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Storm warning
Political hostility over global-warming policy in the United States is causing collateral damage. 
Plans for a National Climate Service deserve better. 

Flagship funding
The European Union plans to throw serious 
money at serious problems.

The European Commission this week launches six pilots for its 
multi-billion-euro Future and Emerging Technologies Flag-
ships programme, under the slogan ‘science beyond fiction’ (see 

Nature doi:10.1038/news.2011.143; 2011).
The programme is, by a considerable margin, the most expensive 

ever set up in Europe purely for academic consortia. The pilots have 
been awarded €1.5 million (US$2.2 million) each for one-year feasi-
bility studies. Two or three will go on to win a colossal €1 billion in 
funding over ten years.

The science behind the flagship projects really is beyond fiction. The 
research is designed to address problems that we can foresee but don’t 
yet know how to solve. How will we store the already overwhelming 

Atmospheric Research would see its budget cut by more than half, but 
that does not mean research is being axed. Nor is NOAA proposing 
anything new and grandiose at this point. The agency would merely 
be shifting many of its climate-related activities into a climate service.

Somehow this has become a partisan issue — 227 Republicans voted 
to approve a similar amendment to bar spending on the climate ser-

vice during the appropriations debate back in 
February. It seems that many are determined to 
conflate the word ‘climate’ with the contentious 
debate over global-warming policy. 

One of NOAA’s core functions is to provide 
basic — and non-partisan — information on 
weather and climate, useful for everybody from 
scientists and governments to farmers, com-
muters and businesses. Indeed, so valuable is 

this information that the data themselves have become a commodity 
to be repackaged and sold on by private companies. The proposed 
reorganization would improve this service, and appropriators and 
lawmakers on both sides should endorse it. 

Then they should focus on a bigger issue: satellite funding. This 
year’s budget denied the first half of a two-year increase of nearly 
$1.2 billion for the Joint Polar Satellite System, threatening a lapse in 
data and less-accurate forecasting. Building on its long-term predic-
tion, and using satellite data, NOAA accurately forecast April’s extreme 
weather several days in advance. The storms, which still killed hun-
dreds of Americans, are a warning worth heeding. ■

Consider it as a shot across the bow. Republicans on the US House 
Committee on Science, Space, and Technology managed to 
include language in last month’s agreement for fiscal 2011 that 

stops the National Oceanic and Atmospheric Administration (NOAA) 
from spending on a new National Climate Service. The temporary 
restriction has little immediate impact, given that NOAA proposed 
how to create the service in its 2012 budget request, which is currently 
up for debate. But the administration of President Barack Obama must 
now re-engage with lawmakers and make its case for the service, while 
ensuring that the proposal is not sunk by unrelated partisan battles. 

The idea is simple and worthwhile. NOAA wants to collect various 
climate research and reporting activities under a single umbrella, which 
it says will make the government machine operate more efficiently 
and improve the quality of data released to the public — every thing 
from the results of satellite monitoring and climate models to regional 
forecasts of drought and floods. Months before the spate of storms in 
April hammered midwestern and southern states, for example, NOAA 
warned of a higher likelihood of flooding and extreme weather associ-
ated with a La Niña circulation in the Pacific Ocean. 

House science chairman Ralph Hall (Republican, Texas) has raised 
concerns about moving forward without a thorough review on Capitol 
Hill, but a Congress-commissioned external review by the National 
Academy of Public Administration endorsed the reorganization in Sep-
tember 2010. And Congress will weigh in throughout the budget process.  
Hall’s claims that the creation of a climate service could undermine core 
research at the agency are plain wrong. NOAA’s Office of Oceanic and 

amounts of data we continue to generate? How can we build better, 
greener computers and robots? The funded projects will also focus 
on social or political priorities for the European Union (EU), such 
as dealing with an ageing society, or monitoring the environmental 
impact of human activities. Perhaps we will see perceptive robots built 
to befriend the lonely.

The funding could also be described as beyond fiction; the promised 
money has yet to be magicked up. The commission clearly hopes that 
once the projects are fleshed out, they will prove irresistible to the Euro-
pean Parliament and Council of Ministers who must support long-term 
financing. And the financing is beyond fiction too: the consortia must 
provide half of the funds themselves, so are relying on being able to 
mobilize the required half-billion euros from national research agen-
cies, industry or other sources. That’s not something that academics 
have much experience in doing — and, as they will discover, it’s not easy 
to exact long-term commitments for such high-risk research. 

The grand EU flagships experiment is itself high risk, but wise. 
There can be no real losers: all of the consortia plan to continue their 
work, whether or not their pilots are selected for funding by the com-
mission. Beyond that, who knows? ■

“Many are 
determined to 
conflate the 
word ‘climate’ 
with the debate 
over global 
warming.”
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2 °C or not 2 °C? That is the 
climate question 
Targets to limit the global temperature rise won’t prevent climate disruption.  
Tim Lenton says that policy-makers should focus on regional impacts.

As a scientist who works on climate change, I am not comfort-
able with recommending policy. Colleagues frown on it, and 
peer review of scientific papers slams anything that could be 

construed as policy prescription. Yet climate science is under scrutiny 
in multiple arenas, and climate scientists have been encouraged to 
engage more openly in societal debate.

I don’t want to write policies, but I do want to ensure that global efforts 
to tackle the climate problem are consistent with the latest science, and 
that all useful policy avenues remain open. Ongoing negotiations for 
a new climate treaty aim to establish a target to limit the global tem-
perature rise to 2 °C above the average temperature before the industrial 
revolution. But that is not enough.

The target is linked to the United Nations Framework Convention 
on Climate Change (UNFCCC), which aims to 
“prevent dangerous anthropogenic interference 
with the climate system”. But that noble objective is 
nearly 20 years old and is framed too narrowly, in 
terms of the “stabilization of greenhouse gas con-
centrations in the atmosphere”. Long-term goals 
to limit temperature or concentrations have so 
far failed to produce effective short-term action, 
because they do not have the urgency to compel 
governments to put aside their own short-term 
interests.

Global average warming is not the only kind 
of climate change that is dangerous, and long-
lived greenhouse gases are not the only cause of 
dangerous climate change. Target setters need to 
take into account all the factors that threaten to 
tip elements of Earth’s climate system into a dif-
ferent state, causing events such as irreversible 
loss of major ice sheets, reorganizations of oceanic or atmospheric 
circulation patterns and abrupt shifts in critical ecosystems.

Such ‘large-scale discontinuities’ are arguably the biggest cause 
for climate concern. And studies show that some could occur before 
global warming reaches 2 °C, whereas others cannot be meaningfully 
linked to global temperature.

Disruption of the south- or east-Asian monsoons would constitute 
dangerous climate change, as would a repeat of historic droughts in the 
Sahel region of Africa or a widespread dieback of the Amazon rainfor-
est. These phenomena are not directly dependent on global average 
temperature, but on localized warming that alters temperature gradients 
between regions. In turn, these gradients are influenced by uneven dis-
tribution of anthropogenic aerosols in the atmosphere. 

Equally, an abrupt shift in the regions in which 
dense masses of water form in the North Atlantic 
could dangerously amplify sea-level rises along 
the northeastern seaboard of the United States. 
But the point at which that will occur depends on 

the speed of climate change more than its magnitude. 
Even when a threshold can be directly related to temperature, as 

with the melting of ice sheets, it is actually the net energy input that is 
important. The rapid warming of the Arctic in recent years is attribut-
able less to increasing carbon dioxide levels than to reductions in emis-
sions of sulphate aerosols (which have a cooling effect), and to increases 
in levels of warming agents, including black-carbon aerosols and the 
shorter-lived greenhouse gases methane and tropospheric ozone. 

Ultimately, crucial climate events are driven by changes in energy 
fluxes. However, the one metric that unites them, radiative forcing, is 
missing from most discussions of dangerous climate change. Radiative 
forcing measures the change in the net imbalance of energy that enters 
and leaves the lower atmosphere; it is a better guide to danger than 

greenhouse-gas concentrations or global warm-
ing. It takes into account almost all anthropo-
genic activities that affect our climate, including 
emissions of methane, ozone-producing gases 
and hydrofluorocarbons, and changes in land 
use and aerosol levels.

I suggest that the UNFCCC be extended. The 
climate problem, and the political targets pre-
sented as a solution, should be aimed at restrict-
ing anthropogenic radiative forcing to limit the 
rate and gradients of climate change, before limit-
ing its eventual magnitude.

How would this help? A given level of radiative 
forcing is reached long before the resulting global 
temperature change is fully realized, which 
brings urgency to the policy process. The 2 °C 
target would translate into a radiative forcing of 
about 2.5 Watts per square metre (W m−2), but 

to protect major ice sheets, we might need a tougher global target of 
1.5 W m−2 . We will still need a binding target to limit long-term global 
warming. And because CO2 levels remain the most severe threat in the 
long term, a separate target could tackle cumulative carbon emissions. 
But while we wait for governments to reach an agreement on CO2, we 
can get to work on shorter-lived radiative-forcing agents.

The beauty of this approach is that it opens separate policy avenues for 
different radiative-forcing agents, and regional treaties to control those 
with regional effects. For example, hydrofluorocarbons emissions could 
be tackled under a modification of the 1987 Montreal Protocol, which 
aimed to halt ozone depletion. And emissions of black-carbon aerosols 
and ozone-producing gases could be regulated under national policies to 
limit air pollution. This would both break the political impasse on CO2 
and help to protect vulnerable elements of the Earth system. ■

Tim Lenton is professor of Earth system science in the College of Life 
and Environmental Sciences, University of Exeter, UK.
e-mail: t.m.lenton@exeter.ac.uk
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Box jellyfish seem to have eyes that peer 
constantly upwards, allowing them to navigate 
by detecting features on land.

Anders Garm at the University of Copenhagen 
and his colleagues made video recordings of the 
box jellyfish Tripedalia cystophora (pictured), 
which has a total of 24 eyes, made up of four 
types. The team found that four of these — 
the ‘upper lens’ eyes — always point straight 
upwards, regardless of the animals’ orientation.

T. cystophora that were moved away from 
their preferred habitat near mangroves rapidly 
swam back, unless they were moved farther 
than 8 metres away. At this distance, surface 
ripples and the eyes’ limited resolution would 
cripple the jellyfish’s view of the mangrove 
canopy. Blocking the canopy from view with a 
white sheet also left the jellyfish swimming in 
random directions.
Curr. Biol. doi:10.1016/j.cub.2011.03.054 (2011)

Z O O L O G Y

Jellyfish eyes on the sky

E C O L O G Y

Understudy takes 
on tortoise’s role
A controversial approach to 
ecosystem conservation — 
replacing extinct species with 
functionally similar ones 
from elsewhere — has been 
successfully demonstrated on a 
tiny island in the Indian Ocean.

The ebony tree (Diospyros 
egrettarum) was unable to 
rebound after extensive logging 
on Ile aux Aigrettes because 
the giant tortoises and skinks 
that used to eat its fruit and 

G E N O M I C S

A guided tour of 
the genome
Help is at hand for scientists 
struggling to make sense of 
the current flood of human 
genome sequence data: 
the Encyclopedia of DNA 
Elements (ENCODE). Now 
an accompanying user guide is 
available.

The guide — published 
by a consortium composed 

N A N O T E C H N O L O G Y

Bigger screens 
with nanotubes
Visual displays based on 
organic light-emitting diodes 
(OLED) promise to be lighter 
and brighter than those 
using older liquid crystal 
display (LCD) technology. 
But the polycrystalline silicon 
transistors that power OLED 
screens cannot be made 
in uniform size and shape, 
causing variation from one 
pixel to another and limiting 
display size. 

Andrew Rinzler at the 
University of Florida in 
Gainesville and his group have 
created a transistor in which 
the ‘source’ electrode is made 
from a single-layer carbon 
nanotube network. These 
transistors can be incorporated 
into devices made with a wide 
range of organic materials to 
provide the required currents, 
potentially permitting 
the manufacture of larger 
screens operating at a voltage 
comparable to that of silicon-
based OLEDs. The resulting 
devices consume eight times 
less power than those based on 
previous technologies and can, 
theoretically, prolong OLED 
lifetime by a factor of four.
Science 332, 570–573 (2011)

disperse its seeds had become 
extinct. So Christine Griffiths 
at the University of Bristol, UK, 
and her colleagues introduced 
19 adults of the Aldabra 
giant tortoise (Aldabrachelys 
gigantea, pictured) from 
another island between 
2000 and 2009. The animals 
promptly began dispersing 
ebony seeds. Seeds that had 
passed through the digestive 

tracts of tortoises germinated 
more often and faster than 
those that had not. Ebony 
seedlings now dot the island.
Curr. Biol. doi:10.1016/j.
cub.2011.03.042 (2011)

of dozens of international 
research groups — describes 
data from more than 100 
human cell types that define 
the functional elements in 
the genome, including more 
than 2 million regulatory 
regions. The team mapped 
RNA transcribed from DNA; 
protein-binding sites; and 
‘epigenetic’ modifications 
to DNA’s structure, such as 
DNA methylation patterns. 
Together, these should help 
researchers work out possible 
roles for sequence variants that 
have been linked to a disease.

For example, ENCODE 
data helped to clarify how 
a  DNA region upstream of a 
cancer-promoting gene called 
c-Myc regulates the gene: 
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E V O L U T I O N A R Y  G E N E T I C S

Hunting for birth-timing genes
A gene has been linked to preterm birth 
using an approach that focuses on genes 
that have evolved faster in humans than in 
other primates. 

Louis Muglia at Vanderbilt University in Nashville, 
Tennessee, and his colleagues compared gestation times 
relative to neonatal size across 20 primate species and found 
that humans have the shortest gestation time — probably to 
make the delivery of large-headed babies through narrow 
birth canals easier. For this to happen, the researchers 
reasoned that genes regulating birth timing have probably 
evolved faster in humans. So they looked for genes showing 
signs of accelerated evolution along the human lineage.

The authors selected 150 genes and analysed their 
surrounding regions in the genomes of 328 mothers, teasing 
out one gene, FSHR, with the strongest link to preterm birth.  
PLoS Genet. 7, e1001365 (2011)

I M M U N O L O G Y

Worm-proofing 
the gut
Pathogenic worms have more 
than the immune system to 
contend with in mammals, 
with a mucus-forming protein 
also mounting a defence.
Sugar-coated mucin proteins 
form a thick protective mucus 
layer over organs such as the 
gut and lungs. David Thornton 
and Richard Grencis at the 
University of Manchester, UK, 
and their team report that the 
mucin MUC5AC also directly 
lowers the viability of a gut-
dwelling nematode worm.  

MUC5AC normally occurs 
in the lungs, but intestinal levels 
shoot up in mice infected with 
Trichuris muris worms, a close 
relative of a nematode that 
afflicts humans. Mice lacking 
the Muc5ac gene had chronic 
worm infections, despite 
showing strong immune 
responses. In T. muris cultured 
with human cells, the protein 
limited the worms’ production 
of the cellular energy molecule 
ATP — a sign of viability.
J. Exp. Med. doi:10.1084/
jem.20102057 (2011)

N E U R O S C I E N C E

Monkey recalls 
what monkey saw
Humans can remember 
information from the past, 
such as the appearance of a 
childhood home, but attempts 
to test this ability in other 
animals have been hampered 
by a lack of good testing 
methods. Now Benjamin Basile 
and Robert Hampton of Emory 
University in Atlanta, Georgia, 
have designed a touchscreen 
computer task for rhesus 
macaques and used it to show 
that the primates can recall 
simple shapes from memory.  

Five male monkeys trained 
on the computer task were able 
to fill in blanks on a grid to 
reproduce previously viewed 
two- and three-square shapes, 
demonstrating recall. The 
finding may provide a new 

O C E A N O G R A P H Y

A tsunami’s trip 
around the world
Rather than travelling straight 
across the Pacific Ocean, 
the Sumatran tsunami of 
December 2004 (pictured) 
took a roundabout route. It 
headed southwards towards 
Antarctica before looping back 
up to arrive at the northwest 
coast of North America. The 
22,000-kilometre-long trip 
followed mid-oceanic ridges.

Alexander Rabinovich of 
the Canadian Department of 
Fisheries and Oceans in Sidney, 
British Columbia, and his 

O R G A N I C  C H E M I S T R Y

Fusing rings 
with fluorine
The Friedel–Crafts reaction 
is one of the most beloved 
and well used in the organic 
chemist’s recipe book, allowing 
the attachment of chemical 
groups to aromatic rings 
through a carbon–carbon 
bond. Jay Siegel and his 
colleagues at the University of 
Zurich in Switzerland have now 
devised a way to attach one 
aromatic ring to another, which 
they say will allow the synthesis 
of more complex compounds.

Using a silicon-based reagent 
and an acid catalyst, the authors 
activated the normally stable 
bond between a fluorine atom 
and one of the carbon atoms 
of an aromatic ring. This led, 
in turn, to the formation of a 
new bond between the carbon 
and another carbon atom 
on a different aromatic ring. 
Meanwhile, the acid catalyst is 
regenerated to drive another 
cycle of the reaction. 
Science 332, 574–577 (2011)

M E TA B O L I S M

Diabetes drug  
affects the brain
The diabetes drug 
rosiglitazone improves insulin 
sensitivity by acting not only 
on fat and muscle cells, but 
also on the brain. 

Rosiglitazone binds to 
a protein receptor called 
PPAR-γ, which regulates lipid 
and glucose metabolism. One 
side effect, however, is weight 
gain. Randy Seeley and his 
colleagues at the University of 
Cincinnati in Ohio found that 
the drug activates PPAR-γ in 
the rat central nervous system. 
Administering rosiglitazone 
directly to the brain, or 
overexpressing PPAR-γ in 
a brain region called the 
hypothalamus, boosted the 
rats’ appetite and weight gain. 

Meanwhile, Jerrold 
Olefsky at the University of 
California, San Diego, Michael 
Schwartz at the University 
of Washington in Seattle 
and their colleagues found 
that mice lacking PPAR-γ in 
neurons ate less food and used 
more energy than normal 
mice. But rosiglitazone didn’t 
work in these mice — it seems 
that active neuronal PPAR-γ is 
required for the drug’s insulin-
sensitizing effects. 
Nature Med. doi:10.1038/
nm.2349; doi:10.1038/nm.2332 
(2011)

by attracting and binding 
proteins that enhance its 
expression. 
PLoS Biol. 9, e1001046 (2011) 

co-workers analysed data from 
pressure sensors deep in the 
northeast Pacific Ocean. The 
team detected tsunami waves at 
the first sensors around 34–35 
hours after the earthquake and 
inferred the waves’ direction by 
analysing their time of arrival at 
different sensors. 

The waves continued for 3.5 
days, suggesting that tsunamis 
produce a long-lasting energy 
flux that is conserved and 
transmitted by oceanic ridges.
Geophys. Res. Lett. doi:10.1029/ 
2011GL047026 (2011)

animal model for memory 
studies and suggests that 
a common ancestor with 
humans came under selection 
pressure for this detailed and 
flexible use of memory.  
Curr. Biol. doi:10.1016/j.
cub.2011.03.044 (2011)
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The first three-dimensional map of the distant 
Universe, showing clumps of hydrogen gas 
between 3 billion and 3.7 billion parsecs 
away, was released on 1 May at a meeting of 
the American Physical Society in Anaheim, 
California. The map — the fruits of the 
Baryonic Oscillation Spectroscopic Survey 
experiment — was made by measuring 

14,000 quasars, the luminous nuclei of early 
galaxies. Their light is absorbed at particular 
wavelengths as it passes through the hydrogen. 
Ripples in this gas (a two-dimensional slice 
is pictured, with density of gas increasing 
from blue to red) could shed light on how 
dark energy drove the expansion of the early 
Universe. See go.nature.com/fromkf for more.

Mapping the distant Universe
300 million parsecs

Health-care buyout
US health-care giant 
Johnson & Johnson will 
take over medical-device 
manufacturer Synthes in a 
deal worth 19 billion Swiss 
francs (US$21.8 billion), 
the companies announced 
on 27 April. Synthes, 
headquartered in Solothern, 
Switzerland, makes implants, 
biomaterials and instruments 
for orthopaedic surgery.

Stem-cell joy
Shares in several stem-cell 
firms rallied in the wake of a 
US appeals court decision to 
overturn an injunction that 
would freeze federal funding 
for research on human 
embryonic stem cells. After 

Pharma takeover
Teva Pharmaceuticals, the 
world’s largest generic drug 
maker, headquartered near 
Tel Aviv, Israel, announced on 
2 May a US$6.8-billion deal to 
buy Cephalon, which makes 
the narcolepsy treatment 
modafinil. Cephalon, based 
in Frazer, Pennsylvania, 
had been fighting off a 
hostile $5.7-billion takeover 
bid from Canadian firm 
Valeant Pharmaceuticals of 
Mississauga, Ontario. 

Scientist glut?
Amid concerns over the 
increasing demand for grants 
and the length of time it takes 
to train a scientist, the US 
National Institutes of Health 
(NIH) has asked a panel of 
external advisers to report 
on what a future biomedical-
research workforce should 
look like. It will tackle 
questions such as how many 
scientists the United States 
needs, and how the country 
should train them. The 
group, named on 27 April, will 
make its recommendations 
to NIH director Francis 
Collins’ advisory committee, 
possibly by summer 2012. See 
go.nature.com/rfowsx  
for more.

P O L I C Y

Canada’s election
National elections in Canada 
on 2 May brought bad news 
for environmentalists, 
even though the Green 
Party won its first-ever 
parliamentary seat. After five 
years of minority rule, the 
Conservative Party won an 
outright majority; the party is 
generally hostile to efforts to 
address climate change, and is 
enthusiastic about extracting 
oil from western Canada’s tar 
sands. See go.nature.com/
w1yicg for more.

Biodiversity plan
On 3 May, the European 
Commission published a 
new plan to improve Europe’s 
biodiversity over the next 
decade. The strategy includes 
targets on sustainable 
agriculture, safeguarding fish 
stocks, controlling invasive 
species and protecting 
and restoring ecosystems. 
It falls roughly into line 
with agreements made at 
a biodiversity summit in 
Nagoya, Japan, last October 
(see Nature 468, 14; 2010) 
and targets agreed in March 

A
. S

LO
S

A
R

/B
O

S
S

 L
YM

A
N

-A
LP

H
A

 C
O

S
M

O
LO

G
Y 

W
O

R
K

IN
G

 G
R

O
U

P

2010 by the Council of the 
European Union to halt 
biodiversity loss by 2020.

B U S I N E S S

Hepatitis advance
Two new drugs against the 
hepatitis C virus (HCV) 
have won unanimous votes 
of confidence from advisers 
to the US Food and Drug 
Administration (FDA). On 
27 April, the FDA’s Antiviral 
Drugs Advisory Committee 
recommended approving 
boceprevir, developed by 
Merck, headquartered in 
Whitehouse Station, New 
Jersey. The next day, the same 
committee gave its support 
to telaprevir, developed by 
Vertex Pharmaceuticals in 
Cambridge, Massachusetts. 

Both drugs block HCV’s 
protease enzyme. If approved 
by the FDA, they would be 
the first therapeutics on the 
market to directly target HCV, 
which is currently treated 
with general antivirals and 
immune-boosting proteins. 
See go.nature.com/qjoqfn  
for more. 
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TREND WATCH
Developed nations are responsible 
for more carbon dioxide emissions 
than they produce, because they 
import goods made in other 
countries. A study of emissions 
from 113 countries for 1990 
to 2008 (G. P. Peters et al. Proc. 
Natl Acad. Sci. USA doi:10.1073/
pnas.1006388108; 2011) shows 
that developed countries (as 
classed under the Kyoto Protocol) 
increased their CO2 footprint by 
7% — even though they reported 
2% production cuts. The chart 
shows the effect for the United 
Kingdom and Europe. 

HOW TRADE AFFECTS CARBON FOOTPRINTS
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Rich regions have achieved cuts in carbon emissions since 
1990, but largely by importing more goods from elsewhere.
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COMING UP
9–13 MAY
The European Materials 
Research Society 
teams up with its US 
counterpart to hold the 
first bilateral conference 
on energy, in Nice, 
France. 
go.nature.com/tgxfsi 

12 MAY
Ministers from eight 
Arctic nations discuss 
how to manage the 
region at the Arctic 
Council’s biennial 
meeting in Greenland.
go.nature.com/zeeks2

10–13 MAY
The workings and 
governance of the 
Intergovernmental Panel 
on Climate Change 
are up for review at the 
panel’s 33rd general 
assembly, in Abu Dhabi.
go.nature.com/utykml 

Research head quits 
Roger Beachy has resigned as 
director of the US National 
Institute of Food and 
Agriculture (NIFA) to spend 
more time with his family. 
Beachy, an eminent plant 
biotechnologist who retains 
a position at Washington 
University in St Louis, has led 
NIFA since its inception in 
2009. See page 19 for more.

Lab saboteur
The US Office of Research 
Integrity last week issued a 
finding of research misconduct 
against former University 
of Michigan postdoctoral 
fellow Vipul Bhrigu. Last year 
Bhrigu was caught on video 
(pictured) sabotaging the 
work of a student in his lab 
(see Nature 467, 516–518; 
2010). At the time he was 
ordered to pay more than 
US$30,000 by a Michigan 
court for destroying property. 
The federal government 
now says his acts constituted 
research misconduct because 

Fukushima safety
A scientific adviser to Japan’s 
government resigned from his 
post on 29 April, complaining 
that the safety limit set for 
radiation in schools around 
the Fukushima nuclear plant 
was an ad hoc measure and 
not in line with international 
standards. Toshiso Kosako, a 
radiation-safety expert at the 
University of Tokyo, said the 
government’s safety limit — 20 
millisieverts a year — was too 
high. Local parents and lobby 
groups have demanded that the 
government set stricter limits.

EU biology links
Three ambitious biological 
sciences infrastructure 
projects, costing €700 million 
(US$1 billion), were given 
the go-ahead in Europe on 
3 May. One network will 
update and link facilities in 
26 European countries that 
maintain collections of key 
research microbes. Another 
project will link facilities in 
ecosystem science, and a third 
will connect facilities and 
create data repositories for 
researchers in systems biology. 
The new projects, starting in 
2014–15, are part of an updated 
wish list of science facilities 
drawn up by Europe’s leading 
researchers, the European 
Strategy Forum on Research 
Infrastructures. See go.nature.
com/dtuiwn for more. 
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Russian space chief
Russia’s prime minister, 
Vladimir Putin, has fired the 
chief of the nation’s space 
agency, Anatoly Perminov. 
Perminov, who has headed 
Roscosmos since March 
2004, will be replaced by 
deputy defence minister 
Vladimir Popovkin. A change 
had been widely rumoured 
after December 2010, when 
three satellites for Russia’s 
global navigation network, 
GLONASS, crashed into the 
Pacific Ocean on launch.

R E S E A R C H

Greenland ice 
Ice sheets in Greenland may 
be more stable than previously 
thought, results from the North 
Greenland Eemian Ice Drilling 
(NEEM) project suggest. In 
the Eemian interglacial period 
(130,000–115,000 years ago), 
temperatures were as much as 
5 °C warmer than today and sea 
levels rose by up to 7–8 metres. 
But new ice cores suggest that 
melting of the Greenland ice 
sheet at that time caused global 
sea levels to rise by only 1 or 
2 metres; the remainder may 
have been made up by ice loss 
from Antarctica. The findings 
were presented on 28 April at 
a symposium at the University 

E V E N T S

Tornado damage
Powerful storms and 
tornadoes that devastated 
the southern United States 
last week, killing around 
350 people, also knocked out 
power to the Browns Ferry 
nuclear plant near Athens, 
Alabama. But the plant’s three 
reactor units, which have a 
combined capacity of around 
3.3 gigawatts, shut down safely 

the 29 April ruling, StemCells, 
Advanced Cell Technology, 
Pluristem Therapeutics, 
Aastrom Biosciences and 
Geron all saw gains. See page 
15 for more on the decision. 

they resulted in falsified data. 
Bhrigu, now in India, has been 
barred from receiving US 
federal funding for three years. 
See go.nature.com/lexd9a  
for more.

after diesel generators kicked 
in. See go.nature.com/bwbadj 
for more.

of Wisconsin in Madison. See 
go.nature.com/nqewa6 for 
more.
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NEWS IN FOCUS
CHINA Ambitious ten-year 
plan for a space station 
revealed p.14

STEM-CELL FUNDING US court 
decision could dispel the 
threat of a ban p.15

AGRICULTURE A research 
revolution loses its 
leader p.19

SPACE Is suborbital flight 
a joy ride or a boon to 
science? p.21

B Y  E U G E N I E  S A M U E L  R E I C H

The next space-shuttle launch will  
inaugurate a quest for a realm of the 
Universe that few believe exists.

Nothing in the laws of physics rules out 
the possibility that vast regions of the cosmos 
consist mainly of antimatter, with antigalaxies, 

antistars, even antiplanets populated with 
antilife. “If there’s matter, there must be anti-
matter. The question is, where’s the Universe 
made of antimatter?” says Samuel Ting, a 
Nobel-prizewinning physicist at the Mas-
sachusetts Institute of Technology in Cam-
bridge, Massachusetts. But most physicists 
reason that if such antimatter regions existed, 

we would have seen the light emitted when 
the particles annihilated each other along the 
boundaries between the antimatter and the 
matter realms.

No wonder, then, that Ting’s brainchild, a 
US$2-billion space mission sold partly on the 
promise of looking for particles emanating 
from antigalaxies, is fraught with controversy. 
But the project has other, more mainstream 
scientific goals. So most critics held their 
tongues last week as the space shuttle Endeav-
our prepared to deliver the Alpha Magnetic 
Spectrometer (AMS) to the International 
Space Station, in a flight delayed by shuttle 
problems until later this month.

PUSHING THE BOUNDARIES
Seventeen years in the making, the AMS is the 
product of former NASA administrator Dan 
Goldin’s quest to find remarkable science pro-
jects for the space station and of Ting’s fasci-
nation with antimatter. Funded by NASA, the 
US Department of Energy and a consortium 
of partners from 16 countries, it has prevailed 
despite delays and technical problems, and 
the doubts of many high-energy and particle 
physicists. 

“Physics is not about doubt,” says Roberto 
Battiston, deputy spokesman for the AMS 
and a physicist at the University of Perugia, 
Italy. “It is about precision measurement.” As 
their experiment headed to the launch pad, he 
and other scientists were keen to emphasize 
the AMS’s unprecedented sensitivity to the 
gamut of cosmic rays that rain down on Earth. 
That should allow it not just to detect errant 
chunks of antimatter from the far Universe, 
but also to measure the properties of cosmic 
rays, the high-energy, charged particles flung 
from sources ranging from the Sun to distant 
supernovae and γ-ray bursts. 

On Earth, cosmic rays can only be detected 
indirectly, from the showers of secondary 
particles they produce when they slam into 
molecules of air high above the ground. From 
space, the AMS will get an undistorted view. 
“We’ll be able to measure cosmic-ray fluxes 
very precisely,” says collaboration member 
physicist Fernando Barão of the Laboratory 

of Instrumentation and 
Experimental Particle 
Physics in Lisbon. “The 
best place to be is space 
because you don’t have 
Earth’s atmosphere 

A S T R O P H Y S I C S

Antiuniverse here 
we come 
A controversial cosmic-ray detector destined for the 
International Space Station will soon get to prove its worth.

The Alpha Magnetic Spectrometer will ride to orbit in the space shuttle Endeavour’s cargo bay.
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For more on Samuel 
Ting and the AMS, 
see:
go.nature.com/m9unz8
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B Y  D A V I D  C Y R A N O S K I

The International Space Station (ISS) is 
just one space-shuttle flight away from 
completion, but the construction boom 

in low-Earth orbit looks set to continue for at 
least another decade. Last week, China offered 
the most revealing glimpse yet of its plans to 
deploy its own station by 2020. The project 
seems to be overcoming delays and internal 
resistance and is emerging as a key part of the 
nation’s fledgling human space-flight pro-
gramme. At a press briefing in Beijing, officials 
with the China Manned Space Engineering 
Office even announced a contest to name the 
station, a public-relations gesture more char-
acteristic of space programmes in the United 
States, Europe and Japan.

China first said it would build a space 

station in 1992. But the need for a manned 
outpost “has been continually contested by 
Chinese space professionals who, like their 
counterparts in the United States, question the 
scientific utility and expense of human space 
flight”, says Gregory Kulacki, China project 
manager at the Union of Concerned Scientists, 
headquartered in Cambridge, Massachusetts. 
“That battle is effectively over now, however, 
and the funds for the space station seem to 
have been allocated, which is why more con-
crete details are finally beginning to emerge.” 

Significantly smaller in mass than the ISS 
and Russia’s Mir space station (see ‘Rooms 
with a view’), which was deorbited in 2001, 
the station will consist of an 18.1-metre-long 
core module and two 14.4-metre experimen-
tal modules, plus a manned spaceship and a 
cargo craft. The three-person station will host 

scientific experiments, but Kulacki says it also 
shares the broader goals of China’s human 
space programme, including boosting national 
pride and China’s international standing.

The space-station project will unfold in a 
series of planned launches over the next ten 
years. Last Friday, official state media con-
firmed that the Tiangong 1 and Shenzhou 8 
unmanned space modules will attempt a 
docking in orbit later this year, a manoeuvre 
that will be crucial for assembling a station 
in orbit. If that goes well, two manned Shen-
zhou craft will dock with Tiangong 1 in 2012. 
China will then move on to proving its space 
laboratory capabilities, launching Tian-
gong 2 and Tiangong 3, which are designed 
for 20-day and 40-day missions, respectively, 
over the next 3 years. Finally, it will launch the 
modules that make up the station.

S PA C E  F L I G H T

China unveils its space station
Plans for modest outpost solidify ‘go it alone’ approach.

that is going to destroy those cosmic rays.” 
No matter what happens with the more specu-
lative search for antimatter, the AMS should 
produce a definitive map of the cosmic-ray 
sky, helping to build a kind of astronomy that 
doesn’t depend on light.

The AMS consists of a powerful permanent 
magnet surrounded by a suite of particle detec-
tors. Over the ten or so years that the experi-
ment will run, the magnet will bend the paths 
of cosmic rays by an amount that reveals their 
energy and charge, and therefore their identity. 

Some will turn out to be heavy atomic nuclei, 
and any made from antimatter will reveal 
themselves by bending in the opposite direc-
tion from their matter counterparts (see ‘Look-
ing for cosmic curveballs’). 

By counting positrons — antimatter elec-
trons — the AMS could also chase a tentative 
signal of dark matter, the so-far-undetected 
stuff that is thought to account for much of 
the mass of the Universe. In 2009, researchers 
with the Russian–Italian Payload for Antimat-
ter Matter Exploration and Light-nuclei Astro-
physics, flying on a Russian satellite, published 
evidence of an excess of positrons in the space 
environment surrounding Earth (O. Adriani 
et al. Nature 458, 607–609; 2009). One poten-
tial source is the annihilation of dark-matter 
particles in the halo that envelops the Galaxy. 

Another speculative quest is to follow up on 
hints of ‘strange’ matter, a hypothetical sub-
stance, perhaps found in some collapsed stars, 
that contains strange quarks along with the up 
and down quarks in ordinary nuclei. NASA’s 
AMS programme manager, Mark Sistilli, says 
that hints of strange matter were seen in a pilot 
flight of the AMS aboard the shuttle in 1998, 
but that the results were too tentative to publish. 

Thanks to its status as an exploration mis-
sion, the AMS did not need to go through 
the peer review that NASA would normally 
require of a science mission. But Sistilli empha-
sizes that it earned flying colours from com-
mittees convened by the energy department, 
which is supplying $50 million of the funding. 
Now their confidence will be put to the test. ■

LOOKING FOR COSMIC CURVEBALLS

Transition radiation
detector

Path of particle

Time-of-�ight counter

Star tracker

Time-of-�ight counter
Ring-imaging
Cerenkov detector

Electromagnetic calorimeter

Anti-coincidence
counter

Magnet

Silicon tracker

Measures ratio of energy 
to mass to distinguish 
protons from electrons, 
and protons from 
positrons.

Measures the charge 
of particles

Precisely measures 
velocity of particles

The toroidal magnet at the heart of the Alpha Magnetic Spectrometer bends the path 
of charged, high-speed particles, helping researchers to identify them.

Rejects signals from 
particles that traverse 
the magnet walls
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The threat 
and promise 
of undersea 
methane 
deposits 
go.nature.com/
q3ca4q

M O R E  N E W S

● Robotic probe could explore icy 
region on Earth and beyond go.nature.
com/kbn92m
● Overfishing hits all creatures great 
and small go.nature.com/kazigf
● China’s carbon emissions will peak 
— eventually go.nature.com/zvfooc

O N  T H E  B L O G

How DNA 
may have 
confirmed 
Osama bin 
Laden’s 
death go.nature.
com/mgyqea

B Y  N A D I A  D R A K E

The sighting of a lone grey whale 
(Eschrichtius robustus) last year off 
the beaches of Israel, and then again 

near Spain, came as a surprise to many. How 
did a creature normally found in Pacific 
waters come to be in the Mediterranean Sea? 
Although no one knows what happened to the 
bus-sized mammal after its last appearance in 
May 2010, a group of researchers now sug-
gests that the sighting might indicate a wider 
trend: the mixing of northern Atlantic and 
Pacific marine ecosystems, made possible by 
the climate-driven depletion of Arctic sea ice.

Marine biologist Aviad Scheinin, from 
the Israel Marine Mammal Research and 

Assistance Center in Haifa, and his colleagues  
considered the errant whale’s most likely  
origin and route. In a paper published online 
on 19 April in Marine Biodiversity Records 
(A. P. Scheinin et al. Mar. Biodiv. Rec. 4, e28; 
2011), they rule out a source in the presumed-
extinct North Atlantic population. Comparing  
photos of the whale’s fluke with those of 
individ uals in the small, critically endangered 
western (North) Pacific population, they 
found no matches, implying that the whale 
is a member of the roughly 20,000-strong  
eastern North Pacific population.

After feeding in the Chukchi and Bering seas 
during the summer months, grey whales nor-
mally head south through the Pacific. This one 
could have followed an Arctic route instead, 

perhaps along the Siberian coast where sea ice 
has been in marked retreat. 

“The whale was supposed to go to Califor-
nia or Mexico,” Scheinin says. “But it got lost 
and ended up in the North Atlantic. Then it 
started to go south, keeping the land on its 
left as it would if it were travelling down the 
North American coastline, and made a left at 
Gibraltar.” 

In autumn 2009, when the whale presumably 
would have started its odyssey, sea-ice coverage 
in the Arctic was sparse enough to make such 
a passage plausible, says Harry Stern, a math-
ematician at the University of Washington  
in Seattle, who studies sea ice. “The opening of 
the passages that we’ve seen in the last four or 
five years is unprecedented,” he adds.

John Calambokidis, a research biologist 
with the Cascadia Research Collective, a non-
profit scientific and educational organization 
in Olympia, Washington, says the authors have 
done a good job in considering factors such 
as grey whale populations, feeding habits and  
swimming speeds. “A grey whale in the Medi-
terranean does not make sense,” he says. “But 
among the explanations for the bizarre occur-
rence, this is definitely the most plausible.”

The lack of a tissue sample means that the 
whale can’t be traced to its original population  
using genetic markers. With no further data, 
it is premature to conclude that the sighting is 
related to climate change, says ecologist Kristin 
Laidre of the University of Washington in Seat-
tle. But climate is sure to affect future whale 
sightings, she says. “There’s no doubt that ice 
loss will allow the Arctic to act as a corridor 
for marine species exchange between areas that 
were previously geographically isolated,” she 
says. “Whales will migrate to the Arctic earlier, 
move farther north and stay longer. Those are 
things we predict, and expect to see.”

Grey whales aren’t the only creatures whose 
ranges might expand as summer sea ice con-
tracts. “You could make an argument for any 
species with an open-ocean phase in its life 
history,” says evolutionary biologist David 
Tallmon, from the University of Alaska South-
east, in Juneau. Potential travellers range from 
the smallest diatoms to the largest whales — 
and include terrestrial species seeking colder 
temperatures nearer the poles (see Nature 468, 
891; 2010). “Whole thermal regimes chang-
ing could lead to all sorts of weird ecological 
effects,” Tallmon says. ■

M A R I N E  B I O L O G Y

Wayward whale 
not a fluke
Warming Arctic cited as likely cause of freak migration.

An unusual pilgrimage: a grey whale spotted off the coast of Israel.
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B Y  A L I S O N  A B B O T T

Your cross-disciplinary grant application 
has been rejected. Do you wonder if  
specialist reviewers really grasped its 

scope? Would you feel more, or less, confident 
in the process if reviewers were paid?

A report from the European Science Founda-
tion (ESF) offers guidance on the fairest ways 
to evaluate project proposals. The European 
Peer Review Guide, out last week, maps grant-
reviewing practices among European funding 
agencies and sets out recommendations.

Europe is a kind of laboratory for peer 
review, with programmes that span disciplines, 
and countries with varying evaluation criteria, 
review procedures and incentives for review-
ers. There is no single correct model, says  
co-author Marc Heppener, the ESF’s director of 
science and strategy development. “The report 
refrains from using the term ‘best practice’, and 
refers instead to ‘good practice’,” he says.

The report lists commonly used options for 

everything from managing conflicts and confi-
dentiality to organizing documentation. It lays 
out different methods of selecting experts and 
provides clear definitions of common terms 
such as ‘excellence’ and ‘transparency’. And 
it offers specific advice, such as the need for 
gender balance among reviewers and for incor-
porating right-of-reply in the decision-making 
process. As for paying reviewers, it recom-
mends not doing so unless “really necessary”.

Heppener hopes that the guide will be use-
ful to research agencies around the world. But 
it was commissioned in 2009 for a narrower 
purpose by the heads of the European research 
councils. They realized that better-harmonized 
peer-review systems would make it easier to 
share grant-proposal reviews, a pressing need 
as the number of international research pro-
grammes grows. “National research agencies 
were aware that reviews of a proposal made in 
one country may not be valid in a second coun-
try, and this was frustrating,” says Heppener. 

As well as giving a how-to guide for peer 

review, the report pays special attention to 
research projects at the intersections of tradi-
tional disciplines. It describes ways to assess 
the quality of all parts of any ‘pluridisciplinary’ 
project, and the value of integrating them, with 
a minimum of peer-review stages.

The European Peer Review Guide is a roll-
ing report, which will be regularly updated as 
agencies modify their procedures, adopting 
options that suit their own cultural constraints. 
Some agencies in large countries, for example, 
rely mostly on national reviewers, whereas oth-
ers in small countries may be obliged by law to 
include international reviewers.

“It’s a useful and important report, particu-
larly for those of us who want to fund global 
projects,” says David Stonner, deputy director 
of the office of international science and engi-
neering at the US National Science Founda-
tion (NSF), who was a formal observer of the 
procedures for creating the guide. “We need a 
common language and this report will get a lot 
of attention at the highest levels of the NSF.” ■

P O L I C Y

A how-to for peer review
A guide surveys the range of practices in Europe — and offers suggestions for improvement.
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s NASA’s space shuttle Discovery roared into the sky 
on 24 February 2011, the bass rumble of its main 
engines and the staccato crackle of its solid-rocket 
boosters rolled out across the central Florida coun-
tryside, growing fainter and fainter with distance. 
Viewed from a hotel patio some 65 kilometres away 
in Orlando, the pillar of flame seemed to rise sound-

lessly, a silent apparition from a bygone era. Discovery was on its final 
mission; only two shuttle flights were left before the programme ended for 
good. In the United States, the classical era of the nation’s human space-
flight was drawing to a close, 50 years after it began with the 15-minute 
flight of astronaut Alan Shepard on 5 May 1961.

Three days after Discovery’s launch, in the bar 
of the Orlando hotel, two planetary scientists are 
talking with a group of fellow researchers about 
what should come next. Sipping his drink, Daniel  
Durda laments that after half a century, only 
about 500 people have flown in space. Access to 
humanity’s final frontier is still restricted to people 
employed by a handful of powerful governments 
and corporations, plus the occasional joyriding 
mega-millionaire. “I’d prefer for anyone to be able to go, for any reason 
they choose,” says Durda, of the Boulder, Colorado, branch of the South-
west Research Institute (SwRI). 

His companion, Catherine Olkin, also of the SwRI, agrees. “What 
we’re doing is the next step,” she says. “There are huge opportunities up 
there, not just for science, but for everyone.”

That next step is the subject of the meeting that has brought them all 
here. The second annual Next-Generation Suborbital Researchers Con-
ference (NSRC) is inspired by the growth in recent years of a plethora of 
commercial companies making rockets designed to carry instruments 
and paying passengers more than 100 kilometres above Earth — past the 
edge of the atmosphere and into space. ‘Suborbital’ denotes vehicles that 
will come down again without entering orbit, but will still offer research-
ers precious minutes to make astronomical observations unblurred by 
the atmosphere, or to study physical processes in the absence of gravity.

Indeed, conference attendees are already buzzing with the news that 
the SwRI has budgeted US$1.3 million for a four-year suborbital science 

programme, a portion of which will be used to book passenger seats on 
spacecraft for Durda, Olkin and their colleague Alan Stern, the SwRI’s 
associate vice-president of research and development. If all goes as 
planned, the three researchers will be flying into space as fully fledged 
astronauts by mid-2013. 

The SwRI is so far the only research institution to have made such a 
deal, and everyone here knows the arguments for caution. None of the 
leading suborbital companies has yet flown its vehicles into space and 
back. And seats on future flights are going for some $100,000–200,000, 
yet will give researchers no more than five minutes of weightless ‘hang 
time’ above the atmosphere. For most data-collecting needs, it is just 

as effective to launch automated equipment on 
an unmanned rocket. Many space scientists, 
therefore, remain dubious about the usefulness 
of commercial suborbital spaceflights, particu-
larly those on which researchers accompany their 
equipment.

But few of those sceptics have made the trip 
to the Orlando conference, where the prevailing 
mood is enthusiasm. No one embodies that feel-
ing better than Stern. He hasn’t made it to the 

hotel bar this evening, but that is only because he is busy conferring with 
launch-industry executives — not to mention preparing to chair panel 
sessions, deliver a plenary talk and give press conferences. 

As the principal investigator for NASA’s New Horizons mission to 
Pluto and former head of the agency’s Science Mission Directorate, 
Stern has a reputation for making big things happen — including the 
NSRC itself, which he and Durda helped to organize. He frequently 
compares the state of the nascent suborbital industry to the early days 
of commercial aviation and personal computing. Eventually, he explains 
when Nature catches up with him the next day, “we’ll no longer have 
one centrally planned space programme where only NASA has the keys 

to the space shuttle, and everyone has to funnel 
through that system. Everyone who can afford a 
ticket will go, and that will generate a lot of inno-
vation, a lot of variety. This is going to be like the 
Wild West.”

