm,
respectively. These data are reproduced in Fig. 1,
C and D. Last, we verified the linear relationships
between pump and probe powers and photother-
mal signal by varying the heating power over 4
orders of magnitude (1 mW to 10 mW) and the
probe power over 2 orders of magnitude (1 mW to
100mW). Slight deviations from linear behavior at
high power may be due to variations of spectra or
thermal constants of the materials in the broad
range of temperature changes explored (from 0.05

K up to about 500 K). Compared with our prior
report (18), we exploit the thermal sensitivity of
glycerol here but not the thermal isolation from the
glass substrate.

To ascertain the possibility of detecting a
single organic molecule in photothermal micros-
copy, we only need to compare the smallest de-
tectable power over a given integration time to the
power dissipated by a singlemolecule. In (18), we
demonstrated the detection of a dissipated power
as low as 3 nW with a signal-to-noise ratio of
SNR = 8 and an integration time of 10 ms. By
increasing the integration time to hundreds of ms,
even smaller dissipated powers can be measured.
A single molecule can release heat along two path-
ways: a direct nonradiative transition from the
excited state and vibronic relaxation before and
after a radiative fluorescent transition. The shorter
the fluorescence lifetime (tF) and the lower the
fluorescence quantum yield (hF) are, the larger is
the dissipated power at saturation. Themost favor-
able molecules for photothermal detection should
therefore have strong nonradiative channels and
thus very weak fluorescence yields. This is the
case for the trial molecules chosen in the present
work. We calculated the dissipated power at sat-
uration for several commercially available organic
molecules (fig. S2 and table S1) (17). The highest
dissipated power at saturation of 15 nW well
above the limit of 3 nW was obtained for a high-
efficiency dark quencher (Black-Hole-Quencher,
BHQ1, Biosearch Technologies, Novato, Califor-

nia). This azo dye molecule is used in the design
of oligonucleotide probes to quench the fluores-
cence of a dye in a DNA construct (19, 20). For
the present experiments, we chose a chromophore-
DNA construct to increase the absorption signal
by the presence of two chromophores in each con-
struct and to secure the adhesion of the constructs
to the glass surface by their single-strand DNA
linker (figs. S3 and S4) (17).

A photothermal image obtained on a sample
of spin-coated quencher-DNA construct (BHQ1-
10T-BHQ1) submerged in nitrogen-bubbled glyc-
erol is shown in Fig. 2A. The image reveals four
photothermal spots with a SNR ~ 10 for an inte-
gration time of 300 ms. These spots persisted for
as long as 1 hour without bleaching or fading.
Less than 2% of the molecules bleached in the
first 10min of illumination.When the glycerolwas
saturated by oxygen, in contrast, one-step photo-
bleaching was observed after an average time of
~1 min. Several typical background-corrected
photothermal traces are displayed in Fig. 2B and
demonstrate digital irreversible steps. We never
observed any blinking or any later reappearance
of a bleached photothermal signal.

The absolute value of the change in absorption
cross section upon photobleaching is estimated
by comparison to the photothermal signal of 20-
nm gold nanoparticles. The calculated (21, 22)
cross section of these gold nanospheres is 460
nm2 at 514 nm in glycerol, in good agreement
with absolute cross-section measurements (23).
The histogram in Fig. 2C summarizes the ab-
sorption cross-section changes in 30 single bleach-
ing steps, with an average value of 4.1 Å2. This
value, which corresponds to the cross section of a
single chromophore, is in satisfactory agreement
with the isotropic value, sBHQ = 2.1 Å2, deduced
from the absorption spectrum of the quencher-
DNA construct in glycerol. Note that the maxi-
mum value of the cross section for a favorably
oriented molecule is 3sBHQ = 6.3 Å2. The his-
togram of Fig. 2C is a broad distribution without
distinct maximum, in qualitative agreement with
the isotropic distribution of transition dipole mo-
ments (solid line in Fig. 2C with a steplike cutoff
at 3 sBHQ). Our observation suggests that the
absorption dipoles of BHQ1 molecules are not
freely rotating, even under the heavy illumination
to which we subjected them, and that the mole-
cules are fixed to the surface and/or to the DNA
linker.

The histogram of survival times before digital
photobleaching is shown in Fig. 2D. The average
number of absorbed photons before bleaching is
about 1011 under oxygen-saturated conditions
and larger than 1012 under oxygen-free con-
ditions, showing a huge reduction in the bleach-
ing efficiency per photon compared with usual
fluorophores in the same conditions. This robust-
ness can be attributed to the much shorter dwell
time in the excited singlet state resulting from the
efficient internal conversion. We have attempted
measurements of the polarization dependence of
single-molecule absorption signals, but these
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Fig. 2. (A) Photothermal image of four constructs (BHQ1-10T-BHQ1), consisting of two fluorescence
quenchers (BHQ1) attached to a single strand of DNA (10 thymine bases): integration time per pixel, 300
ms; heating power, 5.1 mW at 514 nm; probe power, 84 mW at 800 nm. (B) Photothermal time traces
showing single-step bleaching obtained on a sample with BHQ1-10T-BHQ1 on glass in oxygen-saturated
glycerol: integration time per point, 100 ms; heating, 5.1 mW; probe, 84 mW. (C) Histogram of amplitude
of 30 bleaching steps in the photothermal traces. The average change in absorption cross section upon
bleaching is 4.1 Å2. The red line represents the distribution of absorption cross sections of single
chromophores corresponding to the isotropic distribution of transition dipole moments. The cutoff at 6.3
Å2 is the calculated cross section for a perfectly oriented molecule. (D) Histogram of survival times before
one-step photobleaching events for the same set of data. The average time is 49 s.
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measurements were very difficult because of the
buildup of a photothermal background over long
illumination times by the pump beam [the probe
had no noticeable effect on this buildup (figs. S6
to S8) (17)].

We could not observe simultaneous fluores-
cence and photothermal signals from the spots of
Fig. 2. Such simultaneous signals arose only from
abnormally bright spots, attributable to large ag-
gregates, and showed quick correlated decays of
both signals upon illumination (fig. S9) (17). On
the sample of Fig. 2, we also observed a few spots
with strong photothermal signals corresponding
to an absorption cross section of about 1 nm2,
which shows one-step bleaching. Possible inter-
pretations are aggregates of several molecules de-
sorbing simultaneously or, more probably, another
chemical species with a large absorption cross sec-
tion, possibly with excited-state absorption of the
intense probe beam. We only found very few ex-
amples of two-step photobleaching of the BHQ1-
10T-BHQ1 constructs.We believe that this absence
results from the low probability of bleaching,
joined with the low probability of finding two
favorable orientations in the same construct.

Our successful singlemolecule detection relied
here on favorable conditions, the use of glycerol
(with large ∂n/∂Tand poor heat conduction) instead
of water, with a high heating power of 5.1 mW
focused into the diffraction-limited spot and with
an even higher probe power ofmore than 70mW.
Although the conditions for single-molecule
absorption in a cell, for example, would be far

from these ideal ones, this result opens the way
for further optimization of the technique and to a
much broader variety of absorbing molecules.
Interesting candidates are natural absorbers, for
example, metal proteins such as hemoglobin,
which would be useful for applications in analyt-
ical biochemistry and medical assays (24).

An intrinsic limitation of the photothermal
method is the low transduction factor between
pump and probe because of the relatively weak
variation of refractive index with temperature. A
future search for more-efficient transduction, for
example, photomechanical or photoelectrical de-
tections using micro- and nano-optomechanical
systems (25), appears full of promise.
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Atmospheric CO2: Principal Control Knob
Governing Earth’s Temperature
Andrew A. Lacis,* Gavin A. Schmidt, David Rind, Reto A. Ruedy
Ample physical evidence shows that carbon dioxide (CO2) is the single most important
climate-relevant greenhouse gas in Earth’s atmosphere. This is because CO2, like ozone, N2O, CH4,
and chlorofluorocarbons, does not condense and precipitate from the atmosphere at current
climate temperatures, whereas water vapor can and does. Noncondensing greenhouse gases,
which account for 25% of the total terrestrial greenhouse effect, thus serve to provide the stable
temperature structure that sustains the current levels of atmospheric water vapor and clouds via
feedback processes that account for the remaining 75% of the greenhouse effect. Without the
radiative forcing supplied by CO2 and the other noncondensing greenhouse gases, the terrestrial
greenhouse would collapse, plunging the global climate into an icebound Earth state.

It often is stated that water vapor is the chief
greenhouse gas (GHG) in the atmosphere.
For example, it has been asserted that “about

98% of the natural greenhouse effect is due to
water vapour and stratiform clouds with CO2

contributing less than 2%” (1). If true, this would
imply that changes in atmospheric CO2 are not
important influences on the natural greenhouse

capacity of Earth, and that the continuing in-
crease in CO2 due to human activity is therefore
not relevant to climate change. This misunder-
standing is resolved through simple examination
of the terrestrial greenhouse.

The difference between the nominal global
mean surface temperature (TS = 288 K) and the
global mean effective temperature (TE = 255 K)
is a common measure of the terrestrial green-
house effect (GT = TS – TE = 33 K). Assuming
global energy balance, TE is also the Planck ra-
diation equivalent of the 240 W/m2 of global
mean solar radiation absorbed by Earth.

The Sun is the source of energy that heats
Earth. Besides direct solar heating of the ground,
there is also indirect longwave (LW) warming
arising from the thermal radiation that is emitted
by the ground, then absorbed locally within the
atmosphere, from which it is re-emitted in both
upward and downward directions, further heating
the ground and maintaining the temperature gra-
dient in the atmosphere. This radiative interaction
is the greenhouse effect, which was first dis-
covered by Joseph Fourier in 1824 (2), experi-
mentally verified by John Tyndall in 1863 (3),
and quantified by Svante Arrhenius in 1896 (4).
These studies established long ago that water
vapor and CO2 are indeed the principal terrestrial
GHGs. Now, further consideration shows that
CO2 is the one that controls climate change.

CO2 is a well-mixed gas that does not con-
dense or precipitate from the atmosphere. Water
vapor and clouds, on the other hand, are highly
active components of the climate system that re-
spond rapidly to changes in temperature and air
pressure by evaporating, condensing, and precip-
itating. This identifies water vapor and clouds as
the fast feedback processes in the climate system.

Radiative forcing experiments assuming dou-
bled CO2 and a 2% increase in solar irradiance
(5) show that water vapor provides the strongest
climate feedback of any of the atmosphericGHGs,
but that it is not the cause (forcing) of global cli-
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mate change. The response of the climate system
to an applied forcing is determined to be the sum
of the direct (no-feedback) response to the ap-
plied forcing and the induced radiative response
that is attributable to the feedback process con-
tributions. The ratio of the total climate response
to the no-feedback response is commonly known
as the feedback factor, which incorporates all the
complexities of the climate system feedback in-
teractions. For the doubled CO2 and the 2% solar
irradiance forcings, for which the direct no-feedback
responses of the global surface temperature are
1.2° and 1.3°C, respectively, the ~4°C surface
warming implies respective feedback factors of
3.3 and 3.0 (5).

Because the solar-thermal energy balance of
Earth [at the top of the atmosphere (TOA)] is
maintained by radiative processes only, and be-
cause all the global net advective energy trans-
ports must equal zero, it follows that the global
average surface temperature must be determined
in full by the radiative fluxes arising from the
patterns of temperature and absorption of radia-
tion. This then is the basic underlying physics
that explains the close coupling that exists be-
tween TOA radiative fluxes, the greenhouse ef-
fect, and the global mean surface temperature.

An improved understanding of the relative
importance of the different contributors to the
greenhouse effect comes from radiative flux ex-
periments that we performed using Goddard
Institute for Space Studies (GISS) ModelE (6).
Figure 1 depicts the essence of these calculations,
including the separation of the greenhouse con-
tributors into feedback and forcing categories.

In round numbers, water vapor accounts for
about 50% of Earth’s greenhouse effect, with
clouds contributing 25%, CO2 20%, and the mi-
nor GHGs and aerosols accounting for the re-
maining 5%. Because CO2, O3, N2O, CH4, and
chlorofluorocarbons (CFCs) do not condense and
precipitate, noncondensing GHGs constitute the
key 25% of the radiative forcing that supports
and sustains the entire terrestrial greenhouse ef-

fect, the remaining 75% coming as fast feedback
contributions from water vapor and clouds.

We used the GISS 4° × 5° ModelE to cal-
culate changes in instantaneous LW TOA flux
(annual global averages) in experiments where
atmospheric constituents (including water vapor,
clouds, CO2, O3, N2O, CH4, CFCs, and aerosols)
were added to or subtracted from an equilibrium
atmosphere with a given global temperature struc-
ture, one constituent at a time for a 1-year period.
Decreases in outgoing TOA flux for each con-
stituent relative to the empty or the full-component
atmosphere define the bounds for the relative
impact on the total greenhouse effect. Had the
overlapping absorption been negligible, the sum
of the flux differences would have been equal to
the LW flux equivalent of the total greenhouse
effect (GF = sT 4

S – sT
4
E = 150W/m2), where s

is the Stefan-Boltzmann constant. We found the
single-addition flux differences to be overestimated
by a factor of 1.36,whereas in the single-subtraction
cases, the sum of the TOA flux differences was
underestimated by a factor of 0.734. By normal-
izing these fractional contributions to match the
full-atmosphere value ofGF, we obtained the frac-
tional response contributions shown in Fig. 1.

Because of overlapping absorption, the frac-
tional attribution of the greenhouse effect is to
some extent qualitative (as shown by the dashed
and dotted extremum lines in Fig. 1), even though
the spectral integral is a full and accurate deter-
mination of the atmospheric greenhouse strength
for the specified global temperature structure.
Still, the fractional attribution is sufficiently pre-
cise to clearly differentiate the radiative flux con-
tributions due to the noncondensable GHGs from
those arising from the fast feedback processes.
This allows an empirical determination of the
climate feedback factor as the ratio of the total
global flux change to the flux change that is at-
tributable to the radiative forcing due to the
noncondensing GHGs. This empirical determi-
nation leads then to a climate feedback factor of
4, based on the noncondensing GHG forcing ac-

counting for 25% of the outgoing flux reduction
at the TOA for the full-constituent atmosphere.
This implies that Earth’s climate system operates
with strong positive feedback that arises from
the forcing-induced changes in the condensable
species.

A direct consequence of this combination of
feedback by the condensable and forcing by the
noncondensable constituents of the atmospheric
greenhouse is that the terrestrial greenhouse ef-
fect would collapse were it not for the presence of
these noncondensing GHGs. If the global atmo-
spheric temperatures were to fall to as low as TS =
TE, the Clausius-Clapeyron relation would imply
that the sustainable amount of atmospheric water
vapor would become less than 10% of the current
atmospheric value. This would result in (radia-
tive) forcing reduced by ~30W/m2, causing much
of the remaining water vapor to precipitate, thus
enhancing the snow/ice albedo to further dimin-
ish the absorbed solar radiation. Such a condi-
tion would inevitably lead to runaway glaciation,
producing an ice ball Earth.

Claims that removing all CO2 from the at-
mosphere “would lead to a 1°C decrease in
global warming” (7), or “by 3.53°C when 40%
cloud cover is assumed” (8) are still being heard.
A clear demonstration is needed to show that
water vapor and clouds do indeed behave as fast
feedback processes and that their atmospheric
distributions are regulated by the sustained ra-
diative forcing due to the noncondensing GHGs.
To this end, we performed a simple climate ex-
periment with the GISS 2° × 2.5° AR5 version of
ModelE, using the Q-flux ocean with a mixed-
layer depth of 250 m, zeroing out all the non-
condensing GHGs and aerosols.

The results, summarized in Fig. 2, show un-
equivocally that the radiative forcing by noncon-
densingGHGs is essential to sustain the atmospheric
temperatures that are needed for significant levels
of water vapor and cloud feedback. Without this
noncondensable GHG forcing, the physics of this
model send the climate of Earth plunging rapidly
and irrevocably to an icebound state, though per-
haps not to total ocean freezeover.

The scope of the climate impact becomes ap-
parent in just 10 years. During the first year
alone, global mean surface temperature falls by
4.6°C. After 50 years, the global temperature
stands at –21°C, a decrease of 34.8°C. Atmo-
spheric water vapor is at ~10% of the control cli-
mate value (22.6 to 2.2 mm). Global cloud cover
increases from its 58% control value tomore than
75%, and the global sea ice fraction goes from
4.6% to 46.7%, causing the planetary albedo of
Earth to also increase from ~29% to 41.8%. This
has the effect of reducing the absorbed solar en-
ergy to further exacerbate the global cooling.

After 50 years, a third of the ocean surface
still remains ice-free, even though the global sur-
face temperature is colder than –21°C. At tropical
latitudes, incident solar radiation is sufficient to
keep the ocean from freezing. Although this ther-
mal oasis within an otherwise icebound Earth

Fig. 1. Attribution of the
contributions of individ-
ual atmospheric compo-
nents to the total terrestrial
greenhouse effect, sepa-
rated into feedback and
forcingcategories.Horizon-
tal dotted and dashed lines
depict the fractional re-
sponse for single-addition
and single-subtraction of
individual gases to an
empty or full-component
reference atmosphere, re-
spectively. Horizontal solid
black lines are the scaled
averages of the dashed-
and dotted-line fractional
response results. The sum of the fractional responses adds up to the total greenhouse effect. The reference
atmosphere is for conditions in 1980.
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appears to be stable, further calculations with an
interactive ocean would be needed to verify the
potential for long-term stability. The surface tem-
peratures in Fig. 3 are only marginally warmer
than 1°C within the remaining low-latitude heat
island.

From the foregoing, it is clear that CO2 is the
key atmospheric gas that exerts principal control
over the strength of the terrestrial greenhouse
effect. Water vapor and clouds are fast-acting
feedback effects, and as such are controlled by
the radiative forcings supplied by the noncon-
densing GHGs. There is telling evidence that at-
mospheric CO2 also governs the temperature of

Earth on geological time scales, suggesting the
related question of what the geological processes
that control atmospheric CO2 are. The geological
evidence of glaciation at tropical latitudes from
650 to 750 million years ago supports the snow-
ball Earth hypothesis (9), and by inference, that
escape from the snowball Earth condition is also
achievable.

Onmillion-year time scales, volcanoes are the
principal source of atmospheric CO2, and rock
weathering is the principal sink, with the bio-
sphere acting as both source and sink (10). Because
the CO2 sources and sinks operate independently,
the atmospheric level of CO2 can fluctuate. If the

atmospheric CO2 level were to fall below its crit-
ical value, snowball Earth conditions can result.

Antarctic and Greenland ice core data show
atmospheric CO2 fluctuations between 180 to
300 parts per million (ppm) over the glacial-
interglacial cycles during the past 650,000 years
(11). The relevant physical processes that turn the
CO2 control knob on thousand-year time scales
between glacial and interglacial extremes are not
fully understood, but appear to involve both the
biosphere and the ocean chemistry, including a
significant role for Milankovitch variations of the
Earth-orbital parameters.

Besides CO2, methane is another potent green-
house control knob, being implicated in the
Paleocene-Eocene thermal maximummass ex-
tinction 55 million years ago, when global warm-
ing by up to 5°C (12) occurred because of a
massive release of methane from the disinte-
gration of seafloor clathrates (13, 14). Methane is
the second most important noncondensing GHG
after CO2. Of the 2.9 W/m2 of GHG radiative
forcing from 1750 to 2000, CO2 contributed
1.5 W/m2, methane 0.55 W/m2, and CFCs 0.3
W/m2, with the rest coming fromN2O and ozone
(15). All of these increases in noncondensingGHG
forcing are attributable to human activity (16).

Climate control knobs on the solar side of the
energy balance ledger include the steady growth
in luminosity since the beginning of the Solar
System (from about 70% of present luminosity,
depending on the postulated early solar mass
loss), as hydrogen is consumed in nuclear re-
actions in the solar interior (17, 18).Milankovitch
variations of the Earth-orbital parameters, which
alter the relative seasonal distribution as well as
the intensity of incident solar radiation within
the polar regions, are another important solar
energy control knob that is intimately associated
with glacial-interglacial cycles of climate change.
For solar irradiance changes over the past several
centuries, an increase by about 0.1 W/m2 is in-
ferred since the time of the Maunder minimum,
based on trends in sunspot activity and other
proxies (19).

Of the climate control knobs relevant to cur-
rent climate, those on the solar side of the energy
balance ledger show only negligible impact. Sev-
eral decades of solar irradiance monitoring have
not detected any long-term trends in solar ir-
radiance beyond the 11-year oscillation associ-
ated with the solar sunspot cycle. Large volcanic

Fig. 2. Time evolution of global surface temperature, TOA net flux, column water vapor, planetary
albedo, sea ice cover, and cloud cover, after the zeroing out of the noncondensing GHGs. The model used
in the experiment is the GISS 2°× 2.5° AR5 version of ModelE, with the Q-flux ocean and a mixed-layer
depth of 250m. Model initial conditions are for a preindustrial atmosphere. Surface temperature and TOA
net flux use the lefthand scale.

Fig. 3. Zonally averaged
annual mean surface tem-
perature change after the
zeroing out of noncon-
densing GHGs.

Table 1. Planetary greenhouse parameters.

Parameter Mars Earth Venus
TS (K) 215 288 730
TE (K) 210 255 230
sTS

4 (W/m2) 121 390 16,100
sTE

4 (W/m2) 111 240 157
GT (K) 5 33 500
GF (W/m

2) 10 150 ~16,000
PS (bar) 0.01 1 100
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eruptions can happen at any time, but no sub-
stantial eruptions have occurred since the erup-
tion of Mt. Pinatubo in the Philippines in 1991.

In a broader perspective, CO2 greenhouses
also operate onMars andVenus, because both plan-
ets possess atmospheres with substantial amounts
of CO2. The atmospheric greenhouse effect re-
quires that a substantial fraction of the incident
solar radiation must be absorbed at the ground in
order to make the indirect greenhouse heating of
the ground surface possible. Greenhouse param-
eters and relative surface pressure (PS) for Mars,
Earth, and Venus are summarized in Table 1.

Earth is unique among terrestrial planets in
having a greenhouse effect in which water vapor
provides strong amplification of the heat-trapping
action of the CO2 greenhouse. Also, N2 and O2,
although possessing no substantial absorption
bands of their own, are actually important con-
tributors to the total greenhouse effect because of
pressure-broadening of CO2 absorption lines, as
well as by providing the physical structure within
which the absorbing gases can interact with the
radiation field.

The anthropogenic radiative forcings that fuel
the growing terrestrial greenhouse effect continue
unabated. The continuing high rate of atmospher-
ic CO2 increase is particularly worrisome, be-
cause the present CO2 level of 390 ppm is far in
excess of the 280 ppm that is more typical for the
interglacial maximum, and still the atmospheric
CO2 control knob is now being turned faster than
at any time in the geological record (20). The con-

cern is that we are well past even the 300- to
350-ppm target level for atmospheric CO2,
beyond which dangerous anthropogenic interfer-
ence in the climate systemwould exceed the 25%
risk tolerance for impending degradation of land
and ocean ecosystems, sea-level rise, and inevi-
table disruption of socioeconomic and food-
producing infrastructure (21, 22). Furthermore,
the atmospheric residence time of CO2 is exceed-
ingly long, being measured in thousands of years
(23). This makes the reduction and control of at-
mospheric CO2 a serious and pressing issue,
worthy of real-time attention.
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The Structure of Iron in
Earth’s Inner Core
Shigehiko Tateno,1,2* Kei Hirose,1,2* Yasuo Ohishi,3 Yoshiyuki Tatsumi2

Earth’s solid inner core is mainly composed of iron (Fe). Because the relevant ultrahigh pressure
and temperature conditions are difficult to produce experimentally, the preferred crystal structure
of Fe at the inner core remains uncertain. Static compression experiments showed that the
hexagonal close-packed (hcp) structure of Fe is stable up to 377 gigapascals and 5700 kelvin,
corresponding to inner core conditions. The observed weak temperature dependence of the c/a
axial ratio suggests that hcp Fe is elastically anisotropic at core temperatures. Preferred orientation
of the hcp phase may explain previously observed inner core seismic anisotropy.

Determining the crystal structure of iron
(Fe) under ultrahigh pressure and tem-
perature (P-T ) conditions is a key piece

of information required to decipher the complex
seismic structures observed in Earth’s inner core
(1–3). Fe adopts body-centered cubic (bcc) struc-

ture at ambient conditions and transforms into
the hexagonal close-packed (hcp) phase above
15 GPa. Although hcp Fe can persist under core
pressures at 300 K (4, 5), a phase transition at
elevated temperature is a possibility. Both theory
and experiments have proposed different forms
of Fe at simultaneously high P-T conditions,
which include bcc (6, 7), face-centered-cubic
(fcc) (8), and hcp structures (5, 9). The structure
of Fe has never been examined experimental-
ly at the inner core P-T conditions (>330 GPa
and ≥5000 K), because the techniques previous-
ly used to produce such extreme conditions—
dynamical shock-wave experiments—impede the

ability to make simultaneous structure measure-
ments on the order of a microsecond.

Based on a combination of static compression
experiments in a laser-heated diamond-anvil cell
(DAC) and synchrotron x-ray diffraction (XRD)
measurements (Fig. 1), we determined the struc-
ture of Fe up to 377 GPa and 5700 K (10). A
temperature gradient was relatively large when
the sample was heated to more than 5000 K at
>300 GPa (Fig. 2A); nevertheless, the variations
were less than T10% in the 6-mm region across
the hot spot, which corresponds to the x-ray beam
size at full width at half maximum, considering
the fluctuations in temperature with time (Fig.
2B). We calculated the sample temperature by
averaging the variation in the 6-mm area probed
by x-rays. Pressure was determined from the unit-
cell volume of hcp Fe, using its P-V-T (where V
is volume) equation of state (11). The T10%
temperature variation leads to about T2% un-
certainty in pressure (377 T 8.5 GPa at 5700 K).
The pressure gradient in the sample was <5 GPa
at ~300 GPa in a 10-mm area after heating.

To construct the phase diagram of Fe at in-
ner core conditions, we conducted six separate
sets of experiments (Fig. 3). The first exper-
iment at 303 GPa and room temperature re-
sulted in an XRD pattern that included peaks
from hcp Fe and Re (the gasket material) (fig.
S1A) (10). Subsequently, we heated this sam-
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ple to 4820 K at 332 GPa. The one-dimensional
(1D) XRD pattern did not change except for the
appearance of an hcp 002 line (Fig. 1A). On the
other hand, the 2D image became spotty (fig.
S1B), indicating crystal growth and hence the
stability of hcp Fe at these P-T conditions. After
these measurements, the sample was temperature-
quenched and then further compressed to 321 GPa
at room temperature. We again heated the sam-
ple to 5520 K at 356 GPa. The XRD pattern
was still dominated by the hcp phase (Fig. 1B),

but minor peaks assigned to pyrite-type SiO2

(12) (the pressure medium) and Fe3C cementite
appeared. The measured lattice parameters and
volumes of Fe3C are in agreement with earlier
experimental results to 187 GPa (13) (table S1).
Similar observations were made in five other ex-
periments, which were conducted in a wide P-T
range from 135 GPa and 2690 K to 377 GPa
and 5700 K (Fig. 3). In all measurements, we
obtained no evidence of a phase transition to
bcc or fcc Fe phases.

The presence of Fe3C in the XRD pattern in-
dicates contamination by carbon from the dia-
mond anvils, which has been reported in several
earlier DAC studies (14–16). Nevertheless, the
maximum solubility of carbon in solid Fe is al-
ready low (<0.6%) at 44 GPa and further de-
creases with increasing pressure (17). Moreover,
although previous ab initio calculations (18) dem-
onstrated that the addition of a small amount of
carbon to Fe strongly stabilizes the bcc phase rel-
ative to the hcp phase, we did not observe XRD
peaks from bcc Fe. These suggest that the effect
of carbon contamination on the phase relation of
Fe was negligible.

These experiments were performed at tem-
peratures near the melting curve of Fe (19, 20)
(Fig. 3). We observed a temperature jump from
3220 K to ~4000 K at 135 GPa by a small in-
crease in laser output power (fig. S2). Large
fluctuations in temperature and the elevation
of background intensity in the XRD patterns
were also noticed after the temperature jump.
These are usually interpreted as a sign of melting
(21, 22). The melting temperature at 135 GPa
should thus be little higher than 3220 K, which
is somewhat higher than the previous experi-
mental determinations by Boehler (19, 22) but
lower than those by Ma et al. (20), considering
the effect of thermal pressure contributions. At
>350 GPa, on the other hand, 2D XRD images
showed the extensive grain growth above 5700 K,
suggesting that this temperature is close to the
melting point. In addition, we found no anomalies
up to 4120 K at 210 GPa. These observations
place constraints on the melting curve of Fe,
which previously existed only up to 200 GPa.

These results indicate that hcp Fe is a stable
form of Fe up to 377 GPa and 5700 K, which is
compatible with previous ab initio calculations
by Vočadlo et al. (9). The estimation of temper-
ature at the inner/outer core boundary ranges
from 4850 to 5700 K, depending on the melting
temperature of Fe and the effect of light alloying
elements (19, 23, 24). The temperature gradient
should be very small within the inner core (24).
Our experiments thus represent a range of inner
core P-T conditions. One limitation of these ex-

Fig. 1. Representative XRD pat-
terns of hcp Fe at (A) 332 GPa and
4820 K and at (B) 356 GPa and
5520 K. The peak positions of the
bcc and fcc phases were calculated
for volumes larger by 0 to 1% than
that for the observed hcp phase.
hcp, hcp Fe; py, pyrite-type SiO2 (pres-
sure medium); C, Fe3C cementite;
Re, rhenium (gasket).
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periments is that chemical impurities such as
silicon and sulfur, which have the ability to
change the stable crystal structure (9, 18, 25),
were not accounted for.

Strong seismic anisotropy exists in the inner
core, with longitudinal waves traveling ~3%
faster along the polar axis than in the equatorial
plane (1). This was originally attributed to the
preferred orientation of hcp Fe, which exhibits
a strong single-crystal elastic anisotropy, at

least at low temperature (26). However, Steinle-
Neumann et al. (27) demonstrated that the c/a
axial ratio of hcp Fe increases substantially
with increasing temperature (Fig. 4), which has
a significant influence on its elastic anisotropy.
More recent calculations (6, 28) reported that
the c/a ratio approaches the value of 1.6299
for the ideal hcp structure at high temperature,
and consequently elastic anisotropy of hcp Fe
no longer exists at inner core conditions. On the

other hand, experimental evidence previously
suggested weak temperature dependence of
the c/a ratio at 140 GPa (22), as do our data at
~330 GPa (Fig. 4). The c/a ratio of 1.602 at
332 GPa and 4820 K, which is substantially
lower than the ideal value, suggests that hcp
Fe should be elastically anisotropic even at the
high temperature conditions of the inner core.
The observed seismic anisotropy may therefore
result from the preferred orientation of the hcp
phase with the c axis parallel to Earth’s rotation
axis (26).
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Fig. 4. Temperature de-
pendence of the c/a axial
ratio of hcp Fe collected
at 135 GPa (red circles)
and ~330 GPa (red dia-
monds) (table S2). Previ-
ous experimental results
at 84, 106, and 140 GPa
are from Boehler et al.
(22) (blue open symbols),
and those at 161 GPa are
from Ma et al. (20) (pur-
ple open squares). The
results of theoretical cal-
culations are also shown
by the dot-dashed curve
(27), dashed curve (6),
and dotted curve (28).
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Intravascular Danger Signals
Guide Neutrophils to Sites of
Sterile Inflammation
Braedon McDonald,1 Keir Pittman,1 Gustavo B. Menezes,1* Simon A. Hirota,2 Ingrid Slaba,1
Christopher C. M. Waterhouse,1,3 Paul L. Beck,2,4 Daniel A. Muruve,1,4 Paul Kubes1†

Neutrophils are recruited from the blood to sites of sterile inflammation, where they contribute
to wound healing but may also cause tissue damage. By using spinning disk confocal intravital
microscopy, we examined the kinetics and molecular mechanisms of neutrophil recruitment to sites
of focal hepatic necrosis in vivo. Adenosine triphosphate released from necrotic cells activated
the Nlrp3 inflammasome to generate an inflammatory microenvironment that alerted circulating
neutrophils to adhere within liver sinusoids. Subsequently, generation of an intravascular
chemokine gradient directed neutrophil migration through healthy tissue toward foci of damage.
Lastly, formyl-peptide signals released from necrotic cells guided neutrophils through nonperfused
sinusoids into the injury. Thus, dynamic in vivo imaging revealed a multistep hierarchy of
directional cues that guide neutrophil localization to sites of sterile inflammation.