Ironically, this ‘centrally controlled’ programme 

Reusable commercial rockets will soon be able to take scientists — and tourists — on 
suborbital spaceflights. Are these vehicles vital research tools, or an expensive dead end? 

B Y  L E E  B I L L I N G S

“EVERYONE WHO CAN 
AFFORD A TICKET WILL 

GO. THIS IS GOING TO BE 
LIKE THE WILD WEST.”

ALONG FOR 
THE RIDE

A

 NATURE.COM
For more on NASA’s 
push for commercial 
spaceflight, visit:
go.nature.com/zwdf2w
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       SUPER MOD
Company: Armadillo Aerospace
Max altitude: 40 km (initial �ights)
Microgravity: Three minutes
Passengers/Pilots: Unmanned
Status: 2010–11: many test �ights. 
2011–12: expected �ight of new 
commercial vehicle to 40–100 km.

       XAERO
Company: Masten Space Systems
Max altitude: 30 km (initial �ights)
Microgravity: Three minutes
Passengers/Pilots: Unmanned
Status: 2011: expected test �ight to 
30 kilometres. 2012: expected �ight 
of larger Xogdor to 100 km.

    FALCON 9
Company: SpaceX
Max altitude:
Low Earth orbit
Microgravity: Inde�nite
Passengers/Pilots:
Seven people in capsule
Status: 2010: Rocket and 
Dragon cargo capsule 
achieve orbit. 2011: 
NASA funds Dragon 
upgrade for humans.

1

       SPACESHIPTWO
Company: Virgin Galactic
Max altitude: 110 km
Microgravity: Four minutes
Passengers/Pilots: Six/two
Status: 2010–11: eight tests, four as 
a free-�ying glider. 2012: commercial 
passenger �ights expected.

2

       LYNX
Company: XCOR Aerospace
Max altitude: 110 km
Microgravity: Three minutes
Passengers/Pilots: One/one
Status: 2012: expected test of mark I 
prototype. 2013–14: expected �ight 
of mark II production model.

3

5

6

       NEW SHEPARD
Company: Blue Origin
Max altitude: 100 km
Microgravity: Three minutes
Passengers/Pilots: Three/none
Status: 2006–11: at least three test 
�ights. 2011: NASA funds 
crew-capsule development.

4

SATELLITES

COMMERCIAL
AIRCRAFT

HOT-AIR
BALLOON

Low Earth orbit

Troposphere
(0–20 km)

Stratosphere
(20–50 km)

Mesophere
(50–85 km)

Thermosphere
(85–690 km)

Exosphere
(690–10,000 km)

SPACE FOR EVERYONE
A multitude of private companies have joined the 
competition to provide launch services.

1

23
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has relied on private rockets for decades. Most communications 
satellites and even classified military payloads are sent into orbit 
atop commercial launchers. Similarly, unmanned private sub-
orbital flights are routine, with various companies marketing 
‘sounding rockets’ that take measurements and perform experi-
ments in space. 

The problem is that these launchers are so expensive that only 
the government and large telecommunications corporations can 
afford them. One reason for their cost is that they are expendable, 
discarded after a single use. In the 1970s, NASA tried to eliminate 
much of that waste by developing the fleet of space shuttles, which 
were partially reusable. But in practice, the advantage of reusabil-
ity was more than offset by the difficulty of engineering a vehicle 
that could withstand the stresses of launch and re-entry, and be 
ready to fly again; the shuttles proved to be hideously pricey.

Now, with the shuttles nearing retirement, NASA has been try-
ing again to get the launch costs down — this time by encouraging 
the private sector to develop cheaper rockets and crew capsules 
to reach low Earth orbit. Last month, for example, the agency 
awarded $269 million in development money to four companies, 
one of which — the SpaceX Corporation of Hawthorne, Cali-
fornia — has already had a successful launch with the Falcon 9 
rocket, which first reached orbit in June 2010.

COMMERCIAL ENTERPRISE
For the time being, however, more entrepreneurial energy is 
focused on the sub orbital regime, in which the costs are lower and 
potential customers are more plentiful. The suborbital race began 
in 2004, when test pilot Mike Melvill repeatedly flew a privately 
developed reusable spacecraft, SpaceShipOne, to altitudes of more 
than 100 kilometres in the skies over Mojave, California. Shortly 
afterwards, Burt Rutan, the craft’s designer, partnered with entre-
preneur Richard Branson to form Virgin Galactic, a venture to 
fly tourists on $200,000-per-seat, 110-kilo metre-high suborbital 
jaunts using a fleet of 6-passenger ‘SpaceShipTwo’ spaceplanes, 
which are currently in development. 

A number of other start-up firms followed — many with roots 
in the computer and Internet industries, a testament to the sym-
biosis between space dreams and lucrative high-tech careers. The 
companies include Armadillo Aerospace, organized and funded 
in Heath, Texas, by John Carmack, the computer-graphics wiz-
ard behind the hit videogames Doom and Quake. There is also 
Blue Origin of Kent, Washington, founded by Jeff Bezos using a 
fraction of the fortune he earned creating Amazon.com; Masten 
Space Systems of Mojave, established by David Masten, a former 
information-technology networking guru; and XCOR Aerospace, 
also of Mojave, headed by Jeff Greason, an engineer who helped to 
develop the technology used in Intel’s Pentium line of computer 
chips (see ‘Space for everyone’).

These entrepreneurs expect one of the most lucrative applica-
tions for sub orbital spaceflight to be space tourism, but tourist 
flights won’t begin for at least a year, and probably two. In the mean-
time, to flesh out launch manifests and help to subsidize unmanned 
test flights, companies have begun courting research institutions, 
government agencies and independently wealthy investigators 
who want to run scientific experiments in suborbital space. All 
five companies sent representatives to the NSRC this year, hoping 
to court more clients like the SwRI, which has bought a total of eight 
seats, and options for nine more, on suborbital flights, split between 
Virgin Galactic’s SpaceShipTwo and XCOR’s Lynx.

Few of the attendees in Orlando needed much convincing; just 
about everyone there seemed eager to climb on board. Astro-
nomers talked about raising telescopes above the atmosphere to per-
form mid-infrared searches for water on the Moon and to observe 
planets, comets and asteroids. Planetary scientists detailed micro-
gravity experiments to investigate the collisions of dust and sand that 
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form the building blocks of planets. Atmospheric scientists discussed in 
situ sampling of the ‘ignorosphere’, the largely unexplored stratum of the 
upper atmosphere that lies above the altitudes attainable by weather bal-
loons, but below those of satellites. Materials scientists were eager to study 
how microgravity affects processes such as combustion. 

But the enthusiasm of individual researchers is one thing. Getting the 
institutions they work for to pay for tickets is something else. NASA, 
for example, has signed contracts with Armadillo and Masten, paying 
nearly $500,000 for seven flights carrying engineering equipment. But 
the agency does not yet have approval to buy seats for suborbital pas-
sengers — both Armadillo and Masten are currently focusing more on 
unmanned flight — and none of the flights it has purchased will actually 
reach space. The highest planned altitude is about 40 kilometres. 

To sell those passenger seats, the launch companies will have to 
convince decision-makers that their reusable vehicles offer significant 
advantages over existing ways to access the weightless space environ-
ment. For only a few tens of thousands of dollars per trip, researchers 
can book custom-modified aeroplanes that fly in a series of parabolic 
trajectories, providing microgravity in 30-second bursts for a total of 
5–10 minutes per flight. Or, for an admittedly steep $1 million to $2 mil-
lion, researchers can put automated equipment on a sounding rocket that 
provides up to 20 minutes of microgravity far above Earth’s atmosphere.

The new commercial vehicles vary in their capabilities, but generally 
fall between the two existing options: they can reach between 30 and 
about 100 kilometres in altitude and offer 3–5 minutes of weightlessness.

Stern and other proponents believe that the reusable space vehicles’ 
short times in space are counterbalanced by their high frequency of 
flights. “As a principal investigator, it took me nearly a decade to get 
seven flights on NASA’s sounding rockets, but [the SwRI is] going to 
be flying these eight missions in the space of about a year,” says Stern. 
“Virgin Galactic alone will be flying daily with six vehicles; XCOR is 
going to fly four times per day; Blue Origin says it’ll fly once a week. 
This will give us unprecedented access to space.”

THE HUMAN ELEMENT
But do humans really need to ride along on such experiments, with all 
the risks and complexity that entails? “The advantage is twofold,” says 
Stern, making much the same argument that human-spaceflight propo-
nents have been making since NASA’s Apollo programme of the 1960s. 
“First, you don’t have to pay to automate your experiment any more. 
And second, that means you can easily react to your data collection in 
real time and make changes in your experiment to get better results.”

To demonstrate those advantages, the SwRI researchers are plan-
ning three showcase experiments. One, ‘Box of Rocks’, is a transparent 
case of stone fragments and ceramic bricks meant to simulate how 

loose material settles on asteroids with low surface gravity. Another 
uses a refurbished ultraviolet telescope, which flew on a space shut-
tle in 1997, to observe astronomical objects and upper-atmosphere 
phenomena through a cabin window. The last uses a ‘bioharness’ 
to monitor and record how the blood pressure, heart rate and other 
physiological parameters of passengers vary under the flight profiles 
of different vehicles. 

Paul Hertz, the chief scientist in NASA’s Science Mission Directorate, 
remains sceptical. He is broadly optimistic about the science potential of 
reusable suborbital vehicles, but less convinced that involving humans 
in experiments requiring astronomical observations will be useful. 
“Because these flights are relatively short, it’s really not that constrain-
ing to pre-program your observing plan,” he says. 

The weight of seats and life-support exacts a huge performance 
penalty, agrees Stephan McCandliss, an astronomer at Johns Hop-
kins University in Baltimore, Maryland. McCandliss has flown 
ultraviolet astronomy experiments using sounding rockets for 
more than two decades, and what the new reusables can do “pales in  
comparison”, he says.  

“Sounding rockets are extremely valuable,” Stern concedes. “They go 
higher, have more sophisticated pointing systems, and can carry pay-
loads commercial reusables just can’t. But reusables can fly far more  
frequently, they are 10–20 times lower in cost, and they can bring scien-
tists along with their instruments. This is a debate about having a fork 
or a spoon at the table — they are for different purposes.”

John Grunsfeld, a former shuttle astronaut and current deputy direc-
tor of the Space Telescope Science Institute in Baltimore, is also doubtful 
that the new vehicles will be better than sounding rockets, but admits 
that reusables could offer fresh opportunities for science.

“The real potential to benefit science is not necessarily in this first 
wave of vehicles, but in their prospect for a future in which crewed 
commercial vehicles will routinely and frequently access longer periods 
of weightlessness, or better yet, reach Earth orbit,” says Grunsfeld. That 
ready availability, in turn, could facilitate imaginative science that might 
not make it through the peer-review processes of government agencies 
and major academic institutions. Of course, cautions Grunsfeld, “the 
value of that science remains to be seen”.

For Stern, the value of routine suborbital spaceflight shouldn’t be 
measured only in grants awarded and peer-reviewed papers published. 
Speaking at one NSRC session, he told the audience that they should feel 
no shame if their interest in suborbital science stemmed mainly from 
their yearning to fly in space.

“I don’t think most scientists appreciate very well how motivational 
human spaceflight can be,” Stern said. “Going into science is hard —  
there are easier careers where you can make more money. But when 
every day educators and working researchers can visit classrooms and 
speak to schoolchildren about personally going into space, that has real 
effects. We can contribute to the future by giving birth to this new indus-
try and the opportunities it brings.”

That message seemed to resonate at the NSRC. Between and after the 
sessions, discussions about suborbital science frequently segued into con-
versations about inspiring the next generation of researchers to do great 
things — to beam energy to Earth from vast solar panels on satellites, 
to visit asteroids, to colonize the Moon or to travel to Mars. Indeed, for 
most of the scientists gathered in the conference rooms and hotel bars, the 
prospect of democratized suborbital flight seemed to be a blank screen on 
which they could project their current plans and future dreams of human-
ity’s expansion into, at minimum, the rest of the Solar System. 

“A lot of people are reluctant to talk about the big picture, and they 
may not be able to always clearly articulate why they want to take these 
trips, but what many of them want is to take part in making the future 
happen,” says Greason, XCOR’s chief executive. He is no exception. “The 
reason why I’m in this business is because I think it has the potential to 
be the beginning of something that will last for a very, very long time.” ■

Lee Billings is a freelance writer in New York.

Daniel Durda (left) and Alan Stern (floating) train for zero-gravity on an aircraft. 
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From isotopes to the stars
Creating more exotic isotopes will reveal the stellar formation of atoms — a fitting 

tribute to Ernest Rutherford, say Michael Thoennessen and Bradley Sherrill. 

standard model to describe these particles 
and their interactions. This quest to find 
nature’s ultimate building blocks is being led 
by experiments at CERN, Europe’s particle-
physics laboratory near Geneva, Switzerland. 

Despite this progress, some basic questions  
remain unanswered. It is not known how 
Rutherford’s nucleus can result from quarks 
and the strong force. It is not even known in 
detail how the strong force binds quarks to 
make neutrons and protons, or how it results 
in the forces that hold together protons and 
neutrons in the nucleus. Even simpler ques-
tions, such as how many elements might 
be possible, or how many neutrons a given 
number of protons can bind, are currently 
unanswerable.

So, away from the high-profile, high-
energy frontier, a small army of machines 
is quietly advancing understanding of the 
atomic nucleus by generating new and rare 

A hundred years have passed since 
Ernest Rutherford published his 
discovery of the atomic nucleus 

in May 1911 and started a journey to the 
centre of the atomic world. In Rutherford’s 
famous experiment, a stream of α-particles 
was aimed at a very thin sheet of gold foil. 
Some of the particles were deflected at angles 
that suggested they had collided with a small, 
dense atomic core. As Rutherford remarked: 
“It was almost as if you fired a 15-inch shell 
at a piece of tissue paper and it came back 
and hit you.” The experiment supported 
a planetary model of the atom — the idea 
that most of the mass is concentrated in a 
nucleus, with even smaller electrons orbiting 
it like planets around the Sun.

Over the century since, scientists have 
probed to sizes 1,000 times smaller than 
Rutherford managed — to the level at which 
quarks are important — and developed the 

nuclides — atoms with a specific number of 
protons and neutrons in their nuclei. In 2010, 
for the first time, more than 100 new unstable  
isotopes — nuclides with different numbers 
of neutrons — were discovered in a single 
year (see ‘The nuclide trail’). We expect more 
than 1,000 new isotopes, including some of 
the most scientifically interesting to date, to 
be discovered over the next decade or so. 

Initially, the search for new isotopes was 
driven by the quest for the unknown, to 
make something nobody else had made and 
the urge to understand the underlying forces. 
But they have enormous practical applica-
tions too: in nuclear energy, medical imaging  
and treatment, carbon dating and tracer 
elements. The international effort to create 
new isotopes will push our understanding of 
atom formation and nuclei to new levels, but 
may also lead to applications. 

Even before Rutherford’s experiment, 

Hans Geiger (left) and Ernest Rutherford’s experimental work revealed the nucleus at the centre of atoms.
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radioactive-decay studies showed that a 
given element can exist in different forms. 
The discovery of the neutron in 1932 revealed 
that the nucleus of an atom was composed of 
protons and neutrons. Soon after, Irène Curie 
and Frédéric Joliot used α-particles from 
polonium and targets of boron, magnesium 
and aluminium to create the first radioactive 
isotopes in the laboratory. The new isotopes 
of nitrogen, aluminium and phosphorus had 
one neutron fewer than the normal stable 
nuclides of these elements. 

Since then, researchers have been  
searching for the limits of nuclear existence, 
to discover what element may have the most 
protons and what are the largest (and small-
est) number of neutrons for a given element. 
Even today, the limit to the number of  
neutrons that an element can bind is known 
only for the lightest elements, from hydro-
gen to oxygen. That is one very small corner 
of the possible nuclear landscape (see ‘The 
nuclide trail’).

There are almost 300 stable nuclides on 
Earth and another 2,700 radioactive isotopes 
have been identified so far. This represents 
perhaps only half of all predicted isotopes. 
Around 3,000 have yet to be discovered (it 
might be as many as 5,000 or as few as 2,000). 
Although the different masses of isotopes do 
not influence their chemistry much, the pro-
duction and study of rare isotopes is crucial 
to understanding the process of nature that 
makes atoms in their birthplace.

Most of the elements in nature are created 
in stars and stellar explosions, and the iso-
topes involved are often at the very limits of 
stability. The next generation of rare-isotope 
accelerators will create, for the first time on 
Earth, most of the isotopes that are formed 
in stellar environments. Where physicists 
currently have to rely on theoretical mod-
els based on extrapolations, they will soon 
measure the properties of most of these 
isotopes directly. It could  help to answer 

other fundamental astrophysics questions 
on where in the cosmos these isotopes are 
created, why stars explode, the nature of 
neutron stars and what the first stars in the 
Universe were like.

MARCH OF MACHINES
The first particle accelerators, developed 
in the early 1930s, revealed many new  
isotopes. The Second World War delayed 
progress but, afterwards, neutron-capture 
and neutron-fission reactions in nuclear 
reactors continued the exploration. The next 
advance was the development of heavy-ion 
accelerators in the 1960s, which produced 
heavy neutron-deficient isotopes in fusion 
evaporation reactions. 

With higher-energy accelerators in the 
1990s, scientists could create more neutron-
rich nuclei during in-flight fission or projec-
tile fragmentation of high-energy heavy ions. 
This has been the most productive route to 
isotope discovery in recent times. But in the 
past decade, the rate of discovery dropped 
to levels not seen since the 1940s. It became 
obvious that dedicated rare-isotope accelera-
tors were needed to make further progress.

The first of these facilities, the Rare Isotope 
Beam Factory, came online in 2007 in Wako, 
Japan. In 2010, it reported the discovery of  
45 new neutron-rich isotopes. 

To ensure that this is the beginning of a 
new era rather than just a discovery spike, 
it is crucial to continue efforts worldwide. 
Centres are under development, such as the 
Facility for Antiproton and Ions Research 
in Darmstadt, Germany, SPIRAL2 in Caen, 
France, and the Facility for Rare Isotope 
Beams at Michigan State University in East 
Lansing. Scientists in the United States have 
been trying to build a rare-isotope accel-
erator for almost 20 years. Funding for an 
earlier facility was halted during a previous 
period of austerity.

Today’s difficult financial conditions must 

not be allowed to halt the machine builders. 
The facility in Germany still needs to secure 
sufficient funding to start operations by the 
end of the decade. Isotope discovery over 
the past 100 years has been a worldwide 
effort, with more than 3,000 scientists in 125 
laboratories in 27 countries contributing. It 
will be a shame if the German facility — an 
international collaboration from its outset — 
does not move forward expeditiously.

Pushing science to the limits produces 
surprises. We have already learned that rare 
nuclei with extreme proton-to-neutron ratios 
don’t always follow the textbook behaviour of 
known stable isotopes. For example, the size 
of stable nuclei is proportional to their mass 
— it scales as A1/3 (where A is the mass num-
ber of neutrons and protons). However, this 
simple relationship ignores any differences 
between neutrons and protons. Some rare 
nuclei that exist only fleetingly have proved 
to be significantly larger. 

Other surprises may be in store. Hope-
fully, the next-generation facilities will  
create more than 1,000 new isotopes, and 
the limit of nuclear existence will be pushed 
towards heavier elements, up to zirconium 
(40 protons) but still some way from gold 
(79 protons). Fundamental phenomena 
are waiting to be discovered, and increased 
production of rare isotopes will bring new 
applications in medicine and other fields. We 
are confident that in the next 10–15 years, 
most of the isotopes needed to answer the 
question ‘What is the origin of elements in 
the cosmos?’ will be created in the lab for the 
first time. A fitting tribute to Rutherford. ■

Michael Thoennessen and Bradley 
Sherrill are at the National Superconducting 
Cyclotron Laboratory and the Department 
of Physics and Astronomy at Michigan State 
University, East Lansing, Michigan 48824, USA. 
e-mails: thoennessen@nscl.msu.edu; 
sherrill@frib.msu.edu

THE NUCLIDE TRAIL
Isotope discovery over the past 100 years (below) has jumped with each introduction of new technology. Some 
2,700 radioactive isotopes have been discovered so far (below right), but about 3,000 more are predicted to exist. 
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As supplies around the world come 
under pressure, is it all over for water? 
In this comprehensive, entertain-

ing and torrential flow of a book, journalist 
Charles Fishman answers with a definitive 
no. But “the golden age of abundant, cheap 
and safe water” is quickly disappearing. We 
needn’t panic, he says, but it isn’t going to be 
like it was. We must treat water differently. 
And many of us are in for a rude shock. 

The Big Thirst is a key read for people who 
wonder how water became so scarce that in 

2007–08 the cities of Atlanta, Georgia, and 
Barcelona, Spain, almost ran out, and why 
in some countries around the world two 
out of five women still walk long distances 
each day to collect water. Informative and 
wide-ranging, it covers how water molecules 
were formed in interstellar clouds and came 
to Earth after the Big 
Bang; how ultra-pure 
water used in micro-
chip manufacture is so 
clean that it is toxic to 

human touch; and the 
probable existence of 
several oceans’ worth 
of water sequestered in 
rocks hundreds of kilo-
metres below ground. 

Dis c uss ions  of 
global water manage-
ment often drown 
readers with mega 
numbers. Fishman 
asks instead: what do 
billions of gallons or 
cubic metres, or tril-
lions of investment 
deficits in water infra-
structure, look like 
or signify? He makes 
lively comparisons: every day, the United 
States flushes more water down its toilets 
than either Canada or the United Kingdom 
consumes in total; and one shipload of water 
delivered to drought-stricken Barcelona in 
2008 supplied the city for just 32 minutes. 

Newcomers to the water issue are usually 
relieved to find out that there remains enough 
water on the planet to supply the needs of 
humans and the ecological system; the ques-
tion is how to manage it. But answering that 
question is not simple. Fishman places the 
responsibility for difficulties in water manage-
ment firmly where it belongs — on the witch’s 
brew of sociology, economics, suspicion, 
electoral politics, history and mythology that 
makes decision-making sometimes difficult, 
and often nearly impossible. 

The number-one problem is that water 
is not valued. In our lives, businesses and  
habits we abuse and overuse this multipurpose  
solvent, precious elixir and indispensable sub-
stance. Transportation and energy projects, 
fresh agricultural developments, new suburbs 
and shopping malls are embarked on with-
out thought about their effects on local water. 
Will it be polluted?  Is ground water running 
out? Who is downstream and what will be the 
impact on them?

The second problem is that because we 
don’t value water, we are reluctant to pay for it, 
or for the reservoirs, pipes, energy, chemicals, 
staff, fencing and monitoring needed to get 
clean water to the point of use. So municipal 
pipes leak, and many cities across the world 
lose from one-quarter to one-half of the water 
in their plumbing systems. Most irrigation 
systems are less than 50% efficient. 

These issues combine to create a political 
‘no-go’ zone. Politicians will lose elections if 
they vow to charge more for water, and those 
who favour new development routinely win. 
Fishman paints dramatic pictures of the 
results. In some Indian cities, water is availa-
ble for only two hours every two days, so each 
household must set up its own water-storage 
facilities. Residents of Atlanta continued their 
wasteful water-use habits as the reservoirs 

E N V I R O N M E N T

Water, water 
everywhere...
Margaret Catley-Carlson wonders why humanity 
places so little value on its most basic resource.  

The Big Thirst: The 
Secret Life and 
Turbulent Future of 
Water
CHARLES FISHMAN
Free Press: 2011.  
400 pp. 
£16.67/$26.99

In some countries, two in every five women still face a long daily walk to collect water.

N
. S

EE
LA

M
/A

FP
/G

ET
TY

 NATURE.COM
For more on water in 
the Middle East:
go.nature.com/qqekxz

5  M A Y  2 0 1 1  |  V O L  4 7 3  |  N A T U R E  |  2 7

BOOKS & ARTS COMMENT

© 2011 Macmillan Publishers Limited. All rights reserved



Respected intellectual historian Milad 
Doueihi describes himself as an 
“accidental digitician” — by his own  

admission more a user of information technol-
ogy than a creator of it. Such people, he argues 
in Digital Cultures, are forging a new global  
culture. The impact of computers on our 
minds, bodies and societies is already far-
reaching. Whether we like it or not, digital 
culture is permanently entrenched. 

Doueihi, an expert on literacy, points out 
that the voices of historians have largely been 
missing from discussions of the Internet. By 
showing how modes of communication and 
human relationships have changed since its 
rise, he makes a persuasive case that digital 
culture has broken free from print culture, 
which extends from the Gutenberg Bible of 
the 1450s to the present. Instant response, 
brevity, minimal spelling and grammar, novel 
syntax and different modes of composition 
have created new forms of literacy.

As a consequence, the way we view our 
identity, citizenship and political selfhood 
has changed. Doueihi sees blogging as “one 
of the greatest success stories”. With the rise 
of online forums, everyone can communicate 
freely without publishers’ intervention.  As a 
result, we are more dedicated to the Internet 
than to any other civic cause, or even to our 
everyday work. As well as rich and poor, there 
is now another great social divide: between 
those with and without access to these web 
conversations.

In our online inter-
actions, a new civility 
has emerged, along 
with the uncivilized 
behaviour — ‘trollism’ 
— that results from 
online anonymity. 
Urban dwellers blog 
more than those out-
side cities, and have 
created parallel cities in 
the blogosphere. And 
podcasts have reinvig-
orated the voice.

Doueihi’s argument 
for a culture shift rests 
on three components of the online world. 
One is its creation of an anthology. The digital 
culture, rather than creating long, sustained 
narratives, assembles fragments of mate-
rial — but not into logical wholes. We invest  
everything in e-mail responses rather than  
saving up our thoughts for long letters or 
books. All these snippets can then be assem-
bled by different readers in different ways.

Doueihi also briefly cites religion as a cen-
tral aspect of any new culture, although he 
never explains what he means by the word 
‘religion’. He passes quickly on to the third 
component — group identity, arguing that we 
seem to have a greater craving for belonging 
than previous generations. 

Digital group identity, says Doueihi, differs 
from previous print-based concepts in several 

T E C H N O L O G Y

Together, bit by bit 
A historian’s insights into digital culture fascinate 
George Rousseau.

dropped and elected officials prayed for 
rain. But even when the rains come, the 
problem is not fixed; and drought is sure 
to recur. 

Fishman enjoys naming and sham-
ing the villains. But he takes greater  
joy in celebrating the heroes: the laundries 
in Las Vegas, Nevada, and the citizens of 
Australia’s Gold Coast who now recycle 
urban water. Fishman explores at length 
the paradox that whereas companies such 
as Coca-Cola — headquartered in Atlanta 
— and Campbell Soup, of Camden, New 
Jersey, have set themselves elaborate water  
strategies and water-saving measures, 
most cities, including Atlanta, have not. 

He both praises and damns the private 
sector. The market can drive efficiency 
savings, he says, but it also creates solu-
tions for problems that don’t exist by, 
for example, “foisting bottled water on 
a too-gullible world”, and fails to fix the 
real problems. He sees little future for a 
trade in water, because water cannot be 
transported easily over long distances. 
It’s costly, politically and practically. Yet 
‘virtual’ water — used in the production 
of coffee, T-shirts, cars and everything else 
we make — is traded with little heed for its 
economic or ecological value.

Technological advancement is and will 
be important, and Fishman covers it nicely. 
Given that the agricultural sector uses 
more than 70% of the global water sup-
plies, surely everyone would be cheered 
by the idea of a high-yielding new crop 
variety that can mature using only 40% of 
the water? But if those crops are geneti-
cally engineered, more than one continent 
will recoil. Farmers who get water free or 
for little cost have no incentive to reduce 
their usage with water-saving devices. Nor 
are many of the new technologies taken 
up, even though someone invents a water 
purifier nearly every week that ‘for only 
pennies per day will provide a family with 
clean drinking water’. The dispiriting truth 
is that few are bought. 

The Big Thirst is a delight to read — 
full of salient and fascinating examples,  
well-researched and laced with wry 
humour. It would be wonderful if Fish-
man’s rant against bottled water converted 
every reader. It would be even better  
if it promoted a serious reflection on 
how little we value that on which our life 
depends. ■

Margaret Catley-Carlson serves on 
water and agricultural boards and 
advisory committees, including the  
World Economic Forum’s Global Agenda 
Council on Water Security and the United 
Nations Secretary General Advisory 
Board on Water. 
e-mail: m.catley-carlson@cgiar.org

Digital Cultures
MILAD DOUEIHI
Harvard Univ. Press: 
2011. 175 pp.  
£14.95/$19.95

A blogger (left) for an Internet radio station in Egypt that fights intolerance towards divorced women.
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Cascadia’s Fault: The Earthquake and Tsunami That Could 
Devastate North America
 Jerry Thompson and Simon Winchester Counterpoint press  
352 pp. £16.06/£26 (2011)  
Following the recent devastation in Japan, journalist Jerry Thompson 
points out with unfortunate timeliness that North America is also 
at risk from a cataclysmic earthquake and tsunami. The Cascadia 
subduction zone stretches 800 kilometres from Vancouver Island to 
northern California, where the ocean floor slips below the continent. 
He follows the researchers who monitor the area, and asks what 
would happen if a magnitude-9 quake and 30-metre waves hit 
Vancouver and Seattle, Washington.  

Sex, Drugs, and Sea Slime: The Oceans’ Oddest Creatures  
and Why They Matter
Ellen J. Prager univ. of ChiCago press 216 pp. 
$26/£17 (2011)  
Beneath the waves, anything goes, explains marine scientist  
Ellen Prager in her tour of some of the saltier habits of sea life.  
From the inside-out posture and bioluminescent fireworks of the 
vampire squid to the mucus deluge that protects the slimy  
hagfish, she explains how marine critters adopt unusual  
approaches to sex, predation and defence. And she explores how 
these diverse creatures, from krill to the grey whale, are crucial  
for our food supply, economies and even drug discovery. 

Divine Machines: Leibniz and the Sciences of Life
Justin E. H. Smith prinCeton univ. press 392 pp.  
$45/£30.95 (2011)  
Seventeenth-century philosopher G. W. Leibniz is best known 
for his mathematical discoveries, including calculus. But he also 
investigated the science of life. Philosopher Justin Smith describes 
how Leibniz’s experimentation in medicine, physiology, taxonomy 
and palaeontology influenced his philosophical ideas, causing  
him to shy away from mechanical views of nature towards more 
organic ones.  

Rising Force: The Magic of Magnetic Levitation
James D. Livingston harvard univ. press 288 pp.  
£20.95 (2011) 
Giving a new meaning to literary suspense, physicist Lames 
Livingston devotes his book to the science of magnetic levitation. 
From laboratory demonstrations of floating magnets, flying  
frogs and suspended sumo wrestlers to the realities of urban  
maglev trains, he uncovers humanity’s fascination with the magic 
of defying gravity, as well as the physics of magnetic fields and 
superconductivity. 

Born in Africa: The Quest for the Origins of Human Life
Martin Meredith simon & sChuster 432 pp. £16.99 (2011) 
More than a century after Charles Darwin suggested that the 
ancestors of modern humans might lie buried in the African 
plains, we are still piecing together the jigsaw of our evolutionary 
past. Journalist and historian Martin Meredith tells the story of the 
palaeontologists who sought the bones of early hominids there,  
from the discovery of skeletons in Tanzania’s Olduvai gorge in 
the early twentieth century to the latest genetic research on the 
branches of the human family tree.  

ways: speed of communication, multiple 
numbers of readers instantly reached, and the 
assumption that everyone who receives your 
digital message is interested in what you say. 
But it has a downside. Someone who paid two 
shillings for a book in the eighteenth century 
worked a week to buy that book and wanted 
to own it. With so much to choose from, read-
ers of blogs may never find an account of such 
value to them. 

The new types of ‘group belonging’ arising 
on the Internet, through which people achieve 
personal popularity and find safety, are creat-
ing a new emotional comfort zone. This begs 
for a broader discussion of emotional, moral 
and other types of literacy, which Doueihi 
does not address. I also craved more knowl-
edge about the interior world, especially the 
affective and emotional resonances of web 
users, many of whom are young.  

Doueihi has sensitive antennae for the legal 
ramifications of the new digital culture, as his 
debates on intellectual property rights, secu-
rity and related issues show; and he may be 
right that at the root of these controversies is 
the annihilation of the old conception of what 
it is to be an author. In the print culture, the 
author controls the material that is read; in the 
new culture the reader is empowered to con-
tribute, as in the shared editing of Wikipedia. 

Many historians will counter that aspects 
of print culture — such as sustained narra-
tive and religions organized by ethnic and 
national identity — are not defunct. We may 
spend our time in global digital cities, but 
our passports are not yet shredded. Doueihi 
might reply that this is a matter of degree: 
some civic forms have changed more rapidly 
than others. Our expectation of what a book 
is remains the same. 

Although Doueihi bypasses the scientific 
community as a specific case, the new digital 
literacy must have altered what it means to be 
a scientist, especially in terms of identity and 
group belonging. Celebrity culture among 
scientists has undeniably become more fren-
zied in recent decades. Yet the effect of the 
Internet on the process of doing science is 
more elusive. With thousands of electronic 
messages traversing a typical laboratory each 
day, it will be increasingly difficult for sociolo-
gists to disentangle how networks of people 
manufacture scientific facts, in comparison 
with earlier accounts such as Bruno Latour 
and Steve Woolgar’s Laboratory Life (1979). 

Written in the ‘old’ discursive format, Digi-
tal Cultures includes much to think about. 
The pace of change is fast, but Doueihi’s 
insight is fresh. ■

George Rousseau is a professor of history 
at the University of Oxford, co-director of its 
Centre for the History of Childhood, Oxford 
OX1 4AU, UK, and author of Nervous Acts: 
Essays on Literature, Culture and Sensibility.  
e-mail: george.rousseau@magd.ox.ac.uk
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What drew you to cave art?
It dates back to my adolescence. I come from 
a remote mountain valley where we had no 
telephone, no radio, no running water. A 
book in a bookstore caught my attention. I 
was mesmerized by a prehistoric picture of 
a horse — perhaps from Lascaux Cave. I was 
always interested in archaeology because of 
my grandfather, an archaeologist who did 
his life’s work on a Greek island close to the 
Turkish coast. He excavated a huge site that 
includes temples and a medical spa where 
ancient doctors would work. When the 
chance came to film in Chauvet Cave I was 
immediately on board. 

Why is Chauvet special?
Some of the most wonderful caves with  
prehistoric art, such as Lascaux in the Dor-
dogne in France and Altamira in the Spanish 
Pyrenees, have had to shut because of prob-
lems with mould. Chauvet, in the Ardèche 
in France, was preserved as the perfect time 
capsule. Owing to the collapse of the face of 
the gorge, the cave entrance was sealed for 
roughly 20,000 years. And when the cave was 
discovered in 1994, the explorers did every-
thing right. They rolled out plastic sheets and 
crawled along them to avoid stepping on the 
floor. They found the tracks of cave bears, 

which had been extinct for tens of thousands 
of years. And the charcoal remains of fires 
made to illuminate the paintings. One swipe 
mark of a torch on the wall was radiocarbon 
dated to nearly 30,000 years ago. The paint-
ings themselves date from 30,000 to 35,000 
years ago.

What do the paintings show?
The bestiary is limited and mysterious. The 
animals depicted range from reindeer to 
woolly mammoths, woolly rhino, lions, bison 
— huge, dangerous, powerful beasts, and not 
only animals that you would hunt. There is 
no sign of a fox, weasel or bird, except one 
scratched image of an owl. Painting never got 
any better through the ages, not in ancient 
Greek and Roman antiquity, nor during the 
Renaissance. It’s not like the Flintstones — the 
work of crude men carrying clubs. This is the 
modern human soul emerging vigorously, 
almost in an explosive event. You sense the 
presence of the artists because it’s so fresh: we 
felt that eyes were looking at us from the dark.

What do we know about the cave artists?
For the time, they were high-tech. An ice-
free corridor would have connected Chauvet 
to the Swabian Alb, 400 kilometres away in 
southern Germany, where flint tools and 

bone and ivory flutes 
have been found.  
The cave was never 
inhabited, although 
there were burials in 
the region. Strangely, 
Chauvet people only 
painted deep inside the cave, where it was 
completely dark. Some archaeologists claim 
the pictures have ritualistic or shamanistic 
meanings. But we simply do not know. 

What were the filming challenges?
We were allowed one week of shooting, but 
just four hours per day. We had to move along 
a metal walkway. No more than three camera 
people, sound or 3D specialists could assist 
me, and we had to use lightweight equipment 
that did not emit any heat. It was tough: 3D 
apparatus is large and clumsy, and must be 
reconfigured for each type of shot. When the 
camera moves closer to an object, the lenses 
have to move towards each other and ‘squint’.  
We had to do these high-tech things in semi-
darkness with only a few torches.

Was filming in 3D worth the trouble?
It was. The formation of the cave is very dra-
matic. There are bulges and niches and pen-
dants, which the artists also utilized in their 
drama. For example, a huge bulge in the rock 
now is the bulging neck of a charging bison; 
a horse comes out shyly from the recesses of 
a niche. When you see the film you know 
immediately that it was the right thing to do. 
Otherwise, I’m sceptical of 3D.  

You’ve said you see nature as hostile and 
chaotic. Why?
I’ve heard too many times that there’s a  
cosmic harmony. This vapid new-age babble 
enrages me. The Universe is not harmonious 
and beautiful, it is dangerous and hostile. My 
opinion is evident in Grizzly Man, for exam-
ple, which is about a man who went out to 
Alaska to protect grizzly bears by standing a 
couple of metres away from them. Even our 
supposedly benign Sun is a danger — hun-
dreds of thousands of simultaneous atomic 
explosions. Imagine how destructive a black 
hole would be. Yet the more we know, the 
more fascinating it gets. There’s an inherent 
curiosity in the human race to understand the 
Universe that’s around us. That distinguishes 
us from the cow in the field. ■

I N T E R V I E W  B Y  J A S C H A  H O F F M A N

CORRECTION
The Books in Brief summary of The 
Sorcerer’s Apprentices by Lisa Abend 
(Nature 471, 577; 2011) wrongly 
suggested that she underwent training as 
a chef; in fact, she observed training.

Q&A Werner Herzog 
Illuminating the dark
As he releases a 3D documentary about the prehistoric paintings in Chauvet Cave in southern 
France, Werner Herzog — the German director of Fitzcarraldo and Grizzly Man — talks  
about cave art and the hostility of nature.

The Cave of 
Forgotten Dreams 
(3D)
DIRECTED BY  
WERNER HERZOG
Now showing at  
US/UK cinemas

Werner Herzog charts the emergence of a new human sensibility 35 millennia ago in his latest film.
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CORRESPONDENCE

NIH revamp: real 
issue is resources
A failure to translate the United 
States’ global leadership in 
biomedical science into a 
comparable position in health 
care (Nature 471, 569–571; 2011) 
does not justify dismantling the 
very source of that leadership — 
the National Institutes of Health 
(NIH). The real issue is that 
more science, data and resources 
are needed by other units of 
the US Department of Health 
and Human Services (HHS) 
responsible for engineering the 
application of discoveries.

Opportunities for scientific 
reorganization in the NIH include 
improving cost-effectiveness and 

NIH revamp: US 
health care at fault
Contrary to Michael Crow’s 
implications (Nature 471, 569–
571; 2011), the annual budget 
of the US National Institutes of 
Health (NIH) of US$31 billion is 
only a small percentage (barely 
1%) of yearly US health spending 
— now $2.5 trillion. 

US health care is costly 
because it is the only wealthy 
industrialized country without 
public health insurance. Its 
citizens give vast sums to 
insurance companies whose 
primary function is to bleed 
money from the system while 
maximizing profit. 

Everyone should benefit when 
an NIH-funded discovery is 
made that extends human life. But 
a shamefully large fraction of the 
US population does not because 
they have inadequate health 
insurance, if any. More politically 
enlightened nations stand to 
gain more by providing the best 
possible health care.
Thomas E. DeCoursey Rush 
University Medical Center, 
Chicago, Illinois, USA. 
tdecours@rush.edu

instrumentation of assets and 
weaknesses. But it is crucial to 
separate the engine of discovery 
from the engine of application. 
Discovery is stochastic and 
opportunistic; application is 
the stuff of engineers. That is 
why attempts to over-engineer 
discovery fail and why science 
should not drive its application.   

There should be separate units 
to promote discovery, assess 
outcomes and engineer the 
healthcare system. At present, 
these approximate to the NIH, 
the Agency for Healthcare 
Research and Quality, and HHS 
units such as the Food and Drug 
Administration. 
Russ Altman Stanford University, 
Stanford, California, USA.
russ.altman@stanford.edu

It is rational to doubt 
Fukushima reports
Officials have no right to 
dismiss as “irrational” the 
public’s mistrust of official 
pronouncements about the  
11 March earthquake and 
tsunami damage to Japan’s 
nuclear reactors in Fukushima.

The public in Japan and 
elsewhere has figured out two 
things about Fukushima. First, 
what might happen next is a 
potentially bigger problem than 
what has happened so far; and 
second, governments, experts  
and authorities have been 
consistently behind the curve  
in talking openly about what 
might happen next.  

People are suspicious of official 
assurances that the current 
situation will get no worse, maybe 
rightly. They don’t trust the 
authorities to tell them the ways 
in which it could get worse and 
how likely it is to do so. Many 
don’t even trust the authorities to 
tell them promptly if it does. 

As a result, a variety of 
precautions that might be 
considered excessive or 
premature if the public felt they 
could trust the authorities — 
avoiding Japanese foods, for 
example, or seeking out a supply 
of potassium iodide — suddenly 
become sensible and should not 
be branded as illogical, hysterical 
or radiophobic. 
Peter M. Sandman, Jody Lanard 
Risk Communication Consultants, 
Princeton, New Jersey, USA.
peter@psandman.com

UNESCO helps 
manage tsunamis 
In disasters on the scale of 
Japan’s 11 March tsunami, 
every second counts in 
making accurate information 
available to those who need it 
most. To this end, the United 
Nations Educational, Scientific 
and Cultural Organization 
(UNESCO) helps professionals 
and populations to anticipate the 
risks, assess possible flooding 
and coordinate monitoring.

Some lessons have been 
learned from the ravages of 
the 2004 tsunami in the Indian 
Ocean. In addition to the 
Pacific early-warning systems, 
UNESCO’s Intergovernmental 
Oceanographic Commission  
is coordinating the set-up of 
regional tsunami-warning 
centres in the Indian Ocean, 
the Caribbean, the north-east 
Atlantic and the Mediterranean, 
as well as full-scale simulation 
exercises.

International scientific 
cooperation can help in 
countering such disasters, whose 
scope extends beyond frontiers 
and state capacity. But this 
cannot replace the authority and 
initiative of national leaders. 
We also need to do much more 
to strengthen the capabilities of 
local communities. 

Managing the unexpected 
depends on education and 
culture. For example, Japanese 
children are taught how to 
respond to earthquakes and 
tsunamis at school; and because 
the people of Simeulue Island in 
Indonesia were aware of tsunami 
warning signs, only seven 
died in the 2004 event. With 
UNESCO’s support, Indonesia 
and Thailand are accelerating 
their risk-reduction education. 
Last year, students and teachers 
were trained in schools across 
six coastal cities in Colombia, 
Ecuador, Peru and Chile.

Urbanization and 
uncontrolled development 

threaten the coral reef and 
mangrove ecosystems that 
mitigate the force of tsunamis. 
As some 10% of the global 
population live in low-lying 
coastal zones, protecting these 
natural barriers is also a shared 
responsibility. 
Irina Bokova Director-general of 
UNESCO, Paris, France. 
dg@unesco.org

NIH revamp: avoid a 
redundant revolution 
A restructuring of the US 
National Institutes of Health 
(NIH) to include new institutes 
for “health transformation” 
and for research into “health 
outcomes”, as Michael Crow 
advocates (Nature 471, 569–571; 
2011), is unnecessary. These 
would duplicate the function 
of agencies that, like the NIH, 
are already overseen by the 
Department of Health and 
Human Services. 

The Agency for Healthcare 
Research and Quality focuses 
on outcomes research. The 
National Coordinator on Health 
Information Technology and 
the Centers for Medicare & 
Medicaid Services (CMS) focus 
on transformation. In particular, 
the CMS will administer  
US$10 billion from the 2010 
Affordable Care Act for  
research related to sustainable 
cost models for health care  
(http://innovations.cms.gov).
John Robinson South Dakota 
State University, Brookings,  
South Dakota, USA.   
john.robinson@sdstate.edu
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E V O L U T I O N A R Y  B I O L O G Y

The origins of novelty
Treehoppers produce highly diverse structures called helmets. To do so they seem to have exploited the genetic potential, 
long inhibited in other winged insects, to develop wings on a particular anatomical segment. See Letter p.83

A R M I N  P.  M O C Z E K

Understanding the origin of complex 
traits is among the most enduring 
puzzles in evolutionary biology. On 

the one hand, evolution operates within a 
framework of descent with modification — 
everything new must come from something 
old. On the other hand, structures such as the 
eye, the wing and the turtle’s shell stand out 
because they lack obvious correspondence to 
the old. On page 83 of this issue, Prud’homme 
et al.1 address this puzzle by connecting a com-
plex and highly diverse trait — the helmet of 
membracid treehoppers — to its origins in 
both development and evolution. 

Treehoppers are insects that would resemble 
miniature cicadas were it not for the presence 
of the helmet (Fig. 1). This structure appears 
to reside on top of the animal’s thorax, and 
extends dorsally, and in remarkably varied 
ways, to mimic thorns, animal droppings or 
aggressive ants. Entomologists joke that some 
treehoppers use their helmets to send signals 
to their home planet, so other-worldly is their 
appearance.  

Helmets have been interpreted as an exten-
sion of the pronotum, the dorsal portion of the 
first segment of the three-segmented thorax 
shared by all insects2. The thorax is a defin-
ing feature of insects, bearing a pair of legs on 
each of its three segments and, in most insect 
orders, a pair of wings on the second and third 
segments (but not on the first, the prothorax). 
We have long known from fossil evidence that 
insects arrived at this organization following 
a period of progressive loss of wings or wing-
like appendages from all abdominal segments, 
as well as from the first thoracic segment3 
(Fig. 2). More recently, developmental stud-
ies have shown that this loss has been achieved 
through the evolution of inhibitory mecha-
nisms that prevent the formation of wings in 
inappropriate segments. For instance, one of 
the many functions of a gene called Sex combs 
reduced (Scr) is to mediate the inhibition of 
wing formation in the first thoracic segment 
of insects4, including the order Hemiptera, to 
which treehoppers belong5. 

Enter the treehopper Publilia modesta 
and its helmet. Through careful analysis 
of this structure’s anatomy, placement and 

attachment to the thorax, Prud’homme et al.1 
discovered that the helmet may not be a 
mere extension of the pronotum. Instead, it 
is attached bilaterally to the thorax by paired 
articulations reminiscent of joints, much 
like regular wings. Moreover, when they 
examined its early developmental stages, the 
authors found that the helmet forms from 
paired buds — again, much like wings. The 
expanding buds subsequently fuse along the 
midline, creating the continuous helmet. 
Study of the expression of one gene, nubbin, 
normally specific to insect wing development, 
and two genes specific to appendage forma-
tion in general, provided additional evidence 
that helmet development may rely on develop-
mental mechanisms involved in the formation  
of wings. 

Combined, these observations suggested 
that treehoppers evolved a way to develop a 
wing-like structure using a developmental  
program shared by traditional wings, but in 
a place in which wing development is typi-
cally inhibited in modern winged insects. 
Prud’homme and colleagues’ investigation 

of Scr revealed that the gene is still expressed 
in the prothorax of treehoppers and is able to 
repress wing formation when transformed 
into Scr-deficient fruit flies. This implies that 
wing development in the first thoracic segment  
of treehoppers was not made possible sim-
ply by the loss of the inhibitory ability of Scr,  
but through some unknown mechanisms 
operating downstream. 

The study by Prud’homme et al.1 is note-
worthy for several reasons. First, it illus-
trates how, to this day, careful developmental  
observations can set the stage for startling dis-
coveries. Generations of entomologists have 
studied treehopper diversity, but research 
into development has a way of revealing evo-
lution hidden from the study of adults. Sec-
ond, as with so many studies, it raises as many  
questions as it answers. Although the mor-
phological observations provide strong  
evidence that the helmet is a modified wing, the  
developmental genetic data are modest and 
correlational: expression patterns can suggest, 
but not prove, function. And the mechanisms 
that permit wing-like development in the 
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Figure 1 | The exuberance of treehopper helmets. Clockwise from top left: Cladonota benitezi; 
Umbelligerus peruviensis; Nassunia binotata; and a nymph of a Cymbomorpha species. Helmets are 
generally thought to aid in camouflage by disrupting the animal’s shape and outline, or by mimicking 
thorns, animal droppings or aggressive ants and wasps. Further examples are shown on the cover of this 
issue, and in Figure 1 of Prud’homme and colleagues’ paper1. 
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presence of Scr repression remain to be dis-
covered. Nevertheless, these findings provide 
a valuable starting point for framing future 
enquiries into the origin and diversification of 
the treehoppers’ ‘third pair of wings’. 

Finally, and most importantly, the work1 
illustrates how novelty can arise from ancestral  
developmental potential — how develop-
mental abilities can be lost or silenced over 
millions of years, only to be redeployed to 
contribute to the evolution of a complex and 
beautiful appendage. ■ 

Armin P. Moczek is in the Department of 
Biology, Indiana University, Bloomington, 
Indiana 47405, and at the National Center for 
Evolutionary Synthesis (NESCent), Durham, 
North Carolina 27705, USA. 
e-mail: armin@indiana.edu
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Figure 2 | A wing-bearing first thoracic 
segment. As shown in this line drawing of a 
fossil of an extinct species (Stenodyctya lobata), 
expression of the wing-development program in 
the first thoracic segment (arrow) was common 
in early insects. In extant winged insects, wings 
are borne only on the second and third thoracic 
segments, with wing development on the first 
segment being suppressed. Prud’homme et al.1 
provide evidence that treehoppers have overcome 
such suppression to produce their helmets. 
(Drawing reproduced from Fig. 6.17 of ref. 3.)

B I O C H E M I S T R Y

Life imitates art
The biosynthetic route to a naturally occurring insecticide, spinosyn A, has been 
established. One of the enzymes involved might catalyse a reaction that, although 
widely used by chemists, has proved elusive in nature. See Letter p.109  

W E N D Y  L .  K E L LY

The Diels–Alder reaction is a powerful 
instrument in the synthetic organic 
chemist’s toolkit1. A variant of ‘[4+2] 

cycloaddition’ reactions, the Diels–Alder 
reaction forges two carbon–carbon single 
bonds in the process of making a cyclohexene 
ring — a six-membered carbon ring possessing 
a carbon–carbon double bond. A biochemical 

equivalent of this process has been invoked 
as a crucial step in the biosynthesis of many 
naturally occurring molecules, but the roster 
of enzymes that clearly catalyse transforma-
tions consistent with the Diels–Alder reaction 
has been limited. What’s more, the enzymes 
on that list mediate sequences of reactions, 
of which the putative Diels–Alder reaction 
is just one, thereby confusing efforts to study  
biological cycloadditions. 

On page 109 of this issue, Kim et al.2 identify  
an enzyme whose sole function is to catalyse  
the formation of a cyclohexene, a process 
consistent with a Diels–Alder reaction. This 
transformation, along with the others detailed 
in the authors’ report, is a critical step in 
the biosynthesis of spinosyn A, a commer-
cially useful and environmentally friendly  
insecticide.

Spinosyn A belongs to the polyketide family  
of natural products, and is produced by fer-
mentation of the bacterium Saccharopoly-
spora spinosa3. The molecular backbone of 
spinosyn A is a complex framework: a large 
‘lactone’ ring is fused to a highly unusual  
system called a perhydro-as-indacene, which 
consists of three smaller rings (Fig. 1a). 
During the biosynthesis of spinosyn A, a 
polyketide synthase enzyme assembles the 
molecule’s carbon backbone, initially gen-
erating a single large ring (a macrocycle). 
Later in the synthesis, the macrocycle is con-
verted into the multi-ring system and glyco-
syltransferase enzymes attach carbohydrate  
groups to the macrocyclic scaffold.

Although a [4+2] cycloaddition has been 
proposed as a key step in the installation of 
spinosyn A’s fused-ring system, the exact 
point at which this occurs was uncertain. It 
was suggested that the system is generated 
when a series of carbon–carbon bonds form 
as bridges across a macrocyclic intermedi-
ate consisting of only one ring. This proposal 
was strengthened by the discovery that SpnJ 
— an enzyme involved in spinosyn A bio-
synthesis — uses an unbridged macro cyclic 
precursor of spinosyn A as its substrate4,5. 
Bridge-forming reactions must therefore 
occur after the macro cycle has been formed. 
The bridge-forming process could follow at 
least two paths, which would differ according 
to whether the proposed [4+2] cycloaddition 
precedes or follows formation of the bridge 
between positions 3 and 14 of spinosyn A 
(Fig. 1a shows how the atoms in spinosyn A are  
numbered).

Kim et al.2 now reveal the full sequence of 
reactions that proceed from an unbridged 
macrocyclic intermediate to the characteristic 
fused-ring system of spinosyn A. They find 
that a [4+2] cycloaddition reaction, catalysed 
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Figure 1 | The biosynthesis of spinosyn A. a, Kim et al.2 have worked out the 
biosynthetic pathway for spinosyn A, a naturally occurring insecticide. The 
core structure contains a macrocyclic lactone (red) fused to a perhydro-as-
indacene system (green). Part of the numbering system used to identify the 

atoms in the molecule is shown. b, A [4+2] cycloaddition reaction catalysed by 
the enzyme SpnF is a key step in the formation of the perhydro-as-indacene. 
The reacting parts of the starting material, and the cyclohexene ring formed in 
the product, are highlighted in blue.
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by the enzyme SpnF, does indeed occur. More 
specifically, the reaction constructs two of the 
bridges in the spinosyn framework — one 
between positions 7 and 11, and the other 
between positions 4 and 12 — as a first step 
in the synthesis of the perhydro-as-indacene 
system (Fig. 1b). A glycosyltransferase, SpnG, 
next appends a carbohydrate to the resulting 
scaffold, before the final bridge between car-
bon atoms at positions 3 and 14 is introduced 
by the enzyme SpnL. Intriguingly, this bio-
chemical route to the perhydro-as-indacene 
framework of spinosyn A is the same as that 
used by synthetic chemists William Roush and 
co-workers in their laboratory preparation of 
the molecule6 — an example of life imitating 
the art of synthetic chemistry.

Before Kim and colleagues’ report2, only 
four enzymes had been identified that seemed 
to mediate a [4+2] cycloaddition to form a 
cyclohexene ring: lovastatin nonaketide syn-
thase7 (LovB), solanapyrone synthase8, ribo-
flavin synthase9 and macrophomate synthase10. 
Each of these enzymes catalyses at least one 
other chemical transformation in addition 
to a cycloaddition. Perhaps LovB is the most 
multi-functional — as well as mediating a 
cyclo addition, it harbours seven functional 
domains, each attributed to separate chemi-
cal processes, and many of which are used 
iteratively to assemble a polyketide backbone 
containing 18 carbon atoms7,11.

Because SpnF effects only a [4+2] cyclo-
addition, a detailed examination of its reaction  
mechanism will be uncomplicated by other 
transformations. So far, Kim et al.2 have 
established that SpnF is a genuinely catalytic 
protein that enhances the rate of the non- 
enzymatic cycloaddition reaction 500-fold. 
But a fundamental remaining question is 
whether the SpnF-mediated cycloaddition  
is a true Diels–Alder reaction. 

The hallmark of Diels–Alder [4+2] cyclo-
additions is that they are concerted — they 
proceed without forming any transient inter-
mediates en route to the final product. Despite 
the identification of five candidate enzymes 
for [4+2] cycloadditions, none of these has yet 
been proved to mediate a concerted reaction 
mechanism. If the reaction catalysed by SpnF 
does turn out be concerted, it would be the first 
example of a ‘Diels–Alderase’, an enzyme that 
catalyses a Diels–Alder reaction. The chal-
lenge now for Kim et al. is to perform a detailed 
mechanistic study of the SpnF-catalysed reac-
tion to determine whether or not it proceeds 
through intermediates.

Of the five potential Diels–Alderases  
identified to date, macrophomate synthase 
has been subjected to the most detailed  
mechanistic analysis. In this case, there is 
mounting evidence12,13 that, rather than serv-
ing as a bona fide Diels–Alderase, the enzyme 
directs a two-step [4+2] cyclo addition. 

Nevertheless, it is enticing to speculate that 
SpnF, and the other three enzymes, cata-
lyse concerted reactions. The fact that SpnF 
catalyses only a [4+2] cycloaddition greatly 
simplifies the analyses required to address the 
Diels–Alderase question. As a result, SpnF may 
eventually offer the clearest answer. ■
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T R A N S L AT I O N A L  M E D I C I N E 

To the rescue of  
the failing heart
Heart failure is characterized by weakened contractions of heart muscle. A drug 
that directly activates the key force-generating molecule in this muscle may be a 
valuable tool to strengthen the failing heart.

D O N A L D  M .  B E R S  &  S A M A N T H A  P.  H A R R I S

Heart failure affects tens of millions 
of people worldwide, with patients’ 
prognosis often being a bleak five-year 

survival from the time of diagnosis1. Patients 
die because of a vicious circle of progressive 
weakening of the heart leading to cardiac 
remodelling, which further weakens it and 
can also cause deadly arrhythmias. If the fail-
ing heart could be strengthened, the outcome 
might be more favourable. Writing in Science, 
Malik et al.2 describe a small-molecule drug 
— omecamtiv mecarbil — that selectively 
enhances the activity of the motor protein 
myosin, the main force-generating protein of 
the heart. 

At each heartbeat, a specialized intracellular 

organelle, the sarcoplasmic reticulum, releases 
calcium ions (Ca2+) into the cytoplasm of  
the heart-muscle cells in a synchronized 
manner (Fig. 1). The Ca2+ activates myo-
filaments — organized structures in the cyto-
plasm composed of interdigitating filaments of 
either actin or myosin proteins. On activation, 
each myosin filament simultaneously grabs 
and pulls on an actin filament, in a process 
that uses the cellular energy molecule ATP. 
The coordinated contractile activity of the 
myo filaments develops the forceful muscle 
contraction that ejects blood from the heart3. 
In heart failure, a reduced amount of Ca2+ is 
available for release by the sarcoplasmic retic-
ulum, contributing to weaker myofilament  
activation and contraction.

Historically, inotropic drugs — drugs that 

enhance contraction at a given ventricular 
volume — were sought in order to enhance 
the Ca2+ signal that activates contraction. But 
many of the early drugs (for example, digi-
talis) could overload cardiac muscle cells with 
Ca2+, increasing both energy consumption 
and the risk of arrhythmias. Indeed, several 
such agents — including phosphodiesterase 
inhibitors — mimicked the effect of sympa-
thetic stimulation via β-adrenergic receptors, 
which greatly increases energy consumption 
by the heart during the normal physiological 
‘fight-or-flight’ response. In heart failure, this 
increase in energy consumption can worsen a 
patient’s prognosis.

Most of the current standard-of-care drugs  
used for patients with chronic heart failure,  
including β-adrenergic-receptor blockers  
(β-blockers), angiotensin-converting-enzyme  
inhibitors (ACE inhibitors) and angioten-
sin II-re cep tor blockers (ARBs), are not 
inotropic drugs; instead, they block neuro-
humoral signalling by adrenergic and 
renin–angio tensin pathways. Heart failure 
is accompanied by a neurohumoral storm 
that activates these pathways, probably as an  
initially adaptive response that turns mal-
adaptive by fuelling progressive remodelling 
and dysfunction. Blocking these pathways can 
partially break this vicious circle and slow the 
progress of heart failure1. 

Newer Ca2+-related inotropic strategies are 
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50 Years Ago
P. M. Borisov has outlined a project, 
in the … Literaturnaya Gazeta, of a 
90 km. long dam across the Bering 
Strait equipped with powerful 
pumps pumping cold Arctic Ocean 
water into the Pacific Ocean at the 
rate of 500 km.3 in 24 hours. Such a 
project ... would increase the flow 
of warm Atlantic Ocean water 
into the Arctic Ocean and change 
the climate of the Arctic regions. 
This project is criticized by D. A. 
Drogaitzev…[who] argues that 
such a project would displace the 
locus of Atlantic Ocean cyclones to 
the region of the Barentz Sea. Such 
a displacement would certainly 
change the climate of Northern 
Europe and Western Siberia, but this 
change will produce colder winters 
and hotter summers and will lead to 
the displacement of the desert belt 
from the region of North Africa and 
Central Asia to the north of Europe.
From Nature 6 May 1961

100 Years Ago
Three letters have recently appeared 
in The Times … relating to a 
mysterious heraldic animal known 
as the “jall” or “eall,” of which the 
effigy has been recognised in  
St. George’s Chapel, Westminster 
… Although described as having 
horns, tusks, and a short fluffy tail, 
the jall has been identified with the 
goat … In an old document … the 
eall is stated to be as large as a horse, 
with a tail like that of an elephant, 
goat-like jaws, and horns capable of 
movement, its colour being black. 
Other accounts state, however, that it 
has jaws like a wild boar and cloven 
hoofs. It may be suggested, if the 
beast ever had corporeal existence, 
that the African wart-hog may have 
formed the original type, that animal 
having a black hide, cloven hoofs, 
an elephant-like tail, large tusks, and 
big face-warts which might perhaps 
be regarded as elastic horns.
From Nature 4 May 1911

Cardiac myocyte 
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Ca2+Ca2+
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Figure 1 | How omecamtiv mecarbil functions. In heart muscle cells, Ca2+ influx from outside the cell 
triggers  Ca2+ release from the sarcoplasmic reticulum. This in turn activates contraction by enabling 
myosin molecules to grab and pull on the actin filament. Reuptake of Ca2+ by the Ca2+ pump allows heart 
relaxation between beats. Increasing either the amount of Ca2+ released or the myofilaments’ response to 
Ca2+ — as induced by the drug omecamtiv mecarbil (OM)2 — can enhance contractility. 

more precisely focused on molecular targets 
with the aim of enhancing sarcoplasmic-
reticulum function while minimizing the 
energetic disadvantage and arrhythmia risk 
of the older drugs. For instance, gene therapy 
aims to increase expression in the sarcoplas-
mic reticulum of the Ca2+ pumps, which are 
downregulated in heart failure4. Other exam-
ples are drugs that either block pathological 
Ca2+ leak from the sarcoplasmic reticulum 
or stimulate Ca2+ uptake by this organelle5. 
These drugs might more selectively boost the 
transient increase in cytoplasmic Ca2+ levels 
without causing arrhythmia and with limited 
energetic consequences. So there is also hope 
for refinement of this strategy.

Malik et al.2 find that omecamtiv mecarbil — 
also an inotropic drug — increases heartbeat 
strength by selectively enhancing the ability of 
the myosin molecule to generate force (Fig. 1). 
However, rather than boosting Ca2+ release, it 
jumps downstream and allows generation of 
greater force for the same Ca2+ signal. Target-
ing the final step of force production is a big 
advantage of this approach, because it poten-
tially avoids unintended side effects typical of 
other upstream modulators of Ca2+ handling 
or neurohumoral signalling.

Indeed, the authors report that omecamtiv 
mecarbil enhances cardiac output without 
appreciably altering consumption of oxygen 
and ATP by the heart. This is presumably 
because any extra ATP is used right at the force-
generating step, rather than being also used to 
transport Ca2+ into the sarcoplasmic reticulum 
or out of the cell, or via altered metabolism. As 
the heart weakens, it receives less nutritive, 
oxygen-rich blood (that is, the heart pumps 
blood through its own coronary arteries), 
which further limits cardiac contraction. By 
augmenting force while avoiding extra ener-
getic costs, omecamtiv mecarbil increases the 
apparent efficiency of cardiac contraction and 

preserves the energy supply–demand balance.
Omecamtiv mecarbil belongs to the class 

of drug that enhances contractile protein 
responses to Ca2+ — such as levosimendan6 
— by increasing the force produced for a 
given level of Ca2+ release. But two aspects of 
Malik and co-workers’ study are particularly  
noteworthy.

First, cardiac myosin is a new drug target 
and, although quite promising, the drug might 
have unintended side effects. Between beats, 
the heart must relax completely (the dias-
tolic phase) to allow refilling with blood and 
to provide adequate oxygen flow to the heart 
muscle (most coronary blood flow is between 
beats). Because omecamtiv mecarbil prolongs  
contraction time, diastolic filling may be 
compromised, especially at higher heart rates. 
Drugs that allow significant force generation 
by myofilaments at diastolic Ca2+ levels can 
also impede ventricular refilling, and elevate 
cardiac stiffness and diastolic energy consump-
tion. This potential limitation of omecamtiv  
mecarbil should be further assessed. 

Second, although this drug is highly specific 
for cardiac myosin, slow skeletal-muscle fibres 
also use the same myosin isoform as in cardiac 
muscle. Consequently, omecamtiv mecarbil 
may cause stronger, more sustained contrac-
tions in slow-twitch muscles too. If so, it is 
tempting to speculate that the drug could find 
additional therapeutic or performance-related 
applications — for instance, in strengthening 
diaphragm muscles of patients on ventilators.  
The prospect of developing other small- 
molecule activators that specifically target fast 
skeletal myosins could hold similar promise 
for augmenting force in the muscle wasting 
that occurs in cancer or ageing. 

Agents such as omecamtiv mecarbil could 
certainly contribute to future therapy for those 
who have heart failure. Complex and pervasive 
as heart failure is, so, fortunately, is the range of 
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therapeutics being developed and used against 
it1 (Fig. 2). Although cardiac transplantation 
is the only real cure for heart failure, artificial 
hearts and left-ventricular assist devices are 
beneficial, at least as bridges to transplanta-
tion and perhaps even as ‘destination therapy’. 
Implantable devices such as pacemakers 
and resynchronization devices are also use-
ful for treating heart failure, but devices  

and surgical interventions can be costly. 
There is also great promise in emerging 

genetically based therapeutics that aim to 
replace or reprogram cardiac myocytes in order 
to boost heart function. For example, selective 
gene therapy targeted to cardiac myocytes 
might be able to break the neuro humoral storm 
and enhance myocyte contraction with fewer 
whole-body side effects than other therapies. 

Devices
• Artificial heart
• Transplant
• Left-ventricular
  assist devices
• Pacemakers

Inotropes
• cAMP mimetics
• Ca2+-level enhancers
• Enhancers of
  myofilament
  response to Ca2+

  

  

Drugs lowering
neurohumoral storm
• β-Blockers
• ACE inhibitors
• ARBs

   

Cell engineering
• Gene therapy
• Cell reprogramming
• Cardiac progenitors

Figure 2 | Treating heart failure. There is an extensive array of therapeutic strategies for heart failure. 
Omecamtiv mecarbil, the subject of Malik and colleagues’ investigation2, is an inotropic drug (red).  
ARBs, angiotensin II-re cep tor blockers.

M E T R O L O G Y

Filtering noise with a 
quantum probe
In the science of measurement, increasing the sensitivity to the quantity being 
measured while minimizing the susceptibility to noise is a challenge. A technique 
demonstrated with a single electron spin may help to tackle it. See Letter p.61

J O H N  J .  B O L L I N G E R

Applications in both fundamental and 
applied science require ever greater 
sensitivity and higher spatial resolu-

tion for measurements of physical quanti-
ties such as magnetic and electric fields. The 
most sensitive and smallest measurement 
probes are inherently quantum mechanical. 
Examples include superconducting quantum-
interference devices (SQUIDs)1 and devices 
based on a few electron spins — or even a 
single spin2. However, greater susceptibility to 
noise usually accompanies extreme sensitivity,  
and so one of the challenges for metrolo-
gists is to separate a weak signal from large  
background noise.

On page 61 of this issue, Kotler and col-
leagues3 describe a general technique in which 
a quantum probe is used to separate noise 
from the signal being measured, and they 
demonstrate it experimentally using a probe 
consisting of the spin of a valence electron of 
an individual atomic particle (a single stron-
tium ion). The technique requires a controlled 
modulation of the quantity to be measured and 
a corresponding controlled manipulation of 

the quantum probe. It is reminiscent of noise-
filtering techniques developed decades ago for 
classical signals and probes, but is described 
here for a general quantum probe for the  
first time.

More than half a century ago, Robert Dicke 
invented the lock-in amplifier4. This powerful 
tool is now used extensively in all branches of 
experimental science to extract signal from a 
noisy background. As an example of lock-in 
detection, consider the measurement of a weak 
fluorescent signal in the presence of strong 
background light. If the clever experimental-
ist can devise a way to periodically modulate 
the weak fluorescent signal at a frequency fm, 
for example by modulating the number of  
fluorescing molecules, then the overall 
detected signal will contain a contribution 
whose time dependence is given by a known 
sinusoidal reference signal of frequency fm. 
The lock-in amplifier electronically mul-
tiplies the overall signal (for example, the 
voltage output of the sensor with which the 
fluorescence is detected) and the reference 
signal, and averages the result for a period of 
time. An output is therefore generated that is 
proportional to the signal components around 

Repro gramming of stem cells (either embry-
onic or inducible pluripotent), together with 
recruitment of cardiac progenitor cells to 
become functionally integrated muscle cells 
that can replace heart muscle lost to infarction, 
are promising areas under intensive study. The 
old notion that one cannot grow new heart cells 
in adulthood is probably incorrect. ■
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some narrow band of frequencies centred at fm. 
Noise tends to be spread across a broad range 
of frequencies, and the lock-in amplifier fil-
ters out noise at frequencies other than fm. By 
choosing fm judiciously, the signal-to-noise 
ratio of the measurement can be significantly  
improved.

The classical lock-in amplifier is based on 
the nonlinear process of multiplying the out-
put of the sensor and the reference signal. 
However, quantum dynamics is described by 
a linear differential equation (the Schrödinger 
equation), and so it is not immediately clear 
how the concept of lock-in detection could be 
generalized to a quantum-mechanical probe. 
Kotler and colleagues3 show that the applica-
tion of operations that do not commute with 
the quantum-mechanical operators describ-
ing the detected signal and noise, along with 
a synchronous modulation of the signal to be 
measured, provides a form of quantum lock-in 
detection. 

This abstract idea is actually familiar to 
anyone acquainted with the concept of spin 
echoes, a ubiquitous technique in nuclear mag-
netic resonance5. Consider a single electron 
or nuclear spin that is set precessing about an 
externally applied magnetic field. As a result of 
magnetic-field fluctuations, the spin accumu-
lates some unknown precession. For slow noise 
fluctuations, this unknown precession can be 
reversed by means of a spin-echo pulse — a 
quick 180o rotation about an axis orthogonal to 
the magnetic field. Mathematically, rotations 
about orthogonal axes do not commute. Spin 
echo is a simple example of a more general 
class of technique called dynamical decou-
pling6, which relies on stringing together many 
spin-echo pulses in succession.

Dynamical-decoupling sequences improve 
the coherence of quantum systems by acting 
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as high-pass filters, removing the effects of 
environmental fluctuations (noise) across a 
wide spectral bandwidth. However, such sup-
pression of noise comes at a price in metrology 
experiments, because the intrinsic high-pass 
filtering prevents certain quantities from being 
measured. For example, because the spin echo 
‘erases’ the accumulation of unwanted preces-
sion in a quantum system, one cannot measure 
the rate at which any precession accumulates.

To get around this, Kotler et al.3 exploit a 
quirk of dynamical-decoupling sequences: 
high-frequency noise is not passed uniformly, 
allowing the authors to home in on the quan-
tum effects of a desired signal in a narrow-fre-
quency passband. The passband is controlled 
by the dynamical-decoupling sequence of the 
spin-echo pulses they apply. Changing the 
periodicity of the applied pulses tunes the cen-
tral frequency of this band, and by synchro-
nously modulating the signal of interest, the 

quantum lock-in amplifier preserves the sig-
nal while the dynamical decoupling filters the 
noise — the authors can have their cake and  
eat it too.

They experimentally demonstrate the  
quantum lock-in technique using a probe con-
sisting of the valence-electron spin of a singly 
ionized strontium atom that is laser-cooled 
and stored in an electromagnetic trap. The 
spin-flip frequency of the unpaired valence  
electron is sensitive to an applied magnetic 
field, and the authors demonstrate a magnetic-
field sensitivity of 15 picoteslas of mag netic-
field strength in a 1-second measurement 
period — a record for a single-spin probe. In 
addition, they apply the technique to measure 
small shifts in the spin-flip frequency of the 
valence electron caused by a weak applied 
laser field. This demonstration is particu-
larly intriguing because it provides a way to 
use dynamical decoupling to stabilize the 

frequency of a laser to that of an atomic tran-
sition. Lasers stabilized to narrow-linewidth 
atomic transitions currently provide the 
world’s most stable atomic clocks7,8. ■
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Terashima et al.1 now suggest an origi-
nal solution to this problem. Instead of  
syn thesizing a polymer that has a complex, 
three-dimensional topology, they investigated 
whether a single linear polymer chain can be 
folded to make an enzyme-like object for catal-
ysis. To do this, the authors carefully designed 
a polymer chain that was constructed from 
three different monomers (Fig. 1a): a hydro-
philic monomer that contained a water-soluble 
group; another that bore a self-assembling 
motif; and a third monomer that contained 
a diphenylphosphine ligand, which forms a  
catalytic complex with ruthenium ions.

These monomers were not, however, ran-
domly incorporated into a polymer backbone. 
Using an approach known as living radical 
polymerization8, the authors controlled the 
locations of the different monomers in the 
polymer chains9. For instance, they specifically 
incorporated the ruthenium-binding mono-
mers into the middle of the chains, whereas the 
other types of monomer were distributed along 
the whole length of the chains. What’s more, 
because the polymerization reaction required 
a ruthenium catalyst, the diphenylphosphine 
groups in the chains formed complexes 
with ruthenium ions from that catalyst. The 
arrangement of monomers in the resulting 
chains caused the molecules to fold up in water 
(Fig. 1b), as a result of intramolecular hydro-
phobic and hydrogen-bonding interactions. In 
particular, the self-assembling units incorpo-
rated into the polymer formed compact helical 
structures, so that the linear macromolecules 
collapsed like supramolecular accordions.

Terashima et al. found that, as hoped, their 
macromolecules folded into unimolecular 
objects in which a catalytically active inner 
region (the domain containing ruthenium 
complexes) was stabilized by a hydrophilic 
shell. This compartmentalization was thus 
a good — albeit simplified — mimic of the 

N I C O L A S  G I U S E P P O N E  
&  J E A N - F R A N Ç O I S  L U T Z

The catalytic properties of an enzyme 
result from the three-dimensional 
folding of a single protein chain, which 

brings together a well-defined set of amino-
acid residues to form the enzyme’s active site. 
This pocket is a highly organized domain that 
binds tightly and selectively to the enzyme’s 
substrate, which becomes trapped and 
polarized in a network of supramolecular  
inter actions. In this way, active sites lower the 
energy of transition states for reactions, so that 
products form up to billions of times faster 
than in the uncatalysed reactions. A chal-
lenge for chemists has been to devise systems  
that mimic enzyme activity, and a break-
through has now been reported by Terashima 
et al.1 in the Journal of the American Chemi-
cal Society. They have synthesized a polymer, 
single chains of which fold in water to form 
an inner compartment that acts, through its 
supra molecular structure, as an ‘active site’ for 
a catalytic reaction.

Supramolecular chemistry is fundamental 
to catalysis, because the transition states of 
chemical reactions represent a special class 
of supramolecular complex in which some 
covalent bonds are being formed while others  
are being broken. What’s more, numerous self-
assembled supramolecular objects have been 

designed to act as catalysts2, in particular by 
acting as templates that bring reagents together 
to react. Examples of these include cages or 
capsules made of discrete small molecules3 
or proteins4, and multi-component matrices5  
such as micelles or vesicles, made of surfactants 
or polymers. But these self-assemblies are rela-
tively poor catalysts in comparison with highly 
organized enzymes.

Other options for developing artificial 
enzymes have therefore been studied. For 
instance, it is possible to prepare fully synthetic 
enzymes from amino acids by using well-
established chemistry to make poly peptide 
fragments, and then joining the fragments 
together to construct proteins in so-called liga-
tion reactions6. However, such approaches are 
still rather challenging and time-consuming.

Simpler alternatives are obviously required. 
Given that enzymes are macromolecular, 
the idea of performing catalytic reactions in 
other discrete macromolecular entities, such 
as polymer molecules, seems logical. Macro-
molecular objects made from branched  
polymers have received much attention in this 
regard7, because they contain isolated domains 
that could be used as catalytic active sites. But 
the three-dimensional structures of branched 
polymers are not obtained through straight-
forward supramolecular folding, as is the case 
for enzymes. They are instead the topological 
result of complex synthetic routes.

M AT E R I A L S  C H E M I S T R Y

Catalytic accordions
Single chains of a specially designed polymer fold up in water to form an 
encapsulated catalytic chamber. This supramolecular assembly strategy  
mimics the one used by enzymes in nature.
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structural organization found in biological 
enzymes. The authors went on to demonstrate 
that their polymeric objects catalyse reactions 
in which hydrogen atoms are added to ketone 
molecules (Fig. 1b), with a catalytic activity 
comparable to that of previously reported 
water-soluble ruthenium complexes.

The folding of Terashima and colleagues’ 
polymers is not as defined as that in natu-
rally occurring enzymes, but it is certainly 
more ordered than the simple random coiling 
found in traditional polymers. It is likely that 
greater structural definition in polymers will be  
possible in the future, using methods that 
improve the precision of supramolecular fold-
ing8,9. This would enable artificial enzymes to 
be made that have higher catalytic activity and 
substrate selectivity than the authors’ current 
system, and might even allow allosteric recog-
nition — modulation of the artificial enzyme by 
ligand binding at sites other than the active site.

Terashima and colleagues’ work1 is at the 
forefront of polymer science. Their find-
ings clearly demonstrate the potential of 
single-chain polymer folding in catalysis, and 
illustrate how macromolecular and supra-
molecular chemistry can converge in the  
fabrication of functional molecular assem-
blies in general, something that might be 

useful in other applications. For example, the 
folding of synthetic linear polymer chains is 
a robust, but as-yet under-explored, option 
for materials design. Their work might also 
help in the development of methods for pre-
dicting how polymers fold — an unsolved  
problem that is especially important for pro-
teins, the keystones that link the genetic code 
to its expressed biological functions. ■
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Figure 1 | Enzyme-like polymer folding. a, Terashima et al.1 have made a polymer in which hydrophilic 
groups (blue), self-assembling groups (purple) and ligand groups (green) are attached to the polymer’s 
hydrophobic ‘backbone’ (black). The ligands form complexes with ruthenium ions (red). R is a 
hydrocarbon group. b, In water, intramolecular interactions cause single chains of the polymer to adopt 
an enzyme-like structure: the self-assembling groups form helices, and the ruthenium ions bound to 
ligands become surrounded by a hydrophobic shell (black), which in turn is surrounded by hydrophilic 
groups (blue). These folded structures act as ruthenium catalysts for the reaction in which cyclohexanone 
reacts with hydrogen to form cyclohexanol.
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Mapping and analysis of chromatin state
dynamics in nine human cell types
Jason Ernst1,2, Pouya Kheradpour1,2, Tarjei S. Mikkelsen1, Noam Shoresh1, Lucas D. Ward1,2, Charles B. Epstein1, Xiaolan Zhang1,
Li Wang1, Robbyn Issner1, Michael Coyne1, Manching Ku1,3,4, Timothy Durham1, Manolis Kellis1,2* & Bradley E. Bernstein1,3,4*

Chromatin profiling has emerged as a powerful means of genome annotation and detection of regulatory activity. The
approach is especially well suited to the characterization of non-coding portions of the genome, which critically
contribute to cellular phenotypes yet remain largely uncharted. Here we map nine chromatin marks across nine cell
types to systematically characterize regulatory elements, their cell-type specificities and their functional interactions.
Focusing on cell-type-specific patterns of promoters and enhancers, we define multicell activity profiles for chromatin
state, gene expression, regulatory motif enrichment and regulator expression. We use correlations between these
profiles to link enhancers to putative target genes, and predict the cell-type-specific activators and repressors that
modulate them. The resulting annotations and regulatory predictions have implications for the interpretation of
genome-wide association studies. Top-scoring disease single nucleotide polymorphisms are frequently positioned
within enhancer elements specifically active in relevant cell types, and in some cases affect a motif instance for a
predicted regulator, thus suggesting a mechanism for the association. Our study presents a general framework for
deciphering cis-regulatory connections and their roles in disease.

A major challenge in biology is understanding how a single genome
can give rise to an organism comprising hundreds of distinct cell types.
Much emphasis has been placed on the application of high-throughput
tools to study interacting cellular components1. The field of systems
biology has exploited dynamic gene expression patterns to reveal func-
tional modules, pathways and networks2. Yet cis-regulatory elements,
which may be equally dynamic, remain largely uncharted across cel-
lular conditions.

Chromatin profiling provides a systematic means of detecting cis-
regulatory elements, given the central role of chromatin in mediating
regulatory signals and controlling DNA access, and the paucity of
recognizable sequence signals. Specific histone modifications correlate
with regulator binding, transcriptional initiation and elongation,
enhancer activity and repression1,3–6. Combinations of modifications
can provide even more precise insight into chromatin state7,8.

Here we apply a high-throughput pipeline to map nine chromatin
marks and input controls across nine cell types. We use recurrent
combinations of marks to define 15 chromatin states corresponding
to repressed, poised and active promoters, strong and weak enhancers,
putative insulators, transcribed regions, and large-scale repressed and
inactive domains. We use directed experiments to validate biochemical
and functional distinctions between states.

The resulting chromatin state maps portray a highly dynamic land-
scape, with the specific patterns of change across cell types revealing
strong correlations between interacting functional elements. We use
correlated patterns of activity between chromatin state, gene expres-
sion and regulator activity to connect enhancers to likely target genes,
to predict cell-type-specific activators and repressors, and to identify
individual binding motifs responsible for these interactions.

Our results have implications for the interpretation of genome-
wide association studies (GWASs). We find that disease variants fre-
quently coincide with enhancer elements specific to a relevant cell

type. In several cases, we can predict upstream regulators whose regu-
latory motif instances are affected or target genes whose expression
may be altered, thereby suggesting specific mechanistic hypotheses
for how disease-associated genotypes lead to the observed disease
phenotypes.

Results
Systematic mapping of chromatin marks in multiple cell types
To explore chromatin state in a uniform way across multiple cell
types, we applied a production pipeline for chromatin immunopre-
cipitation followed by high-throughput sequencing (ChIP-seq) to
generate genome-wide chromatin data sets (Methods and Fig. 1a).
We profiled nine human cell types, including common lines desig-
nated by the ENCODE consortium1 and primary cell types. These
consist of embryonic stem cells (H1 ES), erythrocytic leukaemia cells
(K562), B-lymphoblastoid cells (GM12878), hepatocellular carcin-
oma cells (HepG2), umbilical vein endothelial cells (HUVEC), skel-
etal muscle myoblasts (HSMM), normal lung fibroblasts (NHLF),
normal epidermal keratinocytes (NHEK) and mammary epithelial
cells (HMEC).

We used antibodies for histone H3 lysine 4 trimethylation
(H3K4me3), a modification associated with promoters4,5,9; H3K4me2
(dimethylation), associated with promoters and enhancers1,3,6,9;
H3K4me1 (methylation), preferentially associated with enhancers1,6;
lysine 9 acetylation (H3K9ac) and H3K27ac, associated with active
regulatory regions9,10; H3K36me3 and H4K20me1, associated with
transcribed regions3–5; H3K27me3, associated with Polycomb-
repressed regions3,4; and CTCF, a sequence-specific insulator protein
with diverse functions11. We validated each antibody by western blots
and peptide competitions, and sequenced input controls for each cell
type. We also collected data for H3K9me3, RNA polymerase II
(RNAPII) and H2A.Z (also known as H2AFZ) in a subset of cells.

*These authors contributed equally to this work.

1Broad Institute of MIT and Harvard, Cambridge, Massachusetts 02142, USA. 2MIT Computer Science and Artificial Intelligence Laboratory, Cambridge, Massachusetts 02139, USA. 3Howard Hughes
Medical Institute, Department of Pathology, Massachusetts General Hospital and Harvard Medical School, Boston, Massachusetts 02114, USA. 4Center for Systems Biology and Center for Cancer Research,
Massachusetts General Hospital, Boston, Massachusetts 02114, USA.
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This resulted in 90 chromatin maps corresponding to
,2,400,000,000 reads covering ,100,000,000,000 bases across nine
cell types, which we set out to interpret computationally.

Learning a common set of chromatin states across cell types
To summarize these data sets into nine readily interpretable annota-
tions, one per cell type, we applied a multivariate hidden Markov
model that uses combinatorial patterns of chromatin marks to distin-
guish chromatin states8. The approach explicitly models mark com-
binations in a set of ‘emission’ parameters and spatial relationships
between neighbouring genomic segments in a set of ‘transition’ para-
meters (Methods). It has the advantage of capturing regulatory ele-
ments with greater reliability, robustness and precision than is
possible by studying individual marks8.

We learned chromatin states jointly by creating a virtual conca-
tenation of all chromosomes from all cell types. We selected 15 states
that showed distinct biological enrichments and were consistently
recovered (Fig. 1a, b and Supplementary Fig. 1). Even though states

were learned de novo solely on the basis of the patterns of chromatin
marks and their spatial relationships, they showed distinct associa-
tions with transcriptional start sites (TSSs), transcripts, evolutionarily
conserved non-coding regions, DNase hypersensitive sites12, binding
sites for the regulators c-Myc13 (MYC) and NF-kB14, and inactive
genomic regions associated with the nuclear lamina15 (Fig. 1c).

We distinguished six broad classes of chromatin states, which we
refer to as promoter, enhancer, insulator, transcribed, repressed and
inactive states (Fig. 1c). Within them, active, weak and poised4 promo-
ters (states 1–3) differ in expression level, strong and weak candidate
enhancers (states 4–7) differ in expression of proximal genes, and
strongly and weakly transcribed regions (states 9–11) also differ in
their positional enrichments along transcripts. Similarly, Polycomb-
repressed regions (state 12) differ from heterochromatic and repetitive
states (states 13–15), which are also enriched for H3K9me3 (Sup-
plementary Figs 2–4).

The states vary widely in their average segment length (,500 base
pairs (bp) for promoter and enhancer states versus 10 kb for inactive
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Figure 1 | Chromatin state discovery and characterization. a, Top: profiles
for nine chromatin marks (greyscale) are shown across the WLS gene in four
cell types, and summarized in a single chromatin state annotation track for each
(coloured according to b). WLS is poised in ESCs, repressed in GM12878 and
transcribed in HUVEC and NHLF. Its TSS switches accordingly between
poised (purple), repressed (grey) and active (red) promoter states; enhancer
regions within the gene body become activated (orange, yellow); and its gene
body changes from low signal (white) to transcribed (green). These chromatin
state changes summarize coordinated changes in many chromatin marks; for
example, H3K27me3, H3K4me3 and H3K4me2 jointly mark a poised
promoter, whereas loss of H3K27me3 and gain of H3K27ac and H3K9ac mark
promoter activation. WCE, whole-cell extract. Bottom: nine chromatin state
tracks, one per cell type, in a 900-kb region centred at WLS, summarizing 90
chromatin tracks in directly interpretable dynamic annotations and showing
activation and repression patterns for six genes and hundreds of regulatory
regions, including enhancer states. b, Chromatin states learned jointly across

cell types by a multivariate hidden Markov model. The table shows emission
parameters learned de novo on the basis of genome-wide recurrent
combinations of chromatin marks. Each entry denotes the frequency with
which a given mark is found at genomic positions corresponding to the
chromatin state. c, Genome coverage, functional enrichments and candidate
annotations for each chromatin state. Blue shading indicates intensity, scaled
by column. CNV, copy number variation; GM, GM12878. d, Box plots
depicting enhancer activity for predicted regulatory elements. Sequences
250 bp long corresponding either to strong or weak/poised HepG2 enhancer
elements or to GM12878-specific strong enhancer elements were inserted
upstream of a luciferase gene and transfected into HepG2. Reporter activity was
measured in relative light units. Robust activity is seen for strong enhancers in
the matched cell type, but not for weak/poised enhancers or for strong
enhancers specific to a different cell type. Boxes indicate 25th, 50th and 75th
percentiles, and whiskers indicate 5th and 95th percentiles.
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regions) and in the portion of the genome covered (,1% for promoter
and enhancer states versus .70% for inactive state 13). For each state,
coverage was relatively stable across cell types (Supplementary Fig. 5),
with the exception of embryonic stem cells (ESCs) in which the poised
promoter state is more abundant but strong enhancer and Polycomb-
repressed states are depleted, consistent with the unique biology of
pluripotent cells4,16.

We confirmed that promoter and enhancer states showed distinct
biochemical properties (Supplementary Fig. 6). RNAPII was highly
enriched at strong promoters, weakly enriched at strong enhancers
and nearly undetectable at weak or poised enhancers, consistent with
strong transcription at promoters and reports of weak transcription at
active enhancers17,18. H2A.Z, a histone variant associated with nucleo-
some-free regions19, was enriched in active promoters and strong
enhancers, consistent with nucleosome displacement at TSSs and sites
of abundant transcription factor binding in active enhancers.

We also used luciferase reporter assays to validate the functionality
of predicted enhancers, the distinction between strong and weak
enhancer states, and their predicted cell type specificity. We tested
strong enhancers, weak enhancers and strong enhancers specific to an
unmatched cell type by transfection in HepG2. We observed strong
luciferase activity only for strong enhancer elements from the
matched cell type (Fig. 1d).

These results and additional properties of the model (Supplemen-
tary Figs 7–10) suggest that chromatin states are an inherent, bio-
logically informative feature of the genome. The framework enables
us to reason about coordinated differences in marks by directly study-
ing chromatin state changes between cell types (which we refer to as
‘changes’ or ‘dynamics’ without implying any temporal relationship).

Extent and significance of chromatin state changes across cell
types
We next explored the extent to which chromatin states vary between
pairs of cell types. The overall patterns of variability (Supplementary
Figs 11 and 12) suggest that regulatory regions vary drastically in activity
level across cell types. Enhancer states show frequent interchange
between strong and weak, and promoter states vary between active,
weak and poised. Promoter states seem more stable than enhancers;
they are eight times more likely to remain promoter states, controlling
for coverage. Switching was also observed among promoter, enhancer
and transcriptional transition states, but no preferential changes to other
groups were found. These general patterns suggest that despite varying
activity levels, enhancer and promoter regions tend to preserve their
chromatin identity as regions of regulatory potential.

Chromatin state differences between cell types relate to cell-type-
specific gene functions. An unbiased clustering of chromatin state
profiles across annotated TSSs in lymphoblastoid and skeletal muscle
cells distinguished informative patterns predictive of downstream gene
expression and functional gene classes (Supplementary Figs 13 and
14). Cell-type-specific patterns were also evident when TSSs were sim-
ply assigned to the most prevalent chromatin state. Promoters active in
skeletal muscle were associated with extracellular structure genes (8.5-
fold enrichment), those active in lymphoblastoid cells were associated
with immune response genes (7.2-fold enrichment) and those active in
both were associated with metabolic housekeeping genes.

Clustering of promoter and enhancer states on the basis of their
activity patterns
Extending our pairwise promoter analysis, we clustered active promoter
and strong enhancer regions across all cell types (Methods). This
revealed clusters showing common activity and associated with highly
coherent functions (Fig. 2). For promoter clusters, these include
immune response (GM12878-specific clusters, P , 10218), cholesterol
transport (HepG2 specific, P , 1024) and metabolic processes (all cells,
P , 102131). Remarkably, genes assigned to enhancer clusters by proxi-
mity also showed strong functional enrichments, including immune

response (GM12878 specific, P , 1026), lipid metabolism (HepG2 spe-
cific, P , 1025) and angiogenesis (HUVEC specific, P , 1023).

Promoters and enhancers differed in their overall specificities. The
majority of promoter clusters showed activity in multiple cell types, con-
sistent with previous work5,10 (Fig. 2a). Enhancer clusters are significantly
more cell type specific, with few regions showing activity in more than two
cell types and a majority being specific to a single cell type (Fig. 2b).