Sterile inflammation, characterized by red-
ness, heat, swelling, and pain, occurs when
tissues are injured in the absence of infec-

tion. Necrotic cell death can generate profound
sterile inflammation characterized by the accu-

mulation of innate immune effector cells, namely
neutrophils, within the affected tissue. Such re-
sponses are classically considered homeostatic
“wound healing” reactions to tissue injury, inwhich
the phagocytic functions of neutrophils contrib-

ute to the clearance of debris (1). Neutrophils,
however, possess a vast arsenal of hydrolytic, ox-
idative, and pore-forming molecules capable of
causing profound collateral tissue destruction (2).
As such, overexuberant neutrophil recruitment in
response to sterile inflammatory stimuli contrib-
utes to the immunopathology observed in many
diseases, including ischemic injuries/infarction,
trauma, autoimmunity, drug-induced liver injury,
and others (1, 3–7). Therefore, understanding the
mechanisms that allow neutrophils to respond to
sterile tissue injury and cell death is fundamental
to our understanding of both homeostatic innate
immune functions and pathogenic immune re-
sponses in disease.

1Immunology Research Group, University of Calgary, Alberta
T2N 4N1, Canada. 2Gastrointestinal Research Group, Snyder
Institute of Infection, Immunity and Inflammation, University
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atrics, Division of Pediatric Gastroenterology, University of
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*Present address: Departamento de Morfologia, Instituto de
Ciências Biológicas, Universidade Federal de Minas Gerais,
Brazil.
†To whom correspondence should be addressed. E-mail:
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Fig. 1. Neutrophils
home in to sites of sterile
injury by intravascular
crawling. (A) Time-lapse
images fromSD-IVMdem-
onstrating the response
of neutrophils (green) to
focal hepatic necrosis (red,
propidium iodide). Scale
bar indicates 200 mm.
(B) Number of adherent
neutrophils per field of
view in response to sterile
injuryor shamprocedure.
N=5 individualmice per
group for all time points.
Error bars show SEM. (C)
Representative SD-IVM
images at 2 and 3 hours
after injury, demonstrat-
ing the intravascular (blue,
Alexa-647-BSA)routetak-
en by neutrophils (green)
to reachnecrotic foci (red).
Arrows show path of trav-
el of selectedneutrophils.
Scale bars, 100 mm. (D)
Quantitative representa-
tionof the routeofmigra-
tion taken by neutrophils
en route to tissue injury.
N = 5 individual mice;
error bars, SEM; *P <
0.01 by t test. (E) Animals
treated with blocking antibodies against Mac1, LFA1, or isotype control
(administered before injury) were imaged 2.5 hours postinjury to determine
the percentage of adherent neutrophils that directionally chemotax toward the
injury site.N≥ 5 individualmice per treatment group; error bars show SEM; *P<
0.01 by one-way analysis of variance (ANOVA) with Bonferroni’s posttest. (F and

G) Migration paths (F) and crawling velocities (G) of neutrophils responding to
tissue injury before and 10 min after administration of Mac1 antibody.
Experiments were conducted 2.5 hours postinjury. Paths are normalized for their
origins (site of adhesion) and position relative to the center of the necrotic focus.
N = 3 individual mice; error bars, SEM; *P < 0.01 by t test.
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Cell death by necrosis releases multiple en-
dogenous pro-inflammatory damage-associated
molecular patterns (DAMPs), including proteins,
nucleic acids, extracellularmatrix components, and
lipid mediators (1, 4, 8–10). When injected into
mice, purified DAMPs or necrotic cells mobilize
neutrophils to the site of inoculation (9, 11, 12).
Bona fide sterile tissue injury, however, results in
the death of multiple cell types, release of many
DAMPs, and formation of hemostatic barriers (co-
agulation and thrombosis), culminating in a com-
plex milieu of inflammatory and chemoattractant
danger signals that must be translated into precise
directional cues to guide neutrophil trafficking.We
used in vivo imaging of the early innate immune
response to reveal amultistep cascade ofmolecular
events that guide the recruitment of neutrophils to
locations of sterile injury.

We generated a murine model of focal hepatic
necrosis induced by localized thermal injury on
the surface of the liver and used spinning disk
confocal intravital microscopy (SD-IVM) to vi-
sualize the subsequent response of neutrophils
(13). Mice expressing enhanced green fluorescent
protein under the control of the endogenous lyso-
zyme M promoter (LysM-eGFP) were used to vi-

sualize the kinetics of eGFP-expressing (and Gr1+)
neutrophils to a 0.022 T 0.001 (SEM)mm3 necrotic
lesion visualized by superfusion of propidium
iodide over the injury area (Fig. 1A and movie
S1). Within 30 to 60 min after injury, neutrophils
began adhering to the microvascular endothelium
(Fig. 1B). Neutrophil recruitment occurred in re-
sponse to necrotic cells, because sham operation
and imaging did not result in neutrophil accumu-
lation (Fig. 1B). Neutrophil adhesion within liver
sinusoids was mediated by interactions between
the integrin aMb2 (Mac1) and its endothelial lig-
and intercellular adhesion molecule–1 (ICAM-1)
(fig. S1, A and B). In contrast, when Escherichia
coli was applied to the liver surface rather than a
necrotic injury, neutrophil adhesion in sinusoids
was dependent on CD44 rather than Mac1, re-
vealing different mechanisms of neutrophil re-
cruitment to infection versus sterile inflammation
(fig. S1, C to F). The sterility of the inflammatory
response was confirmed by depleting mice of
culturable gut flora with use of antibiotics (14)
and finding no alteration in the response to he-
patic necrosis (fig. S2).

Neutrophils initially adhered within sinusoids
around foci of injury and over time were ob-

served to gradually accumulate within the area of
necrosis (Fig. 1A and fig. S3). Of adherent neu-
trophils, 77.3% T 3.3were observed to directionally
chemotax toward the necrotic tissue, ultimately
infiltrating into the area of cell death (Fig. 1C).
Instead of transmigrating out of the vasculature to
take the shortest path toward the site of danger,
the majority of neutrophils migrated via the in-
travascular route, which was often a less-direct
course (Fig. 1, C and D, and movies S2 and S3).
Inhibitory antibodies against Mac1 but not the
closely related aLb2-integrin LFA1 significantly
reduced the number of neutrophils that chemo-
taxed intravascularly toward tissue injury com-
pared with the number in isotype control-treated
animals (Fig. 1E and movie S4). Furthermore,
administration of Mac1 antibody 2.5 hours after
injury abruptly stopped migrating neutrophils,
demonstrating a role for Mac1 in mediating
crawling and adhesion (Fig. 1, F and G). Thus,
neutrophils use the vascular channels as high-
ways to guide their transit through healthy tissue
toward sites of sterile injury.

Analysis of the microvascular hemodynamics
revealed an absence of perfused sinusoids within
the area of necrosis and occlusion of the sinus-

Fig. 2. ATP danger signals initiate neutrophil recruitment via P2X7R sig-
naling and Nlrp3 inflammasome activation. (A) The number of adherent
neutrophils per field of view 4 hours after focal hepatic injury in mice treated
with apyrase or vehicle control. N = 5 individual mice per treatment group;
error bars, SEM; *P < 0.05 by t test. (B to D) Mice treated with apyrase or
vehicle control were imaged 2.5 hours postinjury to determine the percentage
of adherent neutrophils that chemotax toward the injury site (B) and migra-
tion paths for chemotaxing neutrophils [(C) and (D)]. Paths are normalized for
their origins (site of adhesion) and position relative to the center of the
necrotic focus. N = 5 individual mice per group; error bars, SEM. (E) Number
of adherent neutrophils per field of view 4 hours after focal hepatic injury in
indicated mouse strains [wild type (WT) and C57BL/6]. N = 5 individual mice
per genotype; error bars, SEM; *P < 0.01 versus WT by one-way ANOVA with
Bonferroni’s posttest. (F) Representative immunoblots for the detection of pro-

IL-1b, mature (cleaved) IL-1b, pro-caspase-1, and mature (cleaved)
caspase-1 in sham (uninjured) liver tissue or tissue harvested from the
site of injury in the indicated mice. Representative of two independent
experiments. (G) Number of adherent neutrophils per field of view 4 hours
after focal hepatic injury in mice treated with recombinant IL-1R antagonist
(rIL-1Ra) or antibodies against IL-1b or IL-1a. N = 5 individual mice per
treatment group; error bars, SEM; *P < 0.01 versus control by one-way ANOVA
with Bonferroni’s posttest. (H) Fluorescence intensity was quantified from SD-
IVM images after administration of phycoerythrin (PE)–labeled antibody against
ICAM-1 (PE-anti-ICAM-1), expressed as -fold increase in fluorescence intensity
relative to equivalently labeled isotype control. Experiments were conducted 2.5
hours postinjury (or sham procedure) in the presence and absence of IL-
1b blocking antibody. N = 3 individual mice per treatment group; error bars,
SEM; *P < 0.001 versus control by one-way ANOVA with Bonferroni’s posttest.
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oids immediately adjacent to the necrotic core
(surrounding ~150 mm) by platelet thrombi (fig.
S4, A to C). Although neutrophil crawling veloc-
ity was reduced within these areas (fig. S4D), this
did not limit their ability to home into the injury
site (movie S2). Beyond 150 mm from the injury
border, more than 80% of sinusoids were actively
perfused, and as such the majority of neutrophils
migrated via perfused sinusoids without any pref-
erence for vessels flowing toward or away from
the necrotic focus (fig. S4, E and F).

To investigate the molecular signals that di-
rect neutrophil migration, we hypothesized that
purinergic danger signals such as extracellular aden-
osine triphosphate (ATP) released by damaged
cells act as a find-me signal to guide neutrophils to
sites of necrosis. Previous studies have suggested
that this function of ATP may be due to its ability
to induce cytokine production and/or its ability to
promote leukocyte migration (3, 15–17). Admin-

istration of an exogenous ATPase (apyrase), which
hydrolyzed extracellular ATP released after injury
(fig. S5A), resulted in a marked reduction in the
total number of neutrophils recruited into the liver
in response to tissue injury (Fig. 2A andmovie S5).
In contrast, apyrase did not inhibit the ability of
recruited neutrophils to chemotax toward the focus
of injury (Fig. 2, B to D), demonstrating that ATP
does not function as a chemotactic signal. Similarly,
administration of suramin to block heterotrimeric
guanine nucleotide–binding protein (G protein)–
coupled P2Y purinergic receptors that have been
implicated in the chemotactic response to ATP
(15–17) did not affect the recruitment or migra-
tion of neutrophils (fig. S5B).

Extracellular ATP, via P2X7 receptor signaling,
is one of the best-characterized activators of the
Nlrp3 inflammasome, which mediates the genera-
tion of inflammatory cytokines such as interleukin
(IL)-1b (1, 18, 19). Similar to apyrase treatment,

selective inhibition of P2X7 receptorswith oxidized
ATPorgenetic deficiency inP2rx7−/−mice resulted
in reduced neutrophil recruitment in response to
tissue injury, without impairing the chemotactic
response of the few recruited neutrophils (Fig. 2E
and figs. S5B and S6). Bone marrow chimeric
mice demonstrated that the target cells of P2X7R
signaling were of hematopoietic origin but were
not neutrophils because isolatedP2rx7−/− andwild-
type neutrophils were recruited equivalently to foci
of necrosis after adoptive transfer (fig. S7). Fur-
thermore, the quantity of neutrophils recruited to
areas of necrosis was significantly reduced in mice
deficient in inflammasome component Nlrp3 or
ASC compared with wild-type animals (Fig. 2E).
Consistent with recent reports that macrophages
are the primary sentinel cells that sense cell death
and generate pro-inflammatory cytokines (20),
mice that were depleted of liver-resident intra-
vascular macrophages (Kupffer cells) by admin-

Fig. 3. An intravascular
chemokine gradient guides
neutrophil chemotaxiswith-
in the vasculature toward
foci of sterile injury. (A)
MIP-2 expression (red) and
PECAM-1+ endothelium
(blue) were visualized 2.5
hours after injury in the
distant periphery and di-
rectly adjacent to the inju-
ry (indicated by solid white
lines). Scale bars, 100 mm.
(B) Fluorescence intensity
of MIP-2 antibody staining
from SD-IVM images was
quantified within individu-
al sinusoids at various dis-
tances from the border of
necrotic injury 2.5 hours
postinjury and expressed
as -fold increase in fluo-
rescence intensity relative
to equivalently labeled iso-
type control. N = 103 si-
nusoids compiled from
three individual mice; er-
ror bars, SEM. (C) Fluores-
cence intensity of MIP-2
antibody staining in sinus-
oids surrounding injury in
mice left untreated (con-
trol) or treated with IL-
1b blocking antibody be-
fore injury or in Myd88− /−

mice. N ≥ 3 individual
mice per treatment group;

error bars, SEM; *P < 0.05 versus control by one-way ANOVA with Bonferroni’s posttest. (D) Cell migration paths
for neutrophils within the zone of intravascular chemotaxis (>150 mm from injury border, see fig. S10C) in WT
C57BL/6 and Cxcr2− /− mice. Paths are normalized for their origins (site of adhesion) and position relative to the
center of the necrotic focus. (E) The percentage of adherent cells that chemotax toward the injury site in WT or
Cxcr2− /−mice. (F) Meandering index of migrating neutrophils depicted in (D). In (D) to (F), imaging was conducted

2.5 hours postinjury; N ≥ 3 individual mice per group; error bars, SEM; *P < 0.01 by t test. (G) Mice treated with antibodies against MIP-2, KC, or isotype control
were imaged 2.5 hours postinjury, and the percentage of adherent cells that chemotax toward the injury site was determined. N = 3 individual mice per
treatment group; error bars, SEM; *P < 0.01 versus control by one-way ANOVA with Bonferroni’s posttest.
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istration of liposome-encapsulated clodronate
(21) demonstrated reduced neutrophil recruitment
similar to animals with impaired P2X7R signal-
ing (fig. S8). Western blots of injured liver tissue
confirmed that Nlrp3-dependent activation of
caspase-1 and IL-1b processing at sites of focal
hepatic necrosis was entirely dependent on P2X7R
signaling (Fig. 2F). Mice that received blocking
antibodies against IL-1b, a recombinant antagonist
of the IL-1-receptor (IL-1R), or animals that were
deficient of the signaling adaptor MyD88 (required
for signaling through IL-1R) showed similarly re-
duced neutrophil accumulation (Fig. 2G and fig.
S9A). Neutrophil adoptive transfer experiments
revealed thatMyD88-deficient andwild-type neu-
trophils were recruited equivalently to sites of in-
jury, indicating that neutrophils were not a target of
IL-1b (fig. S9B). Instead, IL-1b blockade prevented
ICAM-1 up-regulation on the surface of sinusoidal
endothelium in response to tissue injury (Fig. 2H).
Thus, ATP danger signals activate a pathway that
initiates neutrophil adhesion but do not guide
neutrophil chemotaxis toward necrotic cells.

We next hypothesized that chemokines
produced in response to tissue injury may guide

intravascular neutrophil migration to foci of sterile
inflammation. Previous studies have demonstrated
that chemokines may be expressed and immo-
bilized on the luminal surface of microvascular
endothelium in vivo (22). Intravital immuno-
fluorescence using SD-IVM revealed MIP-2
(macrophage inflammatory protein 2, CXCL2)
expression on the luminal surface of the liver
sinusoids that wasmaximal at about 150 mm from
the injury border and gradually decreased out to
650 mm, demonstrating the presence of an
intravascular gradient that leads toward the
injured area (Fig. 3, A and B). Graded MIP-2
expression was not dependent on IL-1b but did
require signaling through a MyD88-dependent
pathway within nonhematopoietic cells (Fig. 3C
and fig. S10A). Within the region of high intra-
vascularMIP-2 expression, neutrophils in CXCR2-
deficient animals that were unable to detect MIP-2
failed to directionally chemotax (Fig. 3, D and E)
but rather migrated randomly in the vasculature
(meandering index 0.29 T 0.03, Fig. 3F). Inhibitory
antibodies against MIP-2, and to a lesser extent
CXCL1 (KC), prevented intravascular chemotaxis
toward foci of damage, confirming that neutrophil

chemotaxis is directed by a functional gradient of
intravascular chemokines (Fig. 3G).

The intravascular gradient of MIP-2 was con-
sistently observed to abruptly end ~100 to 150 mm
proximal to the border of necrotic tissue, de-
spite the presence of intact platelet endothelial
cell adhesion molecule 1–positive (PECAM-1+)
endothelium (Fig. 3, A and B). Intravenous
administration of a PECAM-1–specific antibody
demonstrated that sinusoidal endothelium in this
malperfused area is accessible to circulating pro-
teins. Circulating recombinant MIP-2 failed to
bind within this proximal zone (fig. S10B), sug-
gesting that the absence of MIP-2 may be due to
an inability of the chemokine to become immo-
bilized on endothelial surface glycosamino-
glycans near the injury. Furthermore, within this
proximal 150 mm surrounding the injury, direc-
tional neutrophil migration was independent of
CXCR2 (Fig. 4, A and B).

Given that neutrophils migrate directly into
the area of cell death, we hypothesized that ne-
crotic cells released a CXCR2-independent che-
moattractant, or “necrotaxis” signal, that directs
neutrophil migration beyond the intravascular che-

Fig. 4. FPR1-dependent necro-
taxis guides precise localization
of neutrophils into areas of ster-
ile tissue necrosis. (A and B) Cell
migration paths for neutrophils
within the zone of necrotaxis
(proximal 150 mm surrounding
injury, see fig. S10C) in WT (A)
and Cxcr2− /− (B) mice 2.5 hours
postinjury. Paths are normalized
for their origins (site of adhe-
sion) and position relative to the
center of the necrotic focus (N ≥
3 individual mice per group). (C)
The number of human neutro-
phils that chemotaxed toward
necrotic HEK 293 cells in vitro.
Neutrophils were left untreated
or incubated with IL-8, CsH, anti-
FPR1, or isotype control. N ≥ 5
independent experiments; error
bars, SEM; *P < 0.05 or **P <
0.01 versus control by one-way
ANOVA with Bonferroni’s post-
test. (D and E) Representative
SD-IVM images of neutrophils
(green) responding to a focus of
tissue injury (red) in animals
treated with vehicle control (D)
or the FPR1 antagonist CsH (E).
Dashed lines are at injury border
and 150 mm. Scale bars, 100mm.
Representative of three animals
per group. (F) Cell migration
paths for neutrophils within the
zoneofnecrotaxis inFpr1−/−mice
2.5 hours postinjury (N = 4 in-
dependent mice). (G and H)
Meandering index [(G) error bars, SEM] and crawling velocity [(H) lines, means] of
migrating neutrophils depicted in (A), (B), and (F). *P < 0.05 versus WT by one-way
ANOVA with Bonferroni’s posttest. (I) Number of adherent neutrophils per 10,000

mm2within the indicated regions around necrotic foci (4× field of view) 4 hours after
injury in WT, Cxcr2− /−, and Fpr1− /− mice. N ≥ 3 independent mice per genotype;
error bars, SEM; **P<0.01 versusWTby one-wayANOVAwith Bonferroni’s posttest.
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mokine gradient (fig. S10C). In support of this,
neutrophils failed to enter into a focus of sterile
inflammation that did not contain necrotic cells
(focal vascular occlusion generated by localized
compression of sinusoids) and instead simply
accumulated around the injury (fig. S11). Further-
more, the observation that neutrophils rapidly mi-
grated away from high concentrations of CXCR2
ligands implies that the necrotactic stimulus must
hierarchically override CXCR2 signaling. In an in
vitro under agarose chemotaxis assay, necrotic
cells potently attracted human neutrophils (Fig.
4C). This attraction overrode CXCR2 signals, be-
cause incubation of neutrophils in IL-8 (human
homolog of MIP-2) did not inhibit chemotaxis
toward necrotic cells (Fig. 4C). Mitochondria con-
tain DAMPs, including formylated peptides, that
can direct neutrophil chemotaxis via signaling
through the formyl-peptide receptor 1 [FPR1 (7)].
In vitro, blockade of neutrophil FPR1 with inhib-
itory antibodies or the selective antagonist cyclo-
sporin H (CsH) significantly attenuated neutrophil
chemotaxis toward necrotic cells (Fig. 4C). In
vivo, treatment of LysM-eGFP mice with CsH
(Fig. 4, D and E, and fig. S12) or genetic defi-
ciency of FPR1 (Fpr1−/−, Fig. 4, F andG) resulted
in nondirectional random migration within the
necrotaxis zone. Importantly, FPR1 signals con-
trolled only directionality within the necrotaxis
zone, because neutrophil crawling velocities were
unchanged in Fpr1−/− mice compared with those
in wild-type mice (Fig. 4H). Overall, although the
majority of neutrophils in wild-type mice accu-
mulated within the necrotic focus, neutrophils in
Fpr1−/− mice homed in to the proximal 150 mm
around the injury, where they migrated randomly
and accumulated (Fig. 4I). This pattern of neutro-
phil accumulation was equivalent to that seen in
response to foci of vascular occlusion, where both
wild-type and Fpr1−/− neutrophils accumulated in

the proximal 150 mm but failed to migrate into the
area of injury, presumably because of a lack of
FPR1 ligands in the absence of dead cells (fig. S11).

We have identified a multistep cascade of in-
travascular events that allow neutrophils to sense
and home in to sites of sterile inflammation in
vivo (fig. S13). In contrast to recent reports (17),
we show that ATP does not function as a chemo-
attractant but rather initiates the inflammatory
response throughmechanisms that lead to neutro-
phil adhesion. We have recently reported that sig-
nals through formyl peptide receptors in neutrophils
hierarchically override signals through CXCR2, al-
lowing neutrophils to preferentially migrate toward
end-target chemoattractants in vitro (23). Our
present study provides evidence that this hierar-
chy of neutrophil chemoattraction functions in
vivo. Importantly, the migration patterns and mo-
lecular guidance cues that direct neutrophils to
sites of sterile inflammation in the liver also func-
tion similarly in other organs such as the skin,
which contains a vastly different cellular compo-
sition and vascular architecture (fig. S14).

Neutrophil extravasation out of the vascula-
ture into tissues can cause substantial collateral
damage during pathological inflammatory re-
sponses (1, 24).We propose that the intravascular
danger sensing and recruitment mechanisms
identified in this study have evolved to limit col-
lateral damage during responses to sterile injury
by allowing neutrophils to remain intravascular
as they navigate through healthy tissue to sites of
injury. Furthermore, necrotaxis cues are released
from necrotic cells to promote localization of neu-
trophils directly into existing areas of injury. This
is likely a means to focus the innate immune re-
sponse on damaged areas and away from healthy
tissue, providing an additional safeguard against
collateral damage during sterile inflammatory
responses.
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Granulosa Cell Ligand NPPC
and Its Receptor NPR2 Maintain
Meiotic Arrest in Mouse Oocytes
Meijia Zhang,1,2 You-Qiang Su,2 Koji Sugiura,2* Guoliang Xia,1† John J. Eppig2†
Granulosa cells of mammalian Graafian follicles maintain oocytes in meiotic arrest, which prevents their
precocious maturation. We show that mouse mural granulosa cells, which line the follicle wall,
express natriuretic peptide precursor type C (Nppc) messenger RNA (mRNA), whereas cumulus cells
surrounding oocytes express mRNA of the NPPC receptor NPR2, a guanylyl cyclase. NPPC increased cGMP
levels in cumulus cells and oocytes and inhibited meiotic resumption in vitro. Meiotic arrest was not
sustained in most Graafian follicles of Nppc or Npr2 mutant mice, and meiosis resumed precociously.
Oocyte-derived paracrine factors promoted cumulus cell expression of Npr2 mRNA. Therefore, the
granulosa cell ligand NPPC and its receptor NPR2 in cumulus cells prevent precocious meiotic maturation,
which is critical for maturation and ovulation synchrony and for normal female fertility.

Meiosis is a germ cell–specific process
that reduces the number of chromo-
somes from the diploid to the haploid

number. It begins in human and mouse ovaries

during fetal life, but meiotic progression be-
comes arrested for prolonged periods at the dip-
lotene stage of meiotic prophase. Fully grown
mammalian oocytes in Graafian follicles are

maintained in meiotic prophase arrest until the
preovulatory surge of luteinizing hormone (LH)
triggers the resumption of meiosis and ovulation.
The mature oocytes (eggs) are then available for
fertilization within the oviduct. The somatic cell
compartment of Graafian follicles, consisting of
mural granulosa cells lining the inside of the
follicle wall and cumulus cells surrounding the
oocyte, plays a crucial role in maintaining oocyte
meiotic arrest in mammals because removal of
the oocyte-cumulus cell complex from these fol-
licles results in gonadotropin-independent meiotic
resumption in culture (1, 2). Cyclic nucleotides
cAMP (adenosine 3´,5´-monophosphate) and
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cGMP (cyclic guanosine 5′-monophosphate)
are crucial for maintaining meiotic arrest. Cyclic
AMP is generated within oocytes downstream
of GPR3 and GPR12, regulators of Gs proteins
controlling adenylyl cyclase (3, 4). Inability to
sustain oocyte cAMP concentrations leads to pre-
cocious gonadotropin-independent resumption of

meiosis, which interrupts the synchrony between
oocyte maturation and ovulation and compromises
female fertility (3–5). PDE3A, an oocyte-specific
phosphodiesterase, becomes activated after the
LH surge to decrease cAMP concentrations in
oocytes and thereby initiates pathways govern-
ing meiotic resumption (6). Before the LH surge,

cGMP, originating in granulosa cells of the fol-
licular somatic compartment and transferred to
the oocyte via gap junctions, inhibits activity of
PDE3A in the oocyte (7, 8). Therefore, control
of cGMP production by granulosa cells is essen-
tial for maintaining meiotic arrest in fully grown
oocytes.

Fig. 1. Expression of
Nppc and Npr2 mRNA
by granulosa cells. (A) In
situ hybridization show-
ing localization of Nppc
and Npr2 mRNA expres-
sion in prepubertal mouse
ovaries 48 hours after
eCG injection. Histology
is shown in bright-field
images (upper panels),
and localization of spe-
cific mRNAs is shown in
dark-field images (lower
panels). Asterisks (*) in-
dicate mural granulosa
cells (MGCs); arrows indi-
cate cumulus cells (CCs).
Bars, 200 mm. (B) Comparison of steady-state levels of Nppc and Npr2 mRNAs by mural and cumulus
cells by qRT-PCR. Levels of transcripts in cumulus cells are expressed relative to that measured in
mural granulosa cells; the mean of three experiments was set to a value of 1. ***P < 0.001; *P < 0.05.
(C) Effect of oocytes on Npr2 expression in cumulus cells. Levels of Npr2 mRNA in cumulus cells
cultured as intact COCs (COC), oocytectomized (OOX) cumulus cells, or OOX cumulus cells cocultured with
fully grown oocytes (OOX+OO; two oocytes/ml) for 14 hours were determined. The mean value in COC
group was set as 1. (D) Effect of GDF9, BMP15, and FGF8 on Npr2mRNA levels in OOX cumulus cells. OOX
cumulus cells were cocultured with either denuded oocytes (Oocyte) or mouse GDF9 (500 ng/ml), human
BMP15 (500 ng/ml), mouse FGF8B (FGF8, 100 ng/ml), or the various combinations indicated for 14 hours
and levels of Npr2 mRNA determined. The mean value in the control (no treatment) group was set as 1.
Values indicated by different letters are significantly different (P < 0.05). Graphs show mean T SEM.

Fig. 2. Effect of natriuretic
peptides on gonadotopin-
independent (spontaneous)
resumption of meiosis and pro-
duction of cAMP and cGMP in
vitro. (A) Effect of natriuretic
peptides on spontaneous matu-
ration of cumulus cell–enclosed
oocytes in vitro. Oocytes were
cultured for 4 hours in medium
containing human NPPA, NPPB,
or NPPC and assessed for GVBD
indicative of the resumption of
meiosis. NPPC dose-dependently
inhibited resumption of cumulus
cell–enclosed oocytes with a maximum effect at 100 nM. Neither NPPA or NPPB had
detectable activity in preventing GVBD at 100 nM. (B and C) Effect of natriuretic peptides on
levels of cGMP (B) and cAMP (C) in cumulus and oocyte compartments of cumulus-oocyte
complexes (COCs). COCs were incubated in medium containing 100 nM human NPPA,
NPPB, or NPPC for 1 hour, and amounts of cGMP and cAMP in oocytes and cumulus cells
were evaluated by enzyme-linked immunosorbent assay. NPPC, but not NPPA or NPPB,
promoted increased cGMP in both oocytes and cumulus cells, but an increase in cAMP was
seen only in oocytes. CC indicates the total cumulus cells surrounding one oocyte (*P < 0.05
compared with control). Graphs show mean T SEM.
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Exploration of the mouse cumulus cell tran-
scriptome for mRNAs encoding guanylyl cyclases
by microarray analysis (9) revealed abundant ex-
pression of natriuretic peptide receptor 2 (Npr2,
also called GC-B) mRNA. The presence of this
guanylyl cyclase was reported in rat follicles, and
the binding of its ligand, NPPC (also known as
CNP), to granulosa cells varied during the estrous
cycle (10). Moreover, NPPA (ANP) was reported
to inhibit resumption of meiosis in rat oocytes
(11). Therefore, expression of Nppc and Npr2
mRNAs in mouse ovarian follicles was deter-
mined by in situ hybridization. Nppc mRNA
was expressed predominantly by mural granulosa
cells, which line the inside of the follicular wall,
and, in contrast, Npr2 mRNAwas expressed pre-
dominantly by cumulus cells; outwardly decreas-
ing levels of expression included some periantral
mural granulosa cells (Fig. 1A). Quantitative re-
verse transcription–polymerase chain reaction
(qRT-PCR) confirmed that the steady-state lev-
els of Nppc mRNA were at least a factor of 10
higher in mural granulosa cells than in cumulus
cells, and levels of Npr2 mRNA were about
twice as high in cumulus cells as compared with
mural granulosa cells (Fig. 1B). Because the iso-
lation and collection of mural granulosa cells
from follicles are unavoidably biased to those
that line the antrum, and as shown by in situ

hybridization these periantral mural granulosa cells
express Npr2 mRNA at levels much higher than
the larger population of outermost mural granulosa
cells (Fig. 1A), this difference in Npr2 expression
is really much greater than a factor of 2.

The intriguing juxtaposition of the cell types
expressing the ligand mRNA (Nppc) and its cog-
nate receptor (Npr2) suggests a functional relation-
ship. Supporting this idea, we found that NPPC
peptide, but not the related NPPA or NPPB, pre-

vented spontaneous (gonadotropin-independent)
resumption of cumulus cell–enclosed (Fig. 2A),
but not denuded (fig. S1), mouse oocytes in vitro.
Likewise, NPPC, but not NPPA or NPPB, in-
creased cumulus cell and oocyte cGMP levels in
cultured cumulus cell–oocyte complexes (Fig. 2B).
Cyclic AMP levels were elevated in oocytes but
not in cumulus cells (Fig. 2C). Because oocytes
do not express detectable NPR2 receptors, effects
of NPPC on cGMP levels in oocytes probably

Fig. 3. Failure to maintain meiotic arrest in Graafian (late antral) follicles of
Npr2cn-2J/Npr2cn-2J and Nppclbab/Nppclbab mutant mouse ovaries. (A) A prophase-
arrested oocyte (GV, germinal vesicle) within a late antral follicle of a control
Npr2wt/Npr2? ovary. (B) An oocyte with metaphase I (MI) chromosomes within
a late antral follicle of an Npr2cn-2J/Npr2cn-2J mutant ovary. (C) Percentages of
oocytes that had resumed meiosis, counted in sections of ovaries from control
Npr2wt/Npr2? and mutant Npr2cn-2J/Npr2cn-2J mice that were treated with eCG
for 44 hours. Graph shows mean T SEM of six ovaries; numbers above bars
indicate number of follicles examined. (D and E) Ovarian follicles after de-

velopment as grafts under kidney capsules of immunodeficient hosts for 30
days. (D) A prophase-arrested oocyte within a late antral follicle of a heter-
ozygous control Nppcwt/Nppclbab ovary. (E) An oocyte with metaphase II (MII)
chromosomes and a polar body, within a late antral follicle of a mutant
Nppclbab/Nppclbab ovary. (F) Percentages of oocytes that had resumed meiosis,
counted in sections of Nppcwt/Nppclbab and Nppclbab/Nppclbab grafted ovaries.
Graph shows mean T SEM of six ovaries; numbers above bars indicate number
of follicles examined. The terms “early” and “late” antral follicles are used as
defined by Pedersen and Peters (15). Bars, 100 mm.

Mural granulosa cells Cumulus cells Oocyte 

NPPC
NPR2

GTP

cGMP

cGMP

cAMP

PDE3A

ODPF

Meiotic
Arrest

Meiotic Resumption

GPR
3/12Gs

ADCY

Pathway Maintaining Meiotic Arrest

Fig. 4. Model depicting the role of NPPC and NPR2 and oocyte-derived paracrine factors (ODPF) in the
maintenance of oocyte meiotic arrest. See text for details. ADCY, adenylyl cyclase; GPR3/12, G protein–
coupled receptors 3 and 12; Gs, GNAS (guanine nucleotide binding protein, a stimulating) complex.
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result from the generation of cGMP by cumulus
cells and subsequent transfer to oocytes via gap
junctions. Most likely, increased oocyte cAMP re-
sulted from higher amounts of oocyte cGMP sup-
pressing oocyte cAMP phosphodiesterase activity.

If the function of the NPPC/NPR2 pathway
is to participate in the maintenance of meiotic
arrest, then oocytes within Graafian (large antral)
follicles of Nppc and Npr2 mutant mice should
exhibit precocious gonadotropin-independent re-
sumption of meiosis. Ovaries were removed from
22- to 24-day-old Npr2cn-2J/Npr2cn-2J homozygous
mutant and Npr2wt/Npr2? control mice 44 hours
after injection of equine chorionic gonadotropin
(eCG) to promote follicular development and pre-
pared for histological analysis. Because homozy-
gous Nppclbab/Nppclbab mice exhibit early postnatal
lethality, ovaries of 5-day-old mutant and wild-type
control mice were grafted to the kidney capsules
of immunodeficient CBySmn.CB17-Prkdcscid/J
ovariectomized adult mice, a procedure that sup-
ports ovarian growth and development. Ovaries
were removed 30 days later. The percentages of
germinal vesicle (GV) intact (meiosis arrested) and
germinal vesicle breakdown (GVBD, meiosis re-
sumed) oocytes in antral follicles were deter-
mined by examining serial sections. There were
no major morphological differences in ovarian his-
tology in wild-type or mutant ovaries (see low-
magnification images in fig. S2). Oocytes in
early antral follicles of both mutant ovaries were
at the GV stage, the same as in the wild-type
controls. However, whereas oocytes in Graafian
(late antral) follicles in control ovaries were main-
tained at the GV stage, 50% of oocytes in Nppclbab/
Nppclbab and 80% of oocytes in Npr2cn-2J/Npr2cn-2J

mutant late antral follicles had resumed meiosis
(Fig. 3). The finding that the precocious resump-
tion of meiosis phenotype is expressed by only
50% of the oocytes in ovaries of the Nppc mutant
is likely because NppcIbab is a hypomorphic mu-
tation, producing a peptide with slight guanylyl
cyclase–stimulating activity (12). Also, NPPC may
circulate in the normal mouse recipients for the
mutant ovarian grafts. Cumulus cells in mutant ova-
ries were tightly packed around maturing oocytes
and showed no evidence of cumulus expansion,
which would be indicative of gonadotropin-
stimulated maturation. Therefore, NPPC and its
receptor NPR2 play a major role in maintaining
meiotic arrest.

Higher expression of transcripts in cumulus
cells than in mural granulosa cells often indi-
cates that oocyte-derived paracrine factors pro-
mote cumulus cell expression (13). Therefore, the
possible role of oocyte-derived paracrine factors
in regulating levels of Npr2 mRNA in cumulus
cells was determined. Microsurgical extirpation
of oocytes from complexes (oocytectomy, OOX)
significantly reduced expression of Npr2 mRNA
in cumulus cells (Fig. 1C). Coculture of cumulus
cells with fully grown denuded oocytes (two
oocytes/ml) restored levels of Npr2mRNA to that
observed in intact complexes (Fig. 1C). Therefore,
levels of Npr2 mRNA in cumulus cells are reg-

ulated, at least in part, by oocyte-derived paracrine
factors. GDF9, BMP15, and FGF8B are para-
crine growth factors secreted by oocytes (14). Each
of these alone only slightly promoted expression
of Npr2 mRNA by cumulus cells in vitro (Fig.
1D). However, combinations of BMP15 + GDF9,
BMP15 + FGF8B, or all three proteins promoted
levels of Npr2 mRNA expression in cumulus
cells equivalent to those promoted by coculture
with cumulus cell–denuded oocytes (Fig. 1D).

Cumulus cells function to support oocyte de-
velopment, whereas mural granulosa cells have
important endocrine functions and become
corpora luteal cells after ovulation. Oocyte-derived
paracrine factors regulate cumulus cell expres-
sion of transcripts at levels different from those
in mural granulosa cells (13). Thus, the two pop-
ulations of granulosa cells have distinct roles, and
the oocyte profoundly affects the differentiation
of cumulus cells to promote its own development.
This study demonstrates a complex regulatory
network among mural granulosa cells, cumulus
cells, and oocytes before the LH surge, one that
is essential for maintaining oocyte meiotic arrest.

On the basis of findings presented here and
key studies by others, we put forward the follow-
ing model for the maintenance of meiotic arrest in
fully grown mammalian oocytes (Fig. 4). Oocyte
cAMP is crucial for maintaining meiotic arrest and
is generated by oocyte adenylyl cyclase, which is
controlled by the constitutive action of GPR3 and
GPR12 via Gs protein (3, 4). Inhibition of oocyte
cAMP-phosphodiesterase (PDE3A) activity is es-
sential for sustaining elevated cAMP concentra-
tions (6). Cyclic GMP diffuses into the oocyte from
companion cumulus cells via gap junctions and
inhibits oocyte PDE3A activity and cAMP hy-
drolysis and maintains meiotic arrest (7, 8). We
show here that NPPC produced by follicular mu-
ral granulosa cells stimulates the generation of
cGMP by cumulus cell NPR2. Oocytes themselves

participate in this meiosis-arresting pathway not
only by producing cAMP, but also by promoting
cumulus cell expression of NPR2 receptors, which
generate the cGMP needed to inhibit oocyte
PDE3Aactivity and therebymaintainmeiotic arrest.
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Dom34:Hbs1 Promotes Subunit
Dissociation and Peptidyl-tRNA
Drop-Off to Initiate No-Go Decay
Christopher J. Shoemaker, Daniel E. Eyler, Rachel Green*
No-go decay (NGD) is one of several messenger RNA (mRNA) surveillance systems dedicated to the
removal of defective mRNAs from the available pool. Two interacting factors, Dom34 and Hbs1, are
genetically implicated in NGD in yeast. Using a reconstituted yeast translation system, we show that
Dom34:Hbs1 interacts with the ribosome to promote subunit dissociation and peptidyl-tRNA drop-off.
Our data further indicate that these recycling activities are shared by the homologous translation
termination factor complex eRF1:eRF3, suggesting a common ancestral function. Because Dom34:Hbs1
activity exhibits no dependence on either peptide length or A-site codon identity, we propose that this quality-
control system functions broadly to recycle ribosomes throughout the translation cycle whenever stalls occur.

The quality of actively translated mRNA is
monitored throughmultiple cellularmech-
anisms including nonsense-mediated de-

cay (NMD) (1), non-stop decay (NSD) (2, 3), and
no-go decay (NGD) (4). NMD and NSD target

transcripts containing premature stop codons or
lacking stop codons, respectively. The in vivo tar-
gets of NGD are poorly characterized, but appear
to include a broad range of stalled translation
complexes containing, for example, mRNAs with

www.sciencemag.org SCIENCE VOL 330 15 OCTOBER 2010 369

REPORTS

 o
n 

O
ct

ob
er

 1
4,

 2
01

0 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org


inhibitory secondary structure (4), chemical dam-
age (5), premature stop or rare codons (4), or ribo-
somal defects [a process more broadly referred to
as nonfunctional ribosome decay (NRD)] (6, 7).

In Saccharomyces cerevisiae, two proteins,
Dom34 (Pelota in higher eukaryotes) and Hbs1,
were previously implicated in the endonucleo-
lytic event characteristic of NGD (4), although
neither factor directly catalyzes this cleavage (8).
These proteins associate both in vivo (9) and in
vitro (10), and although neither protein is essen-
tial in yeast, both deletion strains (DOM34∆ and
HBS1D) exhibit synthetic growth defects with
strains lacking a subset of 40S ribosomal subunit
proteins (9), suggesting involvement in a common
process. Dom34 is evolutionarily related to the eu-
karyotic translation termination factor eRF1, with
two notable differences: The central domain of

Dom34 lacks the conserved Gly-Gly-Gln (GGQ)
motif required for catalysis of peptide release, and
theN-terminal domain of Dom34 lacks the Asn-Ile-
Lys-Ser (NIKS) motif involved in codon recog-
nition (fig. S1) (10–12). Hbs1 exhibits substantial
sequence identity to eRF3-related guanosine tri-
phosphatases, including eEF1a, which delivers
aminoacylated-tRNA to the A site of the ribosome,
and Ski7, a factor implicated inNSD in yeast (3, 11).
These observations suggested that a Dom34:Hbs1
complex may directly engage the ribosome (sim-
ilar to eRF1:eRF3) to initiate the events of NGD
that ultimately result in mRNA degradation.

To determine whether Dom34:Hbs1 produc-
tively interacts with the ribosome, we measured
the guanosine 5´-triphosphate (GTP) hydrolysis
activity of purified recombinant protein (fig. S2)
in the presence or absence of S. cerevisiae ribo-
somal subunits (13). Robust hydrolysis occurred
only when both Dom34 and Hbs1 were incu-
bated together with both ribosomal subunits (40S
and 60S) (Fig. 1A). This activity parallels the stim-
ulation observed with the homologous translation
termination factors eRF1 and eRF3 (14). To further

characterize the reaction catalyzed byDom34:Hbs1
on eukaryotic ribosomes, we used an in vitro–
reconstituted yeast translation system (13, 15). Pro-
grammed complexes were typically composed of
80S ribosomes stalled on a defined mRNAwith a
peptidyl-tRNA in the P site, and either a sense or
a stop codon poised in the A site (for “elongation”
and “termination” complexes, respectively).We fol-
lowed the fate of various components by labeling
the peptidyl-tRNA either on the peptide moiety
(with 35S-methionine) or on the P-site tRNA itself
(with 32P at the terminal adenosine) (Fig. 1B).

Radiolabeled dipeptidyl 80S termination com-
plexes were treated with either eRF1:eRF3:GTP
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or Dom34:Hbs1:GTP, and the products of the re-
action were followed by native gel electrophoresis
(16). eRF1:eRF3:GTP ternary complex promoted
the release of two distinct species from 80S com-
plexes: 35S-Met-Phe dipeptide (Fig. 1B, lane 4) and
32P-deacylated-tRNAPhe (Fig. 1B, lane 8). By con-
trast,Dom34:Hbs1:GTP ternary complex promoted
the release of a distinct product that migrated at the
same position under both labeling conditions (Fig.
1B, lanes 2 and 6), suggesting that it represented
intact peptidyl-tRNA. This was confirmed by treat-
ment with recombinant peptidyl-tRNA hydrolase
(Pth) (Fig. 1B, lanes 3 and 7), which produced the
predicted shifts in product identity (17).

The kinetic parameters of the Dom34:Hbs1-
promoted reaction were determined with a Pth-
coupled reaction and an electrophoretic thin-layer
chromatography system (fig. S3) (18). Ribosome
termination complexes (containing tripeptidyl-
tRNA in the P site and a stop codon in the A site)
were treated with various factors, and the rate con-
stants for the corresponding reactions were deter-
mined. The rate constant for peptide release by
eRF1:eRF3 was about 3.7 min−1 [as previously re-
ported in the yeast system (15)], whereas that of
Dom34:Hbs1-promoted peptidyl-tRNA release
was slower by a factor of ~15 (Fig. 2A), in a reac-
tion that was dependent on the presence of both
factors (fig. S4). Notably, the rate of peptidyl-
tRNA hydrolysis by Pth substantially exceeds
that of the Dom34:Hbs1-catalyzed peptidyl-tRNA
release from the ribosome (fig. S5). As previous-
ly observed for eRF1:eRF3 (19), catalysis by

Dom34:Hbs1 was strongly inhibited in the pres-
ence of the nonhydrolyzable GTP analog, GDPNP.
The observed inhibition of product formation by
bothGDPNP and heat inactivation of Dom34:Hbs1
(fig. S6) excludes the uninteresting possibility that
nonspecific ribosome dissociation might account
for the observed peptidyl-tRNA release.

To test the specificity of these reactions, we
compared the reactivity of Dom34:Hbs1 on com-
plexes containing stop (UAA) or non-stop (CAA)
codons in the A site. eRF1:eRF3 exhibits a high
degree of specificity for stop codons relative to
near-stop with rate constants for peptide release
differing by about two orders of magnitude (Fig.
2A). By contrast, Dom34:Hbs1 exhibits no spec-
ificity for these complexes as the rate constants
(and reaction endpoints) are indistinguishable
(Fig. 2A). Given the codon-independent nature
of the Dom34:Hbs1 reaction, we wanted to con-
firm that these factors engage the A site of the
ribosome. This was accomplished by successful-
ly competing Dom34:Hbs1 activity on termina-
tion complexes with increasing amounts of a
catalytically inactive eRF1 variant, eRF1(AGQ)
(20) (Fig. 2B).

Based on the known activities of other A-
site–binding factors (e.g., eEF2), we investigated
whether Dom34:Hbs1 facilitates a translocation-
like process on the ribosome, effectively pushing
peptidyl-tRNAs out through the E site. However,
because neither length of the peptide (Fig. 2C)
nor E-site–bound inhibitors (fig. S7) affected the
release reaction, this model seemed unlikely.

A subunit dissociation model was next con-
sidered based on the lack of influence of peptide
length on the peptidyl-tRNA release reaction, and
the likely difficulty of directly releasing such topo-
logically constrained species from intact 80S
particles. Subunit dissociation was followed with
ribosome termination complexes containing either
32P-labeled 40S subunits or 35S-Met–labeled
peptidyl-tRNA. eIF6, a yeast protein known to
bind to the interface region of the 60S subunit,
served as an anti-association factor that “trapped”
dissociation events (21, 22). Indeed, subunit dis-
sociation was promoted by Dom34:Hbs1 (Fig.
3A, lane 5) and correlated nicely with peptidyl-
tRNA release activity (Fig. 3A, lane 2). Both
reactions were inhibited by the addition of GDPNP
(Fig. 3A, lanes 3 and 6) and exhibited similar
magnesium dependencies (Fig. 3B). We also fol-
lowed Dom34:Hbs1-mediated subunit dissocia-
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tion using complexes formed with 32P-labeled
mRNA and found that the mRNA segregated
predominantly with 40S subunits (fig. S8), con-
sistent with the previously reported dependence
of mRNA dissociation on additional initiation
factors (23). Additionally, no cleavage of mRNA
was observed during Dom34:Hbs1-mediated pro-
cesses (fig. S9), consistent with an earlier report (8).

Because Dom34:Hbs1-driven subunit disso-
ciation and peptidyl-tRNA release are correlated
events (Fig. 3, A and B), we sought to determine
their order by measuring the rate constants of the
two reactions using ribosome complexes con-
taining either 32P-labeled mRNA or 35S-Met–
labeled peptidyl-tRNA (Fig. 3C). The observed
rate constants for the disappearance of 80S ribo-
somes in a native gel were closely matched
(~0.15 min−1) when either the labeled mRNA or
peptidyl-tRNA was monitored. These data indi-
cate that subunit dissociation and peptidyl-tRNA
formation by Dom34:Hbs1 are tightly coupled to
one another, with one likely serving as the rate-
limiting step for the other [e.g., (24)].

If subunit dissociation occurs first, it seemed
possible that an intermediate product might be
generated in which subunits have dissociated but
peptidyl-tRNAhas not yet departed (i.e., peptidyl-
tRNA:40S subunit conjugates). In a comparison of
Dom34:Hbs1 activity on an initiation-like ribo-
some complex (carrying initiator Met-tRNAiMet in
the P site) and on an elongated ribosome complex
(carryingMet-Phe-tRNAPhe in the P site), freeMet-
Phe-tRNAPhe was the predominant product from
the Dom34:Hbs1-treated elongated ribosome com-
plex, whereas Met-tRNAiMet–bound 40S subunit
was the predominant product from the Dom34:
Hbs1-treated initiation complexes (Fig. 3D and fig.
S10A). The appearance of a Met-tRNAiMet–bound
40S complex suggests that subunit separation can
take place independently of peptidyl-tRNA release.
To confirm that the observedMet-tRNAiMet–bound
40S complex represented an authentic stable product
of the Dom34:Hbs1-catalyzed reaction, rather
than reassociation of Met-tRNAiMet with ribo-
somes after initial dissociation, we repeated the
Dom34:Hbs1-catalyzed reaction in the presence
of a large excess of unlabeled Met-tRNAiMet and
found that the chase had no effect on the reaction
products (fig. S10B). These data are broadly con-
sistent with the previously reported high affinity
of 40S subunits for Met-tRNAiMet (25) and show
that the Dom34:Hbs1 complex initially promotes
subunit dissociation and that peptidyl-tRNA dis-
sociation typically follows.

Given the structural similarities betweenDom34:
Hbs1 and eRF1:eRF3, we wondered whether the
canonical eukaryotic release factors might also
promote subunit separation, independent of pep-
tide release, and thereby contribute to ribosome
recycling during termination. Treatment of termi-
nation complexes (with 35S-Met–labeled peptidyl-
tRNA) with catalytically inactive eRF1(AGQ):
eRF3 led to the formation of free peptidyl-tRNA in
a reaction inhibited by GDPNP. This activity was
distinguished from that promoted by Dom34:Hbs1

only by its slower rate (0.012 min−1 versus 0.21
min−1) (Fig. 4A). Like the Dom34:Hbs1-catalyzed
reaction, the eRF1(AGQ):eRF3 reaction depended
on both protein components for full activity (Fig.
4B). Lastly, we found that eRF1(AGQ):eRF3-
mediated peptidyl-tRNA release exhibited robust
codon specificity, taking place only when a stop
codon was presented in the A site (Fig. 4C).

Canonical recycling, which occurs after ter-
mination, involves subunit dissociation, andmRNA
and tRNA release, thus allowing for subsequent
reinitiation of translation. In bacteria, a special-
ized ribosome recycling factor, RRF, is central to
this GTP-dependent process (26). However, in
eukaryotes, no RRF has been identified. Our re-
sults indicate that eRF1:eRF3 and Dom34:Hbs1
directly destabilize the subunit interface to pro-
mote recycling. Although additional factors (in-
cluding translation elongation factors) appear to
promote or accelerate various aspects of recycling
in yeast and mammals (23, 27–29), our observa-
tions could explain why no true RRF homolog is
present in eukaryotes where “termination-like”
factors instead play the key role in destabilizing
the subunit interface. We further argue that Dom34:
Hbs1 acts as a specialized recycling factor on
malfunctioning ribosome complexes that, for
example, do not appropriately engage the next
factor in the translation cycle or are inherently
defective and thus unable to properly elongate (i.e.,
NRD) (6). Subsequent to Dom34:Hbs1-mediated
recycling, kinetic competition between translation
reinitiation and mRNA decay (or rRNA decay in
the case of NRD) will determine the partitioning
of defective RNAs, with the opportunities for deg-
radation accumulating with each passage through
the quality-control pathway.
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Selection at Linked Sites Shapes
Heritable Phenotypic Variation
in C. elegans
Matthew V. Rockman,1,2* Sonja S. Skrovanek,2,3 Leonid Kruglyak2,3*

Mutation generates the heritable variation that genetic drift and natural selection shape. In classical
quantitative genetic models, drift is a function of the effective population size and acts uniformly across traits,
whereas mutation and selection act trait-specifically. We identified thousands of quantitative trait loci (QTLs)
influencing transcript abundance traits in a cross of two Caenorhabditis elegans strains; although trait-specific
mutation and selection explained some of the observed pattern of QTL distribution, the pattern was better
explained by trait-independent variation in the intensity of selection on linked sites. Our results suggest that
traits in C. elegans exhibit different levels of variation less because of their own attributes than because of
differences in the effective population sizes of the genomic regions harboring their underlying loci.

Somephenotypes exhibit abundant heritable
variation and others almost none. As her-
itable variation is the raw material for

adaptation, the forces that shape its distribution
across traits are a central concern of evolutionary
genetics (1). Among wild strains of the partially
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selfing nematode Caenorhabditis elegans, tran-
script abundance traits—model quantitative phe-
notypes (2–7)—differ in their levels of heritable
variation (4, 8) and, on the basis of experimental
measurements of the rate at which mutation in-
creases their variance, they exhibit lower levels
of heritable variation than expected under neutral
mutation-drift equilibrium (4). These findings and
similar results in other species are consistent with
the prediction that trait-dependent stabilizing se-
lection should result in different levels of var-
iation among traits (3–7).

To genetically dissect the causes of different
variabilities amongC. elegans traits, we measured
transcript abundances by microarray in develop-
mentally synchronized young adult hermaphro-
dites of 208 recombinant inbred advanced intercross
lines from a cross between the laboratory strain,
N2, and a wild isolate from Hawaii, CB4856 (9).
These strains, though relatively divergent for
C. elegans, are closely related, differing at roughly
1 base pair per 900 (10). Each line was genotyped
at 1455 single-nucleotide polymorphism (SNP)
markers. Interval mapping for each of 15,888
traits identified 2309 quantitative trait loci (QTLs)
at a false discovery rate (FDR) of 5% (Fig. 1A) (11).

The majority of QTLs (65%) are local; that is,
these QTLs occur at the genomic locations of the
genes whose transcript abundances they influence
[the spatial coincidence is defined here by over-
lap between the l-lod (logarithm of the odds ratio
for linkage) QTL support interval and the gene].
Nearly a quarter of the remaining QTLs (distant
QTLs) map to three statistically robust hotspots
(11) (Fig. 1A and fig. S1). The X-linked hotspot
encompasses more than a megabase and prob-
ably contains multiple causal variants, one of
which may be the known pleiotropic mutation of
phenylalanine to valine at residue 215 in the
neuropeptide receptor npr-1 (12). Candidate genes
for the other hotspots include Y17G9B.8, a
putative component of a chromatin regulatory
complex whose transcript abundance maps
strongly to a local QTL at its position in the
hotspot on the left side of chromosome IV, and
Y105C5A.15, a putative zinc-finger transcription
factor whose transcript abundance maps locally
to a QTL at its position in the hotspot on the right
side of chromosome IV.

The global distribution of QTLs is markedly
nonuniform. Both local and distant QTLs are
strongly enriched in the arms of the chromo-
somes relative to the centers (Table 1).C. elegans
lacks heterochromatic centromeres, and the chro-
mosomes are structured in semidiscrete domains

that exhibit correlated variation in gene density,
evolutionary conservation, repeat sequence den-
sity, and recombination rate (9, 13, 14). The
chromosomal centers have high gene density and
low recombination rates, whereas chromosome

arms have lower gene density and higher recom-
bination rates. Chromosome tips have an interme-
diate gene density but effectively no recombination
(9). Under a simple mutational null model, QTL
density is expected to correlate with the density

1Department of Biology and Center for Genomics and Systems
Biology, New York University, 100 Washington Square East,
New York, NY 10003, USA. 2Lewis-Sigler Institute for Integra-
tive Genomics and Department of Ecology and Evolutionary
Biology, Carl Icahn Laboratory, Princeton University, Princeton,
NJ 08544, USA. 3Howard Hughes Medical Institute, Princeton
University, Princeton, NJ 08544, USA.

*To whom correspondence should be addressed. E-mail:
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Fig. 1. (A) QTLs for each transcript abundance phenotype, significant at an FDR of 5%, are plotted in
rows located at the genomic positions of the transcripts. Gray bars represent 1-lod support intervals. The
diagonal includes local QTLs, those that colocalize with the transcript they affect. Three robust QTL
hotspots are indicated with arrows. (B) Local lod score is plotted for each probe at its physical position
along the chromosomes. Points in blue are significant at a 5% FDR according to a single-marker
linkage test. Points are scaled according to the fraction of variance in transcript abundance explained
by the local QTL.

Table 1. Both distant and local QTLs are overrepresented in chromosome arms relative to centers.

Domain Distant QTLs Local QTLs Genome Probes
Tip 25 (3.1%) 93 (6.2%) 7.4 Mb (7.3%) 987 (6.2%)
Arm 508 (62.5%) 935 (62.5%) 45.9 Mb (45.8%) 6049 (38.1%)
Center 277 (34.1%) 466 (31.1%) 47.0 Mb (46.9%) 8843 (55.7%)
Mitochondrial 3 (0.4%) 2 (0.1%) 0.014 Mb (0.01%) 9 (0.1%)
Total 813 1496 100.3 Mb (100%) 15888
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of potentially functional sites and hence to be
higher in chromosomal centers than in arms, con-
trary to the observed pattern. Furthermore, as QTL
detection is most favored in low-recombination
areas (15, 16), the observed pattern also runs
counter to the expected effect of mapping bias.

The chromosomal patterning of causal var-
iants is particularly pronounced for local QTLs,
which we confirmed in a focused single-marker
analysis (17), which increased detection power
over our initial genome scan. We identified 2538
transcripts affected by QTLs that are linked to
their own genomic locations at a 5% FDR (Fig.
1B). We found that 23.7% of transcripts in chro-
mosome arms and 20.1% of those in chromo-
some tips have local QTLs, compared to only
10.2% of those in chromosome centers (c22 =
495.7, P < 10−107). The chromosomal patterning
is robust to confounding by potential hybridiza-
tion artifacts, as demonstrated by analysis of only
the 7694 transcripts for which the CB4856 geno-
type is associated with higher expression than the
reference N2 genotype. The 1057 significant lo-
cal QTLs among these exhibit the same pattern of

enrichment: 20.0% of arm transcripts, 17.9% of
tip transcripts, and 9.6% of center transcripts have
significant local QTLs (c22 = 162.7, P < 10−35).

We corroborated the results of linkage map-
ping by estimating the amount of heritable phe-
notypic variation attributable to each type of
chromosomal domain, using a genome-partitioning
approach that avoids assumptions about the
number, location, and effect sizes of QTLs (11, 18).
We estimated the amount of genetic variance at-
tributable to chromosomal arms versus centers
for each of the 1191 traits that are significantly
heritable by this method (FDR = 0.05; fig. S2),
and we observed an excess of both arm-biased
and center-biased traits (fig. S3), consistent with
contributions from large-effect or spatially clus-
tered loci. A significant majority of heritable
traits are arm-biased (permutation two-tailed P =
0.0325). The arm bias remains when the effects
of local QTLs are removed by linear regression
(P ≤ 0.0025), and the pattern is not driven by the
QTL hotspots (11) (fig. S7).

Several nonexclusive models may explain
global patterns of variation in the density of func-

tional variants influencing transcript abundance
traits (1, 3–7, 19–21). In standard multivariate
quantitative genetic models, equilibrium trait

Table 2. Logistic regression models implicate mutation, stabilizing selection, and linked selection in
explaining the distribution of local linkages. LRT: likelihood ratio test statistic comparing the logistic
regression model in which the specified term has been dropped to the model in which all terms are
included. LRT is equivalent to the drop in explained deviance due to excluding the term from the model.
The null deviance is 12897.5. The LRT was tested against a c2 distribution to yield the associated P values.
Ddf: difference in degrees of freedom between the specified model and the null model, including only the
intercept. Chromosomal domain is a factor with three levels and hence contributes two degrees of freedom.
AIC: Akaike information criterion. Model 4 includes all two-, three-, and four-way interactions among the
variables. Consequently the LRT and P values for dropping single terms cannot be calculated.

Model 1 Model 2 Model 3 Model 4
LRT −log10(P) LRT −log10(P) LRT −log10(P) LRT −log10(P)

Gene size 149 33.5 38.7 9.30 – – X X
RNAi 13.1 3.5 10.8 3.00 – – X X
Conservation 222.6 49.6 81.6 18.77 – – X X
Distant linkage 36.2 8.7 35.1 8.51 – – X X
Interaction terms – – – – – – X X
Recombination rate – – – – – – – –
Chromosomal domain – – 263.1 57.12 444.8 96.59 – –
Background selection – – – – – – – –

Explained deviance 337.8 600.9 444.8 370.6
Residual deviance 12,559.7 12,296.6 12,452.7 12,526.9
Ddf 4 6 2 15
AIC 12,569.7 12,310.6 12,458.7 12,558.9

Model 5 Model 6 Model 7 Model 8

LRT −log10(P) LRT −log10(P) LRT −log10(P) LRT −log10(P)
Gene size 121.9 27.62 38.4 9.23 22.6 5.71 22.5 5.68
RNAi 14.4 3.83 11.1 3.06 11.8 3.23 11.9 3.25
Conservation 193.6 38.94 81.6 18.78 44.2 10.54 44 10.49
Distant linkage 35.9 8.68 35.1 8.50 33.4 8.12 33.3 8.11
Interaction terms – – – – – – – –
Recombination rate 52.1 12.27 1.2 0.56 – – – –
Chromosomal domain – – 212.2 46.07 – – 0.3 0.06
Background selection – – – – 363.6 80.32 100.7 22.98

Explained deviance 389.9 602.1 701.4 701.6
Residual deviance 12,507.6 12,295.4 12,196.1 12,195.9
Ddf 5 7 5 7
AIC 12,519.6 12,311.4 12,208.1 12,211.9
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Fig. 2. (A) The significance of background se-
lection in a logistic regression model (which in-
cludes gene-specific mutation and selection
variables) is plotted as a function of the index of
panmixis and strength of selection against delete-
rious mutations. Background selection is signifi-
cant at P < 0.01 across all but a small slice of
parameter space corresponding to very low rates
of outcrossing (black). The red lines bracket the
region of parameter space over which background
selection explains more of the local linkage prob-
ability than any other variable in the model. See
fig. S4. (B) Effects of background selection on
levels of variation along the chromosomes under
the best-fitting background selection model.
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variation results from mutation, selection, and
drift, the last governed by effective population
size (Ne) and acting uniformly across traits (22).
We asked whether mutation and selection could
explain why some transcript abundance traits are
influenced by their own genomic loci and why
others are not. We focused on these local QTLs
because they represent largely independent ge-
netic variants, are precisely localized, and ac-
count for a large fraction of the phenotypic
variance in traits with local QTLs (Fig. 1B).

Variation in local QTL density should reflect
variation in rates of local mutational input. In
C. elegans, the rate of spontaneous single-base
mutation has been directly measured and is uni-
form on a chromosomal scale, with no dependence
on recombination rate or domain structure (23).
Consequently, the rate of mutation that generates
local QTLs probably depends on the local mu-
tational target size. Indeed, genes with local QTLs
are longer than those without (t test on log-
transformed lengths, P = 0.004).

Variation in QTL density should also reflect
variation in the intensity of purifying selection,
which eliminates mutations that adversely affect
the phenotype. We used measurable correlates of
purifying selection to test this model. Genes that
exhibit phenotypeswhen their expression is knocked
down by RNA interference (RNAi) [effectively
essential genes; nearly all characterized RNAi
phenotypes would be lethal in nature (11)] are
less likely to have local QTLs than genes with no
RNAi phenotype (c2 = 55.1, P < 2 × 10−13).
Moreover, we observed fewer evolutionarily con-
strained nucleotides in genes with local QTLs
[(11); genes include introns and flanking se-
quence] than in genes without (t test on Box-Cox
transformed values, P < 4 × 10−23).

Phenotypic variance not attributable to local
QTLs, including measurement error and environ-
mental variance as well as distant genetic effects,
does not differ significantly between transcripts
with and without local QTLs (t test on log-
transformed data, P = 0.93). However, traits with
local QTLs are more likely than traits without to
also map to additional QTLs (c2 = 63.2, P < 2 ×
10−15). Thus, traits that can withstand local ge-
netic variation can also withstand other genetic
perturbations, consistent with these transcript
abundances experiencing weaker stabilizing se-
lection compared to other genes.

To determinewhether the variables associated
with mutational target size and strength of se-
lection have independent effects on local QTL
probability, we tested their explanatory value in
multiple logistic regression models. Gene inter-
val length, number of conserved bases, RNAi
phenotype, and presence of distant QTLs are all
significant predictors of local QTL probability in
a model that includes them all (model M1 in
Table 2).

However, when the chromosomal domain of
each gene (tip, arm, or center) was included as a
factor (model M2), it was by far the most ex-
planatory variable. Indeed, chromosomal domain

alone (model M3) explained the QTL data better
than a model incorporating all of the gene-level
attributes, even when all interactions among the
variables were included (model M4). Genic point
estimates of the recombination rate, although
significant if domain type was excluded (model
M5), had no significant explanatory value after
taking the domains into account (M6). Thus, the
domain patterning of local QTLs is not explained
by gene-level measures of mutation, selection, or
recombination.

Although the effective population size (Ne),
which governs genetic drift, is shared by all mea-
sured traits, natural selection can cause variation
in apparent Ne along the genome. Selection—
positive or negative—causes alleles in future
generations to be descended from a smaller sub-
set of current alleles than would occur without
selection, decreasing the Ne of the linked ge-
nomic interval (24–26). InC. elegans, high levels
of self-fertilization reduce the effective recombi-
nation rate, increasing the effect of selection at
linked sites on standing variation at the level of
sequence polymorphism (23, 27–29).