We also found differences in the relative contributions of enhancer-
based and promoter-based regulation among gene classes. Develop-
mental genes seem to be strongly regulated by both, showing the
highest number of proximal enhancers and diverse promoter states,
including poised and Polycomb repressed (Supplementary Fig. 15).
Tissue-specific genes (for example immune genes and steroid meta-
bolism genes) seem to be more dependent on enhancer regulation,
showing multiple tissue-specific enhancers but less diverse promoter
states. Lastly, housekeeping genes are primarily promoter regulated,
with few enhancers in their vicinities.

Overall, this dynamic view of the chromatin landscape suggests that
multicell chromatin profiles can be as productive for systems biology as
expression analysis has traditionally been, and may hold additional
information on genome regulatory programs, which we explore next.

Correlations in activity profiles link enhancers to target genes
We next investigated functional interconnections among enhancers,
the factors that activate or repress them, and the genes whose expres-
sion they regulate, by defining ‘activity profiles’ for each across the cell
types (Fig. 3). We complemented these enhancer activity profiles
(Fig. 3a) with profiles for gene expression (Fig. 3b), sequence motif
enrichment (Fig. 3d) and the expression of transcription factors
recognizing each motif (Fig. 3e). We used correlations between these
profiles to probabilistically link enhancers to their downstream targets
and upstream regulators (Methods).

We found that patterns of enhancer activity (Figs 2b and 3a) cor-
related strongly with patterns of nearest-gene expression (Fig. 3b;
correlation, .0.9 in 16 of 20 clusters). Because this correlation
remained high even for large distances (.50 kb), we used activity
correlation as a complement to genomic distance for linking enhan-
cers to target genes (Methods). Activity-based linking yielded an
increase in functional gene class enrichment for several clusters
(Supplementary Fig. 16).

We validated our approach using quantitative trait locus mapping
studies that use covariation between single nucleotide polymorphism
(SNP) alleles and gene expression levels to link cis-regulatory regions
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Figure 2 | Cell-type-specific promoter and enhancer states and associated
functional enrichments. a, Clustering of genomic locations (rows) assigned to
active promoter state 1 (red) across cell types (columns) reveals 20 common
patterns of activity (A–T; Methods). For each cluster, enriched gene ontology
terms are shown with hypergeometric P value and fold enrichment, based on
the nearest TSS. For most clusters, several cell types show strong (dark red) or
moderate (light red) activity. b, Analogous clustering and functional
enrichments for strong enhancer state 4 (yellow). Enhancer states show greater
cell type specificity, with most clusters active in only one cell type.
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to target genes. Investigation of four recent quantitative trait locus
studies in liver20 and lymphoblastoid cells21–23 revealed remarkable
agreement with our enhancer predictions. Enhancers linked to a given
target gene by our method were significantly enriched for SNPs cor-
related with the gene’s expression level (Supplementary Fig. 17), thus
confirming our enhancer–gene linkages with orthogonal data.

Correlations with transcription factor expression and motif
enrichment predict upstream regulators
We next predicted, on the basis of regulatory motif enrichments,
sequence-specific transcription factors likely to target enhancers in
a given cluster. This implicated a number of transcription factors
whose known biological roles matched the respective cell types
(Fig. 3d and Supplementary Fig. 18). When ChIP-seq data on the
relevant cell type was available, we confirmed that enriched motifs
were preferentially bound by the cognate factor (Fig. 3c). Oct4
(POU5F1) motif instances in cluster A (ESC-specific enhancers) were
preferentially bound by Oct4 in ESCs24, and NF-kB motif instances in
cluster F (lymphoblastoid-specific enhancers) were preferentially
bound by NF-kB in lymphoblastoid cells14. In both cases, motif
instances in cell-type-specific enhancers showed a ,5-fold increase
in binding in comparison with other enhancers.

However, sequence-based motif enrichments do not distinguish
causality. Enrichment could reflect a parallel binding event that does
not affect the chromatin state, or the motif could actually be antagonistic
to the enhancer state through specific repression in orthogonal cell
types. To distinguish between these possibilities, we complemented
the observed motif enrichments with cell-type-specific expression for
the corresponding transcription factors (Fig. 3e). We then correlated
a ‘motif score’ based on motif enrichment in a given cluster, and a
‘transcription factor expression score’ based on the agreement between

the transcription factor expression pattern and the cluster activity pro-
file (Methods). A positive correlation between the two scores implies
that the transcription factor may be establishing or reinforcing the
chromatin state. A negative correlation would instead imply that the
transcription factor may act as a repressor. For example, in addition to
the enrichment of the Oct4 motif in the ESC-specific cluster A, Oct4 is
specifically expressed in ESCs, leading to the prediction that it is a causal
regulator of ESCs (Fig. 3e), consistent with known biology16.

For 18 of the 20 clusters, this analysis revealed one or more can-
didate regulators. Recovery of known roles for well-studied regulators
validated our approach. For example, HNF1 (HNF1A), HNF4
(HNF4A) and PPARc (PPARG) are predicted as activators of
HepG2-specific enhancers (clusters H and I), PU.1 (SPI1) and NF-
kB as activators of lymphoblastoid (GM12878) enhancers (clusters C,
F and G), GATA1 as an activator of K562-specific enhancers (cluster
B) and Myf family members as HSMM enhancers14,25–27 (cluster O).

The analysis also revealed potentially novel regulatory interactions.
ETS-related factors (ELK1, TEL2 (ETV7) and Ets family members)
are predicted activators of enhancers active in both GM12878 and
HUVEC (cluster G) but not of GM12878-specific or HUVEC-specific
clusters, emphasizing the value of unbiased clustering. These connec-
tions are consistent with reported roles for ETS factors in lympho-
poiesis and endothelium28. The prediction of p53 (TP53) as an
activator in HSMM, NHLF, NHEK and HMEC (clusters N, Q and
R) probably reflects its maintained activity in these primary cells, as
opposed to cell models in which it may be suppressed by mutation
(K562)29, viral inactivation (GM12878)30 or cytoplasmic localization
(ESCs)31. A widespread role for p53 in regulating distal elements is
consistent with its known binding to distal regions32,33.

Our analysis also revealed several repressor signatures, including
GFI1 in K562 and GM12878 (clusters B and C) and BACH2 in ESCs
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Figure 3 | Correlations in activity patterns link enhancers to gene targets
and upstream regulators. a, Average enhancer activity across the cell types
(columns) for each enhancer cluster (rows) defined in Fig. 2b (labelled A–T) and
number of 200-bp windows in each cluster. b, Average messenger RNA
expression of nearest gene across the cell types and correlation with enhancer
activity profile from a. High correlations between enhancer activity and gene
expression provide a means of linking enhancers to target genes. c, Enrichment
for Oct4 binding in ESCs24 and NF-kB binding in lymphoblastoid cells14 for each
cluster. TF, transcription factor. d, Strongly enriched (red) or depleted (blue)
motifs for each cluster, from a catalogue of 323 consensus motifs. Rfx: Rfx family;
Nrf-2: NFE2L2; STAT: STAT family; Ets: Ets family; Mef2: MEF2A and MYEF2;

Myf: Myf family; NF-Y: NFYA, NFYB and NFYC. e, Predicted causal regulators
for each cluster based on positive (activators) or negative (repressors)
correlations between motif enrichment (top left triangles) and transcription
factor expression (bottom right triangles). For example, the red–yellow
combination indicates that Oct4 is a positive regulator of ESC-specific
enhancers, as its motif-based predicted targets are enriched (red upper triangle)
for enhancers active in ESCs (cluster A), and the Oct4 gene is expressed
specifically in ESCs, resulting in a positive transcription factor expression
correlation (yellow triangle). Overall correlations between motif enrichment and
transcription factor expression across all clusters denote predicted activators
(positive correlation, orange) and repressors (negative correlation, purple).
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(cluster A). Both regulators are known to repress transcription by
recruiting histone deacetylases and methyltransferases to proximal
promoters34,35, and GFI1 has also been implicated in the silencing of
satellite repeats35. Our regulatory inferences suggest that these regu-
lators also modulate chromatin to inhibit enhancer activity, thus sug-
gesting a new mechanism for distal gene regulation.

Validation of predicted binding events and regulatory out-
comes
The regulatory inferences above imply transcription-factor-binding
events at motif instances within enhancer regions in specific cellular
contexts, and we sought to validate these inferences using a general
molecular signature. Binding events are associated with nucleosome
displacement, a structural change evident in ChIP-seq data for his-
tones36. We thus studied local depletions in the chromatin intensity
profiles (‘dips’) as these are indicative of transcription factor binding.
We confirmed that dips were present in individual signal tracks for
active enhancers and were associated with preferential sequence con-
servation and regulatory motif instances (Fig. 4a).

To test our specific predictions, we superimposed chromatin pro-
files of coordinately regulated enhancer regions, anchoring them on
the implied motif instances. Striking dips precisely coincide with
regulatory motifs, and are both cell type specific and region specific,
exactly as predicted (Fig. 4b, c). Because dips only appear when the
factor is expressed, they also support the identity of the trans-acting
transcription factor.

To confirm that predicted causal motifs contribute to enhancer
activity, we used luciferase reporters. Our model implicated HNF
regulators as activators of HepG2-specific enhancers (Fig. 3), and
context-specific dips supported binding interactions (Fig. 4c). We
thus selected for functional analysis ten sites with HNF motifs show-
ing dips in strong HepG2-specific enhancers, and evaluated them
with and without the HNF motif. We found that permutation of

the motif consistently led to a reduction in enhancer activity
(Fig. 4d), supporting its predicted causal role.

Assigning candidate regulatory functions to disease-associated
variants
Finally, we explored whether our chromatin annotations and regula-
tory predictions can provide insight into sequence variants associated
with disease phenotypes. To that effect, we gathered a large set of non-
coding SNPs from GWAS catalogues, an exceedingly small propor-
tion of which are understood at present37.

We found that disease-associated SNPs are significantly more likely
to coincide with strong enhancers (states 4 and 5; twofold enrichment,
P , 10210), despite the fact that no notable association with these
states are seen for SNPs in general or for those SNPs tested in the
studies. To test whether SNPs associated with a particular disease
might have even more specific correspondences, we examined 426
GWAS data sets. We identified ten studies38–47 whose variants showed
significant correspondences to cell-type-specific strong enhancer
states (Methods and Fig. 5a).

Individual variants from these studies were strongly enriched in
enhancer states specifically active in relevant cell types (Fig. 5a, b).
For example, SNPs associated with erythrocyte phenotypes38 were
found in erythrocytic leukaemia cell (K562) enhancers, SNPs asso-
ciated with systemic lupus erythematosus39 were found in lymphoblas-
toid cell (GM12878) enhancers and SNPs associated with triglyceride40

phenotypes or blood lipid phenotypes41 were found in hepatocellular
carcinoma cell (HepG2) enhancers. We also applied our model to
chromatin data for T cells3 (Supplementary Fig. 19), for which strong
enhancer states correlated to variants associated with risk of childhood
acute lymphoblastic leukaemia48, further validating our approach.

We also used our predicted enhancer/target gene associations to
find candidate downstream genes whose expression might be affected
by cis changes occurring in the enhancer region. Although most of the
predicted target genes are proximal to the enhancer, a subset of more
distal predicted targets could reflect novel candidates for the disease
phenotypes (Fig. 5b).

In addition, we identified several instances in which a lead GWAS
variant does not correspond to a particular chromatin element but a
linked variant coincides with an enhancer with the predicted cell type
specificity (Fig. 5c). Thus, chromatin profiles may provide a general
means of triaging variants within a haplotype block, a common problem
faced in GWASs.

Lastly, we identified several cases in which a disease-associated SNP
created or disrupted a regulatory motif instance for a predicted causal
transcription factor in the relevant cell type (Fig. 5d), suggesting a
specific molecular mechanism by which the disease-associated geno-
type could lead to the observed disease phenotype consistent with our
regulatory predictions.

Discussion
Our work demonstrates the power of multicell chromatin profiles as
an additional and dynamic layer of genome annotation. We presented
methods to distinguish different classes of functional elements, elu-
cidate their cell type specificities and predict cis-regulatory interac-
tions that drive gene expression programs. By intersecting our
predictions with non-coding SNPs from GWAS data sets, we pro-
posed potential mechanistic explanations for disease variants, either
through their presence within cell-type-specific enhancer states or by
their effect on binding motifs for predicted regulators.

Chromatin states drastically reduced the large combinatorial space
of 90 chromatin data sets (290 combinations) to a manageable set of
biologically interpretable annotations, thus providing an efficient and
robust way to track coordinated changes across cell types. This
allowed the systematic identification and comparison of more than
100,000 promoter and enhancer elements. Both types of element are
cell type specific, are associated with motif enrichments and assume
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Figure 4 | Validation of regulatory predictions by nucleosome depletions
and enhancer activity. a, Dips in chromatin intensity profiles in a K562-
specific strong enhancer (orange) coincide with a predicted causal GATA motif
instance (logo). The dips probably reflect nucleosome displacement associated
with transcription factor binding, supported by DNase hypersensitivity12 and
GATA1 binding25. b, Superposition of H3K27ac signal across loci containing
GATA motifs, centred on motif instances, shows dips in K562, as predicted.
c, Superposition of H3K4me2 signal for HepG2 shows dips over HNF4 motifs
in strong enhancer states, as predicted. d, HepG2-specific strong enhancers
with predicted causal HNF motifs were tested in reporter assays. Constructs
with permuted HNF motifs (red) led to significantly reduced luciferase activity
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strong, weak and poised states that correlate with neighbouring gene
expression and function. Enhancers showed very high tissue specifi-
city, enrichment in the vicinity of developmental and cell-type-
specific genes, and predictive power for proximal gene expression,
reinforcing their roles as sentinels of tissue-specific gene expression49.
By elucidating enhancers systematically, and linking them to
upstream regulators and downstream genes, our analysis can help
provide a missing link between regulators and target genes. The power
of the approach should increase considerably as additional pheno-
typically distinct cell types are surveyed, and should enable a greater
proportion of enhancer elements to be incorporated into the connec-
tivity network.

The inferred cis-regulatory interactions make specific testable pre-
dictions, many of which were confirmed through additional experi-
ments and analyses. Our enhancer/target gene linkages are supported
by cis-regulatory inferences from quantitative trait locus mapping
studies. Predicted transcription factor/motif interactions within
cell-type-specific enhancers were confirmed in specific cases by tran-
scription factor binding and more generally by depletions in the chro-
matin profiles at causal motifs in appropriate cellular contexts. Motifs
predicted as causal regulators of cell-type-specific enhancers were also
confirmed in enhancer assays.

The regulatory inferences afforded by multicell chromatin profiles
are unique and highly complementary to data sets for transcription
factor binding, expression, chromatin accessibility, nucleosome
positioning and chromosome conformation50. For example, our regu-
latory predictions can help focus the spectrum of transcription-
factor-binding events to a smaller number of functional interactions.
The ‘chromatin-centric’ approach also complements the extensive
body of work on biological network inference from expression data
with the potential to introduce enhancers and other genomic elements
into connectivity networks.

Our study has important implications for the understanding of
disease. Our detailed and dynamic functional annotations of the
relatively uncharted non-coding genome can facilitate the interpreta-
tion of GWAS data sets by predicting specific cell types and regulators
related to specific diseases and phenotypes. Furthermore, the connec-
tions derived for enhancer regions, to upstream regulators and down-
stream genes, suggest cis- and trans-acting interactions that may be
modulated by the sequence variants. Although the present study
represents only a first, small step in this direction, we expect that
future iterations with a greater diversity of cell types and improved
methodologies will help define the molecular underpinnings of human
disease.
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Figure 5 | Disease variants annotated by
chromatin dynamics and regulatory predictions.
a, Intersection of strong enhancer states (4 and 5)
with disease-associated SNPs from GWASs shows
significant enrichment (blue shading) in relevant
cell types (Methods). Fold enrichments of the SNPs
in strong enhancer states for each cell type are
indicated. FDR, false-discovery rate. b, For three
GWAS data sets38–40, state annotations are shown
for a subset of lead SNPs in the nine cell types
(colours as in Fig. 1b, except state 11 is white). The
strong enhancer state (orange) is most prevalent in
cell types related to the phenotype. For SNPs
overlapping strong enhancers, proximal genes with
correlated expression are indicated, with linking
score and distance. c, Example GWAS locus with
blood lipid trait41 association, where the lead
variant (red circle) has no functional annotation
but a linked SNP (arrow) coincides with a HepG2-
specific strong enhancer (orange) and may
represent a causal variant. Strong enhancer
annotations are shown for all cell types. d, Example
GWAS loci where a disease SNP affects a conserved
instance of a predicted causal motif. Left: lead SNP
rs9374080 in the erythrocyte phenotype GWAS38 is
,100 bp from a strong enhancer in K562 and
strengthens a motif for GFI1B, a predicted
repressor in K562 (Fig. 3e). Right: SNP rs9271055
associated with lupus39 coincides with a
lymphoblastoid (GM12878) strong enhancer and
strengthens a motif for ETS1, a predicted activator
of lymphoblastoid enhancers (Fig. 3e). This factor
is further implicated by lupus-associated variants
that directly affect the ETS1 locus39.
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METHODS SUMMARY
We performed ChIP-seq analysis in biological replicate as previously described4,
using antibodies validated by western blots and peptide competitions. ChIP DNA
and input controls were sequenced using the Illumina Genome Analyser. Expression
profiles were acquired using Affymetrix GeneChip arrays. Chromatin states were
learned jointly by applying a hidden Markov model8 to ten data tracks for each of the
nine cell types. We focused on a 15-state model that provides sufficient resolution to
resolve biologically meaningful patterns yet is reproducible across cell types when
independently processed. We used this model to produce nine genome-wide chro-
matin state annotations, which were validated by additional ChIP experiments and
reporter assays. Multicell type clustering was conducted on locations assigned to
strong promoter state 1 (or strong enhancer state 4) in at least one cell type using the
k-means algorithm. We predicted enhancer/target gene linkages by correlating
normalized signal intensities of H3K27ac, H3K4me1 and H3K4me2 with gene
expression across cell types as a function of distance to the TSS. Upstream regulators
were predicted using a set of known transcription factor motifs assembled from
multiple sources. Motif instances were identified by sequence match and evolution-
ary conservation. We based P values for GWAS studies on randomizing the location
of SNPs, and based the false-discovery rate on randomizing the assignment of SNPs
across studies. Data sets are available from the ENCODE website (http://genome.
ucsc.edu/ENCODE), the supporting website for this paper (http://compbio.mit.edu/
ENCODE_chromatin_states) and the Gene Expression Omnibus (GSE26386).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Cell culture. Human H1 ES cells were cultured in TeSR media51 on Matrigel by
Cellular Dynamics International. Cells were split with dispase and collected at a
passage number between 30 and 40. Before collection, cells were karyotyped and
stained for Oct4 to confirm pluripotency. K562 erythrocytic leukaemia cells
(ATCC CCL-243, lot no. 4607240) were grown in suspension in RPMI medium
(HyClone SH30022.02) with 10% fetal bovine serum (FBS) and 1% Antibiotic-
Antimycotic (GIBCO 15240-062). Cell density was maintained at between
3 3 105 and 7 3 105 cells ml21. GM12878 B-lymphoblastoid cells (Coriell Cell
Repositories, ‘expansion A’) were grown in suspension in RPMI 1640 medium
with 15% FBS (not heat inactivated), 2 mM L-glutamine and 1% penicillin/strep-
tomycin. Cells were seeded at a concentration of ,2 3 105 viable cells ml21 with
minimal disruption, and maintained at between 3 3 105 and 7 3 105 cells ml21.
HepG2 hepatocellular carcinoma cells (ATCC HB-8065, lot no. 4968519) were
cultured in DMEM (HyClone SH30022.02) with 10% FBS and 1% penicillin/
streptomycin. Cells were trypsinized, resuspended to single-cell suspension, split
to a confluence of between 15 and 20% and then collected at ,75% confluence.
NHEK normal human epidermal keratinocytes isolated from skin (Lonza CC-
2501, lot no. 4F1155J, passage 1) were grown in keratinocyte basal medium 2
(KGM-2 BulletKit, Lonza) supplemented with BPE, hEGF, hydrocortisone, GA-
1000, transferrin, epinephrine and insulin. Cells were seeded at the recommended
density (3,500 cells cm22), subjected to two or three passages on polystyrene
tissue culture plates and collected at a confluence of 70 to 80%. HSMM primary
human skeletal muscle myoblasts (Lonza CC-2580, lot no. 6F4444, passage 2)
were cultured in Smooth Muscle Growth Medium 2 (SkGM-2 BulletKit, Lonza)
supplemented with rhEGF, dexamethasone, L-glutamine, FBS and GA-1000.
Cells were seeded at the recommended density (3,500 cells cm22), subjected to
two or three passages and collected at a confluence of 50 to 70%. NHLF primary
normal human lung fibroblasts (Lonza CC-2512, lot no. 4F0758, passage 2) were
grown in Fibroblast Cell Basal Medium 2 (FGM-2 BulletKit, Lonza) supplemented
with hFGF-b, insulin, FBS and GA-100. Cells were seeded at the recommended
density (2,500 cells cm22), subjected to two or three passages and collected at an
approximate confluence of 80%. HUVEC primary human umbilical vein endothe-
lial cells (Lonza CC-2517, lot no. 7F3239, passage 1) were grown in endothelial
basal medium 2 (EGM-2 BulletKit, Lonza) supplemented with hFGF-b, hydro-
cortisone, VEGF, R3-IGF-1, ascorbic acid, heparin, FBS, hEGF and GA-1000. Cells
were seeded at the recommended density (2,500–5,000 cells cm22), subjected to
two or three passages and collected at a confluence of 70 to 80%. HMEC primary
human mammary epithelial cells from mammary reduction tissue (Lonza CC-
2551, passage 7) were grown in mammary epithelia basal medium (MEGM
BulletKit, Lonza) supplemented with hEGF-b, hydrocortisone, BPE, GA-1000
and insulin. Cells were seeded at the recommended density (2,500 cells cm22),
subjected to two or three passages and collected at 60 to 80% confluence.
Antibodies. ChIP assays were performed using the following antibody reagents:
H3K4me1 (Abcam ab8895, lot 38311/659352), H3K4me2 (Abcam ab7766, lot
56293), H3K4me3 (Abcam ab8580, lot 331024; Milipore 04-473, lot
DAM1623866), H3K9ac (Abcam ab44441, lot 455103/550799), H3K27ac
(Abcam ab4729, lot 31456), H3K36me3 (Abcam ab9050, lot 136353),
H4K20me1 (Abcam ab9051, lot 104513/519198), H3K27me3 (Millipore 07-
449, lot DAM1387952/DAM1514011), CTCF (Millipore 07-729, lot 1350637),
H3K9me3 (Abcam ab8898, lot 484088), H2A.Z (Millipore 07-594, lot
DAM1504736) and RNAPII N terminus (Santa Cruz sc-899X, lot H0510). All
antibody lots were extensively validated for specificity and efficacy in ChIP-seq.
Western blots were used to confirm specific recognition of histone protein (or
CTCF). Dot plots performed using arrayed histone tail peptides representing
various modification states were used to confirm specificity for the appropriate
modification. ChIP-seq assays performed on a common cell reagent were used to
confirm consistency between different lots of the same antibody.
Chromatin immunoprecipitation. Cells were harvested by crosslinking with 1%
formaldehyde in cell culture medium for 10 min at 37 uC. After quenching with
the addition of 125 mM glycine for 5 min at 37 uC, the cells were washed twice
with cold PBS containing protease inhibitor (Roche). After aspiration of all liquid,
pellets consisting of ,107 cells were flash frozen and stored at 280 uC. Fixed cells
were thawed and sonicated to obtain chromatin fragments of ,200 to 700 bp
using a Bioruptor (Diagenode). Immunoprecipitation was performed as previ-
ously described, retaining a fraction of input ‘whole-cell extract’ as a control4.
Briefly, sonicated chromatin was diluted tenfold and incubated with ,5mg
antibody overnight. Antibody–chromatin complexes were pulled-down using
protein A sepharose, washed and then eluted. After crosslink reversal and
proteinase K treatment, immunoprecipitated DNA was extracted with phenol,
precipitated in ethanol and treated with RNase. ChIP DNA was quantified by
fluorometry using the Qubit assay (Invitrogen).

Next-generation sequencing. For each ChIP or control sample, ,5 ng of DNA
was used to generate a standard Illumina sequencing library. Briefly, DNA frag-
ments were end-repaired using the End-It DNA End-Repair Kit (Epicentre),
extended with a 39 ‘A’ base using Klenow (39 R 59 exo-, 0.3 U ml21, NEB), ligated
to standard Illumina adapters (75 bp with a ‘T’ overhang) using DNA ligase
(0.05 Uml21, NEB), gel-purified on 2% agarose, retaining products between
275 and 700 bp, and subjected to 18 PCR cycles. These libraries were quantified
by fluorometry and evaluated by quantitative PCR or a multiplexed-digital-
hybridization-based analysis52 (NanoString nCounter) to confirm representation
and specific enrichment of DNA species. Libraries were sequenced in one or two
lanes on the Illumina Genome Analyser using standard procedures for cluster
amplification and sequencing by synthesis.
Expression profiling. Cytosolic RNA was isolated using RNeasy Columns
(Qiagen) from the same cell lots as above. Gene expression profiles were acquired
using Affymetrix GeneChip arrays. The data were normalized using the
GenePattern expression data analysis package53. CEL files were processed by
RMA, quantile normalization and background correction. Two replicate expres-
sion data sets for each cell type were averaged and log2-transformed. Gene-level
normalization across cell types was computed by mean normalization.
Primary processing of sequencing reads. ChIP-seq reads were aligned to human
genome build HG18 with MAQ (http://maq.sourceforge.net/maq-man.shtml)
using default parameters. All reads were truncated to 36 bases before alignment.
Signal density maps for visualization were derived by extending sequencing reads
by 200 bp in the 39 direction (the estimated median size of ChIP fragments), and
then counting the total number of overlapping reads at 25-bp intervals. Replicate
ChIP-seq experiments were verified by comparing enriched intervals as previ-
ously described4, and were then combined into a single data set. For the hidden
Markov model (HMM), density maps were derived by extending sequencing
reads by 200 bp in the 39 direction and then assigning them to a single 200-bp
window based on the midpoint of the extended read. These maps were then
binarized at 200-bp resolution on the basis of a Poisson background model using
a threshold of 1024.
Joint learning of HMM states across cell types. To handle data from the nine cell
types, we concatenated their genomes to create an extended virtual genome that
we used to train the HMM. We applied the model to ten tracks corresponding to
the different chromatin marks and input using a multivariate HMM as previously
described8. Here we used a Euclidean distance for determining initial parameters
for the nested initialization step. After the HMM had learned and evaluated a set
of roughly nested models, considering up to 25 states, we focused on a 15-state
model that provides sufficient resolution to resolve biologically meaningful chro-
matin patterns and yet is highly reproducible across cell types when indepen-
dently processed (Supplementary Fig. 7). We used this model to compute the
probability that each location is in a given state, and then assigned each 200-bp
interval to its most likely state for each cell type. Even though our model focuses
on presence/absence frequencies of marks, we found that our states also capture
signal intensity differences between high-frequency and low-frequency marks
(Supplementary Fig. 9).
Enrichment analysis. For each state, enrichments for different annotations were
computed at 200-bp resolution with the exception of conservation, which was
computed at nucleotide resolution. We used annotations obtained through the
UCSC Genome Browser54 for RefSeq TSSs and transcribed regions55, PhastCons56,
DNase-seq for K562 cells12, c-Myc ChIP-seq for K562 cells13, NF-kB ChIP-seq for
GM1287814, Oct4 in ESCs24 and nuclear lamina15. Gene functional group enrich-
ments were determined using STEM57 and biological process annotations in the
Gene Ontology database58. P values were calculated on the basis of the hypergeo-
metric distribution and corrected for multiple testing using Bonferroni correction.
Comparing chromatin state assignments between cell types. For each pair of
cell types, the chromatin state assignments at each genomic position were com-
pared. We calculated the frequency with which each pair of states occurred, and
normalized this against the expected frequency based on the amount of genome
covered by each state. The fold enrichments in Fig. 2a reflect an aggregation
across all 72 possible pairs of cell types.
Pairwise promoter clustering. Promoters for RefSeq genes were clustered on the
basis of the most likely chromatin state assignment across a 2-kb region centred
on the TSS. Clustering was performed jointly across GM12878 and HSMM, and
was restricted to genes with corresponding Affymetrix expression. Briefly, each
promoter was treated as a 330-element binary vector in which each component
corresponded to a position along the promoter, cell type and state. Clustering was
performed on these vectors using the k-means algorithm in MATLAB. Gene
expression values were calculated on the basis of the corresponding Affymetrix
probe set closest to the TSS.
Multicell type promoter and enhancer clustering. Promoter state clustering was
performed for all 200-bp intervals assigned to the strong promoter state (state 1)
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in at least one cell type. Each interval was represented by a single vector whose
components are the estimated probabilities that it be in the strong promoter state
for each of the nine cell types, accounting for model assignment uncertainty and
biological noise. These were determined from the model posterior probabilities of
state assignments and a comparison of state assignments in replicate experi-
mental data. Clustering was performed using the k-means algorithm in
MATLAB. We found that 20 clusters provided sufficient resolution to distinguish
major cell-type-specific patterns. Enhancer state clustering was performed for all
200-bp intervals assigned to strong enhancer state 4 in at least one cell type using
identical procedures. For the purposes of display in Fig. 2, the locations were
randomly down-sampled. For the purpose of identifying enriched functional
gene categories in Fig. 2b, enhancers were linked to the nearest TSS up to 50 kb
distant excluding those within 5 kb. Enhancer–gene correspondences based on
the nearest gene were used for the expression analysis of distance-based linked
genes in Fig. 3b.
Linking enhancer locations to correlated genes. To predict linkages between
enhancer states and target genes, we combined distance-based information with
multicell type correlations between gene expression levels and normalized signal
intensities for histone modifications associated with enhancer states (H3K4me1,
H3K4me2 and H3K27ac). For each enhancer state (4–7), cell type, and 200-bp
interval between 5 kb and 125 kb from the TSS, we trained logistic regression
classifiers. The classifiers were trained to use mark intensity/expression correla-
tion values to distinguish real instances of pairs of enhancer states and gene
expression values from control pairs based on randomly re-assigning expression
values to different genes. So that the classifiers learned a smooth and robust
function at each position, we included as part of the training all enhancer state
assignments within a 10-kb window centred at the position. The link score for a
specific enhancer–gene linkage was defined as the ratio of the corresponding
logistic regression classifier probability score to that for the randomized data.

For the evaluation of the expression quantitative trait loci (QTL) analysis, we
used a link score threshold of 2.5. The expression QTL data was obtained from the
University of Chicago QTL browser (http://eqtl.uchicago.edu/cgi-bin/gbrowse/
eqtl/). In the QTL evaluation, each SNP that overlapped a strong enhancer state (4
or 5), was within 125 kb of a TSS, excluding locations within 5 kb, and was
associated with a gene for which we had expression data was considered eligible
to be supported by our linked predictions. We computed the fraction we observed
linked on the basis of our linked predictions relative to the fraction that would be
expected to be linked conditioned on knowing the distance distributions of the
SNPs relative to the gene TSS.

For the evaluation of linked predictions using the Gene Ontology database, we
used the same link score threshold and compared gene assignments against the
distance-based assignments defined above. The base set of genes in the enrich-
ment analysis here were all genes that could be linked in at least one cluster.
Motif and transcription factor analysis. A database of known transcription
factor motifs was collated by combining motifs from TRANSFAC59 (version
11.3), JASPAR60 (2010-05-07) and protein-binding microarray data sets61–63.
Motif instances in non-coding and non-repetitive regions of the genome were
identified using these motifs and sequence conservation using a 29-way align-
ment of eutherian mammal genomes (K. Lindblad-Toh et al., submitted). These
were filtered using a significance threshold of P , 428 for the motifs64, and a
confidence level based on conservation. Motifs were linked to corresponding
transcription factors using metadata provided by the source. Motif enrichments
for chromatin state clusters were computed as ratios to the instances of shuffled
motifs, to correct for non-specific conservation and composition. A confidence
interval was calculated for each ratio using Wilson score intervals (z 5 1.5),
selecting the most conservative value within the confidence interval. In cases
where multiple motif variants were available for the same transcription factor,
the one that showed the most variance in enrichment across clusters was selected.

For predicting causal activators and repressors, motif scores and transcription
factor expression scores were correlated as follows. Motif scores were calculated
as described above. Transcription factor expression scores were calculated for
each cluster by correlating the expression of the transcription factor across the cell
types with the activity profile of the enhancers in that cluster (defined by the
cluster means from the k-means clustering). The motif scores and the transcrip-
tion factor expression scores were then correlated against each other to identify
positively and negatively correlated transcription factors.

Transcription factor/motif interactions predicted for strong enhancer states in
specific cell types were validated by using the raw ChIP-seq tag enrichments as
proxy for nucleosome positioning. For this purpose, sequencing reads were pro-
cessed as above, except that the middle 75 bp of inferred ChIP fragments were
used to derive signal density informative of nucleosome depletion (dips), as
previously described36. Superposition plots show tag enrichments relative to a
uniform background computed on the basis of sequencing depth.

Quantitative real-time PCR. Enrichment ratios for RNAPII and H2A.Z ChIPs
were determined relative to input chromatin by quantitative real-time PCR using
an ABI 7900 detection system, in biological replicate as described previously65.
Regions used for validation correspond to three different chromatin states,
including 13 for state 1 (arbitrarily selected), 11 for state 4 (arbitrarily selected
but excluding regions within 2 kb of a state-1 annotation) and 11 for state 7
(arbitrarily selected but excluding regions within 2 kb of a state-1 or state-4
annotation). PCR primers are listed in Supplementary Data 1.
Functional enhancer assays. The SV40 promoter was first inserted between the
HindIII and NcoI sites of pGL4.10 (Promega). Next, 250-bp sequences from the
reference genome (hg18) corresponding to different chromatin states (eight from
HepG2 state 4, seven from HepG2 state 7 and seven from GM12878 state 4) were
synthesized (GenScript) and then inserted between the two SfiI sites upstream of
the SV40 promoter. HepG2 cells were seeded into 96-well plates at a density of
5 3 104 cells per well and expanded overnight to ,50% confluency. The cells were
then transfected with 400 ng of a pGL4.10-derived plasmid and 100 ng of pGL4.73
(Promega) using Lipofectamine LTX. Firefly and Renilla luciferase activities were
measured 24 h post-transfection using Dual-Glow (Promega) and an EnVision
2103 multilabel reader (PerkinElmer), from triplicate experiments. Data are
reported as light units relative to a control plasmid. For validation of causal
transcription factor motifs, ten sequences of 250 bp corresponding to HepG2-
specific strong enhancers (state 4) with dips and HNF motifs were tested as above,
and compared with identical sequences except with the HNF motif permuted.
Tested enhancer elements are listed in Supplementary Data 1.
GWAS SNP analysis. The GWAS variants and SNP coordinates were obtained
from the NHGRI catalogue and the UCSC browser37,54 (October 30, 2010). This
set was refined by extending the blood lipid GWAS41 set to contain all reported
SNPs, and by bifurcating the haematological and biochemical traits study46 into a
haematological traits set and a biochemical traits set. We limited our analysis to
studies reporting two or more associated SNPs. The variants from each study
were intersected with chromatin states from each of the cell types. The reported P
values were based on the overlap of associated SNPs with strong enhancer states 4
and 5. We controlled for non-independence between proximal SNPs by using a
randomization test where SNPs were randomly shifted while preserving relative
distance. We then defined an estimated false-discovery rate based on permuta-
tions in which SNPs were randomly re-assigned to different studies, and recom-
puted P values. Estimates of false-discovery rates based on these permutations
control for multiple testing of studies and cell types and for general non-specific
enrichments for states 4 and 5 with GWAS hits. Candidate gene targets were
predicted for a subset of variants associated with enhancer states on the basis of
the lead cell type using the linking method described above.
Data access. Data sets are available from the ENCODE website (http://genome.
ucsc.edu/ENCODE), the supporting website for this paper (http://compbio.mit.
edu/ENCODE_chromatin_states) and the Gene Expression Omnibus (GSE26386).
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Crystal structure of a phosphorylation-
coupled saccharide transporter
Yu Cao1, Xiangshu Jin2*, Elena J. Levin1*, Hua Huang1*, Yinong Zong3*, Matthias Quick4,5, Jun Weng1, Yaping Pan1, James Love6,
Marco Punta6,7, Burkhard Rost6,7, Wayne A. Hendrickson6,8, Jonathan A. Javitch4,5,9, Kanagalaghatta R. Rajashankar10 & Ming Zhou1

Saccharides have a central role in the nutrition of all living organisms. Whereas several saccharide uptake systems are
shared between the different phylogenetic kingdoms, the phosphoenolpyruvate-dependent phosphotransferase system
exists almost exclusively in bacteria. This multi-component system includes an integral membrane protein EIIC that
transports saccharides and assists in their phosphorylation. Here we present the crystal structure of an EIIC from Bacillus
cereus that transports diacetylchitobiose. The EIIC is a homodimer, with an expansive interface formed between the
amino-terminal halves of the two protomers. The carboxy-terminal half of each protomer has a large binding pocket
that contains a diacetylchitobiose, which is occluded from both sides of the membrane with its site of phosphorylation
near the conserved His 250 and Glu 334 residues. The structure shows the architecture of this important class of
transporters, identifies the determinants of substrate binding and phosphorylation, and provides a framework for
understanding the mechanism of sugar translocation.

Bacterial phosphoenolpyruvate-dependent phosphotransferase sys-
tems (PTSs)1 transport saccharides across the cell membrane and phos-
phorylate them before their release into the cytosol2–7. Phosphorylation
of the incoming saccharide primes it for subsequent utilization as a
nutrient in cellular metabolism and also prevents its efflux. Although
the system can transport a cognate sugar by slow facilitated diffusion in
vitro in the absence of phosphorylation, phosphorylation greatly speeds
up the overall rate of sugar uptake2,3, allows concentration of intracel-
lular substrate relative to the environment, and is necessary for growth
of the host bacteria when the PTS sugar is provided as the sole carbon
source. Unlike the primary ABC-type transporters that hydrolyse
ATP8,9 or the secondary transporters that harness a sodium or proton
gradient10–12 to drive transport, PTSs therefore use covalent modifica-
tion of their substrate during transport to ensure its unidirectional flux.

PTSs are composed of three components: enzyme I (EI), the heat-
stable phosphocarrier protein (HPr) and enzyme II (EII). Both EI and
HPr are general energy-coupling proteins and are not sugar specific,
whereas EII is sugar specific and is itself a protein complex composed
of the cytosolic EIIA and EIIB proteins and the integral membrane
protein EIIC. In certain EIIs, EIIA or EIIB or both are translated with
EIIC as a single polypeptide chain. Bacteria often possess several
different types of EIIs that are induced by the presence of their sub-
strate13,14. The phosphate group originates from phosphoenolpyru-
vate, and is transferred sequentially to EI, HPr, EIIA, EIIB and
eventually to the incoming sugar substrate bound to EIIC, the com-
ponent responsible for translocating the sugar2,3.

Of the four EIIC superfamilies, the largest is the Glc family, which
has subfamilies each specialized in transporting glucose, several b-
glucosides, mannitol, fructose, or lactose6,15. All Glc family EIICs have
an almost universally conserved glutamate residue (Supplementary

Fig. 1) essential for substrate transport and phosphorylation16,17. This
conserved glutamate is located within a conserved motif, which was
first identified as GITEP in the glucose- and b-glucoside-specific
EIICs2,6. To understand further the mechanism of sugar selectivity, trans-
location and phosphorylation, we initiated structural studies on a group
of EIICs that are members of the lactose subfamily of the Glc superfamily.
These members have an orthologue in Escherichia coli, ChbC, which was
shown to transport N,N9-diacetylchitobiose ((GlcNAc)2), a b-1,4-linked
N-acetylglucosamine disaccharide18,19. We crystallized and solved the
structure of a ChbC homologue from Bacillus cereus (Supplementary
Fig. 1).

Functional characterization
The B. cereus chbC gene was heterologously expressed in E. coli and the
resulting protein purified to homogeneity (Supplementary Fig. 2a).
The molecular weight of detergent-solubilized ChbC was estimated
at approximately 100 kDa by combining size-exclusion chromato-
graphy with light scattering and refractive index measurements. As
the molecular weight of an individual protomer is ,47 kDa, deter-
gent-solubilized ChbC is therefore a homodimer. This dimer is stable
and monodispersed in a number of detergents, but partially dissociates
in shorter-chain detergents such as octylmaltoside (Supplementary
Fig. 2b–e). These results are consistent with earlier reports of a dimeric
assembly for EIICs from other members of the Glc superfamily20–24 and
indicate that the purified ChbC retains its native quaternary assembly
in long-chain detergents.

We reconstituted purified B. cereus ChbC into proteoliposomes and
measured its ability to transport sugars by monitoring uptake of 14C-
labelled N-acetylglucosamine (GlcNAc), which is the monosaccharide
that is condensed to form (GlcNAc)2. Addition of 14C–GlcNAc
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resulted in a time-dependent accumulation of the radiotracer within
the lumen of the proteoliposomes that stabilized after ,15 min
(Fig. 1a), consistent with a facilitated diffusion process that dissipates
the initial concentration gradient of the radiotracer. Control liposomes
lacking ChbC showed little accumulation even after 30 min. Further
experiments showed that 14C–GlcNAc uptake was significantly inhib-
ited in the presence of non-labelled GlcNAc or (GlcNAc)2, whereas the
same concentration of glucose had no significant effect (Fig. 1b). This
experiment indicates that the reconstituted ChbC is capable of translo-
cating a sugar, and that it is selective for GlcNAc and (GlcNAc)2 over
glucose.

Structure determination
After extensive refinement of crystallization conditions, a data set was
collected on a crystal grown in the presence of 4 mM (GlcNAc)2. The
crystal had P43212 symmetry and diffracted to 3.3 Å (Supplementary
Table 1). Initial phases were estimated from a Ta6Br12 derivative
diffracting to 4.5 Å, and the phases were gradually extended to the
native data set (Methods and Supplementary Fig. 3). There are four
ChbC protomers in the asymmetric unit, and the building and refine-
ment of an accurate atomic model were aided by the use of four-
fold non-crystallographic symmetry (NCS) restraints, which were

maintained throughout the refinement until the last few rounds
(Methods). The final models of all four protomers in the asymmetric
unit contain the full-length ChbC except for two residues at the N
terminus that are not resolved. In addition, each chain contains one
(GlcNAc)2 and two nonylmaltosides (NM) that were used to solubilize
ChbC. One of the NM molecules is only partially resolved.

Tertiary and quaternary structure of ChbC
Each ChbC protomer contains 10 transmembrane helical regions
(TM1–10), including one (TM8) that is tilted at a roughly 45u angle
to the membrane norm and is split into two short hydrophobic helices
joined by a hydrophilic loop (Fig. 1c and Supplementary Fig. 4). It also
contains two re-entrant hairpin-like structures (HP1 and HP2) with
opposite orientations in the membrane, and two horizontal amphi-
pathic a-helices (AH1 and AH2). AH1 and AH2 probably lie along
the inner and outer boundaries of the hydrophobic core of the lipid
bilayer, which is marked in Fig. 1d and e. To the best of our knowledge,
ChbC has a novel fold.

The protein is a homodimer and the two protomers are oriented
parallel in the membrane, related by a two-fold axis perpendicular to
the membrane (Fig. 1d, e and Supplementary Fig. 5). Both the N and C
termini probably reside on the cytoplasmic side (Supplementary Fig. 4)

AH1

T
M

1

T
M

2

T
M

3

TM
4T

M
5

AH2

T
M

6

T
M

7

T
M

9
T

M
1
0

AH1

T
M

1

T
M

2

T
M

3
T
M

5TM
8a

TM
8b

H
P
1a

H
P
1b

H
P

2

T
M

1
0

500

400

300

200

100

0

G
lu
co

se

G
lc
N
Ac

N
on

e

(G
lc
N
Ac) 2

Control ChbC

600

500

400

300

200

100

0

Time (min)
3020100

5

4

3 2
1

1

2

3
45

f g

d e h

i

ca b
180º

90º

100 Å

60 Å

50 Å

20 Å

In

Out

N

C

N

C

C

N

1
4
C

–
G

lc
N

A
c
 u

p
ta

k
e

(n
m

o
l 
× 

m
g

 C
h

b
C

–
1
)

1
4
C

–
G

lc
N

A
c
 u

p
ta

k
e

(n
m

o
l 
× 

m
g

 C
h

b
C

–
1
 ×

 3
0

 m
in

–
1
)

Figure 1 | Function and structure of ChbC. a, Time course of the uptake of
92mM 14C-labelled GlcNAc in proteoliposomes reconstituted with B. cereus
ChbC (red squares) or in control liposomes (black circles). b, Accumulation
after 30 min of 14C-labelled GlcNAc in ChbC-containing proteoliposomes in
the absence or presence of 10 mM unlabelled GlcNAc, (GlcNAc)2, or glucose.
Error bars in a and b are s.e.m. of 3–6 measurements. c, A ChbC protomer is
shown from two orientations. d–g, The structure of the ChbC dimer is shown in

cartoon and surface representations as viewed from within the plane of the
membrane, represented as a grey rectangle (d, e), or the intracellular side of the
membrane (f, g). h, i, The same views of the ChbC dimer, but with the back
protomer shown as an opaque surface and the front protomer as an outline.
Helices TM1–5 are shown as either a darker surface (back) or as coloured
cylinders (front).
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as inferred from the ‘positive-inside’ rule25, and from the experiment-
ally determined topology of ChbC from E. coli26. This assignment is
also consistent with the location of the termini determined experi-
mentally in other members of the Glc superfamily6,27–29. When viewed
from within the membrane with the extracellular side on the top, the
dimer is roughly 50 Å thick along the two-fold axis and has the shape of
a capsized canoe, with a concave surface facing the intracellular side
(Fig. 1d, e). b-Hairpins from each protomer protrude an extra 20 Å
into the extracellular space, although the hairpins mediate a key crystal
contact and may be perturbed slightly from their native conformation
(Supplementary Fig. 6). When the dimer is viewed looking down the
two-fold axis from the intracellular side, the two dimensions of the
concave surface are ,60 Å and 100 Å (Fig. 1f, g). Stereo views of the
ChbC dimer in three orientations are shown in Supplementary Fig. 5.

The extensive dimer interface is formed primarily by the N-terminal
half of ChbC: TM1, 2, 3 and 5 from each protomer line the interface
with a buried surface area of 2,746 Å2 per protomer (Fig. 1h and
Supplementary Fig. 7). The long loop between TM4 and 5 also con-
tributes to the interface by extending along the cytoplasmic face of the
neighbouring subunit (Fig. 1i). This large and mostly hydrophobic
interface is expected because EIICs are known to function as dimers
in the membrane20–24. An extensive dimer interface was also observed
in an electron microscopy projection map of a Glc family EIIC that
transports mannitol30, indicating that this feature is conserved among
subfamilies of the Glc family transporters.

Substrate-binding site
The C-terminal half of each protomer (TM6–10) contains a deep,
electronegative cleft on its intracellular side (Fig. 2a). Although the
cleft is located on the intracellular face of each protomer, it is not
solvent-exposed because part of TM5 and the preceding TM4–5 loop
from the neighbouring protomer extend beneath it (Fig. 1i). This cleft
is lined partly by the re-entrant hairpin loops HP1 and HP2. HP1
harbours the glutamate residue (Glu 334) in the Glc family conserved
motif, which is NINEP in this ChbC (Supplementary Fig. 1). The tips
of HP1 and HP2 meet in the middle of the membrane (Fig. 2b and
Supplementary Fig. 8a). The arrangement of these two loops is
strongly reminiscent of two re-entrant hairpins in the otherwise dis-
similar structure of the glutamate transporter GltPh

31.
A large non-protein electron density is present in the deep cleft

(Fig. 2b), and although we cannot unambiguously determine its iden-
tity owing to the modest resolution of the data set, this electron density
is consistent with the size and shape of a (GlcNAc)2 molecule. The
shape of the ligand density allows for two orientations of (GlcNAc)2,
with the non-reducing sugar either closer to or farther away from the

intracellular side (Supplementary Fig. 9). It is known that E. coli ChbC
phosphorylates (GlcNAc)2 on the sixth position hydroxyl of the non-
reducing sugar (C6-OH)19. If (GlcNAc)2 were oriented with its non-
reducing sugar ring closer to the intracellular side (Fig. 2c and
Supplementary Fig. 9a), the C6-OH would be accessible for phosphor-
ylation. This orientation would also place the C6-OH within hydro-
gen-bonding distance of the conserved residues Glu 334 and His 250,
whose importance for sugar binding and phosphorylation has been
demonstrated in an EIIC that transports mannitol16,17,32–34. In contrast,
the alternative orientation would position the C6-OH in the protein
interior (Supplementary Fig. 9b) where it would not seem accessible for
the required phosphorylation. In light of these observations, we
deemed the former orientation to be more plausible and used it in
the final model. After refinement, the hydroxyl oxygen of C6-OH is
2.6–2.8 Å from the carboxylate of Glu 334 on HP1, and 2.7–3.1 Å from
the e-nitrogen on His 250, which is part of the loop between TM6–7
(Fig. 2c and Supplementary Fig. 8b). We speculate that Glu 334,
His 250 and the C6-OH may form part of an active site where transfer
of a phosphate group from EIIB takes place, although the precise
mechanism of catalysis is currently unknown.

Although the substrate selectivity of ChbC has not been measured
systematically, it appears that the binding pocket is well suited for
(GlcNAc)2. In addition to Glu 334 and His 250, the side chains of
conserved Trp 245 from TM7, Asp 290 from TM8a and Asn 333 from
HP1 are able to form hydrogen bonds with the (GlcNAc)2 when it is
modelled in the orientation shown in Fig. 2c. Trp 382 from HP2
provides stacking interactions with the ring of the reducing sugar.
In addition, the acetamide group on the non-reducing sugar makes
two interactions with the protein: the backbone carbonyl oxygen atom
of Gly 297 from the conserved TM8 loop makes a hydrogen bond with
the nitrogen atom, and the aromatic ring of Tyr 294, which is also
from the TM8 loop, is ,3.5 Å from the methyl group. When a glucose
is modelled in the binding site by aligning it with the non-reducing
sugar of (GlcNAc)2, the interactions between the acetamide group on
(GlcNAc)2 and residues Trp 245 and Tyr 294 are both missing, sug-
gesting that these two interactions are important for sugar selectivity
(Fig. 1b). Curiously, the substrate-binding cavity is substantially larger
than necessary to accommodate a (GlcNAc)2 molecule (Fig. 2a). In E.
coli, ChbC was shown to also transport the trisaccharide of GlcNAc19,
and the large size of this cavity indicates that B. cereus ChbC is able to
accommodate a trisaccharide as well.

Implications for mechanism of transport
In the observed conformation, the binding pocket for (GlcNAc)2 faces
the cytoplasmic side, but the bound (GlcNAc)2 cannot diffuse to either
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Figure 2 | The C-terminal sugar-binding domain. a, Cross-section of the
solvent-accessible surface of the ChbC dimer, coloured by electrostatics as
calculated by the program DelPhi41. Bound (GlcNAc)2 molecules are shown in
cyan. b, The C-terminal domain and bound (GlcNAc)2 molecule viewed from
the plane of the membrane. The green mesh corresponds to Fo 2 Fc density
calculated in the absence of (GlcNAc)2 and contoured at 2.5s. The inset on the

upper left shows the location of the C-terminal domain in the dimer. c, The
sugar-binding pocket viewed from the intracellular side. A (GlcNAc)2 molecule
is shown modelled in the orientation placing the C6-OH of the non-reducing
sugar (red arrow) closest to the cytoplasm, along with residues potentially
forming hydrogen bonds or hydrophobic interactions with the sugar.
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side of the membrane without changes in protein conformation. The
crystal structure therefore probably corresponds to what is referred to
as the occluded state in the terminology of the alternating access model
proposed for sodium-coupled secondary transporters35–38. In this
framework, the full transport cycle should include at minimum two
additional states: an outward-open state capable of binding substrate
from the periplasm, and an inward-open state that interacts with EIIB
to phosphorylate and release the substrate into the cytoplasm. On the
basis of the known structure, we will briefly speculate on possible
conformational changes leading to the other states.

The substrate-binding cavity is sealed off to the intracellular side by
residues in the loop between TM4 and 5 from the neighbouring pro-
tomer (Fig. 3a). The TM4–5 loop has little interaction with the rest of
the protein and could potentially be moved away to expose the bound
substrate by straightening a kink near the N terminus of TM5 (Fig. 3a
and Supplementary Fig. 10). Therefore, the TM4–5 loop seems a
reasonable candidate for the intracellular gate. Once the substrate is
released the strong electronegativity of the binding cavity (Fig. 2a)
may assist in preventing the phosphorylated sugar from rebinding to
the transporter and effluxing from the cell. Although it is impossible
to determine from the crystal structure alone, the involvement of
structural features from both protomers in forming the binding site,
along with the considerable size of the dimer interface, raises the
interesting possibility that binding or release of substrate may be
cooperative. Further functional and structural studies, and in particu-
lar the structure of ChbC in complex with its corresponding EIIB
ChbB in the phosphorylated state, will be necessary to reveal the
nature and sequence of the conformational changes leading to phos-
phorylation and release of the bound carbohydrate.

Because the substrate-binding site is located nearer to the cytoplas-
mic side of the membrane, it would require a more substantial

conformational change to form the outward-open state. However,
similarities between ChbC and the unrelated transporter GltPh pro-
vide one possible clue. In that transporter, a rigid-body motion of a
transport domain containing the substrate-binding pocket relative to
an immobile oligomerization domain is responsible for conversion
between the outward and inward-facing states. The oppositely
oriented re-entrant loops on the transport domain form both the
substrate-binding site and the moving interface with the oligomeriza-
tion domain37. The parallels between the architecture of the transport
domain in GltPh and the C-terminal region of ChbC containing HP1,
HP2 and TM8–10 raise the intriguing possibility that a similar rigid-
body motion in ChbC could be responsible for converting the inward-
occluded state observed in the crystal structure to an outward-open
state with an exposed binding site for external sugar (Fig. 3b and
Supplementary Fig. 10). This large motion would be facilitated by the
generous length of the 12-residue extracellular loop between TM7 and
TM8. Further structural studies will be necessary to resolve the nature of
the outward-facing state, possibly with apo-ChbC, which probably
favours a conformation capable of binding periplasmic substrate.

METHODS SUMMARY
B. cereus ChbC was cloned into a modified pET plasmid (Novagen) with a
C-terminal polyhistidine tag connected by a TEV protease recognition site39. The
chbC gene was overexpressed in BL21(DE3) cells and the protein purified on an
IMAC column. After cleavage of the tag by TEV protease, the protein was then
exchanged into buffer containing 150 mM NaCl, 20 mM HEPES, pH 7.5, 5 mM
b-mercaptoethanol and 12 mM n-nonyl-b-D-maltoside, and concentrated to 6 mg
ml21. Crystals in the P43212 space group were grown by the sitting-drop method in
solution containing 4 mM N,N9-diacetylchitobiose, 30% polyethyleneglycol (PEG)
400, 100 mM Li2SO4, 0.5% polyvinylpyrrolidone, and 100 mM sodium citrate, pH
5.6. Diffraction data were collected and phased by the single-wavelength anomalous
dispersion (SAD) method using Ta6Br12-derivatized P43212 crystals. Experimental
phases were obtained to 4.5 Å and improved by solvent flattening and averaging,
and iterative rounds of model building and refinement were then carried out to
obtain the final model.

For the functional assays, ChbC was reconstituted in liposomes following a
method described for a K1 channel40. Uptake of 14C–GlcNAc (45 Ci mmol21;
Moravek) was measured in buffer containing 100 mM potassium phosphate, pH
7.5 for varying periods of time. The reactions were quenched with ice-cold buffer
containing 100 mM potassium phosphate, pH 6.0 and 100 mM LiCl, and imme-
diately filtered through GF/F filters (Advantec MFS). GlcNAc uptake was quan-
tified by comparing scintillation counts of the filters with standard curves from
known amounts of 14C–GlcNAc.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Target selection, cloning and initial protein production. ChbC was established
as a pipeline target for structural studies by a bioinformatics analysis39,42. A total of
25 chbC genes from 13 prokaryotic genomes were identified, amplified by PCR
from the genomic DNA, and cloned into a modified pET plasmid (Novagen) with
a C-terminal deca-histidine tag and a TEV protease recognition site. chbC genes
were then overexpressed in E. coli BL21(DE3) cells in small-scale cultures
(,1 ml), and their translation level examined using western blots. The target
selection, cloning, and protein production screening were performed at the central
facility of the New York Consortium on Membrane Protein Structure
(NYCOMPS) as described previously39.
Protein purification and crystallization. Seven western-positive clones received
from the NYCOMPS were scaled up for mid-scale (1 l) purification studies.
ChbCs from Salmonella enterica and B. cereus yielded higher than 0.25 mg l21

cell culture. Although both proteins exhibited a monodispersed profile in size-
exclusion chromatography, only ChbC from B. cereus (ChbC) produced diffract-
ing crystals and thus became the focus of crystallization efforts. After cleavage of
the deca-histidine tag, the protein contains the full-length ChbC protein, residues
1 to 434, plus nine residues (AAAENLYFQ) at the C terminus due to addition of a
cloning site and the TEV protease recognition site.

For large-scale (10–20 l) production and purification of native ChbC, cells
were grown in Luria broth at 37 uC and induced with 0.5 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) after the OD600 nm reached ,1.0. ChbC extraction
and purification followed a protocol described in ref. 43. After removal of the His
tag with TEV protease, the protein was concentrated to ,6 mg ml21 and sub-
jected to size exclusion chromatography with a Superdex 200 10/300 GL column
(GE Health Sciences) equilibrated in 150 mM NaCl, 20 mM HEPES, pH 7.5,
5 mM b-mercaptoethanol and 12 mM n-nonyl-b-D-maltoside (NM). Purified
ChbC protein was concentrated to ,10 mg ml21 as approximated by ultraviolet
absorbance.

ChbC crystals with P43212 symmetry were grown over a period of two weeks or
longer by vapour diffusion in sitting drops mixed from 2–3ml of the protein
solution supplemented with 4 mM N,N’-diacetylchitobiose and an equal volume
of well solution containing 30% polyethyleneglycol (PEG) 400, 100 mM Li2SO4,
0.5% polyvinylpyrrolidone and 100 mM sodium citrate, pH 5.6. Tantalum-
derivatized crystals were prepared by adding Ta2Br12 powder into sitting drops
containing ChbC crystals. The crystals gradually turned green after 24–48 h, and
were directly flash-frozen in liquid nitrogen for X-ray diffraction. The P43212
crystals diffracted to resolutions of up to 3.3 Å and the Tantalum-derivatized
crystals to 4.5 Å.
Transport measurements in proteoliposomes. Purified ChbC was reconstituted
at a 1:100 (w/w) ratio into liposomes composed of 1-palmitoyl-2-oleoyl-
phosphatidylethanolamine and 1-palmitoyl-2-oleoyl-phosphatidylglycerol (Avanti
Polar Lipids) in a ratio of 3:1 (w/w) in 100 mM potassium phosphate, pH 7.5 as
described previously40. Before the uptake reaction, frozen ChbC-containing proteo-
liposomes and control liposomes (at 10 mg lipid per ml) were subjected to three
freeze/thaw cycles followed by extrusion through a 400 nm polycarbonate mem-
brane (Avestin). Uptake of 92mM 14C–GlcNAc (45 Ci mmol21; Moravek) was mea-
sured at 23 uC in assay buffer composed of 100 mM potassium phosphate buffer,
pH 7.5 for the indicated periods of time. The reactions were stopped by quenching
the samples with ice-cold 100 mM potassium phosphate, pH 6.0/100 mM LiCl,
followed by rapid filtration through GF/F filters (Advantec MFS) and scintillation

counting of the filters. Known amounts of 14C–GlcNAc were used to convert the
amount of internalized radioactivity into nmol per mg of protein. The amount of
ChbC in the proteoliposomes used for the uptake reaction was determined44.
Data collection and structure solution. Diffraction data were collected on beam-
lines X25 and X29 at the National Synchrotron Light Source and 24ID-C and
24ID-E at the Advanced Photon Source. Owing to the long c-axis, crystals were
re-oriented using mini-kappa to avoid overlaps. The data were indexed, inte-
grated and scaled using HKL200045. The experimental phases were determined
to 4.5 Å by SAD using a data set collected at the tantalum L-III absorption edge on
a crystal derivatized with Ta6Br12. The positions of 12 Ta sites corresponding to
two clusters were located using SHELXD46 and refined with SHARP47. The
experimental phases were calculated using SHARP and improved by solvent
flattening with DM48. The resultant density-modified map allowed for identifica-
tion of molecular boundaries for four chains in the asymmetric unit by manual
inspection. Within the boundaries of each of the four chains in the asymmetric
unit, Ca traces for several helical fragments were positioned manually at equi-
valent regions. The Ca coordinates of these fragments were then used to calculate
non-crystallographic symmetry (NCS) operators. Subsequent four-fold NCS
averaging, solvent flattening and histogram matching were done with DM to
extend phases to a 3.3 Å native data set. After several rounds of refinement with
a polyalanine model, sufficient side-chain density became apparent to assign a
sequence register. Manual model building was done with COOT49, and structure
refinement was done using PHENIX50 with four-fold NCS restraints. In later
rounds of refinement, (GlcNAc)2 molecules were modelled into the clear electron
density features in the Fo 2 Fc map. In the final refined model, all four protomers
contain the full-length ChbC except for the two N-terminus residues that are not
resolved. The additional nine residues added during the cloning process are not
resolved for three of the protomers, and partially resolved (435–438) in the fourth
protomer. In addition, each asymmetric unit has four (GlcNAc)2 molecules, four
partially resolved NM molecules built with only the maltose head group, four NM
molecules and six citrates.

Electrostatic potentials were calculated with DelPhi41 by solving the nonlinear
Poisson-Boltzmann equation at physiological ionic strength (0.145 M). The cal-
culations used a 1.4 Å probe radius, interior dielectric constant of 4, solvent
dielectric constant of 80, and Debye–Hückel boundary conditions with a grid
size of 251.
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Crystal structure of oxygen-evolving
photosystem II at a resolution of 1.9 Å
Yasufumi Umena1{*, Keisuke Kawakami2{*, Jian-Ren Shen2 & Nobuo Kamiya1{

Photosystem II is the site of photosynthetic water oxidation and contains 20 subunits with a total molecular mass of
350 kDa. The structure of photosystem II has been reported at resolutions from 3.8 to 2.9 Å. These resolutions have
provided much information on the arrangement of protein subunits and cofactors but are insufficient to reveal the
detailed structure of the catalytic centre of water splitting. Here we report the crystal structure of photosystem II at a
resolution of 1.9 Å. From our electron density map, we located all of the metal atoms of the Mn4CaO5 cluster, together with
all of their ligands. We found that five oxygen atoms served as oxo bridges linking the five metal atoms, and that four water
molecules were bound to the Mn4CaO5 cluster; some of them may therefore serve as substrates for dioxygen formation.
We identified more than 1,300 water molecules in each photosystem II monomer. Some of them formed extensive
hydrogen-bonding networks that may serve as channels for protons, water or oxygen molecules. The determination of
the high-resolution structure of photosystem II will allow us to analyse and understand its functions in great detail.

Photosystem II (PSII) is a membrane protein complex located in the
thylakoid membranes of oxygenic photosynthetic organisms, and per-
forms a series of light-induced electron transfer reactions leading to the
splitting of water into protons and molecular oxygen. The products of
PSII, namely chemical energy and oxygen, are indispensable for sustain-
ing life on Earth. PSII from cyanobacteria is composed of 17 transmem-
brane subunits, three peripheral proteins and a number of cofactors, with
a total molecular weight of 350 kDa. The light-induced oxidation of water
is catalysed by a Mn4Ca cluster that cycles through several different redox
states (Si, i 5 0–4) on extraction of each electron by the PSII reaction
centre, P680

1,2. When four electrons and four protons are extracted from
two molecules of water, one molecule of dioxygen is formed. The struc-
ture of PSII has been solved at resolutions from 3.8 to 2.9 Å in two closely
related thermophilic cyanobacteria, Thermosynechococcus elongatus3–5

and Thermosynechococcus vulcanus6. These structural studies provided
the arrangement of all of the protein subunits and the locations of chlor-
ophylls and other cofactors, and formed a basis for further investigations
into the functions of PSII. However, the resolution achieved so far is not
high enough to reveal the structure of the Mn4Ca cluster, the locations of
substrate water molecules, or the precise arrangement of the amino-acid
side chains and cofactors that may have significant mechanistic conse-
quences for the energy, electron and proton transfer reactions. We have
improved the resolution of the PSII crystals from T. vulcanus to 1.9 Å
and analysed their structure (Methods, Supplementary Fig. 1 and Sup-
plementary Table 1). This analysis provides many more details of the
structure and of the coordination environments of the Mn4Ca cluster
and other cofactors than were previously available, and reveals the pres-
ence of a vast number of water molecules; these results may greatly
advance our understanding of the energy, electron, proton transfer
and water-splitting reactions taking place in PSII.

Overall structure
The overall structure is shown in Fig. 1. Every PSII monomer contains
19 protein subunits, among which PsbY was not found, suggesting

that this subunit has been lost during purification or crystallization,
presumably owing to its loose association with PSII4–8. The Ca super-
position of our PSII dimer with the structure reported at a resolution
of 2.9 Å (ref. 5) yielded a root mean square deviation of 0.78 Å, indi-
cating that the overall structure determined at the lower resolution is
well preserved in the present structure.

In addition to the protein subunits, there were 35 chlorophylls, two
pheophytins, 11 b-carotenes, more than 20 lipids, two plastoqui-
nones, two haem irons, one non-haem iron, four manganese atoms,
three or four calcium atoms (one of which is in the Mn4Ca cluster),
three Cl2 ions (two of which are in the vicinity of the Mn4Ca cluster),
one bicarbonate ion and more than 15 detergents in a monomer
(Supplementary Table 2). Within each PSII monomer, more than
1,300 water molecules were found, yielding a total of 2,795 water
molecules in the dimer (Fig. 1a and Supplementary Table 1). As
shown in Fig. 1b, the water molecules were organized into two layers
located on the surfaces of the stromal and lumenal sides, respectively,
with the latter having more water molecules than the former. A few
water molecules were found within the membrane region, most of
them serving as ligands to chlorophylls (see below). In the following,
we describe the detailed structure and functions of the Mn4CaO5

cluster, as well as other cofactors, mainly on the basis of the structure
of one of the two monomers, monomer A (chains labelled with capital
letters in the accompanying Protein Data Bank file). There were some
slight structural differences between the two monomers within the
dimer; however, most of them are not related to the critical functions
of PSII.

Structure of the Mn4CaO5 cluster
The electron densities of the four manganese atoms and the single
calcium atom in the oxygen-evolving complex were well defined and
clearly resolved, and the electron density for the calcium atom was
lower than those of the manganese atoms, allowing us to identify the
individual atoms unambiguously4,5 (Fig. 2a). In addition, five oxygen

*These authors contributed equally to this work.
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atoms were found to serve as oxo bridges linking the five metal atoms
from the omit map (Fig. 2a). This gives rise to a Mn4CaO5 cluster. Of
these five metals and five oxygen atoms, three manganese, one cal-
cium and four oxygen atoms form a cubane-like structure in which
the calcium and manganese atoms occupy four corners and the
oxygen atoms occupy the other four. The bond lengths between the
oxygens and the calcium in the cubane are generally in the range of
2.4–2.5 Å, and those between the oxygens and manganeses are in the
range of 1.8–2.1 Å (Fig. 2b). However, the bond length between one of
the oxygens at the corner of the cubane (O5) and the calcium is 2.7 Å,
and those between O5 and the manganeses are in the range of
2.4–2.6 Å. Owing to these differences in bond lengths, the
Mn3CaO4 cubane is not an ideal, symmetric one.

The fourth manganese (Mn4) is located outside the cubane and is
linked to two manganeses (Mn1 and Mn3) within the cubane by O5
and the fifth oxygen (O4) by a di-m-oxo bridge. In this way, every two
adjacent manganeses are linked by di-m-oxo bridges: Mn1 and Mn2
are linked by a di-m-oxo bridge via O1 and O3, Mn2 and Mn3 are
linked via O2 and O3, and Mn3 and Mn4 are linked via O4 and O5.
The calcium is linked to all four manganeses by oxo bridges: to Mn1
via the di-m-oxo bridge formed by O1 and O5, to Mn2 via O1 and O2,
to Mn3 via O2 and O5, and to Mn4 via the mono-m-oxo bridge
formed by O5. The whole structure of the Mn4CaO5 cluster resembles
a distorted chair, with the asymmetric cubane serving as the seat base
and the isolated Mn4 and O4 serving as the back of the chair. The

cubane-like structure has been reported previously4,9–12, but the oxo
bridges and exact distances among the individual atoms could not be
determined at the medium resolution achieved previously4.

The distances among the four manganeses determined for monomer
A are 2.8 Å (Mn1–Mn2), 2.9 Å (Mn2–Mn3), 3.0 Å (Mn3–Mn4; 2.9 Å
for monomer B), 3.3 Å (Mn1–Mn3) and 5.0 Å (Mn1–Mn4) (Fig. 2c).
The distances between the calcium and the four manganeses are 3.5 Å
(Ca–Mn1), 3.3 Å (Ca–Mn2), 3.4 Å (Ca–Mn3) and 3.8 Å (Ca–Mn4)
(Fig. 2d; for the corresponding distances in monomer B and the average
distances between the two monomers, see Supplementary Table 3).
These distances are largely different from those reported in the previous
crystal structures3–6; however, they are comparable to those reported
from extended X-ray absorption fine structure studies13,14 if we consider
that there is an error of 0.16 Å in the distances determined from the
X-ray structural analysis (Methods).

In addition to the five oxygens, four water molecules (W1 to W4)
were found to be associated with the Mn4CaO5 cluster, of which W1
and W2 are coordinated to Mn4 with respective distances of 2.1 and
2.2 Å, and W3 and W4 are coordinated to the calcium with a distance
of 2.4 Å. No other water molecules were found to associate with the
other three manganeses, suggesting that some of the four waters may
serve as the substrates for water oxidation.

All of the amino-acid residues coordinated to the Mn4CaO5 cluster
were identified (Fig. 2e and Supplementary Table 4). Of these, D1-
Glu 189 (D1 is one of the reaction centre subunits of PSII), served as a
monodentate ligand to Mn1, which contradicts a previous report
showing that it serves as a bidentate ligand5. All of the remaining five
carboxylate residues served as bidentate ligands: D1-Asp 170 as a
ligand to Mn4 and Ca, D1-Glu 333 to Mn3 and Mn4, D1-Asp 342
to Mn1 and Mn2, D1-Ala 344 (the carboxy-terminal residue of D1) to
Mn2 and Ca, and CP43-Glu 354 to Mn2 and Mn3 (CP43 is one of the
core antenna subunits of PSII). In addition, D1-His 332 is coordinated
to Mn1, whereas D1-His 337 is not directly coordinated to the metal
cluster. Most of the distances of the ligands to manganeses are in the
range of 2.0–2.3 Å; the two shortest distances are 1.9 Å, between D1-
Glu 189 and Mn1, and 2.0 Å, between D1-Ala 344 and Mn2 (Sup-
plementary Table 3). The distances of two carboxylate ligands to
the calcium, D1-Asp 170 and D1-Ala 344, are slightly longer (2.3–
2.4 Å) than the ligand distances to the manganeses (Supplementary
Table 3). Combining with the oxo bridges and waters, these give rise to
a saturating ligand environment for the Mn4CaO5 cluster: each of the
four manganeses has six ligands whereas the calcium has seven
ligands (Supplementary Table 4). The ligation pattern and the geo-
metric positions of the metal atoms revealed in the present structure
may have important consequences for the mechanisms of water split-
ting and O–O bond formation.

In addition to the direct ligands of the Mn4CaO5 cluster, we found
that D1-Asp 61, D1-His 337 and CP43-Arg 357 are located in the
second coordination sphere and may have important roles in main-
taining the structure of the metal cluster, in agreement with various
reports showing the importance of these three residues in maintaining
the oxygen-evolving activity15–19. One of the guanidiniumg-nitrogens
of CP43-Arg 357 is hydrogen-bonded to both O2 and O4 of the
Mn4CaO5 cluster, whereas the other is hydrogen-bonded to the
carboxylate oxygen of D1-Asp 170 and to that of D1-Ala 344. The
imidazole e-nitrogen of D1-His 337 is hydrogen-bonded to O3.
These two residues may thus function to stabilize the cubane structure
of the metal cluster as well as to provide partial positive charges to
compensate for the negative charges induced by the oxo bridges and
carboxylate ligands of the metal cluster. The carboxylate oxygen of
D1-Asp 61 is hydrogen-bonded to W1, and also to O4 indirectly
through another water molecule, suggesting that this residue may also
contribute to stabilizing the metal cluster. Furthermore, D1-Asp 61 is
located at the entrance of a proposed proton exit channel involving a
chloride ion (Cl21; see below), suggesting that this residue may func-
tion in facilitating proton exit from the Mn4CaO5 cluster5,20,21.

a

b

CP47

33 kDA
12 kDA

CP43

Cyt. c550

D1 D2

Figure 1 | Overall structure of PSII dimer from T. vulcanus at a resolution
of 1.9 Å. View from the direction perpendicular to the membrane normal.
a, Overall structure. The protein subunits are coloured individually in the right-
hand monomer and in light grey in the left-hand monomer, and the cofactors
are coloured in the left-hand monomer and in light grey in the right-hand
monomer. Orange balls represent water molecules. b, Arrangement of water
molecules in the PSII dimer. The protein subunits are coloured in light grey and
all other cofactors are omitted. The central broken lines are the non-
crystallographic two-fold axes relating the two monomers.
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The most significant structural feature of the Mn4CaO5 cluster,
which may be important for elucidating the mechanism of the
water-splitting reaction, is its distorted chair form. The large distor-
tion is principally caused by the existence of the calcium and O5 in the
Mn4CaO5 cluster, as described above. The apparently longer distances
between O5 and metal atoms suggested that the corresponding bonds
are weak, and that O5 may therefore have a lower negative charge than
the valence of 22 expected for normal oxygen atoms in oxo bridges.
This in turn suggests that O5 may exist as a hydroxide ion in the S1

state and may provide one of the substrates for dioxygen formation.
Because both W2 and W3 are within the hydrogen-bond distances to
O5, one of these two waters may provide another substrate.

Because the transition between S0 and S1 is fastest in the Kok cycle,
the proton released during this transition may be accepted by D1-
Tyr 161 (also termed YZ), which is deprotonated by means of proton-
coupled electron transfer (PCET; see below). W3 is closer to YZ than is
O5 (Fig. 3a) and may be a more favourable candidate than O5 as the
proton-releasing group. Thus, W3 rather than O5 may be a hydroxide
ion in the S1 state, suggesting that O–O bond formation may occur
between W2 and W3. In any case, our results suggest that the O–O
bond formation occurs in two of the three species O5, W2 and W3.

Hydrogen-bond network around YZ

YZ is located between the Mn4CaO5 cluster and the PSII reaction
centre, and functions to mediate electron transfer between the two.
We found an extensive hydrogen-bonding network between YZ and
the Mn4CaO5 cluster and from YZ to the lumenal bulk phase. YZ was
hydrogen-bonded to the two waters coordinated to the calcium either
directly (W4) or indirectly through another water (W3; Fig. 3a). The
hydrogen bond between the additional water and YZ that mediates the
link from W3 to Tyr161 has a length of 2.6 Å, suggesting that this is a
strong (low-barrier) hydrogen bond22. This additional water also
mediates the hydrogen bond between the two waters bound to Mn4
and YZ. Furthermore, another strong hydrogen bond was found
between YZ and the e-nitrogen of D1-His 190, which is 2.5 Å in length
and lies on the opposite side of the Mn4CaO5 cluster. D1-His 190 was
further hydrogen-bonded to D1-Asn 298 and to several waters and
residues including CP43-Ala 411, D1-Asn 322 and PsbV-Tyr 137 (the
C-terminal residue of the PsbV subunit), leading to an exit pathway to
the lumenal bulk solution (Fig. 3b). This hydrogen-bond network is
located in the interfaces between the D1, CP43 and PsbV subunits and
may function as an exit channel for protons that arise from PCET via YZ.
This provides support for the existence of a PCET pathway involving YZ

a b

c d

e

Figure 2 | Structure of the Mn4CaO5 cluster. a, Determination of individual
atoms associated with the Mn4CaO5 cluster. The structure of the cluster was
superimposed with the 2Fo 2 Fc map (blue) contoured at 5s for manganese and
calcium atoms, and with the omit map (green) contoured at 7s for oxygen
atoms and water molecules. b, Distances (in ångströms) between metal atoms

and oxo bridges or water molecules. c, Distances between each pair of
manganese atoms. d, Distances between the manganese and the calcium atoms.
e, Stereo view of the Mn4CaO5 cluster and its ligand environment. The
distances shown are the average distances between the two monomers.
Manganese, purple; calcium, yellow; oxygen, red; D1, green; CP43, pink.
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and D1-His 190, as implied by a number of previous studies23–25. PsbV-
Tyr 137, at the exit of this channel, is surrounded by several charged
residues including D1-Arg 323, D1-His 304 and PsbV-Lys 129; these
residues may therefore function to regulate the proton excretion
through the PCET pathway (Fig. 3b).

The other redox-active tyrosine residue, YD (D2-Tyr 160), has a
different, rather hydrophobic, environment from that of YZ. For a
discussion of the environment of YD, see Supplementary Fig. 3 and
discussions.

The structure and function of chloride-binding sites
Previous studies have identified two chloride ions (Cl2) in the vicinity of
the Mn4CaO5 cluster by substitution of Br2 or I2 for Cl2 (refs 26, 27),
although only one Cl2 site was visible in the native PSII crystals5. In the
present study, the electron density for the two Cl2-binding sites were
clearly visible (Fig. 4a), which were confirmed from the anomalous
difference Fourier map calculated with data collected at a wavelength
of 1.75 Å (Fig. 4a). The two Cl2-binding sites are located in the same
position as those reported for Br2- or I2-substituted PSII previously26,27

(Fig. 4b, c). Both Cl2 ions are surrounded by four species, among which
two are waters. For one of the ions, Cl21, the other two species are the
amino group of D2-Lys 317 and the backbone nitrogen of D1-Glu 333,
and for the other ion, Cl22, they are the backbone nitrogens of D1-
Asn 338 and CP43-Glu 354. Because the side chains of D1-Glu 333 and
CP43-Glu 354 are coordinated to the Mn4CaO5 cluster directly, the two
Cl2 anions may function to maintain the coordination environment of
the Mn4CaO5 cluster, thereby allowing the oxygen-evolving reaction to
proceed properly.

In addition to the structural roles, the two Cl2-binding sites were
found to lie at the entrance of hydrogen-bond networks starting from
the Mn4CaO5 cluster and extending towards the lumenal bulk solu-
tion (Fig. 4b, c). The network through Cl21 was located in the inter-
face of the D1, D2 and PsbO subunits, and that through Cl22 was
located in the interface of the D1, CP43 and PsbU subunits. These
hydrogen-bond networks involve a number of bound waters and

some hydrophilic or charged amino-acid residues; they thus may
function as either proton exit channels or water inlet channels.

Chlorophylls and b-carotenes
The positions and orientations of most chlorophylls are similar to
those reported previously4–6. However, we determined the ligands
to the central magnesium of all of chlorophylls, of which seven are
coordinated by water instead of amino-acid residues (Fig. 5a and
Supplementary Table 5). These are Chl6 (the accessory chlorophyll
of D1); Chl7 (the accessory chlorophyll of D2); Chl12, Chl18 and
Chl21, harboured by CP47; and Chl-31 and Chl-34, harboured by
CP43. In addition, Chl38 was coordinated by CP43-Asn 39 and all
other chlorophylls are coordinated by histidines. From our electron
density map, we confirmed that all of the C8 and C13 positions in the
phytol chains have a (R, R) configuration, in agreement with the
stereochemistry determined for the complete phytol chain28,29.
Furthermore, we found that most of the vinyl groups are located in
or near the same plane of the tetrapyrrole ring, which may contribute
to the extension of energy coupling within the plane and hence facil-
itate the energy migration between adjacent chlorophylls.

a

b

c

Figure 4 | Structure of two Cl2-binding sites. a, Location of the two Cl2 ions.
Blue mesh, 2Fo 2 Fc map contoured at 4s, measured at a wavelength of 0.9 Å;
orange mesh, anomalous difference Fourier map contoured at 8s, measured at
a wavelength of 1.75 Å. The small density at the upper left corner is from the
sulphur atom of D1-Met 328. Distances are expressed in ångströms.
b, Hydrogen-bond network from the Mn4CaO5 cluster through the Cl21-
binding site to the lumenal bulk phase. c, Hydrogen-bond network from the
Mn4CaO5 cluster through the Cl22-binding site to the lumenal bulk phase.
Colour codes are the same as in Figs 2 and 3.

a b

Figure 3 | Hydrogen-bond network around YZ. a, Hydrogen bonds around
YZ (D1-Tyr 161). The bonds between metal atoms and water ligands are
depicted as solid lines, and the hydrogen bonds are depicted as dashed lines.
Distances are expressed in ångströms. b, Hydrogen-bond network from the
Mn4CaO5 cluster through YZ to the lumenal bulk phase. Water molecules
participating in the hydrogen-bond network are depicted in orange, whereas
those not participating are depicted in grey. The area in green in the upper left
corner represents the lumenal bulk surface. PsbV, pale yellow; other colour
codes are the same as in Fig. 2. OEC, oxygen-evolving complex.
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The four chlorophylls constituting the PSII reaction centre are
depicted in Fig. 5b. The non-crystallographic two-fold symmetry
expected for the chlorophyll dimer comprising PD1 and PD2 seems to
be broken in our high-resolution structure, as follows. The vinyl group of
PD1 is roughly in plane, and its terminal carbon atom is close to the
magnesium of PD2 at its sixth coordination site. In contrast, the corres-
ponding vinyl group of PD2 is out of the chlorin plane and is located some
distance from the magnesium of PD1. The edge-to-edge distances that
are able to form p–p stacking or CH–p stacking among the four chlor-
ophylls range from 3.3 to 3.5 Å, with the shortest being 3.3 Å, between
PD1 and ChlD1. This may account partly for the preferential electron
transfer along the D1 side. Importantly, although both water ligands to
the two ‘accessory chlorophylls’ ChlD1 and ChlD2 are hydrogen-bonded
to the carbonyl oxygen of the methoxycarbonyl group of chlorin ring V,
the water ligand of ChlD1 is further hydrogen-bonded to D1-Thr 179 but
no such a hydrogen-bond partner is found for ChlD2 (Fig. 5c, d). These
discrepancies may also contribute to the functional differences between
the two chlorophylls.

CP47 and CP43 bind 16 and 13 antenna chlorophylls, respectively,
which are arranged as double layers connected by a special chlorophyll
at the middle of the two layers30. The chlorophylls are distributed in one
of three areas separated by coiled-coil helix dimers (I, II), (III, IV) and

(V, VI) of CP47 (or CP43) (Fig. 5a, Supplementary Fig. 4 and Sup-
plementary Discussions). A significant feature of the present structure
is that the chlorin rings of most of the chlorophylls are not planar,
which may affect the electronic, spectroscopic or energetic properties
of the chlorophylls.

The positions and orientations of most of theb-carotenes are similar
to those in the previous structures (Supplementary Fig. 5 and Sup-
plementary Discussions). Each of the 11 b-carotenes was found to be
of all-trans type.

Plastoquinones, non-haem iron and lipids
The two plastoquinones, QA and QB, were found in positions similar to
those reported previously (Supplementary Fig. 5), with QB being less
defined and having a higher B-factor than QA. QC, a third plastoqui-
none found in the previous structure5, was not found in the present
structure, probably as a result of the differences in preparation or
crystallization conditions between the previous and present studies.

Six monogalactosyldiacylglycerol (MGDG), five digalactosyldia-
cylglycerol (DGDG), four sulfoquinovosyldiacylglycerol (SQDG)
and five phosphatidylglycerol molecules were found (Supplemen-
tary Table 2, Supplementary Fig. 5 and Supplementary Discus-
sions). All of the SQDGs and phosphatidylglycerols were distributed
in the stromal side, with their head groups located in the stromal
surface of the membrane, whereas all of the MGDGs and DGDGs,
except for one MGDG, were located in the lumenal side. This may
suggest that the hydrophilic head groups of SQDG and phosphatidyl-
glycerol cannot penetrate the membrane, resulting in their preferen-
tial distribution in the stromal side, but that the more hydrophobic
lipids MGDG and DGDG were able to transfer across the membrane.

For the structure of the non-haem iron and bicarbonate, see
Supplementary Fig. 6 and Supplementary Discussions.

Conclusion
The high-resolution structure of PSII reveals the geometric arrange-
ment of the Mn4CaO5 cluster as well as its oxo bridges and ligands, and
four bound water molecules. This provides a basis for unravelling the
mechanism of water splitting and O–O bond formation, one of nature’s
most fascinating and important reactions. In addition, our determina-
tion of the precise arrangement of amino-acid side chains and cofactors
gives us a solid structural understanding of energy migration, electron
transfer and water-splitting reactions taking place within PSII.

METHODS SUMMARY
We purified PSII core complexes highly active in oxygen evolution from a
thermophilic cyanobacterium, T. vulcanus31,32. The homogeneity of PSII was
improved by introducing a re-crystallization step. Previous crystallization con-
ditions6,32 were improved to produce high-resolution crystals (Methods). A
typical diffraction pattern is shown in Supplementary Fig. 1, from which diffrac-
tion spots beyond a resolution of 1.8 Å could be observed. To suppress the
possible radiation damage to a minimum level, we used a slide-oscillation
method, resulting in the X-ray dose at each point of the crystal being lower than
in previous experiments33. A full data set was collected at a wavelength of 0.9 Å
and processed to a resolution of 1.9 Å (Supplementary Table 1). For identifying
the positions of Cl2 ions, another data set was taken at a wavelength of 1.75 Å, and
processed to a resolution of 2.5 Å.

The structure of PSII was solved by the molecular replacement method using the
structure reported at a resolution of 2.9 Å as the search model5 (Protein Data Bank
ID, 3BZ1), and refined to Rcryst and Rfree values of 0.174 and 0.201, respectively, with
a Cruickshank diffraction-component precision index34 of 0.11 Å. Detailed proce-
dures for crystallization and structure determination can be found in Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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The edge-to-edge distances are expressed in ångströms. c, Water ligand and
hydrogen bonds of ChlD1. d, Water ligand and hydrogen bonds of ChlD2.
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METHODS
Purification and crystallization. Highly active, dimeric PSII was purified from
the thermophilic cyanobacterium T. vulcanus following refs 31, 32, and the crystals
were grown as described previously6,32. To improve the crystal quality, the purity
and homogeneity of PSII was improved by introducing a re-crystallization step in
which the PSII core complexes were first crystallized in 12–24 h on ice or at 4 uC,
and the microcrystals obtained were collected, re-solubilized and used for the
second crystallization step. Sometimes the re-crystallization step was repeated to
ensure a higher homogeneity of the samples, which were monitored by dynamic
light-scattering measurements. The re-crystallization procedure typically
decreased the polydispersity of the samples from 30% to around 20%.

The PSII crystals obtained were subjected to a post-crystallization dehydration
procedure by increasing the concentrations of glycerol and PEG in the following
way. The crystals were first transferred into a 150-ml buffer solution containing 6%
PEG 3000 in place of 4–5% PEG 1450 in the original crystallization buffer concen-
trations (which contained no glycerol). After 25–30 min of incubation at 12 uC, half
of the buffer volume was replaced with a new buffer containing a 1.4%-higher
concentration of PEG 3000 and an additional 2.5% glycerol. This procedure was
repeated every 25–30 min until the concentrations of glycerol and PEG 3000 reached
25% and 20%, respectively, in the final buffer. The crystals were then dehydrated by
evaporation against air with a humidity of 75–90% in the final buffer for 2.5 h in the
incubator at 12 uC, frozen in flash-cooling nitrogen gas and stored in liquid nitrogen.
The crystals thus obtained had an approximate water content of 57%, which is much
lower than both that of the crystals obtained previously32 (66%) and that of the
crystals used to analyse the structure at a resolution of 2.9 Å (ref. 5; 61%). All of
the cryoprotectant replacement and cryocooling procedures were carried out under
dim green light to avoid possible advancement of the S-states in the Kok cycle. A
typical diffraction pattern of the PSII crystals is shown in Supplementary Fig. 1, in
which diffraction spots beyond a resolution of 1.8 Å can be observed.
Data collection. After dehydration, the crystals were coated with a mixture of oil
containing 66.5% Paratone-N, 28.5% paraffin oil and 5% glycerol, and flash-
cooled at 100 K with a nitrogen gas stream. Two diffraction data sets were col-
lected from two PSII crystals, one with a wavelength of 0.9 Å and the other one
with a wavelength of 1.75 Å, at beamline BL44XU of SPring-8 (Japan). The X-ray
beam had a size of 50 3 50mm2, and the diffraction images were recorded with a
Mar225HE charge-coupled-device detector. For the data set taken at 0.9 Å, we
used a large PSII crystal with a size of 0.2 3 0.7 3 1.0 mm3. The crystal was shifted
by 30 mm to an adjacent point along the oscillation axis after recording 100
oscillation images, each of which was rotated by 0.2u relative to the last. Each
point therefore covered a range of 20u. We collected a total of 900 images from
nine irradiation points, covering a rotation angle of 180u. The data were processed
and scaled using XDS and XSCALE35 (Supplementary Table 1).

The photon flux of the beamline used (BL44XU) was 0.7 3 1011 photons s21

(with an attenuator of 0.2-mm aluminium), and the exposure time was 1 s for
each diffraction image. This gave rise to a total X-ray dose of 2.5 3 1010 photons
mm22 for the total of 900 images. Because the whole data set was divided into nine
spots on the crystal, each spot received a total dose of 0.28 3 1010 photons mm22.
If we consider that each point was rotated by 20u during data collection, the X-ray
dose on a unit volume of the crystal will be slightly lower. This dose is much lower
than that used previously3–6, and is also at a low level of the dose range reported to
induce possible radiation damage in the Mn4CaO5 cluster33.