In primarily selfing species with small ef-
fective population sizes, such as C. elegans,
background selection, the reduction in neutral
variation due to linkage between neutral variants
and deleterious mutations undergoing determi-
nistic elimination from the population (26), is
likely to be the predominant form of linked se-
lection (28, 30), and it provides a parsimonious
explanation for patterns of variation given the
certainty that deleterious mutations arise and are
eliminated by selection. Although hitchhiking
due to positive selection may also be operating,
data from C. briggsae, a nematode that shares
C. elegans’s mating system, strongly favor back-
ground selection over the alternative models of
selection at linked sites (30). Under background
selection, the level of neutral variation at a gene is
a function of the number of linked sites susceptible
to deleterious mutation and the effective rate of
recombination between each such site and the
gene. We fitted an explicit model of background
selection to each gene (26, 31), estimating the
physical distribution of deleteriousmutations from
comparative genomic data and considering a
range of values for two poorly constrained pa-
rameters: the strength of selection against delete-
rious mutations and the inbreeding coefficient, F,
whose complement (P = 1 − F) rescales the
meiotic recombination rate to yield the effective
rate in partially selfing species (11).

Background selection was a highly signifi-
cant (P < 10−80, model M7) predictor of local
QTL probability in logistic regression analyses
that include all of the gene-specific mutation and
selection variables, and it entirely accounts for
the effect of domain type (model M8). Back-
ground selection accounts for more of the ex-
plained deviance than all gene-specific variables
combined, across nearly all of the parameter
space of inbreeding and selection intensity (Fig.
2A and fig. S4).

These results were robust to variation in
deleterious mutation rate, alternative treatments
of the genetic map and genic variables, different
significance thresholds for linkage, alternative
modeling methods, and exclusion of all genes
susceptible to hybridization artifacts (fig. S5).
Although our model omits the effects of Hill-
Robertson interference between linked mutations,
such effects are expected to operate primarily as a
scaling factor on the expected reduction in var-
iation due to background selection (32). The back-
ground selection model that best explains the data
predicts high levels of neutral variation on the
chromosome arms and low levels in the centers
(Fig. 2B). The low-recombination chromosome
tips are more similar to the high-recombination
arms than to the low-recombination centers be-
cause they are linked to deleteriousmutations only
on one side.

Although the effects of selection on linked
neutral nucleotide polymorphism are widely rec-
ognized, we have shown that such selection at
linked sites is also a major factor shaping her-
itable phenotypic variation. Consequently, quan-
titative genetic models predicated on uniform
effects of genetic drift across traits are not valid in
C. elegans.

Transcript abundances in C. elegans, as in
other species, are undoubtedly shaped by trait-
specific mutation rates and selection pressures
(3–7, 19–21). At the global level, however, the
propensity of traits to vary in C. elegans is ex-
plained by processes independent of the func-
tions of the individual transcripts. These findings
provide an alternative explanation for the ob-
served discordance between standing phenotypic
variation in C. elegans and that predicted from
neutral mutation-drift equilibrium (4). It may also
explain the fine-scale correlation between cis-
acting regulatory polymorphism and gene densi-
ty in humans (20).

Natural selection and quantitative genetic
analyses both rely on replicated measurements
of the marginal effects of alleles across ran-
domized genetic backgrounds. We have used
quantitative genetics in C. elegans to show that
randomization in this partially selfing species is
ineffective, diminishing the ability of natural se-
lection to evaluate individual alleles. Consequent-
ly the evolutionary fates of alleles—and hence
phenotypes—are determined less by their own
effects than by the genomic company they keep.
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Rapid Construction of Empirical
RNA Fitness Landscapes
Jason N. Pitt and Adrian R. Ferré-D’Amaré*
Evolution is an adaptive walk through a hypothetical fitness landscape, which depicts the relationship
between genotypes and the fitness of each corresponding phenotype. We constructed an empirical
fitness landscape for a catalytic RNA by combining next-generation sequencing, computational analysis,
and “serial depletion,” an in vitro selection protocol. By determining the reaction rate constant for
every point mutant of a catalytic RNA, we demonstrated that abundance in serially depleted pools
correlates with biochemical activity (correlation coefficient r = 0.67, standard score Z = 7.4). Therefore,
enumeration of each genotype by deep sequencing yielded a fitness landscape containing ~107

unique sequences, without requiring measurement of the phenotypic fitness for each sequence.
High-throughput mapping between genotype and phenotype may apply to artificial selections,
host-pathogen interactions, and other biomedically relevant evolutionary phenomena.

In vitro selection of RNA has led to the iso-
lation of aptamers and ribozymes expand-
ing our understanding of the biochemical

capabilities of this nucleic acid (1). Systematic
evolution of ligands by exponential enrichment
(SELEX) methodology also allows the study of
the process of evolutionary adaptation (2), which
has been conceptualized as an optimizing walk
through a fitness landscape (3). In molecular evo-
lution, such a landscape represents the sequence
space of a macromolecule and the fitness asso-
ciated with each genotype (4, 5). Two major dif-
ficulties have been identified in the empirical
construction of macromolecular fitness landscapes.
First, even for macromolecules of modest length,
the sequence space is vast; a 20-mer RNA or
protein has ~1012 or ~1026 possible sequences, re-
spectively. Second, to characterize the landscape,
the phenotypic fitness of each individual genotype
needs to be measured, or an indirect measure of
fitness needs to be validated. Therefore, although
fitness landscapes have been constructed through
computer simulations [see, for example, (6–8)],

experimental analyses of fitness landscapes have
typically been limited to dozens to hundreds of
genotypes [reviewed in (9)].

Advances in DNA sequencing methodology
allow us to sequence ~108 individual molecules
of lengths up to ~50 nucleotides (nt) with high
accuracy, producing larger accessible experimen-
tal sequence spaces (10). During an in vitro se-
lection experiment, the representation of RNA
molecules that are more active should increase.
Thus, we hypothesize that the abundance (or
“fecundity”) of a particular sequence in an RNA
pool undergoing selection, or its rate of increase,
may serve as a surrogate fitness metric. Therefore,
deep sequencing of earlier stages of an in vitro
RNA selection experiment (before the pool be-
came dominated by the most active species) and
enumeration of the frequency of each genotype
may directly provide an experimental fitness
landscape.

To establish the validity of this approach, we
mutagenized a well-characterized in vitro selected
RNA ligase ribozyme and subjected the resulting
pool to reselection. We chose the class II ligase
(11), because its length (54 nt) is comparable to
those of reliable individual reads by the Illumina
genome analyzer and because the wild type
[isolate a4-11, hereafter “master sequence;” fig.
S1 and (11)] of this catalytic RNA is extremely

active, likely being near-optimal. The mutagen-
ized pool (45 nt at a degeneracy of 21% per posi-
tion; expected frequency of master sequence =
0.0025%) can be analogous to a viral population
arising because of error-prone replication (12).
Our class II ligase construct catalyzes the for-
mation of a 2′-5′ phosphodiester bond between its
5′ triphosphate and the 3′ terminus of a substrate
RNA that is immobilized on a magnetic bead (fig.
S1) (13). Additional sequence pools served as
negative controls: One was composed of ~1013

random RNAs; the other was made up of mutants
of a sequence variant of the class II ligase that has
been engineered to favor 3′-5′ bond formation, but
which is crippled in catalytic activity (fig. S1) (14).

Our control pools were flanked by constant
sequences allowing their members to be distin-
guished from those of the master-sequence pool,
and neither was expected to be substantially en-
riched during the course of selection. The three
RNApoolsweremixed to generate a starting pool
with a complexity of ~6 × 1013 sequences (13),
with the genotypes of members of each pool
centered on a characteristic sequence distance
(number of mutations) from the master sequence
(Fig. 1A).

To separate individual sequences by their
reactivity, we incubated the RNA pool with sub-
strate RNA linked to beads, depleting the most
active species from the population. RNAs were
allowed to react for 24 hours. Then,we sequenced
species capable of ligation to the beads, and we
analyzed their genotypes and frequencies (Fig.
1 and table S1) (13). This one-step selection ex-
periment resulted in an enrichment of the master-
sequence pool at the detriment of the random and
engineered pools. The most abundant sequences
in the starting pool are polymerase chain reaction
artifacts from the random pool (Fig. 1B). These
disappear in the 24-hour selected pool (Fig. 1D).
Moreover, the representation of the master se-
quence (Hamming distance = 0) increasedmarked-
ly, from 0.0015 to 0.28% of the total population
(Fig. 1, C and E).

Because the enrichment of a sequence in the
selection experiment should be proportional to
its catalytic activity, we successively depleted an
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RNA pool with a stoichiometric excess of immo-
bilized substrate for increasing time intervals in a
“serial depletion” experiment. Comparison of the
population captured after a 1-min incubationwith
that captured after 24 hours shows that the former
is composed of sequences that are markedly clos-
er to the master sequence (Fig. 2A). If the fecun-
dity of genotypes is proportional to their activity,
then the rate of change of their frequency over the
time course, plotted as a function of genotype
space, would represent a fitness landscape (Fig.
2B and figs. S2 and S3). Populations selected
early were more active than those selected at the
longest time point, as evidenced by their bulk
reaction rate constants (kobs) (Fig. 3A). The pop-
ulations selected at the three shortest time points
had comparable activity to each other, but the
serially depleted population that was allowed to
react for 24 hours was only one-third as active.
Consistent with early selection of the most active
sequences, the information content (15, 16) of the
early time points is also highest (Fig. 3A) (13).

To demonstrate experimentally that the fre-
quency of each sequence is indicative of its cata-
lytic activity and not due to interactions within the
RNA population, we synthesized all 162 possible
single point mutations of the master sequence and
measured their kobs values (fig. S4 and table S3)
(13). The kobs of point mutants in all positions
varied in the library (n = 135 point mutants) cor-
related positively (correlation coefficient r = 0.67)
with the frequency of sequences containing the
mutations in the 24-hour incubation (Fig. 3B). We

tested the significance of this correlation through
computation of the distribution of the correlation
coefficients of randomly assorted experimental
kobs and observed mutation frequencies (mean =
0.0088, SD = 0.089) (Fig. 3B and table S4) (17).
This analysis indicates a significant regression
coefficient (Z = 7.4, p << 0.0001, t test). Therefore,
the fecundity of any individual sequence provides a
metric of its fitness, and we can create an
experimental fitness landscape composed of ~107

different RNA genotypes in a single experiment
(Fig. 2B)

The empirical fitness landscape we generated
is a high-dimensional object. We visualized it by
computing the information content per residue of
the master sequence, in essence projecting the
landscape onto the ribozyme sequence.We plotted
the information content for sequences most abun-
dant in the 1-min time point (maximal representa-
tionDmax = 1min), aswell as thosemost abundant

Fig. 2. Changes in population structure during serial
depletion. (A) Hamming-distance histograms from serial
depletion, showing genotype frequencies from the pre-
selection (blue), 1-min (green), and 24-hour (pink) time
points. Frequencies of the master sequence in the three
populations are indicated. The asterisk denotes a subpopulation
that is dominated by the parental sequence (14) of the en-
gineered pool. (B) Rates of depletion of genotypes most abun-
dant in the 1-min (green) and 24-hour (magenta) time points as
a function of their similarity to the master sequence.

Fig. 1. Population struc-
ture before and after one
round of in vitro selec-
tion. (A) Histograms of
RNA ligase ribozymepop-
ulations before (blue)
and after (red) in vitro
selection (6.7 × 106 se-
quences each). Sequences
are binned according to
their Hamming distance
(28) from the a4-11 (11)
master sequence (MS) (13).
(B and C) Pre-selection
mutant spectrum (13,19).
Each spot is a unique
species. Projection axes
1 and 2 are hash scores
to the master sequence
and an arbitrary string,
respectively. Genotype
frequency is the number
of times a sequence was
observed (13). (D and E)
Mutant spectrum after
one 24-hour in vitro se-
lection step.
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in the 24-hour time point (Dmax = 24 hours), on a
revised secondary structure of the ribozyme gen-
erated from sequence-covariation information
implicit in our data (Fig. 4, A and B, fig. S5, and
tables S5 to S9) (13). This analysis reveals that, in
addition to the previously characterized key resi-
dues surrounding the ligation junction (11, 14),
sequences in the central bulge of the RNA and the
distal end of paired region (helix) 3 (P3) are im-
portant for maximal activity. The location of these
residues under purifying selection suggests that
the class II ligase may fold into a Y-shaped struc-
ture (18) that brings the ligation junction and L3
into close proximity. The difference in information
content between members of the slow- and fast-
reacting populations (Fig. 4C) provided a measure
of the slope of the landscape that the evolving
population must traverse to achieve maximum
fitness. As expected, the catalytic rates measured
for each point mutation (fig. S5D) support the
functional importance of P1, P3, and L3.

In addition to studying the phenotypic fitness
and positional information content of populations
composed of closely related sequences, our meth-
odology (which produces three to five orders of
magnitude more sequence information than was
practical before) could also be used to query the
early rounds of SELEX experiments, startingwith
random pools. The locality-sensitive hash algo-
rithm that we implemented is more efficient in
analyzing libraries with greater sequence diversity
(19). A typical SELEX experiment employs mul-
tiple rounds of purifying selection and amplifica-
tion to separate highly active sequences from other
members of the starting population, assumed to be
inactive (20–22). However, this assumption is only
rarely tested (2). Though aggregate activity of the
population in earlier rounds of selection is low,
there may be many sequences present that repre-
sent suboptimal solutions. Recent experiments dem-
onstrated that minute RNAs, working alone or in
ensembles, can be highly active catalysts (23, 24).
For such small functional nucleic acids (≤13 nt),
our methodology can determine the fitness of
every possible RNA (413 or 6.7 × 107 possible
genotypes).

One application of empirically generated fitness
landscapes is the analysis of systems in genetic
conflict (25): for example, a host immune response
and an infecting viral quasi-species (26, 27). In such
systems, positive selection drives phenotypic var-
iation that maximizes sampling of their respective
fitness landscapes. However, these systems are
dynamic, with changes in one population leading
to changes in the other. By analyzing regions of
the fitness landscapes that remain fixed between
multiple conditions, we predict that critical regions
of the molecules in question can be identified for
vaccine or drug development.
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Fig. 4. Analysis of the experimentally constructed
fitness landscape as information content per position.
Information content of a position in bits (15, 16) of
genotypes with a projection 1 hash score ≥ 800 (a
Hamming distance of≤ 8 from themaster sequence)
andDmax = 1min (A) and 24 hours (B), depicted as a
heat map. Analyses were based on 4,485,943 reads
of 311,869 unique sequences and 586,606 reads of
117,507 unique sequences for (A) and (B), respec-
tively (fig. S5 and tables S5 to S8). P1, P2, and P3
denote helices; L2 and L3 denote loops. (C) Change
in information content betweenDmax = 1min and 24
hours. Positions 12, 22, 33, 38, and 39 appear to be
selectively neutral (29). Black and red base-pair symbols indicate
pairing predicted from aligning the 256 most common sequences
and from analysis of the Watson-Crick covariation of all sequences with a projection 1 hash score ≥ 800 (13).

Fig. 3. Genotype frequency correlates positively
with experimental rate constants. (A) kobs (green,
measured in triplicate, error bars represent SEM)
and information content (black) for the entire
populations from each serial depletion time point.
(B) Correlation between biochemically measured
kobs of individual point mutants (table S3) and
observed frequencies of themutations (table S4) in
all sequence variants with a Hamming distance ≤
8 from the master sequence (red line, r = 0.67)
(17). The green line represents the kobs of the
master sequence (14). The gray dashed lines
denote two independent estimates of the lower
detection limit of the biochemical assay (13). (C)
Histogram of correlation coefficients of kobs (n =
135 point mutants) with randomly reassorted mu-
tation frequencies. The real correlation (r = 0.67) between the mutant frequencies in the selection and the
experimental kobs is 7.4 standard deviations from the mean.
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Temperature as a Universal
Resetting Cue for Mammalian
Circadian Oscillators
Ethan D. Buhr,1,2 Seung-Hee Yoo,1,2,3 Joseph S. Takahashi1,2,3,4*

Environmental temperature cycles are a universal entraining cue for all circadian systems at the
organismal level with the exception of homeothermic vertebrates. We report here that resistance
to temperature entrainment is a property of the suprachiasmatic nucleus (SCN) network and is
not a cell-autonomous property of mammalian clocks. This differential sensitivity to temperature
allows the SCN to drive circadian rhythms in body temperature, which can then act as a universal
cue for the entrainment of cell-autonomous oscillators throughout the body. Pharmacological
experiments show that network interactions in the SCN are required for temperature resistance
and that the heat shock pathway is integral to temperature resetting and temperature
compensation in mammalian cells. These results suggest that the evolutionarily ancient
temperature resetting response can be used in homeothermic animals to enhance internal circadian
synchronization.

Daily cycles of light and temperature are
perhaps the two most reliable environ-
mental timing cues for living systems on

Earth. As a consequence, organisms use these
cues to entrain their endogenous circadian rhythms
to the solar day (1). Recent work suggests that
most cells in the mammalian body similarly use
internal entraining cues to synchronize circadian
patterns of gene expression to the rest of the body
(2–5). It is now understood that most cells in the
mammalian body contain cell-autonomous circa-
dian oscillators (6–10). These cellular oscillators
are synchronized at the organismal level by the
suprachiasmatic nucleus (SCN) of the hypo-

thalamus (11). Although a number of factors have
been implicated in the resetting of peripheral tis-
sues, no universal entraining mechanism for pe-
ripheral oscillators has been defined (2, 4, 12, 13).

Temperature is a primordial entraining agent
for circadian rhythms in all organisms with the
exception of homeothermic vertebrates (14–18).
Although mammals do not normally entrain to
external environmental temperature cycles (19),
this cue would be ideal as a global internal en-
training cue in mammals because of the existence
of circadian rhythms of body temperature driven
by the SCN. Indeed, externally applied temper-
ature cycles can sustain rhythmic clock gene ex-
pression in Rat-1 fibroblasts and primary glial
cells in vitro, as well as in peripheral clocks in the
whole animal (12, 20). For such a system to
function in vivo, two requirements would be
necessary: (i) peripheral oscillators must be sen-
sitive to subtle variations in temperature within
the physiologic range (36°C to 38.5°C in mice)
and (ii) the SCN itself must be resistant to subtle
temperature changes or it would be susceptible to

feedback that could interfere with entrainment.
Consistent with this idea, Brown et al. (12) have
shown that altered ambient temperature cycles
can shift the phase of rhythms in other brain re-
gions, but the SCN remained in phase with the
light cycle.

We tested this hypothesis by assessing tem-
perature resetting of the circadian rhythms of
tissues from Per2Luciferasemice ex vivo using real-
time analysis of PER2::LUC bioluminescence
(10). Per2Luc tissues were cultured in Lumicycle
(Actimetrics,Wilmette, Illinois)machines equipped
with photomultiplier tubes (PMT). Tissues were
maintained at the lower set point of body tem-
perature, 36°C, and then pulsed with temper-
atures that correspond to the peak set point of
38.5°C (fig. S1A). All peripheral tissues tested
were highly responsive to 38.5°C temperature
pulses and exhibited high-amplitude, type 0 re-
setting. Type 0 phase resetting is characterized by
resetting of oscillators to a common new phase
after pulses occurring at all phases. Phase tran-
sition curves show that both 1-hour and 6-hour
38.5°C pulses strongly reset the rhythms of pe-
ripheral tissues to new phases clustered around
CT12-18 and increased the peak to trough am-
plitude (Fig. 1A and fig. S2). However, at the
majority of times across the circadian cycle, the
phase of the adult SCN was resistant to identical
physiological temperature changes [in contrast to
neonatal and juvenile rat SCN tissue, which ap-
pear more sensitive to temperature cycles (21)].
Tissues of all types that were held at a constant
36°C but removed from the bioluminescence
recording device for 6 hours as handling controls
showed no phase shifts (fig. S1, B to H).

To test whether the sensitivity of peripheral
tissues and the resistance of the SCN also occur
under conditions of entrainment to temperature
cycles, pituitary and lung cultures from the same
animals were exposed to oppositely phased tem-
perature cycles composed of 12 hours of 36°C
and 12 hours of 38.5°C.Within 3 days, the phase
of PER2 bioluminescence of lung and pituitary
cultures had assumed the phase of the correspond-
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ing temperature cycle (either shifted or unshifted)
so that they were ~180° out of phase with each
other (Fig. 1B). By contrast, SCN that were cul-
tured in opposing temperature cycles remained
unshifted even after 4 days, demonstrating that
the SCN is resistant to cyclic temperature changes
within the physiologic range (Fig. 1B). The en-
trainment of peripheral tissues was also observed
in response to temperature cycles that mimicked
body temperature cycles (22) (fig. S3). Taken to-
gether, these results demonstrate that circadian
changes in temperature comparable to that seen
with core body temperature rhythms are capable
of entraining and enhancing the amplitude of the
circadian rhythms of peripheral tissues while the
adult SCN remains resistant.

To explore the possible mechanisms of the
SCN resistance to temperature pulses, we tested
the role of intercellular communication and cou-
pling in the SCN. When communication among
neurons in the SCN was impaired by application
of the voltage-gated Na+ channel blocker, tetro-
dotoxin (TTX), temperature pulses strongly reset
the SCN and this effect of TTX was reversible
(Fig. 2, A and B). To assess the properties of the
individual cells within an SCN in its networked
state and in the presence of TTX, SCN biolumi-
nescence was imaged with a dual microchannel
plate–intensified gallium arsenide phosphide–

cooled charge-coupled device (CCD) camera
system. Individual cells within an SCN were typ-
ically locked in phase throughout an experiment,
but in TTX cells in the same SCN “free run” and
eventually became scattered in phase (23) (Fig. 2C).
After a 6-hour pulse the cells were resynchro-
nized, as can be seen as vertical alignment of
peak bioluminescence after the pulse in the heat-
map in Fig. 2C (right panel). The resistance of in-
dividual cells was restored after the removal of
TTX (fig. S4D). Thus, TTX treatment rendered
the SCN sensitive to temperature resetting.

Because of the presence of voltage-gated cal-
cium channels in the SCN and the role that L-type
calcium channels play in the membrane potential
of SCN neurons, we tested whether the blockade
of L-type calcium channels contributed to the
insensitivity of the SCN to temperature pulses
(24). Similar to TTX, treatment with an L-type
calcium channel blocker, nimodipine, caused a
marked decrease in amplitude of Per2Luc bio-
luminescence and reversibly revealed the tem-
perature sensitivity of the SCN to 6-hour pulses
of 38.5°C (Fig. 2, D and E, and fig. S5A).
Mibefradil, a T-type calcium channel blocker,
did not sensitize the SCN to temperature-
induced phase shifts (Fig. 2F and fig. S5B).
This suggests that L-type calcium channels
play a role in maintaining the SCN’s phase in the

presence of temperature, possibly through a contri-
bution to intercellular communication.

The ventrolateral and dorsomedial regions of
the SCN differ in their expression of the peptides
vasoactive intestinal polypeptide (VIP) and ar-
ginine vasopressin (AVP), in their efferent and
afferent projections, and in the timing of their
development (25, 26). Because of this regional
difference, the dorsomedial and ventrolateral
regions of the SCN were cultured separately
and tested for thermal sensitivity (Fig. 3, A and
B). Surprisingly, both the ventral and dorsal
regions exhibited large phase shifts in response to
6-hour 38.5°C pulses very similar to those of
SCN slices in the presence of TTX (Fig. 3C).
This did not occur if the SCNwere split from one
another sagittally by a cut from the third ventricle
ventrally down through the optic chiasm (Fig.
3D). The sagittally separated SCN were resistant
to phase shifts by 6-hour 38.5°C pulses (Fig. 3, E
and F). Pharmacologic blockade of VIP and AVP
signaling in the SCN did not reveal strong tem-
perature resetting, however greatly increased the
variance of the phase shifts in response to tem-
perature pulses (22) (fig. S6, A and B). The block-
ade of g-aminobutyric acid (GABA) signaling
did not reveal any change in the SCN’s resistance
to temperature changes (22) (fig. S6, D to F).
Thus, the cellular architecture that renders the

Fig. 1. Peripheral tis-
sues, but not SCN, are
sensitive to temperature
changes within the phys-
iological temperature
range. (A) Phase transi-
tion curves for SCN, pitui-
tary, and lung in response
to 6-hour (blue) or 1-hour
(red) 38.5°C temperature
pulses from 36°C. Pulse
times are plotted as the
time in circadian hours of
the end of the pulse from
the previous trough of
bioluminescence. (B) SCN,
pituitary, and lung cul-
tures exposed to opposing
square-wave 12-hour:12-
hour 36°C:38.5°C temper-
ature cycles. Phase graphs
show timeof peakPER2LUC

bioluminescence the day
after the temperature cy-
cle.Coloredbarsabove rep-
resent the times of warm
temperature for the points
of corresponding color
below. Data are mean T
SEM. n = 4 for each SCN
point and n = 5 for each
pituitary and lung point.
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SCN resistant to temperature resetting is con-
tained within a single SCN and requires commu-
nication between the ventrolateral and dorsomedial
regions using aGABA-independent signaling path-
way that may involve VIP and AVP. Further-
more, cell-autonomous circadian oscillators are
temperature sensitive in all cell types, including
the SCN. Logically, this argues that the temper-

ature resistance of the SCN must originate as a
higher-order network property of the mammalian
SCN circadian system.

The mechanism of the cell-autonomous mo-
lecular clock involves a transcription-translation
negative feedback loop (27). Recent work shows
that heat shock factor 1 (HSF1) and compo-
nents of the heat shock response pathway are in-

volved in circadian gene expression in mouse
liver (13, 28). To test the role of the heat shock
response pathway in temperature resetting, we
used the benzylidene lactam drug, KNK437,
which is a highly potent antagonist of the heat
shock signaling pathway (22, 29). One-hour pulses
of 100 mMKNK437 alone given to pituitary and
lung cultures caused strong type 0 phase shifts
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Fig. 2. Tetrodotoxin reveals temperature sensitivity of SCN cultures. (A)
Bioluminescence record from a Per2Luc SCN treated with 1 mM TTX as in-
dicated. Six-hour 38.5°C pulses noted with yellow bars. (B) Phase transition
curve of individual SCN cultures containing 5 mM (blue) or 1 mM (red) TTX or
without drug (gray). (C) A Per2Luc SCN was imaged using an intensified CCD
camera. Identical regions of interest equal to or smaller than the size of a
single cell were measured. Heat maps display voxels measured from dorsal
(top) to ventral (bottom), where red corresponds to peak bioluminescence and

green to trough with and without TTX for the same SCN. (D) 1 mM nimodipine
reduces amplitude of bioluminescence rhythms and reveals temperature sen-
sitivity. (E) Phase transition curve of individual SCN cultures receiving a 6-hour
temperature pulse of 38.5°C in 10 mMnimodipine. (F) Phase shifts in response
to 6-hour 38.5°C pulses that ended 22 hours after the trough of bio-
luminescence displayed as mean T SEM. Vehicle (n = 14), 1 mM TTX (n = 11),
1 mM nimodipine (n = 13), 1 mM mibefradil (n = 11). *, P < 0.05, analysis of
variance (ANOVA), Tukey post hoc analysis.
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in Per2Luc rhythms but did not affect the phase of
SCN cultures (Fig. 4A). To explore the possible
mechanisms of phase shifting by KNK437, we
compared the phase response curves for reset-
ting by 1-hour KNK437 pulses alone with either
1-hour 38.5°C “warm” pulses or 1-hour 33.5°C
“cool” pulses. Because warm pulses induce HSF-
mediated transcription and KNK437 blocks this
transcription, it is reasonable to expect that the
pulses induced by KNK437 alone would mimic
cool pulses (or a reduction of HSF-mediated tran-
scription). Indeed,when the phase-response curves
of 1-hour KNK437, 1-hour cool (33.5°C), and
1-hour warm (38.5°C) pulses were compared, the
responses of pituitary and lung to KNK437 and
cool pulses were overlapping with breakpoints be-
tween delays and advances occurring at ~CT21.
In contrast, the phase response curves for warm
pulses were distinctly different with breakpoints
at ~CT3 (Fig. 4B). Thus, KNK437 pulses mimic
a reduction in temperature, which is consistent
with a role of HSF1 in temperature resetting to
cool pulses.

To test for a role of HSF1 inmediating temper-
ature resetting to warm pulses, we used KNK437
to blockHSF1 induction and determinedwhether
temperature-induced phase shifts could be blocked
by KNK437 treatment. We first validated that
38.6°C temperature pulses induced a heat shock
response and that KNK437 could block this (22)
(fig. S7). To test the ability of KNK437 to block
temperature-induced phase shifts, 38.5°C tem-
perature pulses were given in the presence of
KNK437 in lung and pituitary cultures. At phases
at which KNK437 alone produced no shift, but
warm pulses alone caused a phase advance,
simultaneous application of KNK437 and a
warm pulse completely blocked resetting by tem-
perature (Fig. 4C). To confirm the pharmaco-
logical blockade by KNK437, we used a second
classical HSF1 inhibitor, quercetin (22). Querce-
tin also completely blocked temperature-induced
phase shifts in a manner indistinguishable from
KNK437 (Fig. 4C). Thus, two independent in-
hibitors of HSF1 blocked temperature resetting.
To explore the KNK437 blockade at other phases
of the circadian cycle, the KNK437 blocking ex-
periment was performed at all phases, andKNK437
completely blocked the phase-shifting effects of
temperature pulses on peripheral clocks at every
phase of the cycle (Fig. 4D and fig. S7, D and E).
We can also rule out saturation effects in this
experiment because nonsaturating 1-hour tem-
perature pulses were used. By contrast and as ob-
served with temperature pulses, the SCNwas also
resistant to the phase-shifting effects of KNK437
pulses, highlighting another similarity in the dif-
ferential actions of temperature and KNK437 on
central and peripheral oscillators (Fig. 4D). Final-
ly, to circumvent the phase-shifting effects of
KNK437 pulses, we conducted blocking experi-
ments using chronic application ofKNK437. Under
these conditions, temperature pulses given to
peripheral clocks such as liver, lung, and U2-OS
cultures could not induce phase shifts nor induce

increases in the amplitude of oscillations (fig. S8).
Taken together, these experiments demonstrate
that inhibition of HSF1 mimics the effects of cool
pulses and that blockade of HSF1 induction is
associated with a loss of resetting to warm pulses,
implicating a critical role of this pathway in tem-
perature entrainment of mammalian clocks.

In addition to the phase-shifting effects of
KNK437, the circadian period increased dramat-
ically with increasing concentration of the drug
when administered chronically to SCN cultures,
and this effect on period was reversible (Fig. 5, A
and B). Cultures of pituitary and lung displayed
similar period lengthening effects in chronic
KNK437 (Fig. 5C). The period lengthening caused
by KNK437 inhibition of HSF-mediated tran-
scription is consistent with the long free-running
period observed in mice carrying a null allele of
Hsf1 (28). In addition to the entraining effects of
temperature, a canonical property of circadian

clocks is temperature compensation, which is the
ability of the period of a rhythm to remain fairly
constant at various physiologically permissive tem-
peratures (1, 18, 22). Intriguingly, treatment with
KNK437 greatly impaired the temperature com-
pensation of circadian period of SCN and pitu-
itary. In controlmedia containing dimethyl sulfoxide
(DMSO) vehicle, circadian rhythms were com-
pensated with temperature coefficient values, Q10,
of 1.04 and 0.97 in the SCN and pituitary, re-
spectively. However, in the presence of 100 mM
KNK437, theQ10 values became 1.34 for the SCN
and 1.38 for the pituitary, which fall significantly
outside the Q10 range for temperature compen-
sation (typically between 0.9 and 1.2) (Fig. 5D)
(1, 18). In contrast, SCN cultures treated with
1 mM TTX displayed a Q10 of 1.06, demonstrat-
ing that the temperature compensation of the
SCN is a cell-autonomous phenomenon and does
not depend on intercellular coupling (Fig. 5D).
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Fig. 3. SCN resistance to temperature pulses relies on the integrity of the ventral and dorsal regions. (A)
Yellow line shows approximate dissection of the dorsomedial and ventrolateral regions of a coronal SCN
slice. Scale bar, 500 mm. (B) Dorsal (blue) and ventral (red) sections from the same SCN cultured in
separate dishes. (C) Phase transition curves of dorsal and ventral SCN sections in response to 6-hour
pulses of 38.5°C. (D) Coronal sections of the SCN were also dissected sagittally so that the left and right
SCN were cultured separately. (E) Bioluminescence of right and left SCN from the same animal. (F) Phase
transition curves of right (blue) and left (orange) SCN sections in response to 6-hour pulses of 38.5°C.
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Thus, changes in temperature comparable to
the circadian body temperature rhythm are a
potent cue for resetting in peripheral tissues. Al-
though it has been reported that more than one
cue may reset peripheral tissues and that different
tissues may use different cues for their entrain-
ment, many of these resetting stimuli appear to
involve changes in body temperature or may con-
verge on temperature response pathways (Fig. 5E).
For example, although in vivo experiments are
important for the understanding of entrainment
and resetting of rhythms at the organismal level,

it is extremely difficult, if not impossible, to sep-
arate the effects of activity, sleep, feeding, and
metabolic and redox state from the effects of
temperature. Paradigms that involve induction of
rhythms in the absence of circadian cues from the
SCN—such as chronic administration of meth-
amphetamine to Cry1−/−/Cry2−/− mice or wild-
type mice with SCN lesions—always involve a
change in both body temperature and activity
(30–32). Restricted feeding regimens that alter
circadian gene expression in the liver are also as-
sociated with deep depressions of body tempera-

ture at times when food is unavailable (3).
Glucocorticoids, which reset peripheral circadian
oscillators (2), also cause an inhibition of the
HSF1-mediated transcription, and Hsp90 and
Hsp70 act as molecular chaperones for inactive
glucocorticoid receptors (33, 34). Redox state,
which fluctuates on a circadian basis (35), also
regulates HSF1 activation (36). In addition, sig-
naling pathways involving cyclic adenosinemono-
phosphate and calcium, which regulate circadian
oscillators (37, 38), also activate the heat shock
pathway (39, 40). Thus, changes in body temper-
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ature and/or activation of the heat shock pathway
may be a final common pathway for resetting
circadian clocks in mammals. The experiments
presented here show that temperature can act as a
universal entraining agent for circadian rhythms
throughout the body. This is consistent with the
rhythmic binding of HSF1 to heat shock elements
(HSE) in vivo and the presence of HSE motifs in
the upstream region of the Per2 gene in many
mammalian species (13, 28).