For the data set taken at a wavelength of 1.75 Å, we collected 2,400 oscillation
images, each rotated by 0.3u over a range of 360u. For each of the data wedges of
10u, an inverse beam geometry was used to measure the Friedel pairs directly. The
data was processed with HKL200036, and the reflection data statistics are sum-
marized in Supplementary Table 1.
Structure refinement. An initial structure of the PSII dimer was obtained with
the molecular replacement method of CNS37 using the structure of PSII mono-
mer5 (PDB ID, 3BZ1) as a search model. The first stage of structure refinement
was carried out using the CNS program package and the second stage was per-
formed with REFMAC5 in the CCP4 program suite38. The two monomers in the
PSII dimer were refined separately, and the structural model was revised using
COOT39. Structures of cofactors, lipids, detergents and water molecules were
determined and refined as described below. The refinement statistics are pre-
sented in Supplementary Table 1.
Mn4CaO5 cluster. The locations of the metal atoms of the Mn4CaO5 cluster,
namely four manganese atoms and one calcium atom, were determined using a

composite omit 2Fo 2 Fc map. Oxygen atoms forming oxo bridges in the Mn4Ca
cluster were identified and determined with an Fo 2 Fc omit map. The electron
density of the O5 atom in the Mn4CaO5 cluster was affected heavily by electron
density distributions of the nearby metal atoms, which interfered with the deter-
mination of its location in the Fo 2 Fc omit map. Thus, the position of O5 was
determined from the 2Fo 2 Fc map. The average B-factor of the five metal ions
refined without restrain was 25.3 Å2, which was lower than that of the overall
average B-factor, of 35.2 Å2 (Supplementary Table 1).
Chloride and metal ions. The existence of two Cl2 ions in the vicinity of the
oxygen-evolving complex was previously reported with Br2- or I2-substituted
PSII26,27. We confirmed the positions of the two Cl2-binding sites in native PSII
both with an Fo 2 Fc omit map taken at a wavelength of 0.9 Å and analysed to a
resolution of 1.9 Å, and with an anomalous difference Fourier map taken at a
wavelength of 1.75 Å and analysed to a resolution of 2.5 Å. Several additional
calcium and magnesium ions were identified by these two electron density maps,
and their structures were constructed by taking their coordination environments
into consideration.
Chlorophyll a and pheophytin molecules. Electron density distributions for the
magnesium atoms of chlorophyll a were clearly separated from those for the
chlorin rings and were located out of the ring planes in most cases. The chlorin
rings were bent to various degrees depending on their environments. The con-
formations of ethyl and vinyl groups were determined unambiguously from the
corresponding electron density distributions. Two optically active centres (C8
and C13) of all of the phytol chains were also recognized as being in the (R, R)
configuration from the electron density map.
Plastoquinones. Two plastoquinones, QA and QB, were identified from the elec-
tron density map, whereas a third plastoquinone, QC, reported in a previous
structure5, was not observed. QA had a well-defined electron density distribution,
resulting in a low average B-factor of 25.5 Å2, whereas the electron density for QB

was weak, resulting in a higher B-factor of 76.8 Å2.
Lipids and unknown molecules. Two kinds of lipid molecule, SQDG and phos-
phatidylglycerol, contained sulphur and phosphorous atoms, respectively, which
have larger anomalous dispersion effects at a longer wavelength. The positions of
four of eight SQDG molecules and eight of ten phosphatidylglycerol molecules in
the PSII dimer were confirmed from the anomalous dispersion of the sulphur and
phosphate atoms contained in these lipids, on the basis of the anomalous differ-
ence Fourier map calculated from the data set taken at a wavelength of 1.75 Å. The
electron densities for a typical SQDG and phosphatidylglycerol are depicted in
Supplementary Fig. 2. Other lipid molecules were found and modelled on the
basis of the Fo 2 Fc omit map and the 2Fo 2 Fc map. Six lipids with two fatty-acid
chains were found in the dimer, but their species could not be identified.
Additionally, 30 single alkyl chains of unknown identity were observed in the
dimer; of these, 23 were located adjacently. Therefore, the total number of lipids
should exceed 23 in each monomer.
Water molecules. Water molecules were assigned from the 2Fo 2 Fc electron
density map at over the 1s level. Around 1,300 water molecules were found in
each monomer (Supplementary Table 1), and a few of them were found to be
disordered.
Error estimation for atomic coordinates. The coordinate error was estimated with
the diffraction-component precision index (DPI) introduced by Cruikshank34,40,
using the software SFCHECK in the CCP4 suite38. The DPI value of the whole PSII
structure was found to be 0.11 Å, resulting in a standard uncertainty in the bond
length of 0.16 Å.

35. Kabsch, W. Automatic processing of rotation diffraction data from crystals of
initially unknown symmetry and cell constants. J. Appl. Crystallogr. 26, 795–800
(1993).

36. Otwinowski, Z. & Minor, M. Processing of X-ray diffraction data collected in
oscillation mode. Methods Enzymol. 276, 307–326 (1997).

37. Brünger, A. T. et al. Crystallography & NMR system: a new software suite for
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crystal structures of TGF-b2: the accuracy of refined protein structures. Acta
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Single-ion quantum lock-in amplifier
Shlomi Kotler1, Nitzan Akerman1, Yinnon Glickman1, Anna Keselman1 & Roee Ozeri1

Quantum metrology1 uses tools from quantum information science to
improve measurement signal-to-noise ratios. The challenge is to
increase sensitivity while reducing susceptibility to noise, tasks that
are often in conflict. Lock-in measurement is a detection scheme
designed to overcome this difficulty by spectrally separating signal
from noise. Here we report on the implementation of a quantum ana-
logue to the classical lock-in amplifier. All the lock-in operations—
modulation, detection and mixing—are performed through the
application of non-commuting quantum operators to the electronic
spin state of a single, trapped Sr1 ion. We significantly increase its
sensitivity to external fields while extending phase coherence by three
orders of magnitude, to more than one second. Using this technique,
we measure frequency shifts with a sensitivity of 0.42 Hz Hz21/2

(corresponding to a magnetic field measurement sensitivity of
15 pT Hz21/2), obtaining an uncertainty of less than 10 mHz
(350 fT) after 3,720 seconds of averaging. These sensitivities are
limited by quantum projection noise and improve on other single-
spin probe technologies2,3 by two orders of magnitude. Our reported
sensitivity is sufficient for the measurement of parity non-
conservation4, as well as the detection of the magnetic field of a single
electronic spin one micrometre from an ion detector with nano-
metre resolution. As a first application, we perform light shift spec-
troscopy of a narrow optical quadrupole transition. Finally, we
emphasize that the quantum lock-in technique is generic and can
potentially enhance the sensitivity of any quantum sensor.

Quantum probes with unprecedented sensitivities are advancing the
field of metrology. In particular, cold, trapped ions are well isolated
from their environment and their internal states and motion can be
controlled with high fidelity, thus enabling researchers to use them as
excellent probes5,6.

Achieving a high signal-to-noise ratio involves demands—decreasing
the effect of noise on the probe while enhancing its response to the
measured signal—that are often in conflict. The problem arises if the
noise and the signal couple to the probe through the same physical
channel. Quantum metrology uses methods from quantum coherent
control to address this difficulty. As an example, entangled states that
are invariant under certain noise mechanisms have been engineered
with trapped ions and have demonstrated long coherence times7–9.
Other entangled states have been similarly engineered to enhance the
measurement sensitivity of trapped ions10,11. Whether or not the mea-
surement signal-to-noise ratio improves depends on the commutativity
of the noise and signal operators as well as on the noise bandwidth12–14.

A different approach to noise reduction is based on spectrally separat-
ing a quantum system from its noise environment. Such time-dynamical
noise decoupling has been demonstrated using trapped-ion quantum
bits, among other systems, and has been optimized to match different
noise profiles15,16. In fact, it was shown that the decoherence rate of
these modulated systems can be used to extract information about their
noise spectrum16–18. A natural extension to spectral characterization is
the measurement of oscillating signals. Dynamical manipulation can
therefore be used to decouple a quantum probe from noise while
enhancing its sensitivity to alternating signals.

In the past few years, dynamical decoupling methods have been
used to improve on the signal-to-noise ratio of a.c. magnetometry

using nitrogen-vacancy centres19–22. Indeed, significant enhancement
of sensitivity was achieved using a few tens of modulation pulses22.
However, owing to the particular decoherence mechanism in nitrogen-
vacancy centres, their best reported magnetic field measurement sensi-
tivity, of 4 nT Hz21/2, was achieved using a single echo pulse3.

In this work, we show that a quantum probe, time evolving under
non-commuting noise, signal and modulation operators, is equivalent
to a lock-in amplifier. We take full advantage of the quantum lock-in
method, with up to 650 modulation pulses, using a single trapped 88Sr1

ion. The lock-in method provides a 30-fold improvement in fre-
quency-shift measurement sensitivity. We demonstrate a record sensi-
tivity for a single-spin detector2,3, of 15 pT Hz21/2 (0.42 Hz Hz21/2),
reaching a measurement uncertainty of less than 10 mHz (350 fT) after
3,720 s of averaging.

Classical lock-in amplifiers are detectors that can extract a signal
with a known carrier frequency from an extremely noisy environment.
Schematically, if noise, N(t), adds to a physical observable, S0, oscil-
lating at a frequency fm, the total signal measured by the detector is
M(t) 5 m0[S0cos(2pfmt 1 Q) 1 N(t)]. Here m0 sets the detector mea-
surement units and Q is a constant phase. A signal proportional to S0 is
obtained by a mix-down process: M(t) is multiplied by either
sin(2pfmt) or cos(2pfmt) and the two results are integrated over an
integration window, T:

Ilock-in~
1
T

ðT

0
dt M(t)cos(2pfmt)

Qlock-in~
1
T

ðT

0
dt M(t) sin (2pfmt)

ð1Þ

The signal S0 is proportional to (I2
lock-inzQ2

lock-in)1=2. The constant
phase Q can be extracted from tan(Q) 5 2Qlock-in/Ilock-in. Noise spectral
components with frequencies far from fm will be averaged out in the
integration. Therefore, by choosing fm outside the noise bandwidth, the
measurement signal-to-noise ratio can be significantly improved.

The main obstacle in realizing quantum lock-in dynamics is finding
a quantum analogue to signal multiplication, which is essential for the
mix-down process. In a classical apparatus this is achieved using a
nonlinear device with an output that is proportional to the instant-
aneous product of its inputs. Nonlinear dynamics of the wavefunction
cannot be introduced directly, owing to the linearity of Schrödinger’s
equation. Nevertheless, wavefunction dynamics will be proportional to
a product of Hamiltonian terms if the total Hamiltonian does not
commute with itself at different times. Operator non-commutativity
therefore has an important role in the quantum mix-down process.

To show this in more detail, we turn to the case of a two-level
quantum probe, with states j"æ and j#æ. We assume that the probe is
coupled both to a signal, S(t), and noise, N(t), by Hint~M(t)ŝz=2,
where M(t) 5 S(t) 1 N(t) and ŝx , ŝy and ŝz are the Pauli operators.
For a lock-in measurement, S(t) is modulated: S(t) 5 S0cos(2pfmt 1 Q).
The probe is initialized to y0j i~ :j iz ;j ið Þ=

ffiffiffi
2
p

. In a Bloch sphere
picture, this state is represented by a vector along the x axis. Under Hint,
the superposition phase (the angle between the Bloch vector and the x
axis) is oscillating back and forth as a result of the signal and is ran-
domly varying owing to the effect of noise. To implement a lock-in
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measurement, we mix the probe phase with an oscillating signal by
adding to Hint an oscillating term that does not commute with ŝz :
H~(M(t)ŝzzV(t)ŝy)=2. If V(t) is periodic and synchronized with
S(t), then the phase accumulated owing to S(t) coherently adds up
whereas the random phase accumulated owing to N(t) is averaged
away. The probe superposition is characterized by the probability of
finding the probe in the j"æ state, P", and the superposition relative
phase, wlock-in. By measuring both at time T, we extract the quantum
lock-in signal:

wlock-in~
1
B

ðT

0
dt M(t) cos

1
B

ðt

0
dt’V(t’)

� �

1{2P:~
1
B

ðT

0
dt M(t) sin

1
B

ðt

0
dt’V(t’)

� � ð2Þ

Equation (2), where B is Planck’s constant divided by 2p, resembles the
classical lock-in output in equation (1). Specifically, for a constant
V(t) ; V0, the lock-in outputs wlock-in and 1 2 2P" faithfully represent
the two signal quadratures. Here, instead of reading out a classical
parameter, the quantum lock-in read-out requires repetitive quantum
projection measurements. We note that the two signal components
can be interchanged through single quantum bit rotations. A full
derivation and discussion of equation (2) can be found in
Supplementary Information.

In our experiment, we use the two spin states of the electronic
ground level of a single 88Sr1 ion, j"æ 5 j5s1/2, J 5 1/2, MJ 5 1/2æ and
j#æ 5 j5s1/2, J 5 1/2, MJ 5 21/2æ, as a two-level quantum probe
(Fig. 1a). Here J is the total electron angular momentum quantum
number and MJ is its projection along the magnetic field axis. Set-up
details can be found in Supplementary Information. An energy differ-
ence of 5.72 MHz between the probe states is determined by an
external d.c. magnetic field. We are able to perform all possible spin
rotations by pulsing a resonant radio-frequency magnetic field and
tuning the pulse duration and the radio-frequency field phase, wrf.
State initialization and measurement are performed by optical pump-
ing and state-selective fluorescence, respectively. Because the probe
states are first-order sensitive to magnetic fields, the main noise mech-
anism is magnetic field noise, with dominant spectral contributions at
the 50-Hz line and its harmonics. Examples for signals that we can
measure are modulated magnetic or light fields, respectively measured
through their resulting Zeeman or light shifts.

The lock-in sequence is depicted in Fig. 1b. Following optical pump-
ing, a p/2 rotation initializes the ion probe to y0j i~ :j iz ;j ið Þ=

ffiffiffi
2
p

.
To modulate the ion probe, we apply a train of N p pulses, equally
spaced tarm apart. Here, ideally V(t)~

PN
n~1 d(t{nt)p, where d(t) is

the Dirac delta function. Therefore, the cosine term in equation (2) is a
square waveform with a period of 2tarm and the sine term vanishes.
Consequently, a measured signal has to be modulated at fm 5 1/2tarm

and in phase with the ion modulation, that is, Q 5 0. Here wlock-in

is proportional to the signal magnitude, S0. To measure the probe
phase, we complete the sequence with an additional p/2 rotation,
with a relative wrf phase with respect to the initial p/2 pulse. We
then detect the probability of the ion being in the j"æ state,
P:~1=2z(A=2) cos(wrf {wlock-in). By scanning wrf, we are able to
retrieve both wlock-in and the cosine fringe contrast, A, using a fitting
procedure.

Ideally A 5 1. In practice, noise processes decrease A. As seen from
equation (2), even in the absence of any signal, N(t) will contribute a
lock-in phase of

wN~
1
B

ðT

0
dt N(t) cos

1
B

ðt

0
dt’V(t’)

� �

The cosine fringe is therefore reduced in the process of averaging:
A 5 Æcos(wN)æ, where angle brackets denote an average over different
noise realizations.

The reduction in the fringe contrast has significant implications for
the lock-in measurement sensitivity. The lock-in signal, wlock-in, is
proportional to the energy shift experienced by the probe and can
therefore be expressed in terms of frequency or magnetic field.
Equation (2) implies that the conversion factor depends on the actual
modulation type being used. This is discussed in Supplementary
Information, where we also show that the optimal frequency-shift
measurement sensitivity, s, is

s~
1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4{A2

2A2T

r
Hz Hz{1=2 ð3Þ

Here T ; (N 1 1)tarm is the total sequence duration and N is the num-
ber ofppulses. The standard quantum limit on the sensitivity is reached
when A 5 1. To optimize sensitivity, the lock-in modulation frequency
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Figure 1 | Measurement scheme. a, Level diagram of a 88Sr1 ion. The probe
spin states are |"æ 5 | 5s1/2, J 5 1/2, MJ 5 11/2æ and |#æ 5 | 5s1/2, J 5 1/2,
MJ 5 21/2æ. An external magnetic field splits the two levels by a frequency of
f0 5 5.72 MHz. Spin rotations are performed using an oscillating magnetic field.
Initialization to |"æ is done by optical pumping. Spin detection is performed by
shelving the |"æ state to the metastable level | Dæ ; | 4d5/2, J 5 5/2, MJ 5 13/2æ,
with a narrow-linewidth (,100-Hz), 674-nm laser, followed by state-selective
fluorescence at 422 nm. The 1,092-nm and 1,033-nm lasers are used as repump
lasers. b, The quantum lock-in measurement pulse scheme. The ion is
initialized to :j iz ;j ið Þ=

ffiffiffi
2
p

by a p/2 pulse. While the measured signal is
modulated, the superposition is also modulated, in phase with the signal, by a
train of N p pulses, tarm apart. The total relative phase, wlock-in, of the ion
superposition, ;j izeiwlock-in :j i

� �
=
ffiffiffi
2
p

, accumulated during the lock-in sequence
is measured by scanning the phase of a final p/2 pulse, wrf, followed by spin
detection and a fit of the data to P:~1=2z(A=2)cos(wrf {wlock-in). c, Fringe
contrast, A, versus half lock-in modulation period, tarm, in the absence of any
modulated signal. Data corresponding to N 5 1, 9 and 17 p pulses are shown
using blue stars, green rectangles and red circles, respectively. We observe
contrast drops as tarm approaches 2.5, 5 and 10 ms corresponding to magnetic
field noise components at 200, 100 and 50 Hz, respectively. d, Probability of
finding the ion in the |"æ state versus wrf. Fringe plots for tarm 5 3.6 ms (left)
and 5 ms (right), made with lock-in sequences of N 5 17 p pulses, are shown.
The solid line is a best fit to P:~1=2{(A=2)cos(wrf ). The fitted A values are
shown in c at the locations indicated by the two black arrows. The inverted sign
of the second fringe can be understood in terms of equation (4).
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and the sequence duration should be chosen so as to minimize the
spectral overlap of noise and modulation and therefore maximize A.

We initially quantify the noise floor of our lock-in detector at dif-
ferent modulation frequencies, fm, and lock-in sequence durations, T,
in the absence of any modulated signal. To begin with we perform this
measurement at low lock-in modulation frequencies, which are com-
parable to typical magnetic noise frequencies in our laboratory. We
measure A for values of the p-pulse interspacing, tarm, ranging from 0
to 12 ms, and for N 5 1–17 p pulses per lock-in sequence. Both the
lock-in sensitivity and the spectral resolution increase as N increases.
As shown in Fig. 1c, dips in the fringe contrast emerge as we increase N.
These dips, marked by shading, correspond to a.c. magnetic field noise
components at frequencies of 200, 100 and 50 Hz, respectively.
Figure 1d shows two phase scans for an N 5 17 lock-in sequence.
One scan is at tarm 5 3.6 ms, where no noise is present, and the other
is at tarm 5 5 ms, where the lock-in modulation has the same period as
the 100-Hz noise component.

To use the lock-in method to quantify the magnetic noise spectrum,
we assume that it is composed mainly of discrete frequency compo-
nents, fn 5 vn/2p, with corresponding amplitudes Bn. With this
assumption we can calculate

A(N,tarm)~P
n

J0
{4gmB

B

Bn

vn
sin2 vntarm

2

� � sin(Nvntarm)

sin(vntarm)

� �
ð4Þ

Here J0 is the zeroth Bessel function of the first kind, g is the Landé
g-factor and mB is the Bohr magneton. We note that A can have negative
values, as demonstrated by the inverted sign of the second scan of
Fig. 1d. In Fig. 2a, we show A (filled circles) for a lock-in sequence with
N 5 17 and a best fit to equation (4) (solid line). Here we assume
four discrete magnetic noise spectral components with respective fre-
quencies of 50, 100 and 150 Hz and fslow, the last a slowly varying
field. The noise amplitudes are taken as fit parameters, yielding
B50 Hz 5 540(3) pT, B100 Hz 5 390(5) pT, B150 Hz 5 260(4) pT and
gmBBslowfslow/h 5 37(4) Hz2. The relatively low magnetic field ampli-
tudes are due to an active magnetic field noise cancellation system. A

detailed report of the findings described in this paragraph is under way
(S.K., N.A, Y.G. and R.O., manuscript in preparation).

Observing that noise amplitudes at frequencies of more than 200 Hz
are negligible, we turn to higher modulation frequencies, in search of
the greatest attainable probe coherence time. We modulate the ion
probe at fm 5 312.5 Hz (tarm 5 1.6 ms). Figure 2b shows the fringe
contrast A versus N, up to N 5 650. Here, owing to the large number
of p pulses, wrf alternates by p/2 between consecutive pulses, to prevent
rotation errors from coherently accumulating. A fit to an exponential
decrease in fringe contrast yields a probe coherence time of 1.4(2) s.
This is three orders of magnitude longer than the coherence time in the
absence of lock-in modulation, measured using Ramsey spectroscopy.

From the data presented so far, we can report our probe’s best
sensitivity. We calculate the lock-in sensitivity versus T, the total
lock-in sequence duration, from the fringe contrast, A, using equation
(3). Figure 2c shows the lock-in sensitivity in the low modulation
frequency range. A minimum of 0.78 Hz Hz21/2 (28 pT Hz21/2) is
observed at T 5 120 ms, between noise components. Figure 2d shows
the lock-in sensitivity versus T at fm 5 312.5 Hz. Here a best sensitivity
of 0.42(3) Hz Hz21/2 (15(1) pT Hz21/2) is observed at the minimum of
the fit, with a lock-in sequence duration of T 5 624 ms. This is, to our
knowledge2,3, the best magnetic field sensitivity reported so far using a
single-spin (or pseudo-spin) detector. In both cases, the measured
sensitivity differs from the standard quantum limit, shown by the
dashed line, by a factor of less than 1.5.

We next demonstrate the lock-in detection of a small signal and
experimentally verify equation (2). To this end, we measure the light
shift of a narrow-linewidth (,100-Hz) laser nearly resonant with the
j"æ R jDæ ; j4d5/2, J 5 5/2, MJ 5 3/2æ quadrupole transition at
674 nm. The laser amplitude is switched on and off at a rate
fL 5 500 Hz. With this scheme, both the lock-in and the laser are
square-wave modulated. We apply a lock-in sequence of N 5 99 p
pulses and scan the lock-in modulation frequency. Here the 674-nm
laser is detuned by D 5 217 kHz from resonance (red detuned). A
laser Rabi frequency of 2p3 840 Hz is independently measured by

7

14

21

200 400 600 800 1,000
0.2

0.4

0.6

d

0

50

100

N

b

36

357

3,569

0 50 100 150 200

102

101

100

T (ms) T (ms)

S
e
n
s
it
iv

it
y

(Hz Hz–1/2) (Hz Hz–1/2)(pT Hz–1/2) (pT Hz–1/2)
c

0 2 200 400 6004 6 8 10 12

0

50

100

τarm (ms)

F
ri
n
g

e
 c

o
n
tr

a
s
t 

(%
)

a

Figure 2 | Sensitivity of the quantum lock-in measurement. a, Fringe
contrast, A, versus tarm for N 5 17 p pulses, in the absence of any modulated
signal. Each point is the fitted contrast of a corresponding measured fringe as in
Fig. 1; error bars are 95% confidence intervals. The data are used to extract the
magnetic noise spectrum. The solid red line is a best fit to equation (4) with four
fit parameters: the field amplitudes B50 Hz 5 540(3) pT, B100 Hz 5 390(5) pT and
B150 Hz 5 260(4) pT and a slowly varying field gmBBslowfslow/h 5 37(4) Hz2.
b, Fringe contrast, A, versus number of p pulses, N, at a lock-in modulation
frequency of fm 5 312.5 Hz; error bars are 95% confidence intervals. The red
line is an exponential decay fit to the data yielding a 1/e coherence decay time of
1.4(2) s. c, Lock-in sensitivity (solid blue line) versus the lock-in sequence
duration, T, calculated from a using equation (3). The dashed red line is the

standard quantum limit on sensitivity (achieved when A 5 1). A best sensitivity
of 0.78 Hz Hz21/2 (28 pT Hz21/2) is observed at T 5 120 ms. This sensitivity is
only a factor of 1.5 greater than the standard quantum limit. The sensitivity
diverges whenever A (shown in a) crosses zero. d, Exponential decay fit (solid
blue curve) shown in b, translated to sensitivity using equation (3), as in c. The
shaded region is a 95% confidence interval for the curve. The dashed red line
shows the standard quantum limit on the lock-in sensitivity. The solid blue
circles are calculated sensitivities of the measured fringe contrast points in
b, with 95% confidence intervals. A best sensitivity of 0.42(3) Hz Hz21/2

(15(1) pT Hz21/2) is obtained at the minimum of the solid blue curve
(T 5 624 ms). A similar value of 0.4(1) Hz Hz21/2 (13(3) pT Hz21/2) is observed
at T 5 560 ms.
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an on-resonance Rabi nutation curve. Figure 3a shows a fringe scan at
a lock-in modulation frequency of fm 5 500 Hz. The solid line is a best
fit to P:~1=2z(A=2)cos(wrf {wlock-in), with A and wlock-in as fit para-
meters. A clear phase shift of 0.99p is observed. The columns in Fig. 3b
are fringe scans similar to that in Fig. 3a, made at different lock-in
modulation frequencies. As seen, the lock-in signal is maximal when
the modulation frequency approaches 500 Hz (tarm 5 1,000ms), that
is, the modulation rate of the laser. Figure 3c shows that the prediction
of equation (2) (solid line, calculated without any fit parameters) is in
good agreement with measured values (filled circles) of wlock-in as a
function of the lock-in modulation rate. A light shift of 9.7(4) Hz is
measured; the theoretically predicted value is 9.9(4) Hz.

Any measurement uncertainty is ultimately limited, at long integ-
ration times, by slow systematic drifts. The optimal averaging time can
be found by performing an Allan deviation analysis23. We obtain a
minimal measurement uncertainty of 8(2) mHz (290(70) fT) after
3,720 s of averaging. We perform the same analysis for a light shift
measurement, obtaining 0.12(2) Hz after 1,320 s. This uncertainty is
most probably limited by slow frequency drifts of the 674-nm laser (see
Supplementary Information for Allen plots and more details). The
magnetic field generated by the valence electron spin of a single
88Sr1 ion will cause a level shift of 52 mHz in a probe ion co-trapped
one micrometre away, the measurement of which could be within our
experimental reach.

Finally, we show how the lock-in method can be used to perform
light shift spectroscopy. We probe the j"æ R jDæ transition. Figure 4a
shows lock-in phase scans (columns) for different laser detunings.
Figure 4b and Fig. 4c show the fringe contrast, A, and the lock-in
signal, wlock-in, respectively. Population transfer to level jDæ results in
a reduction in A whenever the laser is close to resonance. The mea-
sured light shift is seen to be dispersive around resonance. The three
resonances, a carrier and two sidebands, are due to the fast amplitude
modulation of the laser, reminiscent of the Pound–Drever–Hall signal
of a laser scanning across an optical cavity resonance24. Such a dis-
persive signal can be used to lock a narrow-linewidth laser to an atomic
clock transition.

The results presented here demonstrate the potency of the quantum
lock-in measurement technique, which is readily available for any
quantum probe. Specifically, with single trapped-ions the lock-in tech-
nique allows high-precision frequency-shift measurements with nano-
metre-scale spatial resolution (in our set-up, the ion wavefunction
extent is 9 nm with ground-state cooling). In addition to the detection
of a single electronic spin mentioned above, this would be useful to
probe spin-dependent interactions of an ion submerged in a quantum
degenerate gas25,26. Finally, the quantum lock-in technique can be useful
for precision measurements and frequency metrology. As an example, it
can be used to measure the very small frequency shifts required for the
observation of parity non-conservation in a single trapped ion4.
Another example is the characterization of systematic errors, such as
the quadrupole shift, in ion-based atomic clocks27. As a final example,
the technique can be used to characterize the noise spectrum of narrow-
linewidth lasers with respect to an atomic transition.

Figure 3 | Lock-in measurement of a small signal. The light shift of the |"æ
state induced by the 674-nm laser is measured. The laser is detuned by
D674 nm 5 217 kHz from the |"æ R | Dæ quadrupole transition, and is
amplitude-modulated by a square wave of frequency fL 5 500 Hz. The lock-in
scheme has N 5 99 p pulses and the lock-in frequency, fm 5 1/2tarm, is varied.
a, Lock-in fringe scan, P", versus wrf, at a lock-in period of 2tarm 5 2 ms. The red
solid line is a best fit to P:~1=2z(A=2) cos(wrf {wlock-in). A clear phase shift of
wlock-in 5 0.99p is observed, with a fringe contrast of A 5 72%. b, The columns
are lock-in fringe scans, similar to that in a, for various values of tarm. The lock-
in signal, wlock-in, is seen to increase as the lock-in modulation frequency, fm,
approaches the laser modulation frequency, fL 5 500 Hz. c, Lock-in signal,
wlock–in, versus tarm, extracted from b as explained in a. A light shift of 9.7(4) Hz
is measured (with 95% confidence). The solid red line is calculated using
equation (2) without any fit parameters.

–250

–125

0

125

250 L
ig

h
t s

h
ift (H

z
)

–180

–90

0

90

180

 (kHz)Δ

c

0

50

100

F
ri
n

g
e
 c

o
n

tr
a
s
t 

(%
)

b –15 –10 –5 0 5 10 15

–15 –10 –5 0 5 10 15

–15 –10 –5 0 5 10 15

0

180

φ
rf
 (
°)

φ
lo

c
k
-i

n
 (
°)

0

1

0.5

P↑a

Figure 4 | Light shift spectroscopy. Light shift of |"æ induced by the 674-nm
laser, as a function of laser frequency detuning, D. At each D value, a lock-in
sequence of N 5 39 p pulses with a lock-in period of 2tarm 5 200ms is applied
while the 674-nm laser is amplitude-modulated at the same frequency. a, Every
column is a lock-in fringe scan for a particular value of D. For each column, the
lock-in signal, wlock-in, is the shift of the fringe minimum from zero. b, Fringe
contrast, A (blue filled circles), versus D. Red filled circles show A in the absence
of laser light. We observe a reduction in contrast due to shelving of the |"æ state
to the metastable level | Dæ whenever the laser approaches resonance. c, Lock-in
signal, wlock-in (blue filled circles), versus D. The red filled circles show wlock-in in
the absence of laser light. Light shifts are seen to have dispersive resonance.
Both b and c show two sidebands, separated by 5 kHz from the transition
carrier, generated by the fast amplitude modulation of the laser.
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Convergence of electronic bands for high
performance bulk thermoelectrics
Yanzhong Pei1, Xiaoya Shi2, Aaron LaLonde1, Heng Wang1, Lidong Chen2 & G. Jeffrey Snyder1

Thermoelectric generators, which directly convert heat into elec-
tricity, have long been relegated to use in space-based or other
niche applications, but are now being actively considered for a
variety of practical waste heat recovery systems—such as the con-
version of car exhaust heat into electricity. Although these devices
can be very reliable and compact, the thermoelectric materials
themselves are relatively inefficient: to facilitate widespread
application, it will be desirable to identify or develop materials that
have an intensive thermoelectric materials figure of merit, zT,
above 1.5 (ref. 1). Many different concepts have been used in the
search for new materials with high thermoelectric efficiency,
such as the use of nanostructuring to reduce phonon thermal con-
ductivity2–4, which has led to the investigation of a variety of com-
plex material systems5. In this vein, it is well known6,7 that a high
valley degeneracy (typically #6 for known thermoelectrics) in the
electronic bands is conducive to high zT, and this in turn has
stimulated attempts to engineer such degeneracy by adopting
low-dimensional nanostructures8–10. Here we demonstrate that it
is possible to direct the convergence of many valleys in a bulk material
by tuning the doping and composition. By this route, we achieve a
convergence of at least 12 valleys in doped PbTe1 2 xSex alloys, lead-
ing to an extraordinary zT value of 1.8 at about 850 kelvin. Band
engineering to converge the valence (or conduction) bands to
achieve high valley degeneracy should be a general strategy in the
search for and improvement of bulk thermoelectric materials,
because it simultaneously leads to a high Seebeck coefficient and
high electrical conductivity.

A high thermoelectric figure of merit, ZT, for a high-efficiency
thermoelectric generator requires the constituent n-type and p-type
materials each to have a high average thermoelectric materials figure of
merit, zT 5 S2sT/(kE1kL), where T, S, s, kE and kL are the temper-
ature, Seebeck coefficient, electrical conductivity, and the electronic
and lattice components of the thermal conductivity, respectively. To
date, commercial products for thermoelectric power generation utilize
only PbTe- or Bi2Te3-based materials with peak zT of less than unity5.

Recent efforts to raise the zT value of PbTe have focused on nanos-
tructured composites, such as Na12xPbmSbyTem12 (ref. 3), where the
aim is to reduce kL and thus to enhance zT; indeed zT . 1 has been
obtained in many instances2. Such materials have kL close to the
amorphous limit2,4, lending greater potential to the increasing of zT
by the enhancement of the electronic component (S2s). Seebeck coef-
ficient enhancement through density of states modification8,11 is a
promising route, but this approach risks the reduction of carrier
mobility.

The optimal electronic performance of a thermoelectric semi-
conductor depends primarily on the weighted mobility6,7,12, m(m*/
me)

3/2; here m* is the density-of-states effective mass, m is the mobility
of carriers, and me is the electron mass. However, m is low for bands
with heavy mass mb* (the band-mass of a single valley, or mass of a
single pocket of Fermi surface related to 1/(d2E/dk2) of the pocket). In
fact, for charge carriers predominantly scattered by acoustic phonons

(as has been found to occur in most good thermoelectric materials),
it is expected that m / 1/mb*

5/2 (ref. 7). Therefore, increasing the
band-mass should be detrimental to the thermoelectric performance7.

In contrast, the convergence of many charge carrying valleys has
virtually no detrimental effects. Multiple degenerate valleys (separate
pockets of Fermi surface with the same energy) have the effect of
producing large m* without explicitly reducing m. A valley degeneracy
Nv has the effect of increasing m* by a factor of Nv

2/3. Specifically, the
density-of-states effective mass used to analyse most thermoelectric
data is given by m*5 Nv

2/3mb* (refs 6, 7, 12, 13), where Nv includes
orbital degeneracy, and mb* is, more specifically, the average (single
valley) density-of-states effective mass of the degenerate valleys
(including the effect of spin degeneracy but not orbital degeneracy
or degeneracy imposed by the symmetry of the Brillouin zone)6. The
mobility is nominally unaffected by Nv, but there may be some reduc-
tion due to intervalley scattering.

It is thus clear that a large valley degeneracy is good for thermoelec-
tric materials6,7,12,13. More generally, bands may be regarded as effec-
tively converged when their energy separation is small (compared with
kBT, where kB is the Boltzmann constant); this leads to an effective
increase in Nv, even when the bands are not exactly degenerate. The
concept of carrier pocket engineering to produce convergence (high
Nv) of symmetrically inequivalent bands has been suggested in the
context of manipulating low-dimensional thermoelectric nano-
structures8–10. Extending this concept to bulk materials would be most
useful for rapid integration into commercial devices.

Convergence of many valleys can occur in high symmetry crystal
structures (such as PbTe and (Bi, Sb)2Te3) if the Fermi surface forms
isolated pockets at low symmetry points. The widely used thermoelec-
tric material (Bi,Sb)2Te3 has significant valley degeneracy, with Nv 5 6
in both the conduction and valence bands7. The valence band
extremum in PbTe occurs at the L point in the Brillouin zone, where

1Materials Science, California Institute of Technology, Pasadena, California 91125, USA. 2CAS Key Laboratory of Materials for Energy Conversion, Shanghai Institute of Ceramics, Chinese Academy of
Sciences, Shanghai 200050, China.
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Figure 1 | Valence band structure of PbTe1 2 xSex. a, Brillouin zone showing
the low degeneracy hole pockets (orange) centred at the L point, and the high
degeneracy hole pockets (blue) along theS line. The figure shows 8 half-pockets
at the L point so that the full number of valleys, Nv, is 4, while the valley
degeneracy of the S band is Nv 5 12. b, Relative energy of the valence bands in
PbTe0.85Se0.15. At ,500 K the two valence bands converge, resulting in
transport contributions from both the L and S bands. C, conduction band; L,
low degeneracy hole band; S, high degeneracy hole band.
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the valley degeneracy is 4 (refs 6,14–16), as in the conduction band of
Ge (ref. 17)). However, in addition there is in PbTe a second valence
band along the S line; this second valence band (the S band) has an
energy about 0.2 eV below that of the first valence band (the L band),
and has a valley degeneracy of 12 (Fig. 1a)14,15.

By producing the convergence of many valleys at the desired tem-
peratures, thermoelectric performance can be greatly enhanced if
properly doped. We demonstrate this effect in PbTe1 2 xSex, where
the L and S valence bands (Fig. 1b) can be converged, giving an
increased valley degeneracy of 16. This exceptionally high degeneracy
persists to high temperature, at which the effective degeneracy is at
least 12 from the S band alone. Combining this effect with the low
lattice thermal conductivity of PbTe1 2 xSex alloys, we observe a zT
value of ,1.8 at temperatures above ,800 K (Fig. 2).

In a system that contains two valence (or conduction) bands, the
total electrical conductivity (stotal) and Seebeck coefficient (Stotal) can
be expressed as:

stotal 5 s1 1 s2 (1)

Stotal 5 (s1S1 1 s2S2)/stotal (2)

Here, subscripts 1 and 2 refer to the transport properties of carriers in
the individual band. If two bands are present, then the total Seebeck
coefficient is a weighted average of the Seebeck coefficients of the
individual band; the band with the higher conductivity is more
strongly weighted. Because S usually decreases with the number of
carriers n, whereas conductivity increases with n (s 5 nem), the total
Seebeck coefficient will generally be closer to the smaller S of the two
bands. Only when the two band energies are aligned (degenerate), such
that the two bands have the same Seebeck coefficient, will Stotal be
maintained while the total conductivity is substantially higher than
that of either band alone. In general, this effect will improve ther-
moelectric performance when the bands are within ,2kBT of each
other, owing to the broadening of the Fermi distribution, making band
convergence easier to achieve at higher temperatures. Additionally,
higher doping concentrations place the Fermi level deeper within
the first band, helping to position the Fermi level within 62kBT of
both bands.

The existence of the secondary (S) valence band slightly below the
principal (L) valence band in PbTe has been confirmed by recent
density functional theory calculations18. A schematic band structure15

of PbTe is depicted in Fig. 1b. With this two valence band model, the
electrical transport, optical spectroscopy and other properties of
p-PbTe can be well understood. Most importantly, the L band moves
below the S band at T> 450 K. Temperature (T, in K)-dependent
energy offsets (in eV) of the L and S bands from the conduction (C)
band are given by14–16,19:

DEC-L 5 0.18 1 (4T/10,000) 20.04x

DEC-S 5 0.36 1 0.10x (3)

where x refers to the subscript x in PbTe1 2 xSex. Partial substitution of
Se for Te (PbTe1 2 xSex) increases the energy of the L band and reduces
the energy of theS band (resulting in the terms including x in equation
(3) above), according to a linear dependence of band energy versus Se
content20. Therefore, alloying with Se will increase the convergence
temperature (Tcvg) of the L and S bands. Na is an effective p-type
dopant in PbTe, and can be used to obtain a hole density above
1020 cm23 by replacing nominally divalent Pb with monovalent Na
(ref. 21). The valence band at the L point with Nv 5 4 has sufficient
mobility to enable a good zT of about 0.8 (curve ‘L’ in Fig. 2 is the
contribution from the low degeneracy L band, calculated using the
model described in Supplementary Information). The second valence
band along the S line with a higher Nv 5 12 has even higher perform-
ance (curve ‘S’ in Fig. 2) at such doping levels.

When both the L and S bands are aligned the carriers are redis-
tributed, populating the highly degenerate S valleys, which creates a
Seebeck coefficient that increases faster than the typical linear tem-
perature dependence (Fig. 3a). With the combined 16 hole pockets
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for x 5 0.15 using the predicted kL in Fig. 3b is calculated with (kL reduction 1

Tcvg increment) and without (kL reduction) band structure modification
(equation (3)) respectively to compare the individual contributions.
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contributing, a high zT of ,1.3 at ,700 K (for example, curve ‘S 1 L’
in Fig. 2) can be obtained, similar to that seen in PbTe heavily doped
with alkali metals (Na or K)22,23.

As mentioned above, alloying with Se increases Tcvg, further tuning
the thermoelectric properties so as to increase the zT in the temper-
ature range for waste heat recovery (400–900 K). The energy difference
between the L and S bands, DEL2S, of the (PbTe1 2 xSex) alloy is
reduced to ,,2kBT even at high temperatures, making the two bands
effectively converged. Alloying with Se has the extra benefit of increas-
ing the bandgap (helpful for higher temperature operation) and also
provides lower lattice thermal conductivity due to point defect scatter-
ing of phonons. Further increasing the Se content may improve the
peak zT but additional Se leads to lower mobility from impurity scat-
tering of electrons, and therefore no significant benefit in average zT is
realized, similar to that found in under-doped alloys24

To confirm that the multi-band effects are indeed responsible for
the extraordinary thermoelectric properties, we have developed a
detailed three-band model (C1L1S). It is important to include the
temperature dependence of the bandgap, band offsets and effective
masses to fit the data accurately. These parameters have been deter-
mined by optical absorption spectroscopy and other temperature
dependent transport properties for a wide range of carrier densi-
ties14–16,19,25,26. Bands L and C have been found to be non-parabolic
and have been described by the Kane model14,27, whereas the high
degeneracy hole band S has been described as parabolic14,28. It is also
assumed that acoustic phonons dominate the electron scattering14,27.
This model also gives the Lorenz factor (Supplementary Fig. 3) needed
to calculate the electronic contribution to the thermal conductivity.
The details of this model are given in Supplementary Information.

The X-ray lattice parameter (Fig. 4a, Supplementary Fig. 1) of our
annealed samples follows the simple form of Vegard’s law, which
predicts a linear change from 6.46 Å for PbTe (ref. 14) to 6.12 Å for
PbSe (ref. 14), suggesting the formation of a simple alloy consistent
with previous studies14,29. Na is also expected to be homogeneously
distributed because of the high dopant effectiveness of monovalent
(Na1) on the Pb site (Hall effect data are given in Supplementary Fig.
3), and because there are no trivalent species present to induce clustering
as found in some other similar systems2,3, such as Na12xPbmSbyTem12.
Nevertheless, we cannot entirely rule out the possibility of some segrega-
tion to native defects, nanometre-scale particles, voids or other interfaces
that have been proposed to affect thermoelectric properties, including
electronic effects such as electron filtering8. However, the success of our
model in predicting transport properties using only bulk properties
(electronic structure, and electron and phonon scattering) shows that
nanoscale effects are not necessary to achieve exceptionally high zT
in PbTe alloys (Fig. 2, Supplementary Information). Combining this

exceptional bulk performance with independent nanoscale effects, such
as the scattering of long mean free path phonons by nanostructural
interfaces2–4, would lead to further enhancements of zT, probably giving
values above 2, and also improve the average ZT for use in efficient waste
heat recovery.

The observed reduction in kL as Se content increases (Fig. 4b) is
expected from alloys, as phonons are scattered due to the mass differ-
ence and local strain caused by the impurity atoms, and can be well
characterized by the Debye-Callaway model4,29 (see Supplementary
Information for details). Using the electronic model and the lattice
thermal conductivity (kL), zT can be calculated at any doping level,
alloy composition and temperature.

The temperature dependence of the Seebeck coefficient, the resistivity
(r 5 1/s) and the thermal conductivity are shown in Fig. 3. The mea-
sured temperature dependent transport properties agree very well with
the electronic model, confirming that the exceptional thermoelectric
properties arise when the valley degeneracy is large, particularly when
the L and S bands converge (within ,2kBT). Because of the high
density-of-states mass (m*) resulting from the convergence of many
(at least 12) valleys, heavy doping is required to realize the full potential
of high degeneracy to produce high zT. The zT measured on 2%
Na-doped PbTe0.85Se0.15 (1.8 6 0.1 at 850 K, determined on multiple
samples on multiple instruments, Supplementary Fig. 2) shows good
agreement with the calculated zT, as seen in Fig. 2.

In summary, high valley degeneracy produced by carrier pocket
engineering in a bulk material is an effective strategy to enhance ther-
moelectric performance through the convergence of conducting elec-
tronic bands, provided that the doping is properly tuned. Heavily doped
p-PbTe1 2 xSex demonstrates how high valley degeneracy enables high
zT, especially when combined with other mechanisms (such as alloy
scattering) that reduce kL. A high zT value of ,1.8 at high temperatures
make these simple and stable materials superior to those currently in
use for thermoelectric energy generation applications.

METHODS SUMMARY
Polycrystalline Pb0.98Na0.02Te12xSex samples were prepared by melting the mixture
of pure elements at 1,273 K, quenching, annealing at ,900 K for 3 days, grinding and
hot-pressing (98% or higher relative density). X-ray diffraction and scanning elec-
tron microscope analyses confirm that the materials for this study were single phase
solid solutions. The Seebeck coefficient was obtained from the slope of the thermo-
voltage versus temperature gradient, confirmed on four different high temperature
systems. Scanning Seebeck coefficient measurements (at 300 K) on a sample with a
zT of ,1.8 at 800 K showed a Seebeck coefficient variation of only 5mV K21 (full
width for 90% of the data taken in an area of 6.53 7 mm2). Four-probe resistivity was
measured using the Van der Pauw technique on disks, and using the linear method
on bar shaped samples. Thermal diffusivity was measured using the laser flash
method. Heat capacity (Cp) is estimated from the relation Cp/kB per
atom 5 3.07 1 (4.73 1024 3 (T 2 300)), where T is in K, based on experimental
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literature values30. The combined uncertainty for the experimental determination of
zT is ,20%; the standard deviation of the measured zT at T 5 800 6 50 K is 4% for
four different techniques and 3% for four different samples, all of the same x 5 0.15
composition. The Hall coefficient at room temperature and higher was measured
using the Van der Pauw technique under a reversible magnetic field of ,2 T. The low
temperature (2.5–300 K) Hall coefficient was measured using a Quantum Design
PPMS.
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The Soret effect and isotopic fractionation in
high-temperature silicate melts
Gerardo Dominguez1, Gautam Wilkins2{ & Mark H. Thiemens1

Diffusion in condensed phases is a ubiquitous but poorly understood
phenomenon. For example, chemical diffusion, which is the trans-
port of matter associated with chemical concentration gradients
(Fick’s law), is treated as a separate process from thermal transport
(the Soret effect), which is mass transport induced by temperature
gradients. In the past few years, large variations in the proportions of
isotopes of Mg, Ca, Fe, Si and O found in silicate melts subject to
thermal gradients have been found1–3, but no physical mechanism
has been proposed. Here we present a model of diffusion in natural
condensed systems that explains both the chemical and isotopic
fractionation of Mg, Ca and Fe in high-temperature geochemical
melts. Despite the high temperatures associated with these melts
(T . 1,000 6C), we find that consideration of the quantum-
mechanical zero-point energy of diffusing species is essential for
understanding diffusion at the isotopic level. Our model explains
thermal and chemical mass transport as manifestations of the same
underlying diffusion mechanism. This work promises to provide
insights into mass-transport phenomena (diffusion and evapora-
tion) and associated isotopic fractionations in a wide range of natural
condensed systems, including the atmospheric water cycle1,2, geo-
logical and geochemical systems3–6 and the early Solar System4.
This work might also be relevant to studies of mass transport in
biological7,8 and nanotechnological condensed systems9.

Diffusion in condensed phases, especially in natural systems such as
solutions, geochemical melts and solid–solid interfaces, is an important
process that remains poorly understood at a quantitative level.
Transport induced by thermal gradients is believed to be important in
regulating biological processes including DNA replication and possibly
the origins of life7, as well as in industrial applications9,10 and geochem-
ical systems. Therefore, there are good reasons for seeking a quantitative
understanding of the underlying physical processes.

In 1879, Charles Soret observed that placing salt solutions in a
column with a temperature gradient enhances the chemical concen-
tration of salts at the cold end, something that remains unexplained11.
A similar phenomenon is seen in high-temperature (T . 1,400 uC)
silicate melts, in which elements such as Mg, Ca and Fe become con-
centrated at the cold end of thermal gradients12,13. Furthermore, large
enhancements in the relative concentrations of heavy isotopes have
been observed at the cold end of such gradients5,6,14–16. In principle,
observations of elemental and isotopic gradients in geochemical melts
could provide further insight into the Soret effect, but the lack of a
theoretical model prevents this10,16. Empirical descriptions treat the
mass flux associated with a thermal gradient as

jT~{DTC+T ð1Þ
where DT is the thermal diffusion coefficient of the diffusing species in
the solution and C is the concentration. It is considered a separate
process from the mass flux associated with a concentration gradient,
which is

jC~{D+C ð2Þ

where D is the diffusion constant of the diffusing species. In a steady
state the total net flux is zero (jT~{jC), yielding

+C~{CST+T ð3Þ
where ST is the Soret coefficient (~DT=D), which determines the con-
centration gradient of diffusing species in the system at steady state.

Natural silicate melts and silicate glasses are composed of a network
of SiO4 polyhedra, which form the structural backbone of the con-
densed phase17. Secondary elements such as Mg, Ca and Fe are believed
to diffuse through interstitial sites, in which electrostatic interactions
with surrounding atoms in the network minimize their potential
energy (U). Silicates at high temperatures (T . 1,000 K) seem to retain,
to a good approximation, their room-temperature (300 K) structural
characteristics17. However, the rate at which species in silicate melts
and crystals diffuse over restricted temperature regions increases expo-
nentially as a function of temperature, displaying Arrhenius-like beha-
viour of the form

D(T)~D0 exp (
{EA

kBT
) ð4Þ

where EA is the activation energy for diffusion, kB is the Boltzmann
constant and D0 is a temperature-independent pre-factor18. This tem-
perature dependence strongly implies that diffusion in high-temperature
silicate melts, like many chemical reactions, is thermally activated.

A theoretical understanding of the temperature dependence of
chemical reactions was first provided by transition-state theory. In
essence, this theory states that the rate of chemical reactions
(AzB?AB) is determined by the rate at which an activated and
unstable transition state (AB*) is populated and proceeds to the product
state (AzB?AB�?AB; ref. 19). This rate is given by

kTST~
kBT

h

� �
e
{EA=kBT ð5Þ

where h is Planck’s constant. In this case, the activation energy, EA, is the
free energy difference between the reactant state (RS) and the transition
state (TS), which is in turn given by

EA~DEe{kBT ln
Z(TS)

Z(RS)

� �
ð6Þ

where DEe is the electronic energy difference and Z(RS) and Z(TS)
represent the partition functions of the RS and TS respectively20.
Although transition-state theory has had some success in quantitatively
describing diffusion in crystalline materials21,22, its application to dif-
fusion phenomena in natural condensed systems has been limited. Here
we show how transition-state theory can be used to understand the
chemical and isotopic fractionation of elements in high-temperature
silicate melts subject to a thermal gradient.

Consider elemental diffusion in a silicate melt. At the atomic level,
these species, it is widely believed, move by occupying interstitial sites
in the silicate network23–25, which represent local minima in the elec-
tronic energy landscape established by the network of Si–O bonds and
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the Coulomb interactions of the diffusing species with this network.
The energy to thermally ‘hop’ out of these sites is provided by random
thermal fluctuations (at a temperature T), so this hopping process can
be treated thermodynamically. In this view, the diffusion of elements
in silicate melts is limited by the ability of diffusing species to overcome
local energetic barriers (with electronic energy DEe). The initial loca-
tion of a diffusing species can be represented as the reactant state, and
the local maxima (saddle points) that separate local minima in the
network can be thought of as the activated, or transition, states of
the diffusing species (See Fig. 1a). The rate of diffusion predicted by
transition-state theory (DTST) can be written as

DTST~fGa0
2kTST ð7Þ

where fG is a geometric structure factor that describes the number of
neighbouring sites that a diffusing species can occupy, and a0 is the
distance between jumps (the jump length), which would be on the
order of the lattice parameter of the system21.

In the most rigorous sense, the partition functions of the entire
N-body silicate system when a diffusing species is in the reactant
and transition states is needed to calculate kTST (ref. 22). Here we
follow Wert and Zener’s simplified approach21, and write the rate of
diffusion as

DTST(m,T)~fGa0
2 kBT

h

� �
2 sinh

hn(m)RS,1

2kBT

� �
e
{DEe=kBT ð8Þ

where n(m)RS,1 ~
ffiffiffi
k
m

p� �
is the vibrational frequency of the diffusing

species along the direction of diffusion (x), m is the mass of the dif-
fusing species, and the effective spring constant (k) is given by the
second derivative of the electronic potential energy (U) with respect to
x, evaluated at the coordinate (xmin) where U(x) is minimized, so that

k~
L2U
Lx2

����(x~xmin) ð9Þ

Equation (8) is intrinsically quantum mechanical because it results
from treating the energy levels and the partition function of the dif-
fusing species (Zv) in the reactant state as those of a quantum harmonic
oscillator, which is to say that26:

Zn~
1

2 sinh hn
2kBT

� �

Equation (8) also explains why there are differences in the rates of
diffusion of isotopes of any given element in a condensed system. It
may be tempting, given our eventual goal of describing diffusion in
high-temperature geochemical systems, to take the classical limit of
these partition functions, but for now we will use the exact expressions
and defer any approximations until we have a quantitative estimate of
hn(m)RS,1

2kBT
. Our analysis will show that the quantum-mechanical treat-

ment is needed to accurately describe diffusion in high-temperature
condensed phases at the isotopic level. Furthermore, it will show that
the dominant effect that determines the relative rate of diffusion for
isotopes of an element is the differences in their masses.

Our approach in adapting transition-state theory to elemental dif-
fusion in high-temperature geochemical systems was to use the empirical
data on the chemical and isotopic fractionations of Mg from the experi-
ments described in refs 5 and 6 to deduce reasonable values for DEe and
EA in high-temperature silicate melts. To do this, we performed a set of
numerical simulations of diffusion, as described in the Methods.

Using this approach, we inferred the values for DEe and n(m)RS,1 of
Mg isotopes that provided the best fit for the isotopic fractionation of
Mg in high-temperature silicate melts. We used these results to predict
the isotopic fractionation of Ca and Fe in high-temperature silicate
melts.

We found that the electronic energy barrier that best reproduced the
observed isotopic fractionations of 26Mg was DEe 5 2.2–2.5 eV
(fG 5 0.5–3). These electronic energies, in turn, suggest that
EA 5 1.76–2.0 eV, in excellent agreement with the activation energies
found for elemental Mg diffusion (1:8{2:1 eV) in a basalt melt18 (see
Supplementary Table 1, Supplementary Information). We found that
the isotopic fractionation gradients are most sensitive to differences in
the activation energies of isotopes of an element.

The vibrational zero-point energies (ZPEs) of roughly 0.4 eV are, at
first glance, surprisingly high, because they suggest that the ZPE of
diffusing Mg ions is about 20% ofDEe. To evaluate whether these ZPEs
are physically realistic, we considered some estimates of the spring
constant (and corresponding vibrational ZPEs) in silicate melts.
Using equation (9), we get

k<
2DEe

L2
c

ð10Þ

for the spring constant, where Lc is the characteristic length scale that
describes how steeply the electronic potential energy U changes. The
corresponding ZPE is

ZPE(m)~h

ffiffiffiffiffiffiffiffiffiffiffi
DEe

2mL2
c

s
ð11Þ

where ZPE(m) is the ZPE for a diffusing species of mass m. A lower-
limit estimate of ZPE for Mg is given by setting Lc equal to Si–O bond
length27 ; this length scale underestimates the ZPE that we infer from

Distance travelled

E
le

c
tr

o
s
ta

ti
c
 p

o
te

n
ti
a
l

ΔEe

a0

Transition state

a0

ZPE(26Mg)

ZPE(24Mg)

ZPE(26Mg)

ZPE(24Mg)

a

b

Figure 1 | Diffusion of elements as a random hopping process in a silicate
melt. a, The diffusing element is shown in orange; the silicate melt is grey.
Formation of the transition state, which has a higher potential energy than the
element in the interstitial site, is the rate-limiting step in diffusion. The jump
length (a0) is a characteristic length separating interstitial sites in the silicate
melt. b, The corresponding energetic landscape seen by diffusing species. The
zero-point energies of 24Mg and 26Mg are indicated as ZPE(24Mg) and
ZPE(26Mg) to illustrate the origin of the isotopic mass-dependence of diffusion
in condensed phases. DEe, difference in electronic energy.
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the isotopic fractionations by a factor of roughly 4 (ZPE of about 0.1 eV
versus 0.4 eV). To explain the large isotopic fractionations observed
experimentally for Mg isotopes, we find that the relevant Lc is roughly
0.2 Å (where the numerical value for the spring constant is
k�*1,200 Jm{2), which is not unreasonable, considering that this
scale corresponds to about 15% of the ionic radius of oxygen (which
is roughly 1.35 Å) in a silicate melt18. This suggests that quantum
confinement of Mg ions (and, by extension, others) in interstitial sites
determines their rate of diffusion and, ultimately, their rate of isotopic
fractionation during diffusive processes. This length scale is also in
qualitative agreement with potential-energy curves of interactions in
glass melts from molecular dynamics simulations27.

Because the ZPE of Mg (and, by extension, other elements) in silicate
melts is large compared with the thermal energy, the diffusion con-
stants of these elements (equation (5)) and their isotopes can be written
to a good approximation as

DTST(m,T)<fGa0
2 kBT

h

� �
e
{(DEe{ZPE(m))=kBT ð12Þ

We now revisit Soret diffusion in light of our findings. Adopting a
generalized Fokker–Planck diffusivity law in one dimension9,28,29, such
that

jtotal(x,t)~
d

dx
(D(x)C(x,t)) ð13Þ

and assuming that for high-temperature silicate systems there is no
significant change in the electronic energy barrier (which would be
evidenced by a sharp discontinuity in the chemical concentration gra-

dients between the hot and cold ends,
d(DEe)

dx
~0), we can express the

total mass flux in a one-dimensional thermal gradient as:

jtotal(x,t)~C(x,t)
dD
dx

zD(x)
dC(x)

dx

~C(x,t)
dD(x)

dT
dT
dx

zD(x)
dC(x)

dx

ð14Þ

Comparing this expression with equations (1) and (2), we can now see
that the first and second terms on the right are the mass fluxes asso-
ciated with thermal and concentration gradients, respectively. This
clearly shows that thermal diffusion is the result of the temperature
(and therefore spatial) dependence of the diffusion ‘constant’ D(T) in
Soret experiments. Substituting expression (12) for D(T), the total flux
is now given by

jtotal(x,t)~C(x,t) 1z
DEe{ZPE(m)

kBT

� 	
D(x)

T

� �
dT
dx

zD(x)
dC(x)

dx
ð15Þ

and the Soret coefficient (~DT=D) for diffusion in the high-temperature
melt is given by

ST(m,T)~{ 1z
DEe{ZPE(m)

kbT

� 	
1
T

� �
ð16Þ

The above expression makes a direct connection between the micro-
physics of diffusion in a condensed phase and the macroscopically
observable elemental and isotopic fractionations of these elements in
a thermal gradient. Most relevant for estimating the isotopic fractiona-
tion16 is the difference in the Soret coefficient of two isotopes of an
element. This is given by

ST(m1,T){ST(m2,T)~DST(m1,m2)

~{
h
ffiffiffi
k
p

2
1ffiffiffiffiffiffi
m1
p {

1ffiffiffiffiffiffi
m2
p

� �� 	
1

kBT2

� � ð17Þ

This expression is, to first order, independent of the electronic energy,
and is a function of the relative difference between the masses of
the isotopes. It correctly predicts larger isotopic variations for lighter
isotopes and elements. As shown by ref. 16, differences in the Soret

coefficient lead to the establishment of isotopic gradients. Our model
predicts that the isotopic difference between the hot (TH) and cold (TL)
end of a thermal gradient is given by

dXM(TL){dXM(TH)~
h
ffiffiffi
k
p

kb

1ffiffiffiffiffiffi
m1
p {

1ffiffiffiffiffiffi
m2
p

� �� 	
1

TL
{

1
TH

� �
ð18Þ

The isotopic fractionations for Mg predicted using the above approx-
imate expression (with k�) agreed with our numerical simulations to
within 5%.

We provide further confirmation of our model by taking the spring
constant k� and using equation (18) to predict the isotopic fractiona-
tion for 25Mg, 56Fe, 57Fe and 44Ca under the same conditions as 26Mg.
These comparisons (Fig. 2a–e) show that our model reproduces the
empirical observations of isotopic fractionation of Mg, Ca and Fe (refs
5, 6 and 16) very well. However, we find that our model overpredicts
the fractionation of Si and O if we assume that they diffuse as ionic
species (Fig. 2f). If we assume that Si diffuses as SiO4 tetrahedra, the
agreement is excellent. In contrast, if we assume that O diffuses as SiO4

tetrahedra, our model underpredicts the observations, giving them the
same slope as for Si. This suggests that oxygen diffuses as both SiO4 and
a less massive species (atomic O).

Our model of diffusion accurately predicts the direction (sign) of the
Soret effect for Mg, Ca and Fe, and the general magnitude of the effect.
The concentration gradients themselves have a wide range of magni-
tudes, and in Supplementary Table 2 we compare the observed values
for ST with those predicted by our model. The agreement is fair to
excellent, especially in light of the simplicity of the proposed model.
The differences, where they exist, may not be too surprising, because
our model assumes the absence of an electronic energy gradient
between the cold and hot ends of the thermal gradient. The enrichment
of species such as SiO2 at the hot end of Soret experiments is likely to
affect the electronic energy landscape seen by diffusing species. To
evaluate the importance of this issue, we performed a sensitivity ana-
lysis of our general expression for the Soret coefficient ST (See Sup-
plementary Table 3 and discussion in Supplementary Information).
We found that small differences (1–10%) in the electronic or activation
energy can induce rather large changes in the chemical concentration
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gradients of elements, consistent with the observation that concentra-
tion gradients in Soret experiments are very sensitive to experimental
conditions. The near-constant value of the isotopic gradients in the
high-temperature Soret diffusion experiments we have analysed here
suggest that the ZPE differences of isotopes are less sensitive to changes
in chemical composition.

Although our model does not predict the direction of diffusion for
cations such as Si41, Na1 and K1, we have shown through sensitivity
analysis (see Supplementary Information and Supplementary Table 3)
how the direction of flow in thermal gradients is extremely sensitive to
gradients in the electronic energy (equivalent to chemical potential
gradients). Future work should clarify how chemical composition
and electronic energy potential energy relate to one another.

We have developed an atomistic model for diffusion in natural con-
densed systems, and have shown that it can be used to understand the
chemical and isotopic fractionation of elements in high-temperature
silicate melts. We find that relative differences in the masses of isotopes
of an element determine their isotopic fractionation. Because of its very
general nature, this model and extensions of it will find applications and
lead to new insights in understanding elemental and isotopic diffusion
in other natural systems, such as the global hydrological cycle1,2, the
isotopic fractionations associated with the evaporation of early Solar
System materials4, and transport in industrial processes9. Furthermore,
the model that we have presented, together with measurements of the
spatial distribution of isotopic ratios, may be used in geological systems
to reconstruct their cooling histories3–6.

METHODS SUMMARY
We performed numerical simulations of diffusion in the silicate melts subjected to
a thermal gradient using a one-dimensional finite grid. Each of these sheets was
assumed to be in local thermodynamic equilibrium, and the temperatures of each
sheet were chosen to mimic the thermal gradients of experiments. The concen-
tration of each isotopic species of mass mi was initially set to the species’s natural
abundance, and the numerical flux (dN(mi)=dt) into and out of each sheet was
computed (See Methods). This approach results in the establishment of a set of
coupled differential equations whose time-evolution was solved using an ordinary
differential equation solver in Matlab. The numerical concentrations in each of the
sheets were then used to calculate the ratios of minor to major isotopes, and were
expressed using standard d notation (see Methods).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
To determine physically realistic values for the activation energies, we set the jump
length to the Si–O distance of silicate melts (a0~1:6 nm)17,27. The values of fG

(about 1) and DEe (1–4 eV) were held fixed, and the vibrational frequency of the
diffusing species (n(m)RS,1) was determined by equating DTST for 24Mg, using
equation (7) with the empirical value for the diffusion constant of elemental Mg
at 1,480 uC (D~7|10{7 cm2s{1) in a basalt melt.

The vibrational frequency of an isotope of mass m1 trapped in a harmonic
potential is given by

n(m1)~

ffiffiffiffiffiffi
k

m1

r
ð19Þ

Chemically, isotopes of an element are expected to interact identically with their
environments; that is, they have the same DEe and Lc, and therefore the same k.
This allow us to directly calculate the ratio of the vibrational frequencies (and
corresponding ZPEs) of two isotopes as

n(m1)

n(m2)
~

ffiffiffiffiffiffi
m2

m1

r
ð20Þ

The vibrational frequency for the minor isotope, 26Mg, was determined by the
scaling relationship

n(m26)

n(m24)
~

ffiffiffiffiffiffiffiffi
m24

m26

r

as is expected under the harmonic-oscillator approximation.
We used a one-dimensional finite grid model that assumes local thermodyn-

amic equilibrium9,10,30 to account for the mass fluxes associated with both chemical
concentration and thermal gradients at a nanoscopic level. The silicate melt was
represented as a finite set of planes with position xi. For each of these planes, a local
temperature T(xi), which ranged from 1,300 uC to 1,520 uC, was set to mimic the
thermal gradients of the experiments in refs 5 and 6.

The mass-flux rate per unit area out of a given sheet (j{) for a species of mass mj

was computed as

j{(xi,mj,t)~{C(xi,mj,t)|kTST(T(xi),mj) ð21Þ

where C(xi,mj) is its concentration at position xi , and kTST(T(xi),mj) was extracted
from equation (8). The mass flux into a sheet ( jz) (except at the edges of the
system), was computed as

jz(xi,mj,t)~
C(xi{1,mj,t)|kTST(T(xi{1,mj))

2

z
C(xiz1,mj,t)|kTST(T(xiz1,mj))

2

ð22Þ

and the total mass flux was computed as jtotal~jzzj{. The concentration of
isotopic species in the silicate melt as a function of time and position was deter-
mined by solving a set of coupled linear differential equations (one for each sheet i)
using an ordinary differential equation solver in Matlab (ODE15S). As inputs, we
provided this strike for initial numerical concentrations of each isotope for each
grid point

N(xi,mj,t~0)~C(xi,mj,0)|A|a0 ð23Þ
where the area of each sheet (A) is set equal to 1 and a0 is the thickness of the
layer ( 5 jump length). The rate of change of this numerical concentration is given
by

dN(xi,mj,t)

dt
~ jz(xi,mj,t)zj{(xi,mj,t)

 �

|A|a0 ð24Þ

The isotopic composition as a function of position and time was reported as d26Mg
(see below). Initially, the concentrations of 24Mg and 26Mg in the silicate melt were
assumed to be uniform and at natural abundances. Quality control during the
integrations was set by ensuring that the total number of isotopic species was
conserved throughout the simulations.
Isotopic ratio quantification. The isotopic compositions of 25Mg and 26Mg are
reported with respect to 24Mg as

d25,26Mg(x,t)~

N(x,m25,26,t)
N(x,m24,t)

� �

N(x,m25,26,t~0)

N(x,m24,t~0)

� �{1

2
664

3
775|103 ð25Þ

For 44Ca isotopes as

d44Ca(x,t)~

N(x,m44,t)
N(x,m40,t)

� �

N(x,m44,t~0)

N(x,m40,t~0)

� �{1

2
664

3
775|103 ð26Þ

And for 56Fe and 57Fe as

d56,57Fe(x,t)~

N(x,m56,t)
N(x,m54,t)

� �

N(x,m56,57,t~0)

N(x,m54,t~0)

� �{1

2
664

3
775|103 ð27Þ

where n(z,mj,t) represents the concentration of isotope of mass mx at position x
and time t. Initially, these isotope ratios are equal to 0 by definition; the subsequent
isotopic composition shifts are insensitive to the choice of normalization.

30. Astumian, R. D. Coupled transport at the nanoscale: the unreasonable
effectiveness of equilibrium theory. Proc. Natl Acad. Sci. USA 104, 3–4 (2007).
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Depth-dependent extension, two-stage breakup
and cratonic underplating at rifted margins
Ritske Huismans1 & Christopher Beaumont2

Uniform lithospheric extension1 predicts basic properties of non-
volcanic rifted margins but fails to explain other important
characteristics2,3. Significant discrepancies are observed at ‘type I’
margins (such as the Iberia–Newfoundland conjugates), where
large tracts of continental mantle lithosphere are exposed at the
sea floor4, and ‘type II’ margins (such as some ultrawide central
South Atlantic margins), where thin continental crust spans wide
regions below which continental lower crust and mantle litho-
sphere have apparently been removed5,6. Neither corresponds to
uniform extension. Instead, either crust or mantle lithosphere has
been preferentially removed. Using dynamical models, we demon-
strate that these margins are opposite end members: in type I,
depth-dependent extension results in crustal-necking breakup
before mantle-lithosphere breakup and in type II, the converse is
true. These two-layer, two-stage breakup behaviours explain the
discrepancies and have implications for the styles of the associated
sedimentary basins. Laterally flowing lower-mantle cratonic litho-
sphere may underplate some type II margins, thereby contributing
to their anomalous characteristics.

Passive margins produced by continental rifting and ocean-floor
spreading have a wide range of characteristics, many of which remain
enigmatic. We focus on two styles of non-volcanic (magma-poor)
margins, which we term types I and II. We list their primary charac-
teristics and show that they are end members with respect to the way
the lithosphere stretched as they formed. Type I margins (Fig. 1a), such
as the Iberia–Newfoundland conjugate margins7–9, usually develop
after distributed extension, which finally becomes focused on one
location10.

The defining characteristics of the focused regions of type I (Fig. 1a
and 2a–c) include9: major basin-forming faults or shears that penetrate
deep into the crust (characteristic 1); narrow regions (less than about
100 km wide) across which the crust thins abruptly (2); usually an
asymmetric geometry and uplift of rift flanks (3); breakup of crust
before that of the mantle lithosphere (4); exhumation and exposure
of serpentinized continental mantle lithosphere in the ocean–continent
transition (5); limited magmatism during rifting, leading to a magma-
poor margin (6); and delayed establishment of an oceanic spreading
centre and normal ocean crust production (7).

In contrast, type II margins (Fig. 1b), as exemplified by some margins
in the central South Atlantic5,6 and the Exmouth plateau11, and in par-
ticular those shown in Fig. 3 and Supplementary Fig. 3, have different
characteristics. These are: ultrawide regions of thin continental crust
(characteristic A); faulted early syn-rift sedimentary basins (B); un-
deformed late syn-rift sediments (C); the capping of these late syn-rift
sediments by evaporites and other sediments, deposited in shallow water
conditions in ‘sag’ basins (D); limited syn-rift subsidence owing to
replacement of underlying continental mantle lithosphere by hot
asthenosphere, as suggested by these sag basins (E); no syn-rift flank
uplifts (F); no clear evidence of exposed mantle lithosphere, but some
syn-rift magmatism (G); lower-crustal regions with seismic velocities
consistent with magmatic underplating (H); and a normal magmatic
mid-oceanic-ridge/crust system established soon after crustal breakup (I).

We propose that the characteristics of type I margins (Fig. 1a) are
explained by reference to model I (Fig. 2), which demonstrates a style of
depth-dependent extension in which the crust and mantle lithosphere
are strong and strongly bonded (Supplementary Fig. 6c). It has a two-
layer rheology in which the upper lithosphere undergoes frictional–
plastic (brittle) deformation while the lower lithosphere deforms
by viscous (ductile) power-law flow (Supplementary Methods).
Rifting comprises three phases (Supplementary Movie 1). First, sub-
sidence of a symmetric keystone crustal block bounded by conjugate
frictional–plastic faulting or shearing of the upper layer, underlain by
ductile necking of the lower lithosphere (Fig. 2d); followed by asym-
metric extension resembling conceptual simple shear12 (Fig. 2e); and
finally rupture of the crust, followed by continued extension, necking,
exhumation and exposure of the lower lithosphere. Small variations in
conditions make the asymmetry more or less pronounced.

Comparison of model I (Fig. 2d–f) with type I margins (Figs 1 and
2a–c) shows consistent characteristics, namely the type I primary char-
acteristics (1) to (6) listed above9. In particular, major basin-forming
conjugate faults and shears that penetrate at least to the lower-crust (1),
narrow transitional regions (,100 km wide) of crustal thinning (2)
(Fig. 2b and c), asymmetry (3) (Fig. 2b and c) and exhumation of
continental mantle lithosphere (5). The model I results also explain
one additional puzzling characteristic of the Iberia–Newfoundland
conjugates13: extreme crustal thinning after only limited extension9 is
achieved by superimposed conjugate and detachment shearing (Fig. 2d
and e).

1Department of Earth Science, Bergen University, Bergen, N-5007, Norway. 2Department of Oceanography, Dalhousie University, Halifax, Nova Scotia, B3H 4J1, Canada.
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The characteristics of type II margins (Fig. 1b), as listed above and in
Supplementary Information 2, are consistent with model II-A (where A
indicates asthenospheric inflow). This model allows decoupling
between the upper and lower lithosphere, leading to depth-dependent
extension involving removal of lower crust, a process not considered in
our earlier research14. The weak lower crust (Fig. 3) acts as the hori-
zontal decoupling layer (Fig. 3, Supplementary Fig. 6c and Supplemen-
tary Movie 2), thereby allowing differential necking of lithospheric
layers above and below. Model II-A evolves in two phases. The first
comprises early stretching of a wide region of the upper and mid-crust
matched by concomitant localized necking of the underlying mantle
lithosphere. The small but regional stretching and thinning of the crust
dies out with increasing distance into the continents. Phase one ends in
rupture of the mantle lithosphere (Fig. 3a). During the second phase,
the mantle lithosphere is advected away without further deformation
by the plate motion, leaving the extending crust in contact with
upwelled hot asthenosphere, which cools to form underplated ‘oceanic’
lithosphere (Fig. 3b). A characteristic of this model is that some hot,
weak lower crust is extruded towards the rift axis as a pressure-driven
channel flow (Fig. 3b). This material underplates regions of localized
upper crustal extension (core complexes) and also exhumes at the rift
axis15 (Fig. 3e). Most importantly, lower-crustal decoupling facilitates
protracted crustal extension, leading to delayed crustal breakup, after
forming an ultrawide margin.

Although central South Atlantic margins vary in style, we can see
that some ultrawide ones have characteristics like those of model II-A
(Fig. 3, and Supplementary Figs 2 and 3). Similar characteristics
include ultrawide strongly attenuated crust (A), a wide region of sag
basin subsidence (D), sag basin subsidence even in areas where there is
little evidence of upper crustal extension, large post-rift subsidence
consistent with model subsidence owing to cooling of hot oceanic
lithosphere (E), and small to no syn-rift flank uplifts (F). We are
not, however, aware of observational evidence for or against extrusive
flow towards the rift axis.

A crucial but enigmatic observation from many of the ultrawide cent-
ral South Atlantic margins is the late syn-rift/early post-rift lacustrine
and shallow marine conditions of the sag basins16,17, which persisted
during salt deposition. This requires a syn-rift isostatic balance with
relatively low-density subcrustal material, material that is more buoyant
than upwelled asthenosphere. We propose that this material is hot
depleted lower cratonic lithosphere. Model II-C (where C indicates cra-
tonic inflow) demonstrates the mechanism (Fig. 3 and Supplementary
Movie 3). It is a variant of model II-A in which rifting is adjacent to a
craton (for example, the Congo craton in the central South Atlantic
Ocean and the Pilbara craton in Exmouth Plateau) (Supplementary
Figs 4 and 6b). The buoyant lower cratonic lithosphere preferentially
flows into the subcrustal rift zone as the plates separate (Fig. 3c). In model
II-C the underplating material has properties intermediate between
highly depleted, high-viscosity craton mantle and the asthenosphere.
Such properties are considered appropriate for partly depleted lower
craton18–20 with a parsimonious estimate of the depletion (composi-
tional) density anomaly (15 kg m23 less than the density of the astheno-
sphere) and viscosity a factor f 5 3 larger.

Model II-C (Fig. 3f) accounts for the following observations: (1)
there is a lithospheric zone with high seismic shear velocity interpreted
as ‘continental material’ under the ocean outboard of west Africa and
restricted to the central South Atlantic21–23; (2) this lithospheric zone is
connected to the Congo craton21,24 (Supplementary Fig. 4); (3) there is
evidence of continental crust and mantle lithosphere contamination in
mantle magmas from this region25–27; (4) this part of the South Atlantic
margin is relatively magma-poor, because cratonic inflow will suppress
asthenospheric decompression melting, and (5) there is similar evid-
ence from the Exmouth plateau24,28,29. Additional evidence for cratonic
mantle lithosphere beneath the Atlantic Ocean has recently been pre-
sented30 and explained by syn-rift listric faulting and detachment of
the continental crust, leaving pre-existing cratonic mantle lithosphere
jutting out below the oceans. This explanation is probably incom-
patible with reconstruction of the initial fit of the continents, and
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results in enhanced syn-rift subsidence of the margins, not reduced
subsidence. We therefore prefer the lateral flow explanation.

Models like model II-C produce similar underplating flows for a
range of parameter values, such that as f increases (for example, f 5 5)

the trade-off requires a larger depletion density anomaly (230 kg m23)
to drive the flow. The margin bathymetry also depends on the density
and thickness of the cratonic underplate and this could account for
enigmatic shallow syn-rift bathymetry. Calculating the local isostatic
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balance shows that underplating by a 60-km-thick cratonic layer with
depletion density anomaly of 215 kg m23 (compare with model II-C)
reduces the syn-rift water-filled or vacuum-filled subsidence at any
location by 391 m (water) or 273 m (vacuum) with respect to a case
with no cratonic underplate (compare with model II-A). Both models
II-A and II-C predict shallow syn-rift bathymetry even at the rift axis
(Supplementary Movies 2 and 3 and Supplementary section 4) as a
consequence of delayed crustal thinning combined with buoyant
asthenospheric or cratonic underplate. In this case, cratonic underplate
reduces the bathymetry only moderately. However, underplate with a
depletion density anomaly of 250 kg m23 reduces the water-filled or
vacuum-filled subsidence of any location on the margin that has this
underplate by 1,304 m (water) or 910 m (vacuum), causing the margin,
including the rift axis, to remain subaerial for the first 20 million years
of rifting (Supplementary section 4).

Exhumation of continental mantle lithosphere is not predicted for
type II-A margins because most of the margin is underlain by upwelled
asthenosphere (model II-A, Fig. 3e). However, exhumation is possible in
type II-C margins if cratonic mantle lithosphere continues to flow to the
rift axis and is exposed as the crust ruptures. Seismic reflection images
from parts of the central South Atlantic are consistent with mantle
exhumation (G. Karner, personal communication), but it is not known
whether the mantle is continental or oceanic. No such lateral flow occurs
for Phanerozoic mantle lithosphere in our models (see Fig. 3e), but is
possible were the lower-mantle lithosphere to be depleted.

We propose that type I and type II margins are a direct consequence
of their respective lithospheric rheological properties, which lead to
contrasting styles of depth-dependent extension. These styles can be
readily understood conceptually (Fig. 4) by considering the extension
and necking of a laminate.

Type I lithosphere is a strongly bonded, frictional-plastic to viscous
(approximately brittle–ductile) laminate that is weak only near its base
(Fig. 4a). During extension, the upper lithosphere fails by faulting such
that this layer ruptures while the lower lithosphere is still necking
viscously (Fig. 4b, d). This style is achieved in model I by early excision
of the lower crust and uppermost mantle, which places upper and mid-
crust allochthons in contact with mid- and lower-mantle lithosphere
as it is stretched, withdrawn, exhumed and exposed (Fig. 2d–f). The
final step is rupture of the mantle lithosphere and onset of seafloor
spreading. An essential requirement is depth-dependent extension in
which the upper layer ruptures before the lower layer. This explains the
observed exhumation of continental mid-mantle lithosphere9.

Type II lithosphere is a sandwich with a weak lower-crust viscous filling
between two stronger layers (Fig. 4a). During extension the upper litho-
sphere decouples from the lower lithosphere overa wide region. The lower
lithosphere necks in a similar manner to the type I laminate (Fig. 4b, c).
However, when it breaks up, the upper lithosphere has thinned by only a
minor amount because its extension is distributed across such a wide
region (Fig. 4c, e). Rupture of the crust occurs much later, after it has been
stretched like toffee to form a wide, thin layer bridging the severed lower-
lithosphere conjugates (Fig. 4e). This model behaviour is not strongly
influenced by cratonic underplating (Figs 3 and 4).

In conclusion, the characteristics of type I and II rifted margins, as
shown in Fig. 1 and not explained by uniform lithospheric extension1,31,
can be explained by depth-dependent extension, as demonstrated by the
models. The concept of different times of breakup (here used to imply
‘rupture’, not ‘rupture and accretion of oceanic crust’) of lower and upper
lithosphere follows directly from the highly contrasting necking length
scales of the upper lithosphere for the two cases. There are therefore two
breakup events and accretionof oceanic crustoccursonly after the second.
In type I, upper lithosphere (crust) breakup occurs first, while the lower
lithosphere is still necking, whereas in type II the reverse occurs. Uniform
extension1 corresponds to the special case in which both layers extend in
the same way and undergo breakup at the same time. In addition, the
enigmatic late syn-rift development of unfaulted, shallow-water sag
basins at type II margins16,17 can be explained. Crustal extension, which

diachronously migrates across the margin towards the rift axis (models
II-A and II-C), leaves late syn-rift sediments unfaulted, and subsidence of
the margin is reduced owing to low-density cratonic underplate. The
models and associated concepts are consistent with characteristics of these
margins and their associated sedimentary basins. The pivotal differences
from uniform extension1 are the differential necking of the lithosphere,
leading to a two-layer, two-stage breakup, and the possibility of cratonic
underplate in addition to asthenospheric underplate.

METHODS SUMMARY
We use finite-element numerical models to calculate upper-mantle thermo-mech-
anically coupled, plane-strain, incompressible viscous–plastic creeping flows using
an Arbitrary Lagrangian–Eulerian (ALE) method. When stress is below yield, the
flow follows a power law, based on ‘wet’ quartzite and olivine laboratory measure-
ments. Effective viscosity is specified by:

g~fA
{1=n(_I

=

2)(1{n)=2n exp
QzVp

nRT

� �
ð1Þ

where _I
=

2 is the second invariant of the deviatoric strain rate tensor
1
2

_e
=
ij _e
=
ij, n is the

power-law exponent, A is the pre-exponential scaling factor, Q is the activation
energy, V is the activation volume, p is the pressure, T is the absolute temperature
and R is the universal gas constant. A, n, Q and V are derived from laboratory
experiments and the parameter values are listed in Supplementary Table 1. The
factor f is used to scale viscosities calculated from the reference quartz and olivine
flow laws. This scaling produces strong and weak crust and reproduces the differ-
ence between ‘wet’ and ‘dry’ olivine. (Methods and Supplementary Information,
Supplementary Fig. 6c and Supplementary Table 1).
Frictional-plastic (Drucker–Prager) yielding occurs when:

sy~(J=2 )1=2~C cos wef f zpsinweff ð2Þ

where J=2 ~
1
2

s
=
ijs

=
ij is the second invariant of the deviatoric stress, wef f is the

effective internal angle of friction, C is cohesion, psin(weff) 5 (p 2 pf)sin(w) and
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pf is the pore fluid pressure. This approximates frictional sliding in rocks, including
pore-fluid pressure effects. Strain softening is introduced by a linear decrease of
weff(e) from 15u to 2u (Supplementary Fig. 6d and Supplementary Table 1).
weff(e) < 15u corresponds to hydrostatic pore pressure.

In the thermal calculation the initial temperature for models I and II-A is laterally
uniform, includes radioactive heat production in the crust (AR 5 0.9mW m23) and
basal heat flux (qm 5 19.5 mW m22). In model II-C the craton has a reduced geo-
thermal gradient. Cratonic lithosphere is compositionally depleted such that the
upper and lower parts have rm(T0) 5 3,283 kg m23 (density anomaly, 217 kg m23)
and rm(T0) 5 3,285 kg m23 (density anomaly, 215 kg m23). Mechanical and ther-
mal systems are coupled and are solved sequentially at each time step.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
We use an Arbitrary Lagrangian–Eulerian (ALE) finite-element method for the
solution of thermo-mechanically coupled, plane-strain, incompressible viscous–
plastic creeping flows32–34 to investigate extension of a layered lithosphere with fric-
tional-plastic and thermally activated power-law viscous rheologies (Supplementary
Fig. 6).

When the state of stress is below the frictional-plastic yield the flow is viscous
and is specified by temperature-dependent nonlinear power-law rheologies based
on laboratory measurements on ‘wet’ quartzite35 and ‘wet’ and ‘dry’ olivine36. The
effective viscosity g in the power-law rheology is of the general form:

g~fA
{1=n(_I

=

2)(1{n)=2n exp
QzVp

nRT

� �
ð1Þ

where _I
=

2 is the second invariant of the deviatoric strain rate tensor (
1
2

_e
=
ij _e
=
ij), n is the

power-law exponent, A is the pre-exponential scaling factor, f is a scaling factor
representing viscous weakening or strengthening, Q is the activation energy, V is the
activation volume, which makes the viscosity dependent on pressure p, T is the

absolute temperature, R is the universal gas constant, and _e
=
ij is the strain rate tensor.

A (converted from the laboratory strain geometry to the tensor invariant form), n, Q
and V are derived from the laboratory experiments and the parameter values are
listed in Supplementary Table 1. We note that setting V 5 0 for the quartzite flow
law does not lead to significant errors because the pressure in the crust is low.

The effective viscosity of quartz-dominated rocks is characterized by large
uncertainties. Supplementary Fig. 5 plots predicted effective viscosity as a function
of temperature for a range of wet quartz flow laws (based on Table 3 of ref. 35). The
reference parameter values for wet quartz used here, listed in Supplementary Table 1
(labelled ‘GT’ in Supplementary Fig. 5) represent a moderately strong viscous mid-
and lower crust. The models described here use values of the reference quartz flow
law which are scaled by factor f. The scale values are designed to produce crust with
strong and weak regions (Supplementary Fig. 6c). In model I, strong crust with no
viscous flow is achieved by increasing gwet quartz with scale factor f 5 30. This can be
interpreted to represent crust controlled by the viscous flow of ‘dry’ feldspar. In
models II-A and II-C, weak crust is achieved with a scale factor of f 5 0.02, which can
be interpreted as viscous flow controlled by a weaker quartz rheology (Supplemen-
tary Fig. 5), an effect of viscous strain weakening, or a combination of both. In model
II-C strong cratonic crust is achieved with a scale factor f 5 100.

Frictional-plastic yielding is modelled with a pressure-dependent Drucker–
Prager yield criterion, which is equivalent to the Coulomb yield criterion for
incompressible deformation in plane strain. Yielding occurs when:

sy~(J=2 )1=2~C cos wef f zpsinweff ð2Þ

where J=2 ~
1
2

s
=
ijs

=
ij is the second invariant of the deviatoric stress, s

=
ij is the

deviatoric stress tensor, wef f is the effective internal angle of friction,

psin(weff) 5 (p 2 pf)sin(w) for pore fluid pressure pf, and C is cohesion. With
appropriate choices of C and wef f this yield criterion can approximate frictional
sliding in rocks and the effect of pore-fluid pressures. Plastic flow is incompres-
sible. Strain softening is introduced by a linear decrease of weff(e) from 15u to 2u
(Supplementary Fig. 6d and Supplementary Table 1). We note that weff(e) < 15u
corresponds to the effective w when the pore fluid pressure is approximately
hydrostatic.

In addition to solving the equilibrium equations for viscous–plastic flows in
two dimensions, we also solve for the thermal evolution of the model. The
mechanical and thermal systems are coupled through the temperature depend-
ence of viscosity and density and are solved sequentially during each model time
step. The initial temperature field for models I and II-A is laterally uniform, and
increases with depth from the surface, T0 5 0 uC, to the base of the crust,
Tm 5 550 uC, following a stable geotherm for uniform crustal heat production,
AR 5 0.9mW m23, and a basal heat flux, qm 5 19.5 mW m22. Model I and II
geothermal gradients, 8.6 uC km21 and 0.4 uC km21 (adiabatic), are uniform in
the mantle lithosphere and sub-lithospheric mantle. Adiabatic heating and cooling
are taken into account. Thermal boundary conditions are specified (basal temper-
ature, 1,520 uC) and lateral boundaries are insulated. Thermal diffusivity k is
k/rcp 5 1026 m2 s21. For model II-C, the initial temperature field in the reference
lithosphere is the same as in models I and II-A. In the cratonic part of the model,
temperature increases linearly from about T 5 480 uC at the Mohorovičić dis-
continuity (Moho) to T 5 1,380 uC at the base of the cratonic lithosphere at
z 5 250 km. The steady-state geothermal gradient in the cratonic mantle
lithosphere was lowered by increasing the thermal diffusivity to, respectively,
kcml 5 2.24 3 1026 m2 s21 and kslm 5 21.5 3 1026 m2 s21, thereby achieving a
temperature of 1,380 uC at the base of the cratonic lithosphere. Densities of
crust and mantle at 0 uC are, respectively, r0c 5 rc(T0) 5 2,800 kg m23 and
r0m 5 rm(T0) 5 3,300 kg m23, and depend on temperature with a volume coef-
ficient of thermal expansion aT 5 2 3 1025 per uC, r(T) 5 r0[1 2 aT(T 2 T0)].
The cratonic lithosphere is depleted such that the upper cratonic mantle has
rm(T0) 5 3,283 kg m23 (a compositional density anomaly of 217 kg m23) and
the lower cratonic mantle lithosphere has rm(T0) 5 3,285 kg m23 (a composi-
tional density anomaly of 215 kg m23).
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Evolved structure of language shows lineage-specific
trends in word-order universals
Michael Dunn1,2, Simon J. Greenhill3,4, Stephen C. Levinson1,2 & Russell D. Gray3

Languages vary widely but not without limit. The central goal of
linguistics is to describe the diversity of human languages and
explain the constraints on that diversity. Generative linguists fol-
lowing Chomsky have claimed that linguistic diversity must be
constrained by innate parameters that are set as a child learns a
language1,2. In contrast, other linguists following Greenberg have
claimed that there are statistical tendencies for co-occurrence of
traits reflecting universal systems biases3–5, rather than absolute
constraints or parametric variation. Here we use computational
phylogenetic methods to address the nature of constraints on
linguistic diversity in an evolutionary framework6. First, contrary
to the generative account of parameter setting, we show that the
evolution of only a few word-order features of languages are
strongly correlated. Second, contrary to the Greenbergian general-
izations, we show that most observed functional dependencies
between traits are lineage-specific rather than universal tendencies.
These findings support the view that—at least with respect to word
order—cultural evolution is the primary factor that determines
linguistic structure, with the current state of a linguistic system
shaping and constraining future states.

Human language is unique amongst animal communication sys-
tems not only for its structural complexity but also for its diversity at
every level of structure and meaning. There are about 7,000 extant
languages, some with just a dozen contrastive sounds, others with more
than 100, some with complex patterns of word formation, others with
simple words only, some with the verb at the beginning of the sentence,
some in the middle, and some at the end. Understanding this diversity
and the systematic constraints on it is the central goal of linguistics. The
generative approach to linguistic variation has held that linguistic
diversity can be explained by changes in parameter settings. Each of
these parameters controls a number of specific linguistic traits. For
example, the setting ‘heads first’ will cause a language both to place
verbs before objects (‘kick the ball’), and prepositions before nouns
(‘into the goal’)1,7. According to this account, language change occurs
when child learners simplify or regularize by choosing parameter set-
tings other than those of the parental generation. Across a few genera-
tions such changes might work through a population, effecting
language change across all the associated traits. Language change
should therefore be relatively fast, and the traits set by one parameter
must co-vary8.

In contrast, the statistical approach adopted by Greenbergian linguists
samples languages to find empirically co-occurring traits. These co-
occurring traits are expected to be statistical tendencies attributable to
universal cognitive or systems biases. Among the most robust of these
tendencies are the so-called ‘‘word-order universals’’3 linking the order
of elements in a clause. Dryer has tested these generalizations on a
worldwide sample of 625 languages and finds evidence for some of these
expected linkages between word orders9. According to Dryer’s reformu-
lation of the word-order universals, dominant verb–object ordering
correlates with prepositions, as well as relative clauses and genitives

after the noun, whereas dominant object–verb ordering predicts post-
positions, relative clauses and genitives before the noun4. One general
explanation for these observations is that languages tend to be consist-
ent (‘harmonic’) in their order of the most important element or ‘head’
of a phrase relative to its ‘complement’ or ‘modifier’3, and so if the verb
is first before its object, the adposition (here preposition) precedes the
noun, while if the verb is last after its object, the adposition follows the
noun (a ‘postposition’). Other functionally motivated explanations
emphasize consistent direction of branching within the syntactic struc-
ture of a sentence9 or information structure and processing efficiency5.

To demonstrate that these correlations reflect underlying cognitive
or systems biases, the languages must be sampled in a way that controls
for features linked only by direct inheritance from a common
ancestor10. However, efforts to obtain a statistically independent sample
of languages confront several practical problems. First, our knowledge
of language relationships is incomplete: specialists disagree about high-
level groupings of languages and many languages are only tentatively
assigned to language families. Second, a few large language families
contain the bulk of global linguistic variation, making sampling purely
from unrelated languages impractical. Some balance of related, unre-
lated and areally distributed languages has usually been aimed for in
practice11,12.

The approach we adopt here controls for shared inheritance by
examining correlation in the evolution of traits within well-established
family trees13. Drawing on the powerful methods developed in evolu-
tionary biology, we can then track correlated changes during the his-
torical processes of language evolution as languages split and diversify.
Large language families, a problem for the sampling method described
above, now become an essential resource, because they permit the
identification of coupling between character state changes over long time
periods. We selected four large language families for which quantitative
phylogenies are available: Austronesian (with about 1,268 languages14

and a time depth of about 5,200 years15), Indo-European (about 449
languages14, time depth of about 8,700 years16), Bantu (about 668 or
522 for Narrow Bantu17, time depth about 4,000 years18) and Uto-
Aztecan (about 61 languages19, time-depth about 5,000 years20).
Between them these language families encompass well over a third of
the world’s approximately 7,000 languages. We focused our analyses on
the ‘word-order universals’ because these are the most frequently cited
exemplary candidates for strongly correlated linguistic features, with
plausible motivations for interdependencies rooted in prominent formal
and functional theories of grammar.