Temperature serves as an important entrain-
ment cue for invertebrates at the organismal level
(18). Conidiation rhythms in Neurospora can be
entrained by either light or temperature cycles,

and in some instances temperature cycles can
override light cycles (16). The pathways of light
and temperature entrainment in Neurospora are
mechanistically distinct. Temperature changes cause
a posttranscriptional, temperature-dependent al-
ternate splicing event in which alternate isoforms
of the FRQ protein result from one of two trans-
lation initiation sites, whereas light entrainment
appears to act through a light-induced increase in
frq transcription (41–43). In Drosophila, temper-
ature pulses act through a similar mechanism to
light pulses, which are both associated with a
CRYPTOCHROME-mediated degradation of
TIMELESS, and the cryb mutation causes re-

duced circadian resetting to both temperature and
light pulses (44, 45). The Drosophila per gene
also undergoes temperature-dependent splicing,
which regulates midday activity (46, 47). Finally,
temperature entrainment inDrosophila also relies
on nocte expression (14, 48). Interestingly, this
nocte-mediated temperature entrainment of clock
neurons in Drosophila is distinct from that of
peripheral oscillators so that the brain clocks re-
quire the mechano- and thermo-sensitive chordo-
tonal organs for proper temperature entrainment
(48). Thus, the temperature entrainment of Dro-
sophila requires both the cell-autonomous re-
sponse to temperature changes and neuronal
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communication. It is possible that among mam-
mals a difference in cellular communication
within the SCN exists. For example, in rats the
expression of clock genes in the ventrolateral and
dorsomedial regions of the SCN can be split in
vivo under 22-hour light-dark conditions (49). It
is possible that this same susceptibility to disso-
ciation within the tissue allows for increased sen-
sitivity to temperature changes in this species (21).

We have shown that cellular communication
within the SCN and between the ventrolateral
and dorsomedial SCN confers resistance to tem-
perature resetting. This observation is consistent
with the ability of an animal’s behavioral rhythms
to “free-run” through environmental temperature
cycles (18, 19) and suggests that resistance to
temperature entrainment in vivo is conferred by
the SCN. When communication between cells
within the SCN is blocked, the tissue exhibits
temperature sensitivity equal in magnitude to that
of peripheral tissue, revealing that temperature-
sensitive resetting is a cell-autonomous property.
Finally, the sensitivity of peripheral clocks to small
temperature changes is abolished in the presence
of KNK437 or quercetin, thus revealing a critical
role of the heat shock response pathway in re-
setting of circadian clocks to thermal stimuli and
in temperature compensation of circadian period.
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Cell Type–Specific Loss of BDNF
Signaling Mimics Optogenetic Control
of Cocaine Reward
MaryKay Lobo,1 Herbert E. Covington III,1 Dipesh Chaudhury,2 AllysonK. Friedman,2 HaoSheng Sun,1
Diane Damez-Werno,1 David M. Dietz,1 Samir Zaman,1 Ja Wook Koo,1 Pamela J. Kennedy,1
EzekiellMouzon,1MurtazaMogri,3 Rachael L. Neve,4 Karl Deisseroth,3Ming-HuHan,1,2 Eric J. Nestler1,2*
The nucleus accumbens is a keymediator of cocaine reward, but the distinct roles of the two subpopulations
of nucleus accumbens projection neurons, those expressing dopamine D1 versus D2 receptors, are poorly
understood. We show that deletion of TrkB, the brain-derived neurotrophic factor (BDNF) receptor,
selectively from D1+ or D2+ neurons oppositely affects cocaine reward. Because loss of TrkB in D2+
neurons increases their neuronal excitability, we next used optogenetic tools to control selectively the firing
rate of D1+ and D2+ nucleus accumbens neurons and studied consequent effects on cocaine reward.
Activation of D2+ neurons, mimicking the loss of TrkB, suppresses cocaine reward, with opposite effects
induced by activation of D1+ neurons. These results provide insight into the molecular control of D1+ and
D2+ neuronal activity as well as the circuit-level contribution of these cell types to cocaine reward.

The nucleus accumbens (NAc) plays a cru-
cial role inmediating the rewarding effects
of drugs of abuse (1). However, little is

known about the specific function of the two ma-
jor populations of NAc projection neurons, which

together make up >95% of all NAc neurons, in reg-
ulating these behaviors. These neurons, like those
in the dorsal striatum, are medium spiny neurons
(MSNs) divided into two subtypes based on their
distinct projections through cortical-basal ganglia

circuits and their differential gene expression, in-
cluding enrichment of dopamine D1 versus D2
receptors (2). These twoMSN subtypes, in dorsal
striatum, exert balanced but antagonistic influ-
ences on their downstream outputs and behaviors,
most notably motor behaviors (3–5), but their
role, in NAc, in regulating reward behaviors still
needs to be determined.

Although activation of both D1 and D2 re-
ceptors contributes to the rewarding effects of
cocaine (6), current biochemical evidence has
focused primarily on cocaine-induced molecular
and structural changes in D1+ MSNs (7–11). For
example, the extracellular signal-regulated kinase
(ERK) pathway is induced in D1+ MSNs after co-
caine exposure (8), an effect thought to bemediated
directly via activation of D1 receptors (12, 13). How-
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System Therapeutics, Mount Sinai School of Medicine, New
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ever, ERK activation by cocaine may occur through
other mechanisms, such as brain-derived neuro-
trophic factor (BDNF) signaling (13), becauseBDNF
and the activated form of its receptor, TrkB, are both
up-regulated in the NAc after cocaine exposure
(14–16). Furthermore,manipulations of BDNF and
its TrkB receptor in this brain region potently
modify rewarding responses to cocaine (15–19).
Despite these important insights into BDNF sig-
naling and dopaminergic transmission in the NAc,
it remains unclearwhichMSN subtype is involved
in these phenomena.

We first determined whether TrkB mRNA is
differentially expressed in eitherMSN subtype using
fluorescence activated cell sorting (FACS) to pu-
rify each MSN population from NAc and dorsal
striatum of bacterial artificial chromosome (BAC)
transgenicmice (20, 21) expressing enhanced green
fluorescent protein (eGFP) in D1+ or D2+MSNs
(D1-GFP or D2-GFP mice) (fig. S1) (22). TrkB
gene expression was observed in both neuron pop-
ulations (Fig. 1A), similar to previous studies
demonstrating TrkB protein in each MSN sub-
type (23), but we observed a significant enrich-

ment of TrkB mRNA in D2+ MSNs (Fig. 1A).
Further studies are needed to confirm this enrich-
ment in D2+ MSNs of the NAc specifically (8).

To assess the functional role of BDNF-TrkB
signaling in D1+ and D2+ MSNs, we used D1-
Cre or D2-Cre BAC transgenic mice in which
Cre recombinase is expressed under D1 or D2
promoters and their regulatory elements (fig. S2)
(21, 24), combined with conditional floxed TrkB
mice (flTrkB) (25). We then evaluated behavioral
responses to cocaine in these mice when TrkB
was selectively deleted from D1+ MSNs (D1-

Fig. 1. Effect of selective deletion of TrkB from D1+ or D2+MSNs on behavioral
effects of cocaine, c-Fos induction, and neuronal excitability. (A) TrkB mRNA is
expressed in D1+ and D2+ MSNs FACS-purified from D1-GFP and D2-GFP
transgenic mice but is significantly enriched in D2+ MSNs (n = 4 per group;
Student’s t test, P < 0.05). (B) D1-Cre–flTrkB (n = 9) mice displayed enhanced
cocaine conditioned place preference (CPP) relative to littermate controls (n=10),
whereas (C) D2-Cre–flTrkB mice (n = 14) exhibited decreased cocaine CPP
compared with littermate controls (n = 16) (cocaine dose: 7.5 mg/kg
intraperitoneally; Student’s t test, **P < 0.01, *P < 0.05). (D and E) D1-Cre–
flTrkB and D2-Cre–flTrkB mice and littermate controls were treated with saline on
day 0 and with cocaine (10 mg/kg) on days 1 to 7, and locomotor activity was
assessed over a 30-min time period. (D) D1-Cre–flTrkB mice (n = 6) displayed
enhanced cocaine-induced locomotor activity after repeated cocaine administra-
tion compared with littermate controls (n = 7) [repeated measures two-way
analysis of variance (ANOVA), genotype effect: F(1,11) = 6.20, P< 0.05; day effect:
F(6,66) = 5.50, P < 0.01], while (E) D2-Cre–flTrkB mice (n = 10) showed decreased
locomotor activity to acute and repeated cocaine relative to controls (n = 14)
(repeatedmeasures two-way ANOVA, genotype effect: F(1,22) = 9.98, P<0.01; day
effect: F(6,132) = 4.00, P < 0.01). Post hoc analysis reveals significant differences
on specific cocaine days (Student’s t test, **P< 0.01, *P< 0.05). Data represented

as mean T SEM. (F to I) c-Fos induction was examined 90 min after acute cocaine
(20 mg/kg) by double immunolabeling of c-Fos and Cre in the NAc. (F and H) D1-
Cre–flTrkB mice exhibited a significant decrease in double-labeled c-Fos (green)
and Cre (red) neurons in the NAc after cocaine exposure compared with D1-Cre
control mice, and this down-regulation is specific to the NAc shell. (G and I) In
contrast, D2-Cre–flTrkB mice, relative to D2-Cre controls, displayed an increase in
double-labeled c-Fos and Cre neurons in theNAc, an effect also specific to the NAc
shell (n = 4 per group, Student’s t test, **P < 0.01, *P < 0.05). Images displayed
are from the NAc shell. Arrows represent neurons double labeled with c-Fos and
Cre. Arrowheads represent c-Fos neurons that are not Cre positive. Scale bars, 20
mm. Data represented as mean T SEM. (J) Sample traces obtained by 200 pA
current injection (holding potential at –80 mV) in NAc shell MSNs in D1-Cre-
flTrkB, D2-Cre-flTrkB, and their control mice injected with DIO-AAV-EYFP into the
NAc for visualization of D1+ or D2+ MSNs. (K and L) D2+ MSNs in D2-Cre-flTrkB
NAc (n=3 animals), but not fromD1+MSNs in D1-Cre-flTrkBNAc (n=4), display
increased cell excitability after incremental steps in current injections (100, 150,
and 200 pA) compared with respective controls, D2-Cre (n = 5) and D1-Cre (n =
8). Two-way ANOVA, F(1,7) = 13.23, P = 0.002 (for D2+MSNs), F(1,11) = 4.04, P =
0.054 (for D1+ MSNs). Post hoc analysis reveals significant effects for 100 and
150 pA currents in D2+ MSNs, Student’s t test, *P < 0.05.
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Cre–flTrkB) or D2+ MSNs (D2-Cre–flTrkB) in
the NAc and dorsal striatum. In an unbiased co-
caine conditioned place preference (CPP) para-
digm, D1-Cre–flTrkBmice displayed a significant
increase in cocaine preference relative to litter-
mate controls (Fig. 1B). This increase in pref-
erence is opposite to findings from previous studies
that disrupted BDNF-TrkB signaling nonselec-
tively (i.e., in both MSN subtypes) in the NAc
(15–19). However, our observations in the D2-
Cre–flTrkB mice parallel these previous studies:
D2-Cre–flTrkB mice exhibited a significant de-
crease in cocaine preference compared with their
littermate controls (Fig. 1C). Importantly, these

behavioral responses are likely mediated by loss
of TrkB inD1+ andD2+MSNs in the adult NAc,
because both phenotypes were rescued by ex-
pressing TrkB, using herpes simplex virus (HSV-
TrkB-GFP-mCherry), in the NAc of each mutant
mouse line (fig. S3). The lack of developmental
consequences of the TrkB deletion is also sup-
ported by several normal baseline behaviors in
these mice (fig. S4).

To further explore the effects of selective def-
icits in BDNF-TrkB signaling on cocaine action,
we analyzed locomotor activity and sensitization
in the D1-Cre–flTrkB and D2-Cre–flTrkB mice.
Cocaine and other stimulants increase locomotor

activity upon initial exposures, with further in-
creases (sensitization) seen after repeated expo-
sure to the drug. Locomotor sensitization is thought
to reflect biochemical adaptations that contribute
to drug addiction and relapse (26). In agreement
with our CPP experiments, we observed increased
locomotor sensitization in D1-Cre–flTrkB mice
compared with littermate controls and the op-
posite effect in D2-Cre–flTrkB mice (Fig. 1, D
and E, and fig. S5).

To gain insight into the functional effect of the
loss of BDNF-TrkB signaling from D1+ and
D2+ neurons, we first measured c-Fos induction,
a marker of neuronal function, in the NAc of D1-

Fig. 2. In vivoand in vitrooptogenetic control ofD1+orD2+MSNs. (AandB)DIO-
AAV-ChR2-EYFP or DIO-AAV-EYFP was injected into the NAc of D1-Cre and D2-Cre
mice, resulting inChR2-EYFPorEYFPexpressingneurons (green) that alsoexpressCre
(red). Scale bars, 50 mm (low-power images) and 20 mm (high-power images). (C)
Diagram of D1+ or D2+ ChR2 expressing MSNs and blue-light emission from the
optic fiber. (D)Controlofneuronal firingwhenaNAcMSNexpressingDIO-AAV-ChR2-
EYFP is exposed to blue light at 1.4 or 1.0 Hz. (E) c-Fos (red) expression is induced in

D1+orD2+MSNsexpressingChR2(green) thathavebeenactivatedwith10-Hzblue-
light stimulation but not EYFP expressingMSNs. Scale bars, 20mm. (F) Quantification
of (E) shows a significant increase in c-Fos expressing ChR2 expressingD1+ andD2+
MSNs compared with EYFP expressing controls after blue-light exposure (n = 3 per
group, Student’s t test, *P<0.01). (G) c-FosmRNA is significantly up-regulated in the
NAc after blue-light pulses in DIO-AAV-ChR2-EYFP expressing D1-Cre and D2-Cre
mice (n = 4 to 5 per group, Student’s t test, **P < 0.01, *P < 0.05).
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Fig. 3. Optogenetic activation of D1+ or D2+ MSNs oppositely regulates
cocaine reward. (A) Illustration of the CPP cocaine/blue-light paradigm. Mice
were conditioned to a cocaine/blue-light chamber and a saline/no-light
chamber for 30 min. Blue-light pulses (10 Hz) were delivered for four 3-min
periods during the 30-min conditioning. (B and C) Activating D1+ MSNs in
D1-Cre DIO-AAV-ChR2-EYFP mice (n = 9) during cocaine (5 mg/kg)/blue-
light CPP enhances cocaine reward compared with D1-Cre DIO-AAV-EYFP
controls (n = 10), whereas activating D2+ MSNs in D2-Cre DIO-AAV-ChR2-
EYFP mice (n = 7) during cocaine (7.5 mg/kg)/blue-light CPP attenuates
cocaine reward relative to D2-Cre DIO-AAV-EYFP controls (n= 4) (Student’s
t test, **P < 0.01, *P < 0.05). (D and E) Optical control of D1+ and D2+
MSNs in D1-Cre and D2-Cre mice expressing DIO-AAV-ChR2-EYFP or DIO-
AAV-EYFP in a cocaine-naïve state and 24 hours after 6 days of repeated
cocaine (15 mg/kg) results in increased locomotor activity only when D1+
MSNs are activated after cocaine exposure (two-way ANOVA, genotype
effect: F(1,22) = 4.37, P < 0.05; Student’s t test *P < 0.05)

Fig. 4. Global optogenetic activation of NAc neurons increases the rewarding
effects of cocaine and attenuates TrkB-BDNF signaling. (A) HSV-mCherry or HSV-
ChR2-mCherry (red) were injected into the NAc of wild-type mice. Scale bar, 50
mm. (B) Activation of ChR2 with blue-light (10 Hz) stimulation induces c-Fos
(green) expression in HSV-ChR2-mCherry neurons (red), but not in HSV-mCherry
neurons (red), after 10-Hz blue light. Scale bar, 25 mm. (C) Quantification of c-Fos
positive neurons in B and c-Fos mRNA after 10-Hz blue light shows a significant

increase in c-Fos in HSV-ChR2-mCherry expressing NAc compared to HSV-mCherry expressing controls (n= 3 to 5 per group, Student’s t test, **P< 0.01, *P< 0.05). (D)
HSV-ChR2-mCherry (red) injection into the NAc of D1-GFP and D2-GFP mice mediates transgene expression in both D1+ and D2+ MSNs (GFP, green) and (E) c-Fos
(blue) is induced by light in eachMSN (green). Scale bar, 10 mm. (F) Quantification of (D) and (E) shows HSV-ChR2-mCherry and blue light induced c-Fos equally in D1+
and D2+MSNs. (G) Mice expressing HSV-ChR2-mCherry (n= 9) in the NAc displayed enhanced preference for the cocaine (5mg/kg)/blue-light chamber compared with
control mice expressing HSV-mCherry (n = 8) (Student’s t test, P < 0.05). (H and I) Blue-light simulation results in a significant decrease in phospho:total ERK levels
(pERK42/ERK42 and pERK44/ERK44) in the NAc of D1-Cre DIO-AAV-ChR2-EYFP mice and mice expressing HSV-ChR2-mCherry relative to their controls (DIO-AAV-EYFP
or HSV-mCherry) (n = 5 to 8 per group, Student’s t test, *P < 0.05).
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Cre–flTrkB and D2-Cre–flTrkB mice after acute
cocaine exposure (Fig. 1, F to I, and fig. S6). Pre-
vious studies have shown the selective induction
of c-Fos in D1+ MSNs in response to cocaine
(8, 12). D1-Cre–flTrkB mice exhibited a signif-
icant decrease in c-Fos+ D1+ MSNs in the NAc,
an effect specific to the NAc shell and not seen in
the NAc core, relative to control mice (Fig. 1, F
and H, and fig. S6). In striking contrast, D2-Cre–
flTrkB mice displayed a significant increase in
c-Fos+ D2+ MSNs in the NAc, also specific to
shell, compared to controls (Fig. 1, G and I, and
fig. S6). We observed no difference in c-Fos ex-
pression in dorsal striatum, and saline-treated con-
trols displayed minimal c-Fos induction (fig. S6).

The c-Fos data suggest that loss of BDNF-
TrkB signaling alters the function of both D1+
and D2+NAc neurons, although the nature of the
functional changes are difficult to infer, because
c-Fos induction, which is often used as a marker
of neuronal activation, can also indicate changes
in signaling cascades without a change in firing
or even neuronal inhibition (27, 28). We thus
directly investigated the excitability of eachMSN
subtype in the NAc shell after loss of TrkB. We
observed a dramatic increase in neuronal firing in
response to current injections in D2+ MSNs in
the D2-Cre-flTrkB mice (Fig. 1, J and L). Al-
though no significant change in baseline excitability
was observed in D1+ MSNs in the D1-Cre-
flTrkB mice, there was a trend for increased ex-
citability (P = 0.054) (Fig. 1, J and K), and we
found down-regulation of five K+ channel sub-
units in the NAc of D1-Cre-flTrkB mice after re-
peated exposure to cocaine (table S1), consistent
with enhanced excitability of these MSNs as well.

Given these direct links between loss of TrkB
and enhanced excitability of NAc MSNs, we
next studied directly the influence of increased
activity of these MSN subtypes on behavioral
responses to cocaine using optogenetic technol-
ogies (29–31). We expressed channelrhodopsin-2
(ChR2), a 473-nm blue light–activated cation
channel (29), in D1+ or D2+ MSNs in the NAc
using D1-Cre and D2-Cre mice and conditional
adeno-associated viruses (AAVs), DIO-AAV-ChR2-
EYFP and the control DIO-AAV-EYFP, that ex-
press only in the presence of Cre recombinase
(31) (Fig. 2, A and B). The vectors were stereo-
taxically injected into the NAc of D1-Cre and
D2-Cre mice, followed by a cannula implant to
which an optic fiber was secured to deliver blue
light directly into the virus-infected NAc (Fig. 2,
A to C). This approach enables temporally pre-
cise control of NAc neuronal firing (Fig. 2D). To
further validate the technique in vivo, we dem-
onstrated c-Fos induction after 10-Hz blue-light
pulses in D1+ and D2+ MSNs expressing DIO-
AAV-ChR2-EYFP (Fig. 2, E to G, and fig. S7).

To evaluate the behavioral response to cocaine
when D1+ versus D2+ MSNs are activated selec-
tively, we used a CPP paradigm, in which D1-Cre
and D2-Cre mice, expressing DIO-AAV-ChR2-
EYFP or DIO-AAV-EYFP in the NAc, were con-
ditioned to cocaine plus 10-Hz blue-light pulses in

one chamber, with saline and no light used for the
opposite chamber (Fig. 3A). D1-Cre mice ex-
pressing DIO-AAV-ChR2-EYFP in the NAc dis-
played a significant increase in cocaine/blue-light
preference compared with the D1-Cre DIO-AAV-
EYFP control group (Fig. 3B). In contrast, D2-Cre
mice expressing DIO-AAV-ChR2-EYFP exhibited
a significant attenuation of cocaine/blue-light pref-
erence relative to controls (Fig. 3C). We observed
no difference in blue-light preference in D1-Cre or
D2-Cre mice expressing DIO-AAV-ChR2-EYFP
in the absence of cocaine (fig. S8). These data
implicate a role for activation of D1+ MSNs in
enhancing the rewarding effects of cocaine, with
activation of D2+ MSNs antagonizing cocaine
reward. These findings are consistent with previ-
ous studies, in which disruption of glutamatergic
NMDA receptor signaling or loss of c-Fos in
D1+MSNs reduced cocaine sensitization or CPP
(11, 32). Conversely, ablation of D2+ MSNs in-
creases the locomotor and rewarding effects of
another stimulant, amphetamine (33).

We next evaluated locomotor activity when
the two NAc MSN subtypes are activated under
cocaine-naïve and exposed conditions. We de-
tected no change in locomotion in cocaine-naïve
mice when either MSN subtype was activated rel-
ative to nonstimulated controls (Fig. 3, D and E).
However, 24 hours after 6 days of repeated co-
caine administration (15 mg/kg), blue-light pulses
to the NAc in D1-Cre mice expressing DIO-AAV-
ChR2-EYFP increased locomotor activity compared
with controls (Fig. 3D), with no change observed
upon activation of D2+ MSNs (Fig. 3E). These
data are in accordance with the prevailing model
of dorsal striatal function (3–5), which implicates
activation of D1+MSNs in promotingmotor func-
tion and suggests that repeated exposure to cocaine
enhances the output of D1+ MSNs of the NAc.

It is unclear what behavioral effects occur
when both MSN subtypes in the NAc are acti-
vated during cocaine exposure, which likely oc-
curs through glutamatergic inputs to this brain
region. There is evidence implicating a hypoac-
tive NAc in the cocaine-addicted state (34, 35),
but data also support activation of some neurons
during operant cocaine behaviors and context-
dependent cocaine sensitization (34, 36). Addi-
tionally, high-frequency deep-brain stimulation of
the NAc, which may inhibit neuronal activity, at-
tenuates an animal’s reinstatement to cocaine seeking,
and excitatory AMPA receptor-mediated gluta-
matergic transmission has been shown to induce
relapse to cocaine addiction (37, 38). We injected
herpes simplex viruses, HSV-ChR2-mCherry or
HSV-mCherry, into the NAc of wild-type mice
(Fig. 4A) to optically control global NAc neuronal
activity during cocaine/blue-light CPP (Fig. 3A).
We found that HSV-ChR2-mCherry is expressed
equally in D1+ and D2+ MSNs (Fig. 4, D and F)
and that blue-light exposure induces equivalent
c-Fos levels in these neurons (Fig. 4, B, C, E, and
F, and fig. S7). Mice expressing HSV-ChR2-
mCherry in theNAc displayed enhanced reward to
cocaine/blue light relative to controlmice (Fig. 4G).

Finally, we probed for changes in the phos-
phorylated (active) form of ERK (pERK), which
is downstream of BDNF-TrkB signaling (13) and
is dynamically regulated by both neuronal ac-
tivation and inhibition (39–41), to further link
loss of TrkBwithChR2-induced activation ofD1+
and D2+ MSNs. We observed down-regulation
of pERK42 and pERK44 in D1-Cre DIO-AAV-
ChR2-EYFP–activatedNAccomparedwithcontrols,
with no change seen inD2-Cre DIO-AAV-ChR2-
EYFP–activated NAc (Fig. 4, H and I). Similar to
selective activation of D1+ MSNs, we observed
decreased pERK42 and pERK44 in HSV-ChR2-
mCherry activated NAc (Fig. 4, H and I). Thus,
optogenetic stimulation of D1+ MSNs impairs a
downstream target of BDNF-TrkB signaling,
which implicates common downstream effects
upon loss of TrkB, and optogenetic activation, in
D1+ MSNs, consistent with the common behav-
ioral effects seen under these conditions. Although
no change in pERK was observed in stimulated
D2+ MSNs, data cited above revealed common
induction of c-Fos and increased neuronal excit-
ability upon loss of TrkB and optogenetic stim-
ulation (Fig. 1, G, I, J, and L, and Fig. 2, D to G).

The present study indicates opposite roles for
D1+ and D2+MSNs in mediating the behavioral
effects of cocaine. The potent influence of BDNF-
TrkB signaling in the NAc on cocaine reward
(15–19) is mediated throughD2+MSNs, because
TrkB mRNA is enriched in these neurons and
selective deletion of TrkB fromD2+MSNs atten-
uates cocaine reward. Furthermore, deletion of TrkB
from D2+ MSNs increases their neuronal excit-
ability and reactivity to cocaine (as evidenced by
increased c-Fos induction), and mimics the ability
of direct activation of these neurons, via optogenet-
ic tools, to attenuate behavioral responses to cocaine.

Our D1+ MSN data are more complex. We
observe enhanced cocaine rewardwhenD1+MSNs
are activated optogenetically and when TrkB is
deleted selectively from them; however, the latter
results in decreased c-Fos induction by cocaine
without a significant change in baseline neuronal
excitability. Nonetheless, the down-regulation of
several K+ channel subunits in the NAc of D1-
Cre-flTrkB mice suggests enhanced neuronal ac-
tivity in response to cocaine exposure, which is
consistent with the behavioral effects seen with
optogenetic activation of D1+ MSNs. Our find-
ing of enhanced behavioral responses to cocaine
in the D1 TrkB knockouts, when cocaine in-
duction of c-Fos is lost, is partly consistent with
the report that deletion of c-Fos in D1+ MSNs
potentiates cocaine reward (11), although our data
contrast with other observations of this previous
study, which may be due to loss of c-Fos in whole
striatum in that report. Furthermore, the ability of
acute cocaine to induce c-Fos, which occurs se-
lectively in D1+ MSNs, declines with repeated
drug administration (8, 12, 42). The blunted c-Fos
response, which we see after acute cocaine ex-
posure in D1+ MSNs lacking TrkB, is therefore
similar to wild-type D1+ MSNs that have been
exposed to repeated cocaine. Finally, we cannot
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rule out trans-synaptic effects in these phenome-
na, for example, the possibility that D2+ MSNs,
expressing normal levels of TrkB, may alter co-
caine responses of D1+ MSNs in the D1-Cre-
flTrkB mice, resulting in loss of c-Fos induction.

Together, our data support a model in which
loss of TrkB in D2+ MSNs enhances their ex-
citability, which then directly desensitizes the re-
warding effects of cocaine. In contrast, loss of TrkB
in D1+MSNs may similarly enhance their activity,
but only when exposed to cocaine, as evidenced by
K+ channel down-regulation, with such activity
increasing the rewarding effects of cocaine. These
opposite effects exerted by activation of eachMSN
subtype on cocaine reward is consistent with cur-
rent models of basal ganglia function, which posit
that D1+ versus D2+ MSNs act in opposition
through the direct and indirect pathways, respec-
tively, to produce balanced behavioral output (3–5).
It is plausible that, in the addicted brain, there may
be an imbalance of these two MSNs. This imbal-
ance may occur through an overactive D1+MSN
pathway as well as through decreased activity of
D2+ MSNs, the latter mediated via enhanced
BDNF-TrkB signaling. Expanding our understand-
ing of the complex control of drug reward by the
two main subtypes of NAc MSNs could help steer
the development of treatments of drug addiction tar-
geted selectively toD1+ versusD2+MSN subtypes.
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Salmonella Pathogenesis
and Processing of Secreted
Effectors by Caspase-3
C. V. Srikanth,1,2* Daniel M. Wall,1,3* Ana Maldonado-Contreras,2 Hai Ning Shi,1 Daoguo Zhou,4
Zachary Demma,2 Karen L. Mumy,1,2 Beth A. McCormick1,2†
The enteric pathogen Salmonella enterica serovar Typhimurium causes food poisoning resulting
in gastroenteritis. The S. Typhimurium effector Salmonella invasion protein A (SipA) promotes gastroenteritis
by functional motifs that trigger either mechanisms of inflammation or bacterial entry. During infection of
intestinal epithelial cells, SipA was found to be responsible for the early activation of caspase-3, an enzyme
that is required for SipA cleavage at a specific recognitionmotif that divided the protein into its two functional
domains and activated SipA in a manner necessary for pathogenicity. Other caspase-3 cleavage sites
identified in S. Typhimurium appeared to be restricted to secreted effector proteins, which indicates that this
may be a general strategy used by this pathogen for processing of its secreted effectors.

Salmonella enterica serovar Typhimurium
acquires virulence via a 40-kb segment of
the bacterial chromosome designated Sal-

monella pathogenicity island 1 (SPI-1) (1). SPI-1
contains more than 25 genes encoding structural
components and substrates of a type III protein-
secretion system that mediates the translocation
of effector proteins from Salmonella into mam-
malian cells (1). One of these, Salmonella inva-
sion protein A (SipA), is a bifunctional molecule
responsible for promoting actin polymerization,
a process that facilitates bacterial entry into epi-

thelial cells (2), and is required to trigger signal
transduction cascades that promote polymor-
phonuclear leukocyte (PMN) migration across
the intestinal epithelium (3). The actin binding
function of SipA is known to be localized to a
C-terminal fragment (amino acids 426 to 684)
termed SipAb (4). We have reported that the
N-terminal fragment of the SipA effector protein
(amino acids 2 to 425) harbors the functional
domain that induces PMN transepithelial migra-
tion (5), which underlies the clinical manifesta-
tions of salmonellosis.

We found a caspase-3 motif, DEVD (6), at
amino acid positions 431 to 434 (Fig. 1A) of
SipA at the junction between the two functional
domains (7). Treatment of a purified fraction of
SipA to activated caspase-3 enzyme generated a
predicted fragment (55 kD; Fig. 1B) and con-
firmed that the SipA DEVD cleavage motif was
functionally active. The expected lower molecu-
lar weight band was not seen, most likely from
lack of antibody recognition; however, mutation
of the caspase-3 site by changing aspartic acid at
position four to alanine (A) (DEVD→DEVA;
termed caspase site mutant, csm-SipA) rendered
SipA insensitive to caspase-3 cleavage (Fig. 1B).

Although caspase-3 is a frequently activated
death protease, this enzyme also catalyzes spe-
cific cleavage of many cellular proteins (8) and
promotes cell proliferation and inflammation
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without inducing apoptosis (9). We found that
S. Typhimurium infection of model intestinal
epithelia induced the activated form of the
caspase-3 enzyme within 2 hours and persisted
for at least 4 hours (Fig. 1C and fig. S1, A and B).
Apoptosis occurred 24 hours after infection of
epithelial cells (10). No activation of other ini-
tiator cysteine proteases known to play essential
roles in apoptosis (i.e., caspase-1 or caspase-8)
(Fig. 1C) was observed. Staurosporine treatment,
which induces apoptosis and was used as a pos-
itive control, showed significant annexin V stain-
ing, whereas the S.Typhimurium treated T84 cells
showed minimal annexin V binding and no pro-
pidium iodide staining (Fig. 1D), confirming that
early after infection this pathogen can activate
caspase-3without inducing apoptosis or necrosis.

A plasmid bearing the mutant clone pCSM-
SipA (for plasmid caspase site mutant) was
transformed into both Escherichia coli F-18, an
intestinal commensal isolate (11), and Salmonella.
Because E. coli F-18 secretes SipA through the
flagella basal body (5), we used this strain to as-
sess the ability of the caspase-3 sitemutant to drive
PMN transepithelial migration in the absence of
other S. Typhimurium virulence determinants. By
using our in vitro inflammatorymodel system (12),
we found that themutant had a reduced capacity to
induce PMN transepithelial migration (>95%;
P < 0.01) compared with the E. coli F-18 strain ex-
pressing thewild-typeSipAprotein (pSipA) (Fig. 1E).

Salmonella enterica serovar Dublin was
used in the in vivo enteritis model because this
strain constitutively expresses proteins from the
pBH plasmid and allows the expression of pro-
teins of interest in animal infections (5, 13, 14).
Macroscopic inspection of the intestines revealed
inflammation of the cecum in infections with
both wild-type Salmonella and the ∆SipAmutant
strain expressing SipA (∆SipA/pSipA) (Fig. 2A).
By contrast, no overt signs of intestinal inflam-

mation were observed in mice infected with the
∆SipAmutant strain expressing the caspase-3 site
mutant (∆SipA/pCSM-SipA), the ∆SipA mutant
strain, or the buffer negative control (Fig. 2A).
Histological evaluation of hematoxylin and eosin
(H&E)–stained tissue sections and the pathology
scores for disease severity showed significant in-
flammation of the proximal colons of mice in-
fected with either wild-type Salmonella or ∆SipA/
pSipA, as determined by colonic wall thickening,
crypt elongation, PMN infiltration, epithelial erosion,
and edema (Fig. 2,A andC).By contrast, infections
with both ∆SipA/pCSM-SipA and ∆SipA mutant
strains did not cause pronounced intestinal inflam-
mation (Fig. 2, A and C). Quantification of infil-
trating PMNs, as determined by myeloperoxidase
(MPO) activity, supported theseobservations (fig. S2).

Cleavage of the SipA DEVD recognition site
appears to be important for promoting proin-
flammatory responses and suggests a role for
caspase-3. Consistent with this notion, Salmonella
is less virulent in caspase-3 knockout (caspase-
3−/−) mice, as judged by gross cecal and histo-
pathologic examination of the proximal colons
of Salmonella-infected caspase-3−/− mice, which
reveals significantly less intestinal pathology com-
pared with Salmonella-infected wild-type mice
(Fig. 2, B and D). In addition, reduced S. Typh-
imurium invasiveness in bone marrow–derived
macrophages fromcaspase-3−/−mice, comparedwith
wild-type macrophages, further indicates that a lack
of caspase-3 has an impact on the infection outcome
(fig. S2C). Likewise, in vitro inhibition of epithelial-
derived caspase-3 by small interferingRNA (siRNA)
significantly reduced S.Typhimurium–inducedPMN
transepithelial migration (Fig. 2E), as did pharma-
cologic inhibition of caspase-3 (fig. S3).

Remarkably, the SipA effector itself stimulated
activation of caspase-3, whereas the ∆SipA mutant
strain was not able to (Fig. 3, A and B), which
indicates that the effector is necessary and sufficient

to promote activation of caspase-3. Moreover,
S.Typhimurium nonpolar, isogenic mutant strains
defective in SipA expression and secretion (∆SPI-
1 and ∆InvG, respectively) or lacking tran-
scription factors controlling SipA expression
(∆HilA) also failed to induce caspase-3 activation
(Fig. 3C). Mutations in genes encoding other ef-
fector proteins not associated with SipA ex-
pression, such as avrA, did not adversely affect
the expression of activated caspase-3 (Fig. 3C).
Caspase-3 expression measured during S. Typhi-
murium infection of epithelial cells by quantita-
tive polymerase chain reaction showed that no
new pro-caspase-3 was being produced (fig. S4).
However, activated caspase-3 does appear in the
membrane-insoluble fraction (Fig. 2D), suggest-
ing that S. Typhimurium infection modifies exist-
ing pools of caspase-3.

In the intestinal lumen, several environmental
cues trigger the up-regulation of the Salmonella
SPI-1 type III secretion system (e.g., osmolarity
and oxygen tension) (15, 16). Therefore, upon
colonization, it is likely that Salmonella has
begun to secrete effector proteins into the intes-
tinal milieu. Although SipA is a type III secreted
protein, it is unique in its ability to act extra-
cellularly and elicit a proinflammatory response
(5). We hypothesized that processing of SipA by
caspase-3 cleavage occurs at the apical epithelial
surface, liberating the N-terminal SipA domain
for its extracellular function, which presumably
requires binding to a surface receptor (3). This
offers an explanation of why the N-terminal do-
main, when expressed independently of the C-
terminal domain, is a more potent inflammatory
stimulus than the full-length protein (5).

In support of this hypothesis, S.Typhimurium
infection of polarized T84monolayers resulted in
the preferential secretion of activated caspase-3
in a SipA-dependent manner into the apical epi-
thelial compartment but not the basolateral com-

Fig. 1. The effector protein SipA harbors a functional
caspase-3 cleavage site. (A) Primary amino acid
sequence (7) of SipA showing the caspase-3 cleavage
site (highlighted in red) between theN-terminal (green)
andC-terminal (blue) domains. (B) Immunoblot of SipA
in the absence and presence of caspase-3. The full-
length 89-kD SipA effector is cleaved, resulting in
production of the 55-kD truncated N-terminal domain.
The caspase site mutant SipA (csm-SipA) is not cleaved
by caspase-3. (C)Whole-cell extracts from T84 cells that
were uninfected or infected with wild-type S. Typhimu-
rium (WT) were probed with antibody against
caspase-3, -1, or -8 and a glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) control showing equal load-
ing of lanes. (D) Annexin V staining as a measurement
of apoptosis in T84 cells 2 hours postinfection with
wild-type S. Typhimurium (WT). Staurosporine treatment
served as the positive control for apoptosis. *P < 0.01.
(E) Alteration of the SipA caspase-3motif rendered SipA
resistant to cleavage and attenuated the ability of
S. Typhimurium to induce neutrophil (PMN) move-
ment. PMN migration induced by SipA (blue bars)
was far greater than with the pCSM-SipA (red bars) and was of the same extent as the wild-type S. Typhimurium strain
(WT). *P < 0.01; CE, cellular equivalent.
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partment (Fig. 3D). SipA processing also occurs
extracellularly at the apical surface, because SipA
cleavage products were recovered within apical
supernatants after S. Typhimurium infection but
were not observed within the epithelial cell (Fig.
3E). Colonic mucus extracts were analyzed after
Salmonella-induced colitis for the functional ac-
tivity of caspase-3 and caspase-1 (a nonspecific
control) (11). Consistent with our in vitro find-

ings, only caspase-3 activity could be isolated from
colonic mucus infected with Salmonella bearing
a functional SipA (Fig. 3F), and Salmonella-
infectedmice were capable of cleaving only SipA
possessing an intact caspase-3 recognition motif
(Fig. 3G). Because these data demonstrate a novel
mode of caspase-3 action, we attempted to model
these interactions in vitro. Exogenous addition of
the caspase-3 enzyme to S. Typhimurium infected

T84 monolayers significantly and specifically en-
hanced PMN transepithelial migration (fig. S5).
Although these results validate the concept that
caspase-3–dependent processing plays an impor-
tant role in bacterial-induced inflammation, the
underlying molecular mechanism of how caspase-
3 becomes activated remains to be defined. How-
ever, during infection, caspase-3 secretion does
not appear to correlate with cell lysis (fig. S6).

Fig. 3. SipA causes activation of caspase-3 and its release at the
apical surface of the epithelium. (A) Time course of caspase-3
activation during S. Typhimurium infection of T84 cell monolayers.
Cells were infected with either wild-type S. Typhimurium (WT) or the
∆SipA mutant. Casp3 refers to pro-caspase-3, whereas A-Casp3
represents the activated form of the enzyme; soluble and insoluble
refer to the respective membrane fractions. (B) The ∆SipA mutant
strain complemented with a vector expressing SipA (∆SipA/pSipA)
rescued the ability to induce the activation of caspase-3 after a
2-hour infection. Buffer refers to the buffer control. (C) Infection of
T84 cells with different isogenic mutant strains of S. Typhimurium.
Immunoblots were performed on cell extracts 3 hours postinfection
with antibody against caspase-3 (anti-caspase-3). Casp3 refers to
pro-caspase-3; A-Casp3 represents the activated form of the enzyme.
(D) Activated caspase-3 was released at the apical but not
basolateral surface during in vitro infection of T84 cells with wild-
type S. Typhimurium (WT). No caspase-3 was detected in ∆SipA
mutant–infected wells or in the buffer control, uninfected wells. (E)
Cleaved SipA was detected in apical media but not in the cell cytosol
after infection with the ∆SipA mutant complemented with SipA
(∆SipA/pSipA). No SipA is detected in the SipA negative mutant–
infected cells. (F) Caspase-3 (black) or caspase-1 (white) activity was
measured in mucosal extracts post–in vivo infection of WT mice. Infection
was carried out with WT Salmonella, a ∆SipA mutant, and ∆SipA comple-
mented with either SipA (∆SipA/pSipA) or pCSM-SipA (∆SipA/pCSM-SipA).
Buffer refers to the uninfected buffer control. Values shown indicatemeans T SD.

(G) Immunoblots showing cleavage of SipA after addition of mucosal extract
isolated from mice infected with various indicated strains. WT refers to wild-
type Salmonella, and ∆SipA is the ∆SipA strain complemented with either WT
SipA (SipA/pSipA) or the pCSM-SipA (∆SipA/pCSM-SipA). Buffer refers to the
negative control.

Fig. 2. Mutation of the caspase-3 cleavage site
attenuates the ability of the SipA effector to promote
inflammation in an in vivo mouse model. (A) Disease
pathology after a 48-hour infection of mice with
different strains of Salmonella. The left images show
gross morphology of the cecum, whereas the right
images show the histopathology of the sections
stained with H&E. The magnification bar indicates
100 mM. The ∆SipA mutant strain was complemented
with either SipA (pSipA) or pCSM-SipA. Phosphate-
buffered saline (PBS) treatment was the negative
control. (B) Disease pathology after a 48-hour infection
of wild-type mice and caspase-3 knockout mice (both
on C57BL/6 background). The left images show the
gross morphology of the cecum, and H&E-stained
sections of the proximal colon are shown on the right.
Magnification bar, 100 mM. WT refers to the wild-type
Salmonella strain used for infection, and buffer refers
to the PBS-treated negative control. (C) The colonic
histopathology for the sections shown in (A) was
quantified by using a disease severity index (scale
from 0 to 8), with 0 scored normal and a score of 8
showing the most substantial level of disease pa-
thology (n = 5). Sections were scored blinded by a
trained pathologist. Data represent means T SD. *P <
0.01; **P < 0.05; NS, not significant. (D) The colonic
histopathology for sections in (B) was quantified by using the same disease
severity index (scale 0 to 8, n = 5). Data represent means TSD. **P < 0.05. (E)
PMN transepithelial migration after siRNA knockdown of caspase-3 in HCT8 cells
expressing siRNA against caspase-3 (black bars) or containing a vector control

(white bars). Cells were infected with either wild-type S. Typhimurium (WT) or a
∆HilA isogenic negative mutant (vv341), which is incapable of inducing
migration (*P < 0.05). Immunoblot shows knockdown of caspase-3 expression
by siRNA directed against caspase-3; actin was used as a loading control.
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A detailed analysis of S. Typhimurium SPI-
1 proteins revealed the existence of caspase-3
recognition and cleavage sites in other secreted S.
Typhimurium effectors (i.e., AvrA, SopB, SifA,
SipB, and SopA) but not type III secretion sys-
tem structural proteins, chaperones, or transcrip-
tional regulators. Like SipA,many of the caspase-3
cleavage sites in these other effector proteins are
centrally located within the protein sequence, di-
viding the effectors into what, at least in the case
of SifA, have been identified as two functional
domains (17). These observations are further sup-
ported by studies with the effector protein, SopA,
resembling HECT-like E3 ubiquitin ligase, which
is also involved in inducing transepithelial migra-
tion of PMNs (18, 19). SopA harbors two caspase-3
recognition motifs (449 to 463 and 478 to 492) that
not only are positioned close to each other (Fig. 4A)
but also are located in an exposed domain of the
effector molecule (Fig. 4B). These SopA caspase-3
cleavage sites are functional, because exposure of
SopA to the activated caspase-3 enzyme led to
nearly complete digestion of the effector (Fig. 4C).
By contrast, single amino acid substitution at po-
sition four of the caspase-3 recognition site to a
motif not recognized by the enzyme [aspartic
acid to alanine, DSFD to DSFA and DCTD to
DCTA (7)] was refractory to caspase-3 digestion
(Fig. 4C). The inability to visualize the digested
fragments is most likely due to instability of the
resulting fragments or poor antibody recognition.
Nonetheless, the SopA caspase-3 site double
mutant had significantly less capacity to induce
PMN transepithelial migration than did the S.
Typhimurium wild-type strain (>50%; P < 0.01).

Secreted effector proteins from other enteric
pathogens, such as Shigella flexneri and entero-
pathogenic Escherichia coli (EPEC), also harbor
potential caspase-3 recognition sites (tables S1
and S2). Although some protein sequences were
found to contain multiple caspase-3 cleavage

sites (i.e., IpaA and EspC), other sequences such
as EPEC EspB protein, which is involved in the
translocation of effector proteins during EPEC
infection (20), exhibit discrete localization of the
caspase-3 sites depending onwhether the strain is
isolated from humans or other mammals (rabbits
or mice). Of potential importance, most of the
proteins having a putative caspase-3 recognition
and cleavage site exhibit a dual function, like
SipA, with distinct activities of the N or C ter-
minus of the protein (21–24). Future studies will
determine whether these secreted effectors are
also processed posttranscriptionally by caspase-3.

Our work reveals that S. Typhimurium has
evolved a mechanism to deliver effector pro-
teins in a precursor form to the host cell, where
they are subsequently processed into independent
functionally active domains. Alteration of the
caspase-3 motif or modulation of caspase-3 expres-
sion attenuates the ability of S. Typhimurium to
induce gastroenteritis. Many effector proteins
secreted by bacteria share caspase-3 cleavage motifs,
inviting speculation that caspase-3 processing may
be a common host-pathogen interaction. The
intestinal epithelium is a barrier against invading
pathogens, and caspase-3 induction and releasemay
have evolved as a rapid innate immune response to
pathogens, perhaps in an attempt to kill or disarm
the intruder (i.e., defensins). However, some path-
ogens such as S. Typhimurium appear to be able to
subvert such defenses.
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Fig. 4. Cleavage sites have been identified in
numerous other S. Typhimurium effectors. (A) Func-
tional caspase-3 cleavage sites in SipA, SopA, and
putative caspase-3 cleavage sites in other S. Typhi-
murium effectors (7). (B) Three-dimensional image
of the WT SopA protein showing the position of the
two caspase-3 cleavage sites that are surface-
exposed. ID 2QYU is Protein Data Bank identification
for the given structure. (C) Immunoblot showing cleav-
age of SopA with caspase-3 and the absence of cleav-
age in the SopA caspase site double mutant. (D) PMN
transepithelial migration induced in vitro by infection
with WT S. Typhimurium and a SopA mutant strain
(∆SopA). ∆SopA/pCSM-SopA and ∆SopA/pSopA are
the ∆SopA strain complemented with the caspase site
mutant of SopA (csm-SopA) and wild-type SopA,
respectively. *P < 0.01. Migration levels shown are
presented as the percentage of the WT S. Typhimu-
rium strain. Error bars indicate SD.
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NEW PRODUCTS FOCUS: PCR/RT-PCR

LIFE SCIENCE TECHNOLOGIES
 AAAS/Science Business Office

Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier.

Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information.

PCR CoNSumAblES
The new white PCR consumables are designed to optimize results for real-time polymerase chain 
reactions (qPCR). uniformly colored with Titanium dioxide, these PCR products offer significantly 
better results in the analysis of fluorescence signals and consequently with the quantification of 
the replicated DNA. Extra-thin wall dimensions provide optimal thermal transfer and short cycle 
times. Reflection of the fluorescence signal is optimized by smooth surfaces. The consumables are 
available in strips of 8-, 24-, 48-, 96-, and 384-well plates suitable for use in most thermal cyclers. 
manufactured in clean room conditions these PCR products are DNase-, DNA-, and RNAse-free. 

brandTech Scientific, Inc.
For info: 888-522-2726      www.brandtech.com

REAl-TImE PCR SySTEm
The Eco Real-Time PCR System is a novel platform that sets new 
standards in performance and simplicity for real-time polymerase 
chain reactions (qPCR), while offering unprecedented access to 
a wide range of applications at an affordable price. The Eco Real-
Time PCR System offers true four-color multiplexing, high-resolution 
melting analysis (HRm), use of all standard qPCR chemistries, and 
the ability to perform fast PCR using standard chemistries. The Eco 
system has a compact design, 48-well plate format, and an intuitive, 
icon-driven software interface with smart default protocols. It offers 
ease-of-use for both experienced and novice qPCR users, and 
affordability to make it accessible to individual researchers around 
the world.
Illumina, Inc.
For info: 800-809-4566      www.illumina.com/ecoqpcr 

DoublE-QuENCHED PRobE
A new double-quenched probe increases the accuracy and reliability 
of 5’ nuclease real-time polymerase chain reaction (qPCR) experi-
ments. While traditional probes have 20 to 30 bases between the 
dye and quencher, this novel proprietary probe design positions an 
internal ZEN quencher only 9 bases from the 5’ fluorophore. This 
shortened distance, particularly when combined with the standard 
3’ quencher, significantly decreases background fluorescence and in-
creases sensitivity. The chemical structure of the ZEN quencher stabi-
lizes duplex formation which allows for its use in previously validated 
sequences. The improved functionality significantly increases qPCR 
accuracy and sensitivity when compared to traditional probes.
Integrated DNA Technologies 
For info: 800-328-2661       www.idtdna.com

THERmAl CyClER
The FC1 Cycler is designed to reduce thermal cycling time and re-
duce overall system configuration costs for researchers conducting 
high sample throughput single-nucleotide polymorphism genotyp-
ing. Adding this ultrafast thermal cycler to today’s existing Fluidigm 
system offered, provides users with the ability to double the number 
of microfluidic chips that can be processed in a single day. The FC1 
Cycler also integrates a self-contained vacuum source and touch 
screen interface (that offers easy editing of thermal protocols) in a 

streamlined design that minimizes lab space requirements while 
maximizing productivity. This thermal cycler is fully compatible with 
Fluidigm’s 96.96 and 48.48 Dynamic Array IFCs and its 12.765  
Digital Array IFC. When combined with either the Fluidigm EP1 
Reader or biomark Real-Time PCR system, the FC1 Cycler can com-
plete the entire workflow of the system in a matter of hours with 
only minutes of hands-on time for loading the chips.
Fluidigm
For info: +33-160-924240      www.fluidigm.com

SEGmENTED PCR PlATES 
Twin.tec PCR plates are designed to be easily divisible to save 
material and money when running smaller-scale experiments. These 
segmented 96-well plates fit almost all available polymerase chain 
reaction instruments and can be snapped into four separate 24-
well sections. Twenty-four, 48, or 72 wells can be used as required 
and the empty wells are saved for future use—reducing waste and 
bringing significant cost savings. The frame is manufactured from 
rigid polycarbonate for enhanced mechanical stability, while the 
flexible polypropylene wells are thin-walled to ensure a snug fit to 
the thermal block for optimal heat transfer. The inert surface of the 
wells prevents DNA, RNA, and enzymes from binding and improves 
recovery when working with small volumes. 
Eppendorf
For info: 800-645-3050      www.eppendorf.com

PCR ARRAyS
Several new RT2 Profiler PCR Arrays are available for gene expression 
profiling in nephrotoxicity, hepatotoxicology, differentiation, and 
embryonic stem cells markers as well as analysis of epigenetic 
modulators and enzymes. The arrays make expression profiling 
accessible for routine use in every lab with a real-time polymerase 
chain reaction (qPCR) instrument. The experiment is simple to perform 
and provides sensitive, reproducible, and reliable results to accurately 
profile multiple genes simultaneously. The RT2 Profiler PCR Array 
provides gene expression data from the RNA within three hours and 
is composed of PCR Array plates, RT2 first strand kit, RT2 SybR Green 
master mix, and the free PCR Array data analysis software. 
Qiagen
For info: 800-426-8157      www.qiagen.com
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POSITIONS OPEN

NEUROBIOLOGIST
ASSISTANT PROFESSOR

California State University, Fresno
Department of Biology

Position requires development of a research program
involving both Master_s level and undergraduate stu-
dents, a commitment to teaching and scholarly activities.
This tenure-track position is part of a University-wide
cohort of new faculty with a broad health emphasis.
An earned doctorate (Ph.D.) in neurobiology or re-
lated field is required for appointment. Preference will
be given to candidates with postdoctoral research ex-
perience. Visit website: http://jobs.csufresno.edu for
full announcement and application details. Contact
Dr. Larry Riley (e-mail: lriley@csufresno.edu) for
questions. Application deadline is January 17, 2011.
California State University, Fresno is an Affirmative Action/Equal
Opportunity Institution.

DEVELOPMENTAL NEUROBIOLOGIST
University of Wyoming

The Department of Zoology and Physiology at the
University of Wyoming invites applications for a full-
time, nine-month, tenure-track FACULTY POSITION
at the rank of Assistant Professor, or at a higher rank
for an individual with outstanding accomplishments,
starting August 2011. We seek applications from indi-
viduals working on any fundamental aspect of nervous
system development. Individuals whose research com-
pliments the system-level approaches within the depart-
ment are especially encouraged to apply. The successful
candidate must have a Ph.D. or equivalent in neuro-
science, zoology or an appropriate field, show strong
evidence of research productivity, and a strong com-
mitment to teaching. As a member of the Graduate
Neuroscience Program, the NIH funded Neuroscience
Center of Biomedical Research Excellence, and the
Department of Zoology and Physiology; the candidate
will be expected to develop an externally funded re-
search program, and to teach an upper level develop-
mental biology course as well as a course in their area
of expertise. A competitive start-up package and access
to outstanding microscopy and cellular analytical
facilities is available.
Interested applicants should e-mail: a curriculum

vitae, a statement or research and teaching interests,
three publications, and three letters of recommenda-
tion as pdf files to: e-mail: zprequest@uwyo.edu for
the attention of Developmental Neurobiology Search
Committee. Websites: http://wyo.edu/Zoology;
http://uwyo.edu/NeuroScience. Review of applica-
tions will begin October 20, 2010 and continue until
the position is filled. The University of Wyoming is committed
to diversity and endorses principles of Affirmative Action. We wel-
come applications from individuals of all backgrounds, experiences
and perspectives.

POSTDOCTORAL POSITION in the Laboratory
ofGuillermo Calero in the Department of Structural
Biology at the University of Pittsburgh. The candi-
date will work on structural studies of multiprotein
complexes involved in Transcription/DNA repair. Our
group is working on novel biochemical methods that
allow reconstitution of multi-protein complexes rang-
ing from 3-28 polypeptides (MW 100 kDa–1.5 MDa).
The laboratory is equipped with a state-of-the-art facil-
ity to express, solubilize, purify, and crystallize biolog-
ical samples. The laboratory equipment includes a 120
lts. yeast fermenter; a 15 lt. bioreactor for insect and
mammalian cell expression; light scattering, mass spec-
troscopy, and chromatography equipment; crystallization
robots; and X-ray home sources. The position requires
a Ph.D. in any area of Biology/Physics/Chemistry and
strong backgrounds in biochemistry and X-ray crystal-
lography. Please send curriculum vitae and three refer-
ence letters to Dr. Guillermo Calero by e-mail: guc9@
pitt.edu. The University of Pittsburgh is an Affirmative Action,
Equal Opportunity Employer.

POSITIONS OPEN

ASSISTANT PROFESSOR

The MIT Department of Earth, Atmospheric, and
Planetary Sciences announces a major expansion of its
activities in climate science and seeks applicants for up
to four faculty positions in Climate-related fields. Pref-
erence will be given to junior appointments at the as-
sistant professor level, but a senior appointment can
be considered for an individual with exceptional qual-
ifications. Areas of specific interest include observa-
tions, models, and theories of the atmosphere, ocean,
and cryosphere; past and present climates; biogeochem-
ical cycles; and ecology.
The successful candidates will have to have a strong

record of accomplishment in their discipline, a strong
commitment to teaching and student advising, a keen
interest in relating their work to complementary re-
search in the Department and in the MIT/Woods Hole
Joint Program in Oceanography. Joint appointments
with other MIT departments are also potentially
negotiable where appropriate.
More information about this position can be ob-

tained by writing Professor Maria T. Zuber at e-mail:
mtz@mit.edu or Professor Kerry A. Emanuel at
e-mail: emanuel@mit.edu.
A completed application will include curriculum vi-

tae, a statement of research and teaching objectives,
and the names of five potential references. Applications
are being accepted at Academic Jobs Online (website:
https://academicjobsonline.org/ajo). Please do not
ask your references to upload letters at the time of
application. Letters will be requested directly by MIT.
To receive consideration, a completed application must
be received.

Search Contact:
Mr. Michael Richard, Human Resources

Administrator, EAPS, 54-926 Massachusetts
Institute of Technology, 77 Massachusetts Avenue,

Cambridge, MA 02139 mjr@mit.edu
Telephone: 617-253-5184

Fax: 617-253-8298
MIT is an Equal Opportunity/Affirmative Action Employer.

Applications from women, minorities, veterans, older workers, and
individuals with disabilities are strongly encouraged.

FACULTY POSITION

The Department of Molecular and Cell Biology at
the Boston University Henry M. Goldman School of
Dental Medicine occupies a completely renovated floor
adjacent to basic science departments of the Medical
School. We have an opening at the ASSISTANT, AS-
SOCIATE or FULL PROFESSOR level. We seek
individuals with an outstanding publication record
and an ongoing NIH RO1 or K99/ROO-funded re-
search program as principal investigators. We seek
qualified candidates with research interests in cell and
developmental biology, molecular genetics, biochem-
istry, immunology, or microbiology. Interest in cra-
niofacial and or oral biology is encouraged but not
necessary. Excellent laboratory facilities and startup
funds are available as well as joint appointments with
appropriate departments at the Medical School and
participation in the Bioinformatics Program at the
School of Engineering. Electronically send curriculum
vitae including a 250-word summary of present and
future research plans and names and e-mail addresses
of three to five references, no later than December 31,
2010, to:Dr. P.W. Robbins, Search Committee Chair
(e-mail: robbinsp@bu.edu) or Dr. C.B. Hirschberg,
Department Founding Chair (e-mail: chirschb@bu.edu).
Please visit ourwebsite: http://dentalschool.bu.edu/
research/molecular/index.html. Boston University is an
Affirmative Action and Equal Opportunity Employer.

POSTDOCTORAL POSITION

One postdoctoral position available to study neural
development and axon guidance mechanisms using
molecular and genetic approaches. Candidates with a
Ph.D. degree in molecular biology and related fields
are encouraged to send their curriculum vitae, statement
of research interests, and the names of three references
to: Dr. Renping Zhou, Laboratory for Cancer Re-
search, School of Pharmacy, Rutgers University, 164
Frelinghuysen Road, Piscataway, NJ 08854. E-mail:
bachorik@rci.rutgers.edu.
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Harvard Medical School

Assistant Professor

The Harvard Medical School Department of
Biological Chemistry andMolecular Pharma-
cology announces a search for a tenure-track
Assistant Professor. We seek a colleague
who uses twenty-first century methodologies
to study molecular mechanisms in biology
and medicine and whose research program
will complement and expand our strengths
and those of the closely allied Department
of Cell Biology.

Interested candidates should summit a
CV, a 3 to 5 page statement of research
interests, and have 4 letters of recom-
mendation sent via e-mail to: faculty_
search@hms.harvard.edu.

Application deadline is November 24,
2010.

Harvard Medical School is an Equal
Opportunity/Affirmative Action Employer.
We are actively committed to increasing the
diversity of our faculty. Women and members
of underrepresented minority groups are
therefore strongly encouraged to apply.

Faculty Position
Molecular Biology

Sloan-Kettering Institute

The Molecular Biology Program of the Sloan-Kettering Institute,
Memorial Sloan-Kettering Cancer Center (www.ski.edu), has
initiated a faculty search at the Assistant Member level (equivalent
to Assistant Professor). We are interested in outstanding individuals
who have demonstrated records of significant accomplishment and
the potential to make substantial contributions to the biological
sciences as independent investigators. Successful applicants will have
research interests that move the Program into exciting new areas
that complement and expand our existing strengths in the areas
of maintenance of genomic integrity, regulation of the cell cycle,
and regulation of gene expression. Faculty will be eligible to hold
appointments in the Gerstner Sloan-Kettering Graduate School of
Biomedical Sciences, the Weill Cornell Graduate School of Medical
Sciences, as well as the Tri-Institutional MD/PhD Training Program.

The deadline for applications is November 1, 2010. Interested
candidates should visit http://facultysearch.ski.edu to access the
on-line faculty application. Please visit the site as soon as possible,
as it contains important information on the required application
materials, including deadlines for submission of letters of reference.

Informal inquiries may be sent to Julie Kwan at kwanj@mskcc.org
or to Dr. Kenneth Marians, Chair, Molecular Biology Program at
kmarians@sloankettering.edu. MSKCC is an equal opportunity and
affirmative action employer committed to diversity and inclusion in
all aspects of recruiting and employment. All qualified individuals
are encouraged to apply.

www.mskcc.org

Director of the Institute for the
Environment and Sustainability

Tenured Full or Associate Professor, to provide leadership for the programs
of the Institute, coordinate among the Institute and other academic units and
centers of the University, and enhance our national profile of excellence in
the environment and sustainability.

The Institute was founded in 1970 as the Institute of Environmental Science
and its master’s program has produced over 600 alumni who are today work-
ing in the commercial, governmental, and non-profit sectors to make our
environments healthier and natural resource use more sustainable. It is being
restructured to include a PhD program in Ecology, Evolution, and Environ-
mental Biology and two undergraduate co-majors focusing on environmental
science and sustainability. It includes 4 staff and more than 45 faculty drawn
from 13 departments and 4 divisions of the University.

The Director will coordinate with chairs and directors of other academic
units in furthering the work of the Institute, pursue external funding, main-
tain active scholarship, teach appropriate courses, and supervise the Institute
staff. Requirements include a doctorate in an area of environmental science,
engineering, policy, or related field; a strong record of scholarship; success
in extramurally funded research; and professional experience with applied
environmental and sustainability issues. Teaching experience and demon-
strated success in administrative duties desired.

Please send letter of nominations or application, curriculum vitae, state-
ment of research and teaching interests, and contact information for three
referees to Dr. Bill Renwick, Search Committee Chair, Department of
Geography, 216 Shideler Hall, Miami University, Oxford, OH 45056.

For more information, phone 513-529-5811 or 513-529-5010 or e-mail
renwicwh@muohio.edu. Review of applications will begin December
1, 2010. Position available August 2011. For more information about the
University and the Institute see http://www.miami.muohio.edu/ and http:
//www.cas.muohio.edu/ies/. For information regarding campus crime and
safety, visit www.muohio.edu/righttoknow.

Miami University is an Equal Opportunity Employer with smoke-free campuses.
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The London Research Institute (LRI) is Cancer Research UK’s flagship research institute, focusing on the analysis of fundamental

biological processes involved in cancer. The Institute’s international staff work in 50 research groups, housed in well-supported

laboratories at Lincoln’s Inn Fields in central London, and at Clare Hall in Hertfordshire.

LRI encourages pursuit of ambitious and longer-term research programmes at the highest level. We are seeking innovative scientists

to establish independent research programmes and to contribute to the development of the Institute’s vibrant scientific programme,

as we move towards incorporation into the new United Kingdom Centre for Medical Research and Innovation, due to open in 2015.

The London Research Institute is core-funded by Cancer Research UK. LRI Group Leaders receive generous Institute core funding

for personnel (research fellows, graduate students and technical support), laboratory consumables, and access to the Institute’s

comprehensive core technology facilities, backed by a substantial laboratory space and equipment package.

For 2010 recruitment, we are interested in scientists addressing fundamental questions in the areas of:

Genome Integrity (Clare Hall)
Including but not limited to:

DNA replication; DNA damage responses; Chromatin biochemistry;
Structural Biology; Cell cycle regulation

Informal enquiries may be made by e-mail to:

steve.west@cancer.org.uk, john.diffley@cancer.org.uk

Cancer Genomics (Clare Hall / Lincoln’s Inn Fields)
Including but not limited to:

Global analysis of gene expression networks and chromosome dynamics

Computational biology: Bioinformatics, biological networks, image processing

Informal enquiries may be made by e-mail to:

julian.downward@cancer.org.uk, richard.treisman@cancer.org.uk

Appointments will be made at junior or senior level according to experience.

Junior appointments are initially for seven years with consideration for promotion in the sixth year.

For information about the London Research Institute, its staff, and their research interests visit

http://www.london-research-institute.co.uk

To read about the vision for UKCMRI, visit http://www.ukcmri.ac.uk/

Applications should be submitted online at the address below.

The documentation must include three separate files in PDF format:

1. Complete CV

2. Publications list

3. Past and future research (approx 2,000 words)

Application form: https://lrigroupleader.cancerresearchuk.org

Queries regarding the online form should be addressed to: lrigroupleader@cancer.org.uk

ATTHETIMETHE APPLICATION IS SUBMITTED

THREE REFEREES will be instructed to submit letters of recommendation online.

Dr AvaYeo, Director of Operations, London Research Institute,

44 Lincoln’s Inn Fields, London WC2A 3LY, UK.

E-mail: ava.yeo@cancer.org.uk

Closing date: 21st November 2010.

London Research Institute

Research Group Leaders

Registered charity no 1089464
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Applications are invited for:-

School of Chinese Medicine
Professor / Associate Professor / Assistant Professor
(Ref. 1011/029(665)/2) (Closing date: November 8, 2010)
Applicants should have (i) a PhD degree in life science, preferably in
Chinese medicine or related areas; (ii) established scholarship with a track
record of high-quality publications and award of competitive research
grants; and (iii) teaching and clinical experience in Chinese medicine.
Applicants for Professorship should also have extensive teaching experience
and an outstanding publication record in related fields. Duties include (a)
teaching undergraduate and postgraduate courses; (b) supervising research
projects; (c) conducting research in own field(s) of specialization; and (d)
assisting in administration of the School and curriculum development.
Appointment will normally be made on contract basis for up to three years
initially commencing January 2011, which, subject to mutual agreement,
may lead to longer-term appointment or substantiation later.

Salary and Fringe Benefits
Salary will be highly competitive, commensurate with qualifications and
experience. The University offers a comprehensive fringe benefit package,
including medical care, plus a contract-end gratuity for an appointment of
two years or longer, and housing benefits for eligible appointee. Further
information about the University and the general terms of service for
appointments is available at http://www.cuhk.edu.hk/personnel. The terms
mentioned herein are for reference only and are subject to revision by the
University.

Application Procedure
Please send full resume, copies of academic credentials, a publication list
and/or abstracts of selected published papers together with names, addresses
and fax numbers/e-mail addresses of three referees to whom the applicants’
consent has been given for their providing references (unless otherwise
specified), to the Personnel Office, The Chinese University of Hong Kong,
Shatin, N.T., Hong Kong (Fax: (852) 2696 1462) by the closing date. The
Personal Information Collection Statement will be provided upon request.
Please quote the reference number and mark ‘Application - Confidential’
on cover.

Jiangsu Academy of Agricultural Sciences (JAAS) is a professional

agricultural researchandextension institution thathasbeenestablished

since 1932. JAAS ranks at the top of provincial agricultural academies

in China in terms of the comprehensive strength in agriculture. JAAS’s

headquarter andmain research facilities are located inNanjing, Jiangsu,

China.

Currently, there are 3 distinguished full professor positions avail-

able for application in the following areas: breeding, food processing,

bioenergy, facility agriculture, and large-scale farming for modern

animal husbandry. Applicants should have a faculty position already

beyond the assistant professor level in a university or the equivalent

position in a research institution. In addition, all candidates should

demonstrate excellent records of research accomplishment and have a

commandof bilingual language for English andChinese, both in spoken

and written.

Successful applicantswill beo�eredacompetitivepackage, including

su�cient laboratory space, startup funding, relocation fee and com-

petitive salary commensuratewith experience, in addition to a housing

allowance, andother employeebene�t.Applicants cango towww.jaas.

ac.cn for application details.

In addition,more information for other regular faculty positions from

JAAS relevant to a variety of disciplines in agriculture is also available

at www.jaas.ac.cn.

Contact information

E-mail: rsc-gbk@jaas.ac.cn;Tel: 086-25-84390037

JiangsuAcademy ofAgricultural Sciences

Seeking Distinguished Scientists inVariousAgricultureAreas

FACULTY POSITIONS
Kimmel Cancer Center

Jefferson Medical College
ofThomas Jefferson University

The Kimmel Cancer Center is recruiting for several tenure-track faculty posi-
tions. Candidates for appointment at the level of Associate or Full Professor
will be considered, and would receive an academic appointment in an appropri-
ate basic science and/or clinical department (s) affiliated with the Center. We
seek individuals with interest and expertise in the following areas of translational
cancer research: tumor immunology, immunotherapy, tumor vaccines, GVH/GVL,
tumor virology and viral pathogenesis in transplant/immunosuppressed settings.
Successful candidates will be established investigators with the motivation to col-
laborate with other investigators at Jefferson towards the development of joint
grant initiatives and clinical trials.

Cancer Center affiliated Departments host large graduate and postdoctoral pro-
grams supported by NIH training grants. Jefferson also has a fully funded MD/PhD
Program. The Kimmel Cancer Center also provides a variety of core facilities to its
investigators. All facilities are described at www.kimmelcancercenter.org. Appli-
cants should send a curriculum vita with description of research interests and three
letters of reference via email to:

Tim L. Manser, PhD, Plimpton-Pugh Professor and Chair
Department of Microbiology & Immunology

Leader, Immunological Mechanisms in Cancer Program
Kimmel Cancer Center
c/o Kathy Reinersmann

Jefferson Medical College
233 South 10th Street/Room 302 BLSB

Philadelphia, Pa 19107
K_Reinersmann@kimmelcancercenter.org

or apply online at www.jefferson.edu/careers
referencing position ID# 101010

Jefferson Medical College is
located in Center City

Philadelphia adjacent to a variety
of cultural, entertainment and

historical attractions.

The Cancer Institute of New Jersey

FACULTY POSITION AVAILABLE

Cancer Metabolism

The Cancer Institute of New Jersey (CINJ) invites applications for a tenure-
track faculty position at the Assistant Professor rank specializing in cancer
metabolism. CINJ is an NCI-designated comprehensive and consortium
cancer center that includes faculty members from UMDNJ-Robert Wood
Medical School, Rutgers and Princeton Universities.

CINJ website http://www.cinj.org

New faculty are expected to establish an innovative, independent and
collaborative research program addressing important, fundamental
questions in the area of cancer biology and the role of cellular and
mammalian metabolism in health, disease and therapy. Interdisciplinary
approaches are encouraged and the combined CINJ-Princeton University
consortium faculty has complementary expertise and strength in cancer
biology, signal transduction, systems biology, and metabolism. The CINJ-
Princeton University consortium has state-of-the-art mass spectrometry for
metabolomic and metabolic analysis, in addition to advanced microscopy,
live cell and animal imaging, tissue analysis, functional genomics and
mutant mouse facilities. Qualified candidates must have a Ph.D. and/
or M.D., or equivalent graduate degree, and outstanding academic
credentials. We seek candidates who are independent investigators
interested in collaboration with basic scientists and with clinical faculty for
translational research.

InterestedapplicantsshouldsendtheirCV,abriefdescriptionoftheir research
interests and plans, and the names of three references, addressed to both
Dr. Eileen White, Associate Director, Basic Science, The Cancer Institute
of New Jersey, 195 Little Albany Street, New Brunswick, NJ 08901
and Dr. Joshua D. Rabinowitz, Department of Chemistry, Lewis-
Sigler Institute for Integrative Genomics, 241 Carl Icahn Laboratory,
Washington Road, Princeton University, Princeton, NJ 08544. If via
email: cinjrecruitment@gmail.com. UMDNJ is an EEO/AA employer,
m/f/h/v, and a member of the University Health System of New Jersey
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Renal/Cardiac Research
Faculty Positions

Two ASSISTANT/ASSOCIATE PROFES-
SOR level positions are open in theHyperten-
sion andVascular ResearchDivision ofHenry
Ford Hospital to complement strengths in
renal/cardiac cell and molecular biology and
integrative physiology. Appointments will
be in the Department of Internal Medicine at
Henry Ford Hospital, Detroit, MI an affiliate
of theWayne State University School ofMed-
icine with secondary appointments in basic
science departments in the School of Medi-
cine possible. The division’s 8 basic scientists
bring in more than $6 million in grant sup-
port annually (http://www.henryford.com/
hypertensionresearch). Successful appli-
cants will develop and maintain robust,
NIH-funded research programs. Minimum
requirements are a Ph.D. or M.D., 3 years of
postdoctoral experience, and a strong publica-
tion record. Salaries will be commensurate
with experience. Positions come with gener-
ous startup packages and benefits.

To apply submit: a current CV; contact
information for 4 references; and a 1-page
description of research interests via e-
mail in PDF format to: Emmett Bowen at
ebowen1@hfhs.org. Positions will remain
open until filled.

Henry Ford Hospital is an
Equal Opportunity Employer.

The Division of Intramural Research Programs (DIRP) of the National Institute of Mental Health (NIMH) invites applications for a tenure-track investigator
position to form a new research program focused on the functional genomics of neuropsychiatric phenotypes. The program is located within the Human
Genetics Branch (Francis J. McMahon, Chief). The program aims to apply new genetic/genomic methods and approaches to characterize genes involved
in psychiatric disorders. The ideal candidate would be interested in the biologic relevance of genetic variation involved in neuropsychiatric phenotypes.
The candidate is expected to take advantage of the existing NIH infrastructure such as core facilities and to capitalize on existing intramural research
resources and its scientific strengths.

Applicants should 1) have a Ph.D. and/or M.D.; 2) have demonstrated the ability to make advances in neurogenetics and functional genetics in peer-
reviewed original work; 3) have a growing body of high quality publications in this field; and 4) show promise to be an independent investigator.

We seek candidates whose research areas match one or more of the following program aims:

1) Functional genomics – Determine the biological function of susceptibility loci for psychiatric disorders by use of genomic approaches and/or in vitro
or in vivo experiments in cells or model organisms;

2) Gene regulation – Investigate patterns and control of gene expression in tissues/cells of relevance for major psychiatric illnesses;
3) Systems biology - Apply cutting-edge statistical and computational methods to genome-wide and transcriptome-wide data to elucidate the biological
impact of heritable or acquired genetic variation relevant to psychiatric disease.

Candidate will be provided with an attractive resource package that will include personnel and a budget to conduct this research. Salary will be commensurate
with experience and accomplishments, and a full Civil Service package of benefits (including retirement, health, life, and long term care insurance, Thrift Savings
Plan participation, etc.) is available.

The NIMH program is located on the Bethesda, MD, campus, which offers outstanding resources and unparalleled opportunities for interdisciplinary collaborations
with scientists throughout the National Institutes of Health (NIH). The NIMH is a major research component of the NIH and the Department of Health
and Human Services (DHHS), which have nationwide responsibility for improving the health and well-being of all Americans. Interested applicants
should send curriculum vitae, bibliography, statement of research interests (including perspectives on the relevance of their current and planned research
to the etiology of mental illness and current DIRP research), accomplishments, and goals, together with three letters of reference to:

Chair, Search Committee for a Human Functional Geneticist, DIRP, NIMH, NIH, Bldg. 10, Rm. 4N-222, 9000 Rockville Pike, Bethesda, MD 20892-1381; or
e-mail to HG_Search@mail.nih.gov. Review of applications will begin on December 1, 2010, but applications will continue to be accepted and considered
until the position is filled.

NIH and DHHS are Equal Opportunity Employers

National Institute of Mental Health
Division of Intramural Research Programs

Tenure-Track Investigator in Human Functional Genomics

Assistant or Associate Professor,
Science Education

Position: The University of Nebraska-Lincoln (UNL) College of Arts and Sciences seeks to fill up to
two tenure-track or tenured positions as part of a campus-wide initiative focusing on the development
of a nationally recognized program of excellence in science education. The positions, to be associated
with tenure homes in Biological Sciences, Chemistry, Earth and Atmospheric Sciences, or Physics and
Astronomy, are anticipated to emphasize research and/or outreach activities related to student learning
in science, particularly in relation to recruitment, education, or retention of future science teachers. The
anticipated start date is August 2011.

Qualifications: Successful candidates must have a Ph.D. or equivalent in a field of life, physical, or
Earth sciences and/or education. Preferences will be given to applicants with a record of scholarly activ-
ity, demonstrated potential for developing an externally funded research program, and expertise in the
teaching of science content or pedagogy to all students.

Duties andResponsibilities:Teaching dutieswill include graduate and undergraduate courses appropriate
for the home science department, including courses that promote recruitment, training, and/or retention
of science teachers. The successful candidates will develop a nationally recognized and externally funded
research program, and work with faculty across the entire campus to move UNL to a position of national
leadership in science education. For additional information go to http://nuteach.unl.edu/.

Rank/Salary/Benefits:Assistant or associate professor, tenure-track or tenured. UNL offers a benefits
package that makes available: group life, health, disability insurance and family coverage programs;
TIAA/CREF and or Fidelity Investment Fund retirement plans; and dependent tuition remission.

Applications:To be considered for one of these positions, go to http://employment.unl.edu, search for
requisition number 100632, and complete the faculty academic administrative information form.Appli-
cants should attach a vitae, a statement of research and teaching interests, contact information for three
references, and a personal statement, which should also identify a potential home science department.
Candidates for the assistant professor position should also arrange for three letters of reference to be
submitted by e-mail to BrendaWest (bwest1@unl.edu). Review of applications will beginDecember
1, 2010, and continue until the position has been filled.

The University of Nebraska has an active National Science Foundation ADVANCE gender equity
program and is committed to a pluralistic campus community through affirmative action, equal

opportunity, work-life balance, and dual careers.
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TENURE-TRACK FACULTY POSITION
Department of Molecular Medicine
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Professor, Tenure Track
TheDepartment of Pathology, AnatomyandCell Biology invites applications
for a tenure-track position at the Associate or Full Professor level with
research strength in the areas of Neurodegeneration/Regeneration/Stem
Cells as related to Vision. Candidates should have research programs that
complement existing faculty interests in the areas of neurodegenerative
diseases, degenerative diseases/injury repair of the eye, and basic biology
of cell death and cell/tissue repair.

Candidates must have a PhD or MD degree and a commitment to teaching
in Departmental education programs. Applicants should have a successful

independent research program and a strong record of extramural funding.

As an employer, Thomas Je�erson University maintains a commitment to
provide equal access to employment. All present and future employees at
Thomas Je�erson University can be assured that they will not be judged
on the basis of race, color, national or ethnic origin, ancestry, sex, sexual
orientation, religion, agedisability or veteran’s status, butby their individual
performances.

Interested candidates are invited to apply online at www.je�erson.edu/

careers and reference Job Id # 42101 in addition to submitting a curriculum
vitae and names of three academic references to: Susan Menko, Ph.D.,
Professor Pathology, Anatomy and Cell Biology, Thomas Je�erson

University, JAH 571, 1020 Locust Street, Philadelphia, PA 19107.

Coastal Physical Oceanographer and
Marine Biogeochemist

Tenure-track Assistant Professor Positions in

Marine Sciences at UConn

The Department of Marine Sciences at the University
of Connecticut is seeking to fill two nine-month,
tenure-track Assistant Professor positions to begin
August, 2011:

Coastal Physical Oceanographer with interests focusing on regional scale
dynamics and their effect on biogeochemical and ecological processes in
the coastal ocean. Minimum Qualifications: Ph.D. in Oceanography, or
closely related physical science; and experience in conducting and reporting
significant research in coastal physical oceanography. Equivalent foreign
degrees are acceptable.

Marine Biogeochemist with interests in pelagic microbial processes.
Research focus may include global change, tracers of abiotic/biotic
transformation processes, biochemical cycles, or proteomics/metabolomics.
Minimum Qualifications: Ph.D. at time of appointment in oceanography,
biogeosciences, chemistry, microbiology, or other relevant scientific
disciplines; and strong communication skills. Equivalent foreign degrees
are acceptable.

The successful candidates will be expected to enthusiastically engage in teach-
ing at the undergraduate and graduate levels and develop programs fostering
interdisciplinary research with faculty and students. These are nine-month,
tenure-track positions located at the Avery Point campus. The complete
position descriptions with more information on preferred qualifications are
available at http://marinesciences.uconn.edu/.

ToApply:Applicants should apply online at http://jobs.uconn.edu/ indicat-
ing the Coastal Physical Oceanographer (Search #2011083) or Marine
Biogeochemist (Search #2011199). Documents required include: curriculum
vitae, a letter of application, statement of research and teaching interests, and
the names and contact information of three references. Review of applica-
tions will begin November 30, 2010. Applications will be reviewed until
the position is filled.

The University of Connecticut is an EEO/AA Employer.

The University of Texas at Austin is an Equal Opportunity Employer.
Qualified women and minorities are encouraged to apply; a background

check will be conducted on applicant selected.

The University of Texas
at Austin

The Institute for Cellular and Molecular Biology, Alan Lambowitz,
Director, invites applications for a tenure-track/tenured position in
Stem Cell Biology. Academic appointments at the level of Assistant,
Associate, or Full Professor will be in the Section of Molecular Cell and
Developmental Biology.

Candidates should have an outstanding record of research
productivity and a research plan based on molecular mechanisms in
any area of Stem Cell Biology. Building on a strong existing faculty, the
Institute has recruited more than 50 new faculty members over the past
ten years. In addition to its highly interactive and interdisciplinary
research environment, the Institute provides administrative and
financial support for the Graduate Programs in Cell and Molecular
Biology, Microbiology, and Biochemistry, as well as state-of-the art core
facilities including DNA and next-gen sequencing, mass spectrometry,
electron and confocal microscopy, DNA microarrays, robotics, and
mouse genetic engineering. An MD-PhD program with the UT Medical
Branch and UT-Austin’s new Dell Pediatrics Research Institute
enhance the environment for Biomedical Research.

Austin is located in the Texas hill country and is widely recognized as
one of America’s most beautiful and livable cities.

Applications received before November 1, 2010 will receive first
consideration, but applications will be accepted until the position is
filled. Please send a single PDF file containing your curriculum vitae,
summary of research interests and names of three references to:
MCDB_stem_cell@biosci.utexas.edu. References may also send their
letters directly to the same email address.

Stem Cell Biology Position
The Institute for Cellular and Molecular Biology

Homepages • http://www.biosci.utexas.edu/MCDB/ • http://www.icmb.utexas.edu/
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Tenure-Track Faculty Posi�ons

The Ins�tute of Biological Chemistry, Academia Sinica,
Taiwan, is seeking highly quali�ed candidates to �ll
positions of Assistant Professor/Assistant Research
Fellow (or higher) level. Candidates in all areas that
would complement or strengthen the current topics in
the Ins�tutewill be considered. Applicants should have
a Ph.D. degree, relevant postdoctoral experience, and
an outstanding record of research accomplishments.
Successful candidates will receive a generous start
up fund and annual intramural support, and will have
full access to all the resources and graduate students
at the Institute of Biological Chemistry, Academia
Sinica (http://www.ibc.sinica.edu.tw/) and the
Institute of Biochemical Sciences, National Taiwan
University (h�p://homepage.ntu.edu.tw/~ibs/index.
htm). Applicants should send their curriculum vitae,
a descrip�on of past research accomplishments and
future research interests (PDF �les) and arrange to have
three le�ers of reference sent to: yujushih@gate.sinica.
edu.tw. All applica�ons received before Jan 31, 2011,
will be considered, but the search processwill con�nue
un�l the posi�ons are �lled.

RIKEN invites applications for the position of Chief
Scientist (Laboratory Director) to lead a new

laboratory working on Gene Function including
Epigenetics. The laboratory will investigate

epigenetic control of biological phenomena. The post

is a permanent appointment, subject to RIKEN's
mandatory retirement age of 60. The anticipated

starting date is, in the earliest case, April 1, 2011.

Applicants should send a full curriculum vitae and

photograph; a list of publications; one copy each of

five key publications; a statement (about five pages
A4 sized paper) explaining former research

experience and proposals for research at RIKEN; and
the names and addresses of three referees.

Closing date: 15 December 2010

Applicants should address all correspondence to: Dr.

Shunsuke Ishii, Chief Scientist Search Committee Chair,

RIKEN Advanced Science Institute, 3-1-1 Koyadai,

Tsukuba, Ibaraki 305-0074, JAPAN

For more information, please visit:

http://www.riken.jp/engn/r-world/info/

recruit/k101215_e_asi.html

OPEN FACULTY POSITION

The Department of Genome Sciences at the University of Washington
is continuing a major expansion under its chair, Dr. Robert Waterston.
Research in the department encompasses both genetic and genomic analy-
sis of humans andmodel organisms. The department also has a significant
focus in technology development and in computational biology across all
levels including sequence, expression, proteomics, network, and genetic
analysis. The department invites applications in any of these areas for
a full-time faculty position at the rank of ASSISTANT PROFESSOR,
tenure-track. The position involves establishing an active research pro-
gram as well as teaching duties. Applicants should hold a Ph.D. and/or
M.D. degree. For full consideration complete applications must be
received by December 15, 2010.

Candidates should e-mail their curriculum vitae and statement of research
and teaching interests, and arrange to have three signed letters of reference
sent to: faculty-search@gs.washington.edu.

For additional information that may be helpful in preparing an application,
see the department’s web site at http://www.gs.washington.edu.

The University of Washington is an affirmative action, equal
opportunity employer. The University is building a culturally diverse
faculty and staff and strongly encourages applications from women,
minorities, individuals with disabilities and covered veterans. The
University of Washington Faculty engage in teaching, research and
service. The University of Washington, a recipient of the 2006 Alfred P.
Sloan award for Faculty Career Flexibility,is committed to supporting

the work-life balance of its faculty.

ASSISTANT/ASSOCIATE/FULL PROFESSOR

UW-Milwaukee is a premier research university serving approx. 30,000
students. TheDepartment of Health Sciences invites applications for TWO
full-time, 9-month tenure-track faculty positions. Successful candidates
will be expected to establish a productive, collaborative extramurally
funded research program. Positions involve teaching undergraduate and
graduate students.

Molecular Pathology, Bioforensics, Molecular Biology

The successful candidate will have a background and a Ph.D. in molecular
biology, molecular pathology and/or forensic sciences or related field. The
appointment may begin as early as January 7, 2011.

Medical Microbiology

The successful candidate will have a background inmedical microbiology
or molecular diagnostics. A Ph.D. in microbiology, molecular biology,
cell biology, or related fields is required. Board certification as MLS/MT
(ASCP) is preferred. Position begins August 22, 2011.

Application Procedure:All applicants will need to apply online at http://
jobs.uwm.edu/postings/4192 forMolecular Pathology position andhttp://
jobs.uwm.edu/postings/4924 forMedicalMicrobiologist position. Submit
electronically a curriculum vitae, cover letter, and contact information
for 3 professional references (name, address, phone, e-mail). Review of
applications will beginNovember 1, 2010, and continue until the position
is filled. Women and minorities are encouraged to apply.

For UWM’s Campus Security Report, which includes statistics about
reported crimes and information about campus security policies, see
www.cleryact.uwm.edu, or call the Office of Student Life at (414) 229-
4632 to request a paper copy.”

UWM is an AA/EEO Employer “Employment will require a criminal
background check.”
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Laboratory Director
Schistosomiasis Laboratory
Biomedical Research Institute

The Schistosomiasis Laboratory of the Biomedical Research Institute
(BRI) invites applications for a full-time position to direct a unique
biological laboratory that provides life cycle stages of Schistosoma
species to scientific investigators worldwide. This service supports
numerous laboratories studying schistosomiasis and other diseases
for which schistosomiasis in rodents serves as a useful model. Over
the years this NIH-NIAID extramural-funded service has been a major
driving force in the advancement of schistosomiasis research, and for
research into numerous other diseases exhibiting similar pathologies.
The candidate would ideally possess a Ph.D. or equivalent degree, and
would be encouraged to establish an independent, externally funded
research program. The candidate should have solid administrative and
interpersonal skills, and a strong commitment to support a wide network
of research scientists. Experience with small animal models of infec-
tious disease is highly desirable. Although not a prerequisite, previous
service on an IACUCwould be a strength, and the successful candidate
would be expected to participate in IACUC administrative duties. Salary
will be commensurate with experience. BRI is a not-for-profit research
institute located in Rockville, MD, within a few miles of the main NIH
campus in Bethesda, MD.

Applications should include a cover letter, curriculum vitae with a
research history, and the names and contact information of three refer-
ences. Please submit application packets to:Dr. FredLewis, Biomedical
Research Institute, 12111 Parklawn Drive, Rockville, MD 20852.
Any inquiries can be addressed to Dr. Lewis at flewis@afbr-bri.com.
Review of applications will begin onNovember 15, 2010.Applications
will be accepted until the position is filled.

The Biomedical Research Institute is an Equal Opportunity Employer
AA/EOE M/F/D/V.

Faculty Position
Paleontology And Evolution

The Department of Organismic and Evolutionary Biology
(OEB) at HarvardUniversity invites applications for a fac-
ulty position in the field of paleontology, emphasizing an
evolutionary perspective. The appointment may be made

at either the untenured rank (Assistant Professor andAssociate Professor)
or at the tenured level. We seek an outstanding scientist who will estab-
lish an innovative research program and teach both undergraduate and
graduate students.We are especially interested in individuals who conduct
rigorous, field- and/or laboratory-based analyses of general problems in
paleontology and evolution of animals, and who employ morphological,
functional, developmental, molecular and/or phylogenetic approaches.
In addition to a faculty appointment in OEB, the successful candidate
will receive a curatorial appointment in the Museum of Comparative
Zoology (MCZ) with oversight responsibilities for the museum’s pale-
ontology collections.

Please submit applications online at: https://webapps.sciences.fas.
harvard.edu/apply/oeb-paleo-2010/. Required materials include a
curriculum vitae; a statement of research and teaching interests; four
representative publications; and the names, institutional affiliations,
and e-mail addresses of three references. Letters of nomination from
third parties are also welcome and should be sent by e-mail to paleo_
search@oeb.harvard.edu. Review of applications and nominations will
begin November 10, 2010, and conclude when the position is filled.

Further information about OEB and MCZ are available at http:
//www.oeb.harvard.edu and http://www.mcz.harvard.edu.
Address questions about the position to Professor Jonathan Losos,
jlosos@oeb.harvard.edu and about the application/nomination process
toMs. Jeannette Everritt in OEB, jeverritt@oeb.harvard.edu.

Harvard University is an Affirmative Action/Equal Opportunity
Employer. Applications from women and minority candidates are

strongly encouraged.
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Cell/Molecular Biology Research
Faculty Position in Prostate and
Genitourinary Cancer

The Mayo Clinic and the Mayo Clinic Cancer Center

in Rochester, MN, is seeking a junior to mid-level
scientist in basic prostate cancer research to join the
Biochemistry and Molecular Biology Department.

The ideal candidate would be an MD or PhD with NCI
research funding and publications relevant to prostate
and possibly other genitourinary cancers. Appointment
will be at the assistant, associate or full professor
level (depending upon experience). The selected faculty
member will have membership in the Prostate Cancer
Research Program of the Mayo Clinic’s NCI-designated
Cancer Center and the opportunity to interact with
Mayo SPOREs in prostate, pancreas, breast, melanoma
and lymphoma.

To learn more about Mayo Clinic and Rochester, MN,
please visit www.mayoclinic.org/physician-jobs.

Interested parties should send letters of inquiry
and CVs to:

Ms. Kristi Simmons

Search Committee Secretary

Mayo Clinic

200 First Street SW • Rochester, MN 55905

Email: simmons.kristi@mayo.edu

Heal the sick, advance the science, share the knowledge.

Mayo Foundation
is an affirmative
action and equal
opportunity
educator and
employer.
Post-offer/
pre-employment
drug screening is
required.
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National Institute of Allergy and Infectious Diseases

Tenure/Tenure Track Investigator Position

Laboratory of Immunology

The Laboratory of Immunology (LI),

Division of Intramural Research, National

Institute of Allergy and Infectious

Diseases, National Institutes of Health,

invites applications for a tenure/tenure-

track investigator position in immunology.

Applicants should have a Ph.D., M.D., or

equivalent degree; an outstanding record

of postdoctoral accomplishment; and an

interest in any area of biomedical

research related to immunology.

Specifically, we seek a highly creative

individual who will establish an

independent, world-class research

program that takes full advantage of

the special opportunities afforded by

the stable, long-term funding of the

intramural research program at NIH.

Applicants should be interested in

developing and applying novel

approaches to the study of problems

of major biological and/or medical

importance, which could include a

significant clinical or translational

effort in addition to bench research.

The successful candidate would have

access to the NIH Clinical Center, a state-

of-the-art research hospital on the NIH

campus in Bethesda, MD, and would

have ample opportunity to participate in

the activities of the Center for Human

Immunology and other trans-NIH

initiatives involving technology

development, translational investigation,

and multidisciplinary science.

Generous ongoing support for salary,

technical personnel, postdoctoral fellows,

equipment, and research supplies will be

provided. Available cores or collaborative

facilities include flow cytometry,

advanced optical imaging, microarray

generation and analysis, high throughput

sequencing, computational biology,

production of transgenic and gene-

manipulated mice, biosafety level (BSL)-3

facilities, chemical genomics, and support

for projects involving RNAi screening. In

addition to an outstanding, international

postdoctoral community, a superior pool

of graduate and undergraduate students

is available to the successful applicant.

NIAID’s Laboratory of Immunology has a
distinguished history of accomplishment
in immunology. We strongly encourage
application by outstanding investigators
who can continue and enhance this
record of achievement. Current LI
investigators are Ronald Germain,
Michael Lenardo, David Margulies,
Stefan Muljo, William Paul, Ethan
Shevach, and Tsan Xiao.
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To apply, e-mail your curriculum vitae, bibliography,
and an outline of a proposed research program (no more
than two pages) in PDF format to Ms. Bao-Hanh Ngo at
LIT-TTSearch@niaid.nih.gov. In addition, three letters
of reference must be sent directly from the referee to Drs. Giorgio
Trinchieri and Dan Kastner, Co-Chairs, NIAID Search Committee,
c/o Ms. Bao-Hanh Ngo at LIT-TTSearch@niaid.nih.gov or
10 Center Drive, MSC 1356, Building 10, Room 4A22,
Bethesda, MD 20892-1356. E-mail is preferred.

Applications will be reviewed starting December 13, 2010,
and will be accepted until the position is filled. For further
information about this position, contact Dr. William Paul at
301-496-5046 or wpaul@niaid.nih.gov.

A full package of benefits (including retirement and health,
life, and long-term care insurance) is available. Women and
minorities are especially encouraged to apply. U.S. citizenship
is not required.

Further information on working at NIAID is available on
our Web site at www.niaid.nih.gov/careers/LIS.

U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES

National Institutes of Health

National Institute of Allergy and Infectious Diseases

Proud to be Equal Opportunity Employers
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In this position, you will work in the areas of molecular and cellular immunology, microbial

pathogenesis, and inflammation biology. Specific areas of interest include innate immunity,

mucosal immunity, human genetics, and the influence of commensal bacteria on the immune

system, health, and disease. The Salk Institute offers a highly interactive environment with

leading programs in neuroscience, cancer, metabolism, and microbiology. The successful

candidate will be expected to develop and maintain an independent research program and

help establish new interdisciplinary programs aimed at investigating the role of inflammation

in the onset and progression of human diseases.

The Salk Institute offers an excellent start-up package along with a competitive salary and

benefits.

Qualified candidates are invited to submit their curriculum vitae, research statement, and

also arrange to have three letters of recommendation sent directly from the referees to:

Chair, Nomis Center Search Committee, The Salk Institute for Biological Studies,

10010 North Torrey Pines Road, La Jolla, CA 92037, USA. Please refer to Job Code:

A032. Applications may also be sent electronically to: Chair-NomisSearch@salk.edu.

Applications with all required materials (curriculum vitae, research statement, and letters of

recommendation) will be accepted until December 31, 2010.

The Salk Institute for Biological Studies is an Equal Opportunity Employer.

The Salk Institute for Biological Studies, a world class scientific environment located in La
Jolla, CA, is inviting applications for an:

Assistant Professor

Nomis Center for Immunobiology
and Microbial Pathogenesis
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Three Faculty Positions
Assistant Professor

The UC Irvine Environment Institute is recruiting three tenure-track posi-
tions at the level of Assistant Professor to begin July 2011. Recruitment of
four additional faculty for 2012 is anticipated. Through the Institute, UCI
seeks to build on its strengths in environmental research and develop broad,
campus-wide collaborations that relate global change, energy, and sustainable
resources to societal needs. This recruitment focuses on key anthropogenic
systems and the forces driving global change today. Specifically, we seek
hires in the areas of energy, land use, and global change, including related
environmental sciences.

The new faculty will teach and conduct research in their primary departments
within the School of Biological Sciences, School of Physical Sciences, or Henry
Samueli School of Engineering. Candidate’s research in science or engineering
should fit within these Schools and have broad application to sustainability. In
addition, these faculty will work as members of the Environment Institute to
strengthen environmental research across UCI.

Applicants must have a Ph.D. plus post-doctoral experience in the recruited
areas. Completed applications [cover letter, CV, statement of research, three
publications, two reference letters from thesis and post-doctoral advis-
ers (or equivalent), and contact information for two additional references]
should be submitted through the online UCI recruitment system at https://
recruit.ap.uci.edu/apply#INST. Candidates should also identify one or more
departments within the three Schools listed above for their primary appointment.
Review of completed applications will begin on 15 November 2010, but the
search will remain open until all positions are filled.

UCI is recruiting additional tenure-track faculty in the following related areas:
comparative and evolutionary physiology; materials chemistry; geotechnical
engineering; hydrometeorology; and Earth system science.

UCI is an equal opportunity employer committed to excellence through
diversity and strongly encourages applications from all qualified applicants,
including women and minorities. UCI is responsive to the needs of dual career
couples, is dedicated to work-life balance through an array of family-friendly
policies, and is the recipient of an NSF ADVANCE Award for gender equity.

UCSF’s Division of Pulmonary, Critical Care, Allergy
and Sleep and the Cardiovascular Research Institute
(CVRI) seek new faculty members to develop high
impact and sustainable research programs to advance
understanding of pulmonary biology, basic immunol-

ogy and pulmonary and allergic diseases. Appointments may be at the Assis-
tant, Associate or Full Professor level. Primary academic appointments in an
appropriate basic science department or Medicine, membership in graduate
programs, excellent space, ongoing partial salary support and startup funding
will be provided. An advanced degree and substantial research background
are required.

Applicants may apply to one of three parallel searches. Committees will refer
applications across searches if appropriate. The 3 searches are:
Pulmonary Biology: Programs are sought in any area broadly related to pul-
monary biology and disease, including, but not limited to Stem Cell Biology,
Immunology, Cancer, Developmental Biology, Transplant Biology and Human
Genetics. Programs may range from basic cell and molecular biology to clini-
cal science and may use systems from cells to Drosophila to human. Chair:
Zena Werb

Allergy/Immunology – Physician-Scientist: Seeking a board certified/eligible
physician-scientist in allergy/immunology with a strong, sustainable research
program broadly related to allergy/immunology. Programsmay range from basic
cell and molecular biology to clinical science and may use systems from cells
to Drosophila to human Chair: Art Weiss
Pulmonary – Physician-Scientist: Seeking a board certified/eligible physician-
scientist in pulmonary/critical care with a strong, sustainable research program
broadly related to pulmonary biology and disease. Programs may range from
basic cell and molecular biology to clinical science and may use systems from
cells to Drosophila to human. Chair: Dean Sheppard

Please send CV, summary of current research (one page) and outline of future
research (up to 2 pages) and arrange to send 3 letters of recommendation to
Christine Mok (Christine.mok@ucsf.edu). Applications will be considered
starting October 1, 2010, and accepted until December 1, 2010.

UCSF seeks candidates whose experience, teaching, research, or community
service has prepared them to contribute to our commitment to diversity and
excellence. UCSF is an Equal Opportunity/Affirmative Action Employer. The
University undertakes affirmative action to assure equal employment opportu-
nity for underutilized minorities and women, for persons with disabilities, and
for covered veterans. All qualified applicants are encouraged to apply.



Faculty Position in Microbial Pathogenesis
Department of Biological Sciences

Purdue University

The Department of Biological Sciences invites applicants for a tenure-track
faculty position in the area ofMicrobial Pathogenesis. Potential areas of research
interests in bacterial or viral systems include:
• Host-microbe interactions
• Trafficking of intracellular pathogens
• Systems biology of pathogenic organisms
• Structural basis and mechanisms of pathogenesis

Applicants must have a Ph.D. or equivalent in an appropriate discipline such as
microbiology, cell biology, or structural biology and at least 2 years of postdoc-
toral experience.We expect to fill an academic year appointment at theAssistant
Professor level. The successful applicant is expected to establish an externally-
funded research program in microbiology to address fundamental questions in
the areas listed above, teach undergraduate and graduate students, and participate
in ongoing programs in the Department of Biological Sciences. It is anticipated
that the hire will complement the strengths of a well-established and internation-
ally-recognized group of microbiologists within the department.

TheDepartment of Biological Sciences has over 50 facultymembers conducting
interdisciplinary research in a wide range of fields including microbiology,
structural biology, molecular/cell/developmental biology, disease models,
bioinformatics, evolutionary biology, and ecology. Further information
about the Department is available at http://www.bio.purdue.edu/. The
successful candidate will have opportunities to interact with microbiologists
across the University, including colleagues in the Bindley Bioscience Center.
Instrumentation for systems level analyses and biological image analysis is
available at the Bindley Bioscience Center and Birck Nanotechnology Center
in Purdue’s Discovery Park. Applications must be submitted electronically to
https://hiring.science.purdue.edu as a single PDF file that includes a detailed
curriculum vitae, names and addresses of three referees, a 2-3 page summary
of research interests, and a one-page teaching statement. Inquiries should be
directed to Microbiology Search Committee, Department of Biological
Sciences, Purdue University, 915 W. State St., West Lafayette, IN 47907-

2054 or emailed to Search@bio.purdue.edu. Review of applicationswill begin
November 1, 2010 and continue until the positions are filled.

Purdue University in an Equal Opportunity/Equal Access/Affirmative Action
employer fully committed to achieving a diverse workforce.

FACULTY POSITION IN

CANCER BIOLOGY
THE BEN MAY DEPARTMENT FOR CANCER RESEARCH

THE UNIVERSITY OF CHICAGO

The University of Chicago is seeking outstanding individuals for a tenure-
track position at the rank of Assistant, Associate or full Professor in the Ben
May Department for Cancer Research (http://ben-may.bsd.uchicago.edu)
and the University of Chicago Comprehensive Cancer Center (http:
//cancer.uchicago.edu/). We are a basic research department whose faculty
is committed to an interdisciplinary approach to investigate fundamental prob-
lems in signal transduction and cancer.We are seeking investigators interested
in signalingmechanisms relevant to diverse aspects of tumor biology, includ-
ing but not limited to tumormicroenvironment, tumormetabolism, EMT, stem
cells, epigenetics, in vivo imaging, drug discovery, cancer nanotechnology,
computational biology, systems biology and genomics.

Departmental faculty have access to outstanding Ph.D. and M.D./Ph.D. stu-
dents affiliated with graduate degree-granting programs in the Biological and
Physical Sciences, including the Committees on Cancer Biology andGenetics
and Systems Biology. Candidates should have sufficient research experience
to demonstrate both significant accomplishments and outstanding potential.
APh.D., M.D., or M.D./Ph.D. degree is required. The successful recruit will
be expected to teach undergraduate and graduate students.

Qualified applicantsmust apply online at the University of ChicagoAcademic
Career Opportunities website: academiccareers.uchicago.edu/applicants/
Central?quickFind=51306 by uploading the following required documents:
cover letter, CVwith bibliography, research statement and the names and full
contact information, including e-mail addresses, of at least three references
fromwhom youwill ask to write letters which theywill upload onto the above
site. Review of applications will continue until the position is filled.

THE UNIVERSITY
OF CHICAGO
The University of Chicago is an Affirmative

Action/Equal Opportunity Employer.

Professor/Assistant Professor (Tenure Track) of Animal Genetics

TheDepartment of Agricultural and Food Sciences (www.agrl.ethz.ch) at ETHZurich invites applications for a full professor or an
assistant professor (tenure track) of animal genetics. The future colleague will be responsible for developing a leading research
and teaching program in animal genetics that focuses on the identification of genes underlying important animal traits.

Candidates with expertise in QTLmapping and/or comparative genomics applied to important livestock species are especially
encouraged to apply. The professorship’s main research topics may include:
– Comparative genomic or QTLmapping approaches to identify key genes or chromosomal regions underlying important traits;
– Experimental approaches to understand the underlying causes of quantitative genetic variation;
– Analyses of interactions between genes;
– The influence of environmental factors on gene expression.

The professorship is equipped with several vacant positions, has access to high-throughput genotyping facilities and to
a well-equipped field station suitable for animal phenotyping. The future colleague will be expected to teach under-
graduate level courses (German or English) and graduate level courses (English) – covering both basic and advanced
animal genetics. The appointment will be at a level commensurate with experience.

Assistant professorships have been established to promote the careers of younger scientists. The initial appointment is
for four years with the possibility of renewal for an additional two-year period and promotion to a permanent position.

Please submit your application together with a curriculum vitae, a list of publications and a statement of present
and future research and teaching interests to the President of ETH Zurich, Prof. Dr. Ralph Eichler, Raemistrasse 101,
8092 Zurich, Switzerland, (or via e-mail as one single pdf to faculty-recruiting@sl.ethz.ch) no later than November 30,
2010. With a view toward increasing the number of female professors, ETH Zurich specifically encourages female candi-
dates to apply.
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Nontraditional Careers:
Opportunities Away From the Bench

Want to learnmore about exciting and rewarding careers
outside of academic/industrial research?View a roundtable
discussion that looks at the various career options open to
scientists across different sectors and strategies you can
use to pursue a nonresearch career.

Webinar Participating Experts:
Dr. Lori Conlan
Director of Postdoc Services,
Officeof IntramuralTrainingandEducation
National Institutes of Health

Pearl Freier
President
Cambridge BioPartners

Dr.MarionMüller
Director, DFGOffice North America
Deutsche Forschungsgemeinschaft
(German Research Foundation)

RichardWeibl
Director, Center for Careers in
Science andTechnology
American Association for the
Advancement of Science

Produced by the
Science/AAAS Business Office.

NowAvailable

OnDemand

www.sciencecareers.org/webinar
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This posi�on is immediately available in the group of Prof Carmeliet. The focus of

the VRC is to unravel the molecular basis of neurovascular biological processes

and diseases. VRC has recently started to study metabolism and its interac�on

with oxygen sensors (please visit the website for more info: www.vrc-lab.be).

We are seeking a highly mo�vated scien�st who is willing to join a team of

interna�onal researchers that inves�gates the interac�on betweenmetabolism

and hypoxia. The successful candidate must have strong background in mass

spectrometry for metabolite determina�on and iden��ca�on. Exper�se in

proteomics techniques is a strong extra added value. The candidate is expected

to independently establish all necessary techniques, introduce new technology,

coordinate ongoing collabora�ons, and instruct other scien�sts. Experience as

a postdoctoral researcher with a good publica�on record in the metabolomics

�eld is preferred.

Postdoctoral Scien�st - Cell Prolifera�on laboratory

Group leader: Professor Salvador Moncada

This posi�on is available for 3 years to join the Cell prolifera�on laboratory, led by

Prof SalvadorMoncada. Primary research aimof the Cell Prolifera�on Laboratory

is to understand the molecular basis of the link between cell prolifera�on and

metabolism. The aim of this study is to inves�gate the possible changes that

might occur during carcinogenesis (please visit: www.vrc-lab.be).

Successful candidate should be highly mo�vated and enthusias�c with the

ambi�on to lead a small research group. Applicantsmust have a PhD in a relevant

discipline and should be skilled in molecular and cellular biology methods.

Interest and experience in biochemistry would be an advantage.

Applicants should have a strong publica�on record (including at least one paper

as a �rst author) in peer-reviewed interna�onal journals, with an emphasis

on quality rather than quantity of publications. Excellent communication

skills in spoken and wri�en English and capability to work in a team as well as

independently. The posi�on is available from November 2010, �exible start

date.

Vesalius Research Center
VIB, K.U.Leuven

Director: Professor Dr Peter Carmeliet

Senior Scien�st posi�on

Group leader: Prof Dr Peter Carmeliet

Send CV, list of publica�ons, summary of past research, contact info of 3 referees to
Peter.Carmeliet@vib-kuleuven.be for Senior Scien�st posi�on and to s.moncada@
ud.ac.uk for the Postdoctoral posi�on. Interviews for top-ranked candidates will be
held in Leuven, Campus Gasthuisberg O&N1, Herestraat 49 (B912), Belgium.

SIX NEW FACULTY IN THE LIFE SCIENCES
Biochemistry & Biophysics / Microbiology / Zoology

Applications are invited for six full-time tenure-track Assistant Professor
positions in the College of Science integrative life science disciplines of
Biochemistry & Biophysics, Microbiology and Zoology. All appointees
are expected to participate in graduate and undergraduate teaching and
establish an extramurally funded research program; candidates enthusi-
astic about teaching and research collaboration are desired. Applicants
must have a Ph.D. and (except ecosystem ecology and stress or aging
biology positions) a minimum of 2 years relevant postdoctoral experi-
ence. These positions are associated with over 30 new positions across
OSU that form the Provost�s Faculty Investment Initiative, an exciting
investment to strengthen OSU�s research areas of excellence while
increasing the ability of the University to respond to the needs and con-
cerns of an increasingly diverse student body. At OSU we have an
institution-wide commitment to diversity and multiculturalism, and we are
intentional about providing a welcoming atmosphere and inclusive pro-
fessional opportunities. OSU is an AA/EOE.

Ecosystem Ecology (posting 0006371)

Enzymology/Protein Biochemistry & Biophysics
(posting 0006402)

Environmental Microbiology (posting 0006377)

Prokaryotic Systems Biology (posting 0006375)

Stress or Aging Biology (posting 0006370)

Biochemistry of Aging (Asst/Assoc Professor)
(posting 0006383)

For details of each position and to apply visit
http://oregonstate.edu/jobs

Apply by 10 December 2010 for full consideration

http://web.mit.edu

Neuroscientist
The Picower Institute for Learning and Memory at the Massachusetts
Institute of Technology is seeking an outstanding neuroscientist for a
tenure track position at the level of Assistant Professor.

We are interested in candidates studying brain function at the cellular,
circuit, and systems levels using a multi-faceted approach combining
different methodologies and levels of analysis. We are particularly
seeking, though not exclusively, candidates whose research interest
concerns mechanisms underlying experience-induced short or long
term changes in the brain.

Academic appointments will be in the Department of Brain and
Cognitive Sciences. Candidates must have a commitment to
excellence in undergraduate and graduate education, and must
demonstrate the ability to develop a significant and independent
research program.

Applicants should submit a curriculum vitae, a summary of
current and proposed research programs, an education plan,
and arrange for three letters of recommendation. Applications
are being accepted at Academic Jobs Online
(https://academicjobsonline.org/ajo).

Search Contact: Prof. Elly Nedivi

Consideration of completed
applications will begin immediately.
Applications will be accepted for
review until December 1, 2010.

Come work with us!

MIT is an equal opportunity/
affirmative action employer, and we
encourage applications from women
and underrepresented minorities.

The Department of Obstetrics and Gynecology
Two Tenure Track Assistant/Associate Professors

The Department is expanding its Maternal-Fetal Pharmacology and Biode-
velopment Laboratories to include innovative translational research projects
and announces the availability of two tenure-track positions at the assistant/
associate professor levels. The Department has an outstanding infrastructure
of well-equipped laboratories and funded investigators, a division for the sup-
port of publications and grant applications, and a perinatal research division
with nurses’ support. Other research programs are in the areas of fetal origin
of disease and reproductive endocrinology. The Department is a member of
four NICHD collaborative research network grants, a Women’s Reproductive
Health Research (WRHR), and Building Interdisciplinary Research careers in
Women’s Health (BIRCWH).

Individuals interested in women’s health research, particularly in the mecha-
nisms underlying the treatment of drug dependence during pregnancy, gesta-
tional diabetes, drug delivery, preterm delivery, and the development of new
diagnostic tools, are encouraged to apply. Opportunities are available for
joint appointment with the Institute for Translational Sciences that supports
translational teams, junior faculty training programs, and clinical/translational
research. More information can be found at: http://www.its.utmb.edu/.

Assistant Professors: Ph.D., M.D. or equivalent with three or more years of
postdoctoral training.

Associate Professors: Ph.D., M.D. or equivalent faculty with established and
funded research projects in the above or related research areas.

Applicants should include a CV, a brief (two-page) description of their short-
term and long-term research goals, and the names of three references with
contact information to:Mahmoud S.Ahmed, Professor andChair of Search
Committee, Department of OB/GYN, 301 University Blvd., Galveston, TX

77555-0587; E-mail: maahmed@utmb.edu.

UTMB is an Equal Opportunity Affirmative Action Institution which proudly
values diversity. Candidates of all backgrounds are encouraged to apply.
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POSITIONS OPEN

ASSISTANT PROFESSOR
PHYSIOLOGICAL ECOLOGIST

Southern Illinois University Carbondale

The Department of Zoology at Southern Illinois
University Carbondale (SIUC) invites applications
for a tenure-track position in physiological ecology at
the Assistant Professor level. We seek candidates who
can complement our existing strengths in environ-
mental biology by investigating physiological adapt-
ability and responses to environmental change. The
Department and University have exceptional capabil-
ities for analyses of stable isotopes, fatty acids, and or-
ganic and inorganic contaminants; as well as excellent
facilities and large academic programs in aquatic sci-
ences, genetics, toxicology, and wildlife ecology. Inter-
disciplinary research is encouraged by the campus-wide
Program in Ecology, and by links between Zoology
and Microbiology, Physiology, and the SIU Medical
School. The successful applicant will be expected to de-
velop an externally funded research program, to mentor
graduate students, and to teach undergraduate Zool-
ogy courses and a graduate course in their area of spe-
cialization. Minimum Qualifications: Applicants must
hold a Ph.D. and postdoctoral experience is preferred.
Applicants should send their curriculum vitae, state-

ment of teaching and research interests, copies of
transcripts from all institutions attended, up to three
representative reprints, and three letters of reference:
Physiological Ecologist Search Committee Chair,
Department of Zoology, Mail Code 6501, South-
ern Illinois University Carbondale, 1125 Lincoln
Drive, Carbondale, IL 62901 (fax: 1-618-453-
2806). Review of applications will begin 1 December
2010 and continue until the position is filled.
Southern Illinois University Carbondale is a large,

research-oriented institution situated in a pleasant
small-town setting southeast of St. Louis. The De-
partment of Zoology has a full-time faculty of 24
with about 240 undergraduate majors and 90 MS and
Ph.D. graduate students. For further information, visit
our website: http://www.zoology.siu.edu.

SIUC is an Affirmative Action/Equal Opportunity Employer
that strives to enhance its ability to develop a diverse faculty and
staff, and to increase its potential to serve a diverse student popula-
tion. All applications are encouraged and will receive consideration.

PROFESSOR of PRACTICE in
Geographic Information Systems,

Tulane University

The Department of Earth and Environmental Sci-
ences seeks to fill a non-tenure-track, Professor of
Practice position to teach courses in Geographic In-
formation Systems (GIS), and to supervise the GIS
computer lab. To be considered, the applicant must
have experience using geologic, topographic, and
geophysical raster and point cloud data sets. Expertise
with ESRI products is required, including custom-
ization of GIS applications. We seek an individual
possessing an enthusiastic dedication to teaching who
is willing to make a long-term commitment to the
department and the University. A Ph.D. is required at
the time of appointment. The initial appointment will
be for three years with the possibility of renewal after
a performance review at the end of the second year.
The deadline for applications is October 30, 2010,
but the position will remain open until filled. Appli-
cations should include curriculum vitae, a statement
of teaching interests and goals, and the names and
contact information of at least three references, and
should be sent to: Dr. Stephen Nelson, Department
of Earth & Environmental Sciences, Tulane Uni-
versity, 6823 Street Charles Avenue, New Orleans,
LA 70118-5698. E-mail: snelson@tulane.edu pre-
ferred. Further information about the department and
University can be obtained at website: http://tulane.
edu/sse/eens. TulaneUniversity is anAffirmative Action/Equal
Opportunity Employer. Women and minorities are encouraged
to apply.

POSITIONS OPEN

BIOCHEMISTRY FACULTY POSITION
Kansas State University

The Department of Biochemistry at Kansas State
University (website: http://www.ksu.edu/bchem)
invites applications for a tenure-track position at the
Assistant or Associate Professor level, to begin in Au-
gust, 2011. Applicants should have a Ph.D. or equiv-
alent degree and postdoctoral experience. Candidates
at the Associate Professor level must have an estab-
lished, extramurally-funded research program. Prefer-
ence will be given to applicants with research interest
and experience in areas that complement and enhance
the existing programs, which include physical and
structural biochemistry, cellular biochemistry, and bio-
chemistry of insects and plants. The department seeks
individuals who will sustain a strong, extramurally funded
research program and excel in teaching a diverse pop-
ulation in the undergraduate and graduate programs
in biochemistry. A competitive salary and start-up pack-
age will be provided for the successful candidate. For
additional information about the department and the
position, see website: http://www.ksu.edu/bchem.
Applicants should submit a single PDF file that includes
their curriculum vitae, statement of research and teach-
ing interests, and selected reprints to e-mail: bchsrch@
ksu.edu, and have three letters of reference sent to
the same email address. Questions may be referred to:
Michael Kanost, Department Head, e-mail: kanost@
ksu.edu. Review of applications will begin on No-
vember 15, 2010 and continue until the position is
filled. A background check is required for all new em-
ployees. Kansas State University is an Equal Opportunity Em-
ployer and actively seeks diversity among its employees.

FACULTY POSITIONS
in Cardiovascular Research

The Heart and Vascular Center of Excellence at
UMass Memorial Medical Center and the University
of Massachusetts School of Medicine is seeking fac-
ulty candidates for SENIOR TENURED or JUNIOR
TENURE-TRACK level positions in basic science or
clinical investigation. These positions will involve the
establishment or expansion of independently funded
research programs that will benefit from a world-
class infrastructure for basic and clinical investigation
including core facilities in biostatistics, bioinformat-
ics, clinical sampling, mouse phenotyping, zebrafish,
imaging, and deep sequencing. Successful candidates
will be allocated space in new, state-of-the-art clinical
and basic research facilities. Positions will be highly
competitive with regards to salary, start-up funds, and
research space.
Please submit a cover letter, CV, and three refer-

ences to either John F. Keaney, Jr. orNathan Lawson
c/o: Debra Manseau, Cardiovascular Research,
UMass Medical School, 381 Plantation Street,
Biotech V, Suite 200, Worcester, MA, 01605 or by
e-mail: to Debra.Manseau@umassmed.edu

University of Massachusetts and UMass Memorial Healthcare
are Equal Opportunity Employers.

FACULTY POSITION in Inorganic or Organo-
metallic Materials Chemistry. The Department of
Chemistry at the University of Kansas is seeking ex-
ceptional candidates for a tenure-track position in In-
organic or Organometallic Materials Chemistry at
the ASSISTANT PROFESSOR level available as
early as August 18, 2011. A Ph.D. in chemistry or closely
related field is expected by start date of appointment
and postdoctoral experience is desirable. For a com-
plete announcement and to apply online, go towebsite:
https://jobs.ku.edu and search for position 00001867.
Additional information: send summary of two to three
research proposals (two pages) and three letters of rec-
ommendations sent separately to: Elaine Knight, e-mail:
eknight@ku.edu, telephone: 785-864-5206. Review
of applications begins November 1, 2010, and con-
tinues as long as needed to identify a qualified pool.
Equal Opportunity/Affirmative Action.
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CAREER
TRENDS

Careers Away
from theBench
Advice andOptions for Scientists

This booklet is brought to you bythe AAAS/Science Business Office

ScienceCareers.org/
booklets

From technology
specialists to patent
attorneys to policy
advisers, learnmore
about the types of
careers that scientists
can pursue and the
skills needed in order to
succeed in nonresearch
careers.

Download
your free
copy today.



Nomina�ons deadline: November 30th, 2010

Scholarships deadline:March 15th, 2011

Further details at www.dandavidprize.org

Future Time Dimension

Past Time DimensionEvolu�on

Cinema & Society Present Time Dimension

Ageing – Facing the Challenge

Call for Nomina�ons &
Scholarships | 2011

The Dan David Prize is an international enterprise which
annually awards three prizes of US$ 1M each in �elds chosen
within the three �me dimensions to individuals with proven,
excep�onal excellence and contribu�on to humanity in the
sciences, arts, humani�es and public service.

Tenpercentof theprize is donatedby the laureates as scholarships
to outstanding young researchers, doctoral and postdoctoral
students studying topics related to the chosen �elds.

Selected Fields for 2011

• Business Sense: Starting an Academic Lab

• LabManagement: The Human Elements

• MindMatters: In Defense of Downtime

• Funding Your Future: Publish or Perish

• If at First You Don’t Succeed, Cool Off, Revise,
and Submit Again

• Your Research in the Headlines:Dealingwith
theMedia

Download your
free copy today.
ScienceCareers.org/booklets

Brought to you by the AAAS/Science Business Office
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POSITIONS OPEN

ASSISTANT PROFESSOR

MIT_s Department of Brain and Cognitive Sciences
anticipates making a faculty appointment at the As-
sistant Professor level in cognitive science and cognitive
neuroscience or computational cognition and neuro-
science. We seek to hire a candidate whose research fo-
cuses on either 1) any area of cognitive science and/or
human cognitive neuroscience, or 2) computational
cognition or neuroscience – broadly on computational
studies of intelligence. In addition to conducting re-
search, faculty members at MIT teach undergraduate
and graduate courses and supervise graduate and un-
dergraduate participation in research.
Please note in cover letter if application is for cogni-

tive or computational area. Please send a CV, a statement
of research and teaching interests, and representative
reprints. In addition, please arrange to have three let-
ters of recommendation submitted. Please electroni-
cally submit complete applications and letters in pdf or
Word format to the Cognitive Search Committee c/o
Judy Rauchwarger: e-mail: jrauch@mit.edu. Infor-
mation about the department can be found at website:
http://web.mit.edu/bcs/.
December 1, 2010 is the deadline for submitting

applications, but review of applications will begin as
they are received.

MIT is an Affirmative Action Employer, and we encourage
applications from women and underrepresented minorities.

POSITIONS OPEN

FACULTY POSITIONS
Department of Biochemistry

and Molecular Biology
Saint Louis University
School of Medicine

Saint Louis University, a Catholic Jesuit institu-
tion dedicated to student learning, research, health
care, and service, is seeking outstanding applicants
for tenure-track faculty positions at the ASSIST-
ANT PROFESSOR level in the Edward A. Doisy
Department of Biochemistry and Molecular Biology
(website: http://biochem.slu.edu/). The Depart-
ment has an outstanding faculty, a long tradition of
excellence in research and education and is housed in
the state-of-the-art Doisy Research Center completed
in 2007. We are interested in candidates with dem-
onstrated ability to develop strong and independent
research programs that would complement existing
strengths in the Department. Research programs fo-
cusing on X-ray structural biology and molecular mech-
anisms of systems relevant to health and disease will
be given high priority. A Ph.D. or M.D. degree, out-
standing record of publications, evidence of current
external funding, enthusiasm for teaching and mentor-
ing research trainees are important criteria for selection.
Interested candidates should submit a cover letter,

current curriculum vitae, relevant publications, fu-
ture research plans, a detailed three-year budget, and
addresses of three references to website: http://jobs.
slu.edu.

Saint Louis University is an Affirmative Action, Equal Op-
portunity Employer, and encourages nominations and applications
of women and minorities.

ASSISTANT PROFESSORS
Kansas State University

Cell, Molecular, Genetics or
Developmental Biology

The Division of Biology of Kansas State Univer-
sity invites applications for three tenure-track As-
sistant Professor positions in the general areas of cell,
molecular, developmental, genetics/genomics biol-
ogy. We particularly encourage applications from
individuals who are using model organisms (zebra-
fish, nematodes, etc.) in research areas that synergize
with currently ongoing research foci in the Division
(website: http://www.ksu.edu/biology). The suc-
cessful candidates will establish a vigorous, extramu-
rally funded research program and contribute to
graduate and undergraduate instruction to a diverse
population. Excellent facilities exist at Kansas State.
A Ph.D. or equivalent and post-doctoral training are
required. More information, including application
instructions, can be found at website: http://www.
ksu.edu/biology/position_openings/cellbiology.
html. Direct inquiries to: Dr. Stephen K. Chapes,
Search Committee Chair (e-mail: skcbiol@ksu.
edu). Review of applications will begin November 12,
2010 and continue until the positions are filled. KSU
is an Equal Opportunity Employer. Background checks are re-
quired for all employees.

TENURE-TRACK FACULTY POSITIONS
in Neuropharmacology or Toxicology

School of Medicine and Biomedical Sciences
University at Buffalo

State University of New York

The Department of Pharmacology and Toxicology
is continuing the second phase of an expansion and
is recruiting candidates for Assistant, Associate or
Full Professor with tenure-track 12-month fully state-
funded appointments. Candidates should have a strong
research focus in neuropharmacological or toxico-
logical sciences including drug discovery, targeted
therapeutic approaches to diseases, and/or environ-
mental health science. Preferred research topics within
these areas include: molecular recognition, signal trans-
duction, neurodevelopment, drugs of abuse, behavior
and circadian rhythms, molecular pharmacology or
toxicology, pharmacogenomics/proteomics, and/or
environmental pollutants and toxic agents.
Apply online at website: https://www.ubjobs.

buffalo.edu (Postings 1000512 for toxicology and
1000568 for neuropharmacology).

UB is an Affirmative Action/Equal Opportunity Employer.

POSITIONS OPEN

FACULTY POSITIONS
in Chemistry and Biochemistry

The Department of Chemistry & Biochemistry
at ARIZONA STATE UNIVERSITY invites appli-
cations for two tenure-track positions at the rank of
assistant/associate professor in any energy-related area.
At least one position will have an emphasis in inor-
ganic chemistry. Topics of interest include, but are not
limited to, bioenergy, catalysis, energy storage and con-
version, nanochemistry, organic materials and polymer
chemistry.
Duties include: establishing an externally funded re-

search program of national/international recogni-
tion, teaching chemistry or biochemistry courses at
the graduate and undergraduate levels, and participat-
ing on assigned governance and service committees
in the Department of Chemistry and Biochemistry.
Applicants must have a doctoral degree in chemistry,
biochemistry or related field. Post-doctoral experi-
ence is desired.
Applicants must submit a cover letter, a curriculum

vitae with a list of publications, a succinct outline of
future research plans, and a statement of teaching phi-
losophy and interests. These application materials must
be submitted electronically in a single PDF document
to email: ChemSearch@asu.edu. Applicants must also
arrange for three letters of recommendation to be sub-
mitted to email: ChemSearch@asu.edu.
Review of applications will begin November 22, 2010,

and will continue thereafter until the positions are filled.
A background check is required for employment.

ASU is an equal opportunity/affirmative action employer and
is committed to excellence through diversity. Women and minor-
ities are encouraged to apply.

MARKETPLACE

Promab Biotechnologies Inc.

Custom Monoclonal
Antibody $4,200

>3,000 CLONES WILL BE SCREENED

1-866-339-0871

www.promab.com info@promab.com

Recombinant Human Proteinsrh

CD4 , Apobec3G,B,F,Trim5α,

ADAMST4, 5, Gα12,α13, Cdk9, Hexim1,

NF-kB, p53, p16ink4

mAbs ,pAbs to Human Proteins
Immunodx@immunodx.com 18005731700
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We deliver —
weekly job alerts.
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customized
job alerts

and more…

www.ScienceCareers.org

↓
Find your future here.

www.ScienceCareers.org

Your
career
is our
cause.

• Job Postings

• Job Alerts

• Resume/CV
Database

• Career Advice

• Career Forum

www.
sciencecareers.org

Get help

from the

experts.
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