To test the extent of functional dependencies between word-order
variables, we used a Bayesian phylogenetic method implemented in the
software BayesTraits21. For eight word-order features we compared
correlated and uncorrelated evolutionary models. Thus, for each pair
of features, we calculated the likelihood that the observed states of the
characters were the result of the two features evolving independently,
and compared this to the likelihood that the observed states were the
result of coupled evolutionary change. This likelihood calculation was

1Max Planck Institute for Psycholinguistics, Post Office Box 310, 6500 AH Nijmegen, The Netherlands. 2Donders Institute for Brain, Cognition and Behaviour, Radboud University Nijmegen, Kapittelweg 29,
6525 EN Nijmegen, The Netherlands. 3Department of Psychology, University of Auckland, Auckland 1142, New Zealand. 4Computational Evolution Group, University of Auckland, Auckland 1142, New
Zealand.
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Figure 1 | Two word-order features plotted onto maximum clade credibility
trees of the four language families. Squares represent order of adposition and
noun; circles represent order of verb and object. The tree sample underlying
this tree is generated from lexical data16,22. Blue-blue indicates postposition,

object–verb. Red-red indicates preposition, verb–object. Red-blue indicates
preposition, object–verb. Blue-red indicates postposition, verb–object. Black
indicates polymorphic states.
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conducted over a posterior probability distribution of phyloge-
netic trees constructed using basic vocabulary data from each of the
language families: 79 Indo-European languages16,22, 130 Austronesian
languages15,23, 66 Bantu languages24 and 26 Uto-Aztecan languages (R.
Ross & R.D.G., manuscript in preparation). Information on word-
order typology was derived partly from the World Atlas of Language
Structure database25 and expanded with additional coding from gram-
matical descriptions (Supplementary Information section 1.3 and 2).
As an illustration, the states of two of these features mapped against a
summary of the posterior tree samples for all four language families are
shown in Fig. 1. In this case, visual inspection shows that these char-
acters appear to be linked in some families. However, the Bayesian
phylogenetic approach allows us to assess this formally by quantifying
the relative fits of dependent and independent models of character
evolution across all trees in the posterior probability distribution.
This method incorporates the uncertainty in the estimates of the tree
topology, the rates of change and the branch lengths. The extent to
which a dependent model of evolution provides a superior explanation
of the variation of word-order features to an independent model is
measured using Bayes factors (BF) calculated from the marginal like-
lihoods over the posterior tree distribution. BF . 5 are conventionally
taken as strong evidence that the dependent model is preferred over
the independent model13,26.

The results of the BayesTraits analysis of correlated trait evolution are
summarized in Fig. 2. These differ considerably from the expectations
derived from both universal approaches. The Greenbergian approach
suggests robust tendencies towards linkages due to intrinsic system
biases, while the generative approach assumes these will be ‘hard’ sys-
tems constraints set by discrete choices over a small innate parameter
set1,27. Instead, our major finding is that, although there are linkages
or dependencies between word-order characters within language
families, these are largely lineage-specific, that is, they do not hold
across language families in the way the two universals approaches
predict.

Dryer’s study of the Greenberg word-order universals4 across a
world-wide sample of related and unrelated languages found a set of
dependent word-order relations that show correlations with the order
of verb and object, and another set of word-order relations that were
independent of this. We extracted from his analyses two predictions
of strong tendencies across all languages. First, all the word-order
relations in the dependent set should be correlated: these are verb–
object order, adposition–noun order, genitive–noun order, relative-
clause–noun order. Second, no dependencies are expected between
the dependent set and the independent set (including demonstrative–
noun, numeral–noun, adjective–noun and subject–verb orders).

Contrary to the first expectation, we found no pairs of word-order
features that were strongly dependent in all language families. Only
two of these predicted dependencies were found in more than one
language family: a dependency between adposition–noun and verb–
object order was found in Austronesian and Indo-European, and a
dependency between genitive–noun order and object–verb order was
found in Indo-European and Uto-Aztecan.

Contrary to the second prediction, we found eight strong depend-
encies between members of the dependent set and members of the
independent set, including two that occurred in two language families.
The evolution of adjective–noun order and relative-clause–noun order
is correlated within both Austronesian (BF 5 5.33) and Uto-Aztecan
(BF 5 5.02), and the demonstrative–noun, object–verb features are
correlated in Bantu (BF 5 5.24) and Indo-European (BF 5 7.55).
Many dependencies are unique to just one language family; for
example, only Uto-Aztecan shows strongly coupled (BF 5 13.57)
changes between subject and object ordering with respect to the verb,
only Indo-European shows strongly coupled (BF 5 21.23) changes
between adjective and genitive ordering, and only Austronesian shows
strongly coupled (BF 5 18.26) changes between numeral–noun and
genitive–noun orders. These family-specific linkages suggest that
evolutionary processes of language diversification explore alternative
ways to construct coherent language systems unfettered by tight uni-
versal constraints. They also demonstrate the power of phylogenetic
methods to reveal structural linkages that could not be detected by
cross-linguistic sampling.

The lineage-specificity of these dependencies is striking. There is a
poor correspondence between dependencies across the families, and
even where we find dependencies shared across language families, the
phylogenetic analyses show family-specific evolutionary processes at
work. Take, for example, the dependency between object–verb and
adposition–noun orders shared by two of the language families.
Examination of the transition probabilities between linked states
reveals that different patterns of change are responsible for the
observed linkage in each language family, as shown in Fig. 3. Here
changes in the Austronesian family funnel evolving systems towards a
single solution, while Indo-European shunts changes towards two
solutions. Thus similarities in word-order dependencies may hide
underlying differences in how these linkages come about, which once
again reflect lineage-specific processes.

If the central goal of linguistic theory is to understand constraints on
linguistic variation and language change, then the methods outlined
here promise systematic insights of a kind only possible with the recent
development of phylogenetic methods and large linguistic databases.
As more large linguistic databases become available28, the approach
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Figure 2 | Summary of evolutionary dependencies in word order for four
language families. All pairs of characters where the phylogenetic analyses
detect a strong dependency (defined as BF § 5) are shown with line width
proportional to BF values (indicating a range from 5.01 to 21.23, see
Supplementary Information section 3). In the case of the Bantu language
family, four invariant features (indicated in grey) were excluded from the
analyses. Following Dryer’s reformulation of Greenberg’s word-order
universals, we expected dependencies between all the features in the blue

shaded area. However, only two dependencies (object–verb order and
adposition–noun order; and object–verb order and genitive–noun order) are
found in more than one language family, and no dependencies were found
involving relative-clause order and any of the other three features. Of the other
thirteen strongly supported dependencies, nine were unexpected (no
prediction was made about feature pairs outside the blue area). Most of these 19
dependencies occur in only one language family (three occur in two families,
and one in three families).
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developed here could be used to explore the dependency relationships
between a wide range of linguistic features. Nearly all branches of
linguistic theory have predicted such dependencies. Here we have
examined the paradigm example (word-order universals) of the
Greenbergian approach, taken also by the Chomskyan approach as
‘‘descriptive generalizations that should be derived from principles of
UG [Universal Grammar]’’.1,27 What the current analyses unexpectedly
reveal is that systematic linkages of traits are likely to be the rare excep-
tion rather than the rule. Linguistic diversity does not seem to be tightly
constrained by universal cognitive factors specialized for language29.
Instead, it is the product of cultural evolution, canalized by the systems
that have evolved during diversification, so that future states lie in an
evolutionary landscape with channels and basins of attraction that are
specific to linguistic lineages.
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Body plan innovation in treehoppers through the
evolution of an extra wing-like appendage
Benjamin Prud’homme1, Caroline Minervino1, Mélanie Hocine1, Jessica D. Cande1, Aı̈cha Aouane1, Héloı̈se D. Dufour2,
Victoria A. Kassner2 & Nicolas Gompel1

Body plans, which characterize the anatomical organization of
animal groups of high taxonomic rank1, often evolve by the reduc-
tion or loss of appendages (limbs in vertebrates and legs and wings
in insects, for example). In contrast, the addition of new features is
extremely rare and is thought to be heavily constrained, although
the nature of the constraints remains elusive2–4. Here we show that
the treehopper (Membracidae) ‘helmet’ is actually an appendage, a
wing serial homologue on the first thoracic segment. This innova-
tion in the insect body plan is an unprecedented situation in
250 Myr of insect evolution. We provide evidence suggesting that
the helmet arose by escaping the ancestral repression of wing
formation imparted by a member of the Hox gene family, which
sculpts the number and pattern of appendages along the body
axis5–8. Moreover, we propose that the exceptional morphological
diversification of the helmet was possible because, in contrast to
the wings, it escaped the stringent functional requirements
imposed by flight. This example illustrates how complex morpho-
logical structures can arise by the expression of ancestral develop-
mental potentials and fuel the morphological diversification of an
evolutionary lineage.

Treehoppers, a small group of hemipteran insects related to cicadas9,
have evolved a peculiar morphological structure known as the helmet. It
expands dorsally over most of the body length and has diversified to
extremes within the family, conveying most of the treehoppers’ shape
diversity (Fig. 1). The various forms, colours and textures of the helmet
may mimic natural elements ranging from thorns or seeds to animal
droppings or aggressive ants10,11. Without their helmets, treehoppers are
very similar to cicadas (Supplementary Fig. 1b). The helmet is exclu-
sively shared by all treehopper species, indicating that it appeared very
early in the treehoppers’ evolutionary lineage (Supplementary Fig. 1a).
This evolutionary pattern prompted us to investigate how the helmet
evolved.

The anatomical nature and evolutionary origin of the helmet remain
controversial. Although most studies consider the helmet to be merely
an expansion of the pronotum, that is, an enlarged dorsal face (tergite)
of the first thoracic segment12 (T1), it has been suggested13 that it could
be a T1 appendage, a statement rejected by later workers12,14. The key
feature to discriminate between a simple outgrowth and an actual
appendage is the presence of a jointed articulation, making the struc-
ture movable relative to the rest of the body. We found that the helmet
has some elastic mobility, for instance in Publilia modesta, one of the
treehopper species we examined in this study (Supplementary Movie 1),
suggesting that it is connected to the body through flexible attachments.
Indeed, histological sections revealed that the helmet is bilaterally
attached to the segment by a complex articulation (Fig. 2d–g). The
attachment points consist of thin, non-sclerotized (that is, flexible)
cuticle flanked by thicker, sclerotized cuticle (Fig. 2f). This configura-
tion of flexible and hard cuticle (Fig. 2f, g, insets) defines cuticular joints
that connect appendages to the body15, and is typically found at the
attachment points of T2 and T3 wings (Fig. 2g). Because the helmet is

attached to T1 by jointed articulations, it follows that it is a T1 dorsal
appendage, a situation completely unexpected in extant insects. The
treehoppers’ helmet is therefore distinct from the thoracic expan-
sions that evolved in other insect lineages, for instance in horn beetles16

or in various other hemipterans (Supplementary Fig. 2a–c), which are
cuticular projections and not articulated appendages. The conclusion
that the helmet is a bona fide appendage does not exclude the hypothesis
that, from an evolutionary perspective, the helmet initially arose from
cuticular expansions. In this gradualist picture, the prothoracic out-
growths observed in some hemipterans might represent evolutionary
forerunners of the treehoppers’ helmet.

The presence of an extra dorsal appendage in treehoppers repre-
sented a rare opportunity to address how this type of body plan
innovation emerged: either de novo or through the redeployment of
an existing developmental program. Unlike most appendages, which
are obviously paired, the helmet appears externally as a single structure
both in adult and nymphal stages (Fig. 2b, e). To trace the develop-
mental origin of the helmet, we sectioned first-instar nymphs and
found that the helmet originates from two bilateral primordia, which
later fuse along the dorsal midline (Fig. 2a, c and Supplementary Figs 3
and 4). The helmet is therefore a T1 dorsal appendage with a bilateral
origin. Because the only known dorsal thoracic appendages in insects
are wings (on T2 and T3), we explored the possibility that the helmet is

1Institut de Biologie du Développement de Marseille-Luminy, CNRS UMR 6216, case 907, Parc scientifique de Luminy, 13288 Marseille cedex 9, France. 2University of Wisconsin and Howard Hughes
Medical Institute, Bock Laboratories, 1525 Linden Drive, Madison, Wisconsin 53706, USA.

Figure 1 | Morphological diversity in treehoppers is conveyed by the helmet.
Representative sample of neotropical treehopper (Membracidae) species (see
Supplementary Table 1 for species names).
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a fused pair of wing serial homologues. Consistent with this notion, the
wings and the helmet share several distinct morphological features: the
helmet hinge consists of flexible, non-sclerotized cuticle (Fig. 2d, f)
embedding small cuticular plates reminiscent of the pteralia that
characterize the wing hinge region17 (Supplementary Fig. 5); both
appendages consist of two layers of epithelial cells interconnected by
large cuticular columns12; these layers unfold similarly on emergence,
as any insect wing does (Supplementary Movie 2 and Supplementary
Fig. 6); and a complex vein network covers both structures13

(Supplementary Fig. 1c). All together, these anatomical observations
suggest that the helmet is a fused pair of wing serial homologues.

If the wings and the helmet are serial homologues, then their
development must rely on a shared genetic program. We therefore
searched for shared molecular signatures of wing and helmet develop-
ment. A scant handful of transcription factors, including Nubbin18,
mark wing developmental fate and allow for discrimination between
wing and other appendage precursors19. We monitored the spatial
deployment of Nubbin using a cross-reactive antibody19 and detected
Nubbin expression during nymphal stages in the developing wings, as
expected given its evolutionary conservation19 (Fig. 3a–d). Remarkably,
Nubbin is found in the developing helmet also and its expression par-
allels that of the wings (Fig. 3b, c, e). Two other genes involved in the
proximo-distal axis specification of appendages, Distal-less (Dll) and
homothorax (hth), are also expressed in the developing helmet, and
their distribution determines the helmet proximo-distal axis, from the
hinge region to its posterior tip (Fig. 3f, g). These results suggest that the
helmet and the wings share the same genetic program for their develop-
ment, supporting the proposition that the treehopper’s helmet is a T1
wing serial homologue.

The finding that treehoppers have evolved a T1 dorsal appendage is
surprising in that all other extant winged insects have dorsal appendages
restricted to T2 and T3 (ref. 20). This prompted the question of how the
insect body plan has been modified in treehoppers. The fossil record
indicates that the insect body plan progressively evolved some 350 Myr
ago from one in which all segments bore wings or wing-like appendages
to one in which the wings are confined to T2 and T3 (ref. 21). This
transition was sculpted by Hox genes5, which evolved the ability to
repress wing formation in the abdominal segments and T1. Hox gene
repression of wing formation has been maintained for 250 Myr of insect
evolution. In particular, Sex combs reduced (Scr) represses wing forma-
tion on T1 (Fig. 4e, left) through the repression of wing-growth and
-patterning genes5,22–24. For instance, when Scr is knocked down in
Tribolium25 (Coleoptera), ectopic wing primordia that express Nubbin
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Figure 2 | The helmet is a T1 dorsal appendage with a bilateral origin.
a, b, Scanning electronic microscopy (SEM) images of nymphal stages 1 and 5
of Publilia sp., showing wings (W) on T2 (in blue) and the helmet (H) on T1 (in
red). c, Sectioned (dotted arrowed line in a) first nymphal stage (right) and
schematic (left); the external cuticle covers the helmet primordia (arrow).

d, e, SEM images of intact (d) and dissected (e) P. modesta adults. f, g, Thick
sections through a P. modesta adult thorax showing the helmet’s articulation
and the cuticular joints (boxes and insets) of helmet and wings (arrowheads
point to thin, flexible cuticle, and arrows to thick cuticle). Muscles connect the
helmet to the body (asterisk in f).
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Figure 3 | Wing-patterning genes are expressed in the developing helmet.
a, P. modesta nymph (stage 4) showing the section plane of b. b–e, P. modesta
stage-4 (b, c) and stage-5 (d, e) nymphs stained with an anti-NUB antibody.
Sections reveal wing (b, arrowheads; d) and helmet (c, e) expressions.
f, g, Sagittal sections stained with anti-DLL (f) and anti-HTH (g) antibodies; the
bright outline surrounding the specimen is the auto-fluorescent cuticle (arrows
in e–g). Specimens in e–g are at different nymphal stages.
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form on T1 (Fig. 4a, b). This result shows that Scr prevents T1 wing
formation through the repression of, at least, nubbin expression.

The expression of Nubbin in the developing treehoppers’ helmet led
us to propose that this structure evolved because Scr no longer exerted
its ancestral repressive effect on wing formation, and we devised several
possibilities that would account for this situation. First, Scr expression
might be excluded from the helmet. We found, however, that Scr is
expressed in the entire developing helmet (Fig. 4c, d), which is a priori
incompatible with the T1-appendage-repressive function of Scr that is
required until eclosion23,25. Next we considered that in treehoppers Scr
might have lost the ability to repress dorsal appendage development.
We tested this possibility by ectopically expressing treehopper Scr in
Drosophila. Ectopic expression of Drosophila Scr5 in fly wing and hal-
tere precursors blocks their development (Fig. 4e, left). Similar ectopic
expression of treehopper Scr results in identical phenotypes (Fig. 4e,
right, and Fig. 4f). This result suggests that in treehoppers Scr is still
capable of repressing T1 dorsal appendage development. All together,
these results indicate that the evolution of the helmet is not due to a
change in Scr expression or function, but rather to some genetic
changes that occurred downstream of Scr. We propose that in tree-
hoppers the wing developmental program, which involves nubbin, has

become unresponsive to Scr repression, possibly through selective
regulatory changes downstream of Scr (Fig. 4g, h).

The distribution of wings along the body axis in insects seems par-
ticularly stable, as the only modifications in 250 Myr of evolution have
been occasional losses or reductions20. This body plan stability could be
attributed to intrinsic developmental constraints that would prevent the
evolution of extra appendages4,26. Alternatively, it is conceivable that
insects with extra sets of appendages do appear but are immediately
counterselected. Identifying which type of constraint—developmental
versus selective—limits the evolution of body plan has been a long-
standing question3 that is difficult to address experimentally. Our results
show that treehoppers have evolved a T1 dorsal appendage, thereby
departing from the typical winged-insect body plan, by expressing a
developmental potential that had been maintained under the repression
of a Hox gene for 250 Myr. This argues that the constraint preventing
extra dorsal appendage formation in insects is not developmental but
rather selective. We submit that morphological innovations can arise
from the deployment of existing but silenced developmental potentials,
therefore requiring not so much the evolution of new genetic material
but instead the expression of these potentials.

The breadth of morphological diversity in helmets that has evolved
in less than 40 Myr (ref. 27 and C. Dietrich, personal communication)
is unusual for an appendage. The pace of appendage evolution is
generally slow, probably because of the strong selective pressure asso-
ciated with their role in locomotion. This is particularly true for the
wings28, and we speculate that, initially alleviated from functional
requirements, the recently evolved helmet was free to explore the
morphological space through changes in its developmental program.
A reminiscent pattern of appendage diversification on relaxed selec-
tion is observed for beetle elytra, which diverted from their primary
flight function and have evolved all sorts of cuticular expansions,
sculptures and glands20 (Supplementary Fig. 7). More generally, these
examples illustrate how a structure or an organ relieved from its
original function (for instance by duplication or disuse), is ‘‘left to
the free play of the various laws of growth’’29 and provides a new
substrate for morphological diversification.

METHODS SUMMARY
Specimen collection. We collected P. modesta specimens in Wisconsin (USA).
Cloning and Drosophila genetics. UAS-Scr (Drosophila and treehopper) con-
structs were generated with standard cloning techniques and inserted at the same
genomic position, preventing differences in transgenes activity due to position
effects. SCR and Nubbin coding sequence alignments are shown in Supplementary
Figs 8 and 9, respectively. P. modesta Scr and nubbin GenBank accession numbers
are JF342360 and JF342361, respectively.
Immunochemistry. We used the following antibodies: anti-SCR (a gift from D.
Andrews), anti-Nubbin (a gift from M. Averof), anti-DLL (a gift from S. Carroll)
and anti-HTH (a gift from A. Salzberg).

For full details, see Supplementary Methods.
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Functional specificity of local synaptic connections
in neocortical networks
Ho Ko1*, Sonja B. Hofer1*, Bruno Pichler1{, Katherine A. Buchanan1, P. Jesper Sjöström1 & Thomas D. Mrsic-Flogel1

Neuronal connectivity is fundamental to information processing
in the brain. Therefore, understanding the mechanisms of sensory
processing requires uncovering how connection patterns between
neurons relate to their function. On a coarse scale, long-range
projections can preferentially link cortical regions with similar
responses to sensory stimuli1–4. But on the local scale, where den-
drites and axons overlap substantially, the functional specificity of
connections remains unknown. Here we determine synaptic con-
nectivity between nearby layer 2/3 pyramidal neurons in vitro, the
response properties of which were first characterized in mouse
visual cortex in vivo. We found that connection probability was
related to the similarity of visually driven neuronal activity.
Neurons with the same preference for oriented stimuli connected
at twice the rate of neurons with orthogonal orientation prefer-
ences. Neurons responding similarly to naturalistic stimuli formed
connections at much higher rates than those with uncorrelated
responses. Bidirectional synaptic connections were found more
frequently between neuronal pairs with strongly correlated visual
responses. Our results reveal the degree of functional specificity of
local synaptic connections in the visual cortex, and point to the
existence of fine-scale subnetworks dedicated to processing related
sensory information.

Paired intracellular recordings in cortical slices indicate that synaptic
connectivity between neighbouring neurons is heterogeneous and
depends on factors such as cell type, electrophysiological properties
and long-range targets5–10. In fact, even within relatively homogenous
groups of neurons, connectivity is not uniformly distributed5,6. Although
this non-random connectivity raises the possibility that functionally
similar neurons form synaptically coupled subnetworks6,7, the relation-
ship between a neuron’s synaptic partners and their functional properties
in local cortical circuits has not been determined.

To elucidate this relationship, we developed an approach to relate
connectivity to function in identified neurons of the layer 2/3 (L2/3)
network in mouse visual cortex (V1), where neurons with diverse pre-
ferences for sensory stimuli are locally intermixed11,12. In anaesthetized
mice, the monocular region of V1 was bulk labelled with injections of
the calcium indicator dye OGB-1 AM and the astrocyte marker SR101
(ref. 13) (see Methods). We first used in vivo two-photon imaging14,15 to
sample spike-related somatic calcium signals from L2/3 neurons during
presentation of drifting gratings and natural movie sequences (see
Methods). We repeated this mapping at consecutive depths beneath
the cortical surface to characterize visually evoked responses of all
neurons within a cortical volume of approximately 285 3 285 3 90
mm3, starting at the upper border of L2/3 (Fig. 1a, b; depth range
covered 60–120mm). In this way, we obtained information about ori-
entation/direction tuning and response correlation from a complete
sample of L2/3 neurons (Fig. 1c, d).

We then identified the same OGB-1-filled neurons in acute slices
(Figs 1e–h, 2a) by registering image stacks obtained in vivo and in vitro
using affine transformation (see Methods and Supplementary Fig. 1),

and carried out simultaneous whole-cell patch-clamp recordings
from up to four neighbouring L2/3 pyramidal neurons (mean dis-
tance 6 standard deviation (s.d.) 5 25 6 9mm). Synaptic connectivity

*These authors contributed equally to this work.

1Department of Neuroscience, Physiology and Pharmacology, University College London, 21 University Street, London WC1E 6DE, UK. {Present address: MRC National Institute for Medical Research, The
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Figure 1 | Imaging functional properties of neurons in vivo and
indentifying the same neurons in vitro. a, Two-photon imaging was used to
sample somatic calcium signals from a complete population of L2/3 neurons
within a 2853 285 3 119mm3 volume. Imaging was carried out at 7mm depth
increments (Dd 5 7mm). Neurons were labelled with the calcium indicator dye
OGB-1 AM (green) and the astrocyte marker SR101 (red). b, Example traces of
calcium signals from four different cells in the imaged volume while presenting
six trials of grating stimuli drifting in eight different directions. c, All orientation-
selective cells in the volume were colour-coded according to preferred orientation
and plotted as spheres. d, Signal correlations were computed from average
responses to natural movies. Red lines represent strongly correlated neuronal
pairs (signal correlation .0.2). e, f, After imaging visually evoked calcium signals,
a detailed image stack was obtained in vivo. The brain was sliced coronally and
another stack of the same tissue was obtained in vitro (a single optical plane is
shown in f). Affine transformation was used to align the in vivo to the in vitro
stack, allowing precise matching of OGB-1-filled cells in the two stacks.
g, h, Close-ups of the regions outlined with dashed lines in e and f, respectively.
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between cells was assessed by evoking action potentials in each neuron
in turn while simultaneously recording membrane potential in the
other neurons. Monosynaptic connections appeared as spike-locked

postsynaptic potentials with millisecond latency (mean latency 6

s.e.m. 5 1.69 6 0.11 ms; see Figs 2c, 3b for sample traces). This
approach allowed us to determine connectivity rates and patterns
(unidirectional, bidirectional), and to relate these to cell functionality
in the intact brain (Figs 1c, d, 2b, 3a).

The data set contained imaging experiments performed on 16 mice
and whole-cell recordings from 126 L2/3 pyramidal cells, 116 of which
could be matched to neurons functionally characterized in vivo (see
Methods). The rate of connectivity was 0.19 (43 connections out of 222
potential connections assayed), in keeping with previous reports6,10.
Connection probability, synaptic strength and electrophysiological
properties of OGB-1-labelled neurons were not significantly different
to those recorded in slices from naive age-matched visual cortex that
was not injected with OGB-1 AM (connectivity rate 0.18; 25 connected
of 143 tested; Supplementary Fig. 2), indicating that dye loading,
anaesthesia and prolonged exposure to infrared laser light during
imaging in vivo did not alter these parameters.

We first examined how connectivity depended on orientation selecti-
vity and on responsiveness to natural movies. Out of the 116 neurons,
77 were responsive to the natural movie, and 79 were orientation selec-
tive for grating stimuli (see Methods). Connection probability between
orientation-tuned neurons was more than twofold higher than among
non-selective and/or non-responsive cells (0.27; 25/94 versus 0.10; 3/31;
P 5 0.050, chi-squared test). The connectivity rate between neurons
responsive to the natural movie was significantly higher than among
cells non-responsive to the movie (0.28; 30/108 versus 0.04; 2/48;
P 5 0.001, chi-squared test). Taken together, these data indicate that
reliably responsive and feature-selective neurons belong to more
densely interconnected neocortical subnetworks.

We then related connection probability to neuronal preference for the
angle and direction of drifting gratings (Fig. 2). For this analysis, we only
included pairs in which both neurons were responsive (74/113), orienta-
tion selective (orientation selectivity index (OSI) .0.4; 53/74), or
direction selective (direction selectivity index (DSI) .0.3; 41/53; see
Methods and Supplementary Fig. 3a–c). Connectivity rate decreased
with increasing difference in orientation preference (P 5 0.040,
Cochran–Armitage test for trend; Fig. 2d). For similarly tuned cells,
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connection probability was high (0.38; 10/26; difference in preferred
orientation (DOri) ,22.5u), more than twofold higher than for cells with
a large difference in orientation preference (0.17; 4/24; DOri .67.5u).
Thus, neuronal pairs similarly tuned for orientation were more likely to
connect to each other, although a considerable connectivity rate was still
observed between neurons tuned to dissimilar or orthogonal orienta-
tions. These results are consistent with the narrow suprathreshold yet
broader subthreshold tuning for orientation and direction in mouse V1
neurons16. The same decrease of connection probability with increase in
DOri was found for direction selective pairs (P 5 0.034, Cochran–
Armitage test; Fig. 2e), but these neurons only connected specifically
with respect to orientation not preferred direction (Fig. 2e). These data
indicate that directional preference is not conferred by biased local
excitatory input, so other cell intrinsic or network mechanisms (for
example, biased long range input, specific inhibition) may be needed
to explain the emergence of direction selectivity. Varying the criteria for
orientation or direction selectivity (OSI/DSI from 0.2 to 0.6) did not
change the dependence of connectivity on difference in orientation/
direction preference (Supplementary Fig. 3d, e), indicating that neurons
that are broadly or sharply tuned both tend to connect preferentially to
others with similar functional preference. In our data set we did not find
evidence indicating that neurons with similar preferred orientations or
directions are connected by stronger (excitatory postsynaptic potential
(EPSP) amplitude) or more facilitating (paired-pulse ratio (PPR)) con-
nections than neurons with different preferred orientations or directions
(Supplementary Fig. 4a, b, d, e; also see Supplementary Fig. 5 for a sample
pair with strong connections), although the sample size may not be
adequate for ruling out any subtle trends.

The visual cortical circuit is constantly engaged in processing natural
scenes, so statistical dependencies between neuronal activities in the
presence of such stimuli may reflect connectivity. We therefore tested
how network connectivity relates to the similarity of neuronal responses
during the presentation of stimuli with natural spatiotemporal statistics
(Fig. 3, see Methods). For each neuronal pair in which both neurons
responded reliably to natural movies (56/113), we computed the time-
varying firing-rate correlation of average responses (signal correlation)
to repeated presentations of a 30 to 40-s-long natural movie sequence
(Fig. 3a). On average, signal correlations were low (mean 6 s.d. 5 0.08
6 0.10). The probability of finding a connection between two neurons
significantly increased with signal correlation to natural movies
(P 5 0.0002, Cochran–Armitage test; Fig. 3c). For pairs with close to
zero or weakly negative signal correlation (,0.05), the connection
probability was low (0.11, 5/44). In contrast, for neuronal pairs with
stronger signal correlation (.0.15), the connection probability was
more than fourfold higher (0.5; 13/26). Therefore, connectivity in
mouse visual cortex is highly selective with respect to neuronal res-
ponses to natural movies. EPSP amplitude and PPR, however, were
not found to change significantly with increase in signal correlation

(Supplementary Fig. 4c, f; also see Supplementary Fig. 5), although
the sample size may not be large enough to rule out subtle trends.

Correlated variability in neuronal firing independent of a sensory
stimulus is assumed to reflect neuronal connectivity in the network17–19.
Correlated fluctuations in neuronal firing may either be driven by
common input or by recurrent synaptic connections, or both. For a
subset of visually responsive neuronal pairs (12/56) that were imaged
simultaneously in vivo (that is, on the same optical planes), we com-
puted noise correlations (see Methods), which provide an indica-
tion of correlated response variability. Noise correlations were low
(mean 6 s.d. 5 0.02 6 0.04). Despite the small sample size, connection
probability was found to increase significantly with increase in noise
correlation (Fig. 3d; P 5 0.011, Cochran–Armitage test), indicating that
recurrent connectivity may contribute to correlated fluctuations of
neuronal firing.

We next compared how visual response similarity relates to connec-
tivity motifs in the local network. Previous work indicates that bidirec-
tional connections are overrepresented in a network of sparsely
connected pyramidal neurons5. We found that the connectivity bias
between neurons responding similarly to drifting gratings or to natural
movies was further accentuated when investigating the distribution of
unidirectionally or bidirectionally connected pairs (Fig. 4). We found a
decreasing trend relating probability of bidirectional connections
and difference in orientation preference (Fig. 4a, b; P 5 0.070 for all
orientation-selective pairs; P 5 0.036 for direction-selective pairs,
Cochran–Armitage test). Importantly, the monotonic fall-off in the
incidence of bidirectional motifs was steeper than the overall decrease
in probability of finding connected pairs as DOri increased (Fig. 4a, b).
Similarly, the incidence of bidirectional connections increased sharply as
signal correlation to natural movies increased (P 5 0.003, Cochran–
Armitage test; Fig. 4c), such that signal correlation was almost threefold
higher for recurrently connected pairs than unconnected pairs (mean
signal correlation of bidirectionally connected pairs 6 s.d. 5 0.16 6 0.07
versus 0.06 6 0.10 for unconnected pairs; P 5 0.01, rank sum test). As
the probability of unidirectionally connected pairs did not show a mono-
tonic trend with increase in response similarity (Fig. 4a–c; P . 0.4 for all
conditions, Cochran–Armitage test), reciprocal connectivity reflects
functional similarity better than does unidirectional connectivity.

In this study, we have characterized the functional specificity of local
connections in mouse V1. Our results demonstrate that connectivity
between neighbouring neurons (,50 mm apart) is not random, but
specifically structured; visually driven neurons were more likely to
connect to each other, and this probability increased with the degree
of their response similarity. This relationship between connectivity
and function was stronger when comparing responses to natural sensory
input than for relatively artificial grating stimuli.

We have shown in mouse V1 that—although a given neuron
receives input from nearby neurons preferring a wide range of stimulus
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Figure 4 | Relationship between similarity of visual responses and
probability of finding unidirectionally and bidirectionally connected pairs.
a, Among orientation-selective neurons, the probability of finding connected pairs
decreased as DOri increased. The fall-off in probability of finding bidirectionally
connected pairs was steeper than the decrease in overall probability of finding
connected pairs. A trend of decrease in probability of finding bidirectionally
connected pairs was found (P 5 0.070, Cochran–Armitage test). b, The same

observation holds in the subset of directionally selective pairs, and the probability
of finding bidirectionally connected pairs decreased asDOri increased (P 5 0.036,
Cochran–Armitage test). c, The probability of finding bidirectionally connected
pairs increased sharply as signal correlation to natural movies increased
(P 5 0.003, Cochran–Armitage test). Dotted lines indicate the probability of
finding connected pairs from all pairs included in analysis (panel a: 15/41, 0.37;
panel b: 11/31, 0.35; panel c: 20/52, 0.38).
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orientations—more than twice as many connections are made between
similarly tuned neurons as between disparately tuned cells. In keeping,
subthreshold tuning in L2/3 pyramidal neurons in mouse V1 is broad
but nonetheless biased towards the preferred orientation16. This is
similar to the tuning of neurons in pinwheel centres of orientation
maps in visual cortex of other species20. In carnivores and primates,
long-range horizontal projections in L2/3 (.500mm) are biased
towards cortical columns with similar orientation preference1–4. Our
results indicate that similar principles of connectivity apply at the
level of local neocortical networks in the mouse—a species without
columnar architecture—indicating that functionally biased connectivity
may be a general feature of organization in the visual cortex. In the visual
cortex this selective connection scheme may serve as a mechanism for
the amplification of thalamic input and sharpening of tuning21,22 or for
local contour integration23.

Analysis of connectivity rate with respect to similarity of responses
to natural movies revealed a marked degree of specificity of local con-
nections (Fig. 3c, d). Connection probability increased sharply with
increase in both signal and noise correlation to natural movies.
Neurons with higher signal correlations to natural movies probably
share similar receptive field structures, and may therefore be driven by
common feed-forward input24. Our results are therefore consistent
with the finding that L2/3 pyramidal neurons form highly intercon-
nected subnetworks sharing common input from layer 4 in slices of rat
visual cortex6. Developmentally, this organization of lateral connec-
tions based on receptive field similarity may arise through activity-
dependent synaptic plasticity, whereby neurons driven by common
input develop stable bidirectional connections25. Indeed, our data show
that the majority of bidirectionally connected neurons had stronger
signal correlations to natural movies and shared similar orientation
preference. As individual neurons show variability in their responses
to the same visual stimulus26, recurrent excitation between similarly
tuned neurons may reduce response variance, while introducing
redundancy into the population code for robustness against errors27.

Our results do not preclude the possibility that other factors—
including inhibitory connections or synaptic strength—also contribute
to functional specificity in the circuit. Because inhibition, in particular,
may be important in determining the receptive field properties of
neurons in V1 (ref. 28), it will be important to examine the extent to
which inhibitory connections are functionally specific7.

Using a novel and relatively straightforward approach for in vitro
mapping of synaptic connectivity among neurons that had been iden-
tified functionally in vivo, we found that neighbouring neurons with
similar feature selectivity preferentially but not exclusively connected
to each other in L2/3 of mouse V1. Together with other powerful
approaches29,30, our method can be used to uncover functional biases
of connectivity between different cell types and cortical layers, and in
other brain areas. This information will be critical for understanding
the functional wiring of circuits mediating perception and behaviour.

METHODS SUMMARY
Anaesthetized C57Bl/6 mice between postnatal day 22 and 26 were injected with
the calcium-sensitive dye Oregon Green Bapta-1 AM into monocular V1 as
described previously11 and in vivo two-photon calcium imaging14,15 was used to
record responses of layer 2/3 neurons to eight different drifting square-wave
gratings (0.035 cycles per degree, 2 cycles s21, 100% contrast) and natural movie
sequences. Spike trains were inferred from calcium signals using a non-negative
deconvolution method. Preferred orientation and direction, as well as OSI and DSI
were calculated using Fourier-interpolated tuning curves. Pearson’s correlation
coefficient was used to obtain pair-wise response correlations, either from average
responses to the stimulus (signal correlation) or from mean-subtracted responses
(noise correlation). Small volumes of fluorescent microspheres were injected into
the imaged region to facilitate identification of the region in the sliced brain.
Coronal slices were cut after dissection of the brain, and whole-cell recordings
from up to four cells simultaneously were carried out in the vicinity of the micro-
sphere tract (identified by two-photon microscopy). The presence of synaptic
connections was tested by evoking five spikes at 30 Hz in each cell, repeated

30–90 times. Connection probability is the number of detected connections over
the total number of potential connections assayed. Probability of finding uni- or
bidirectionally connected pairs was calculated as the number of uni- or bidirec-
tionally connected pairs over the total number of pairs. To register in vivo and in
vitro image stacks and to match the same neurons imaged in vivo and recorded
from in vitro, three-dimensional image registration by affine transformation using
custom-written MATLAB software was performed subsequent to the experiment.
To relate connectivity to functional properties, the asymptotic Cochran–Armitage
test for trend was used to test for significance.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Animals and surgical procedures. All experimental procedures were carried out in
accordance with institutional animal welfare guidelines and were licensed by the UK
Home Office. Experiments were performed on C57Bl/6 mice between postnatal day
22–26, when both intrinsic and visually driven cortical responses exhibit a relatively
mature phenotype31,32. Mice were initially anaesthetized with a mixture of Fentanyl
(0.05 mg kg21), Midazolam (5.0 mg kg21), and Medetomidin (0.5 mg kg21). Light
anaesthesia was maintained during recordings by isoflurane (0.3–0.5%) in a 60:40%
mixture of O2:N2O delivered via a small nose cone. Surgery was performed as
described previously11. Briefly, a small craniotomy (1–2 mm) was carried out over
primary visual cortex and sealed after dye injection with 1.6% agarose in HEPES-
buffered artificial cerebrospinal fluid (ACSF) and a cover slip.
Dye loading and two-photon calcium imaging in vivo. For bulk loading of
cortical neurons, the calcium-sensitive dye Oregon Green Bapta-1 AM (OGB-1
AM; Molecular Probes) was first dissolved in 4ml DMSO containing 20% Pluronic
F-127 (Molecular Probes), and further diluted (1/11) in dye buffer (150 mM NaCl,
2.5 mM KCl and 10 mM HEPES (pH 7.4)) to yield a final concentration of 0.9 mM.
Sulphorhodamine 101 (SR101, 50mM; Molecular Probes) was added to the solu-
tion to distinguish astrocytes from neurons13. The dye was slowly pressure-
injected into the right visual cortex at a depth of 150–200mm with a micropipette
(3–5 MV, 3–10 psi, 2–4 min) under visual control by two-photon imaging (310
water immersion objective, Olympus). Activity of cortical neurons was monitored
by imaging fluorescence changes with a custom-built microscope and a mode-
locked Ti:sapphire laser (Mai Tai, Spectra-Physics) at 830 nm through a 340 water
immersion objective (0.8 NA, Olympus). Scanning and image acquisition were
controlled by custom software written in LabVIEW (National Instruments). The
average laser power delivered to the brain was ,50 mW.

Imaging frames of 256 3 256 pixels were acquired at 7.6 Hz, starting at ,110
mm below cortical surface, corresponding to superficial layer 2 in mouse V1. After
each recording, the focal plane and imaging position was checked and realigned
with the initial image if necessary. To obtain visually evoked responses from all
neurons in a cortical volume of approximately 285 3 285 3 60–120mm3, images
were recorded at 9 to 18 cortical depths with a spacing of 7mm. At the end of each
experiment, fluorescent microspheres (Lumafluor) were carefully pressure-
injected into the imaged volume with a glass pipette, resulting in small fluorescent
landmarks (5–20mm diameter) along the pipette track. These landmarks were
used to assist in subsequent identification of the imaged region in the sliced brain
(see later), as well as fine-scale registration of in vivo and in vitro image stacks.
Visual stimulation. Visual stimuli were generated using MATLAB Psychophysics
Toolbox33,34, and displayed on an LCD monitor (60 Hz refresh rate) positioned
20 cm from the left eye, roughly at 45 degrees to the long axis of the animal,
covering ,105 3 85 degrees of visual space. At the beginning of each experiment,
the appropriate retinotopic position in visual cortex was determined using small
grating stimuli at 12–24 neighbouring positions. Only cortical regions in the
monocular part of primary visual cortex were included in the analysis. The mon-
itor was repositioned such that the preferred retinotopic position of most imaged
neurons was roughly in the middle of the monitor. Calcium signals were measured
in response to sequences of full-field grating stimuli and natural movies. Square-
wave gratings (0.035 cycles per degree, 2 cycles s21, 100% contrast) drifting in eight
different directions were randomly interleaved, with the grating standing for 1.4–
1.9 s before moving for 0.9–1.5 s (six repetitions per grating). Naturalistic movies
consisted of 30 or 40 s sequences of moving scenes compiled from David
Attenborough’s Life of Mammals (BBC) and cage scenes from a head-mounted
mouse camera, adjusted to 70% mean contrast (repeated 4–7 times).
Analysis of calcium signals. Image sequences were aligned for tangential drift and
analysed with custom programs written in ImageJ (NIH), MATLAB (Mathworks)
and LabVIEW. Recordings with significant brain movements, vertical drift, or
both were excluded from further analysis. Outlines of neurons recorded were
semi-automatically defined using software written in MATLAB (Mathworks).
All pixels within each ROI were averaged to give a single time course (DF/F),
which was additionally high-pass filtered at a cut-off frequency of 0.02 Hz to
remove slow fluctuations in the signal.

Spike trains were inferred from calcium signals using a fast non-negative decon-
volution method that approximates the maximum a posteriori spike train for each
neuron, given the fluorescence observations35. Performance of the algorithm was
tested by cell-attached recordings performed simultaneously with calcium
imaging. There was a close correspondence between inferred and recorded spike
rates (mean correlation 6 s.d. 5 0.82 6 0.06; nine cells from four animals).

Visual responsiveness was determined by the following procedure. For all
stimulus repetitions, inferred spike trains were moving-average filtered with a
time window of three frames (,0.394 s). The smoothed firing rates at correspond-
ing points of the stimulus were then treated as groups and tested for differences by
one-way ANOVA. Neurons with a P value less than 0.05 were considered visually

responsive. This allowed neurons that exhibited consistent elevated firing during at
least one period of stimulus presentation to be detected. Among cells responsive to
grating stimuli, the sum of firing rates of eight frames (,1.05 s) 0.13 s after the onset
of grating drift was taken as the response to each stimulus. Responses from different
trials were averaged to obtain the orientation tuning curve. This orientation tuning
curve was then Fourier interpolated to 360 points, and the preferred direction was
determined by the angle at which the interpolated tuning curve attained its maxi-
mum. The preferred orientation was taken as the modulus of the preferred direction
to 180 degrees. OSI was calculated as (Rbest2 Rortho)/(Rbest 1 Rortho), where Rbest is
the interpolated response to the best direction, and Rortho is the average of inter-
polated responses to the directions orthogonal to best responding direction. DSI was
calculated as 1 2 Rnull/Rbest, where Rnull is the interpolated response to the angle
opposite the best responding direction. When relating connection probability to
orientation selectivity or direction selectivity, neurons were defined to be orientation
selective if OSI .0.4, and direction selective if DSI .0.3. Varying these criteria from
0.2 to 0.6 did not change the results (Supplementary Fig. 3). We used Pearson’s
correlation coefficient to obtain pair-wise response correlations for cell pairs, using
estimated spike rates. Signal correlation was calculated as the correlation coefficient
of the average responses to stimulus. Noise correlation was found by subtracting the
average response from the responses to each trail, and then calculating the correla-
tion coefficient of mean-subtracted responses.
In vitro whole-cell recording. We carried out imaging experiments on a total of
16 mice that were followed by patch-clamp recordings in vitro. After the functional
properties of individual neurons had been determined in vivo by two-photon
calcium imaging, the mouse brain was rapidly removed and dissected in ice-cold
ACSF containing 125 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 1.25 mM NaH2PO4,
2 mM CaCl2, 26 mM NaHCO3, 25 mM dextrose; osmolarity 315–325 mOsm,
bubbled with 95% O2/5% CO2, pH 7.4. Visual cortex slices (300mm) were cut
coronally (HM 650 V Vibration Microtome, MICROM) and were incubated at
34 uC for thirty minutes before they were transferred to the recording chamber.
The slice containing the imaged region was identified by the presence of OGB-1
green fluorescence and the red microsphere injection site. To reveal the relative
locations of cells, a detailed morphological stack of the slice was acquired with a
custom-built microscope and a mode-locked Ti:sapphire laser (Chameleon,
Coherent) at 830 nm through a 316 water immersion objective (0.8 NA,
Nikon). Scanning and image acquisition were controlled by custom software
written in LabVIEW. Whole-cell recordings from up to four cells were carried
out in regions identified by visually comparing image stacks obtained in vivo and
in vitro, using red fluorescent microspheres and the pial surface as reference. At
this point, the experimenter was blind to the functional identity of the recorded
neurons. Recordings were carried out in 28 uC ACSF, using Multiclamp 700B
amplifiers (Axon Instruments) and data were acquired using custom software36

running in Igor Pro (WaveMetrics). Recording pipettes were filled with internal
solution containing 5 mM KCl, 115 mM K-gluconate, 10 mM K-HEPES, 4 mM
MgATP, 0.3 mM NaGTP, 10 mM Na-phosphocreatine, 0.1% w/v biocytin, 40mM
Alexa Fluor 594; osmolarity 290–295 mOsm, pH 7.2. The chloride reversal poten-
tial was approximately 285.2 mV. Junction potential was not corrected for. Cells
were approached under visual guidance using laser-scanning Dodt contrast
imaging. After break-through, the presence of synaptic connections was tested
using five suprathreshold 5-ms-long current pulses delivered as 30-Hz trains into
each cell sequentially while monitoring for postsynaptic responses in the other
cells, repeated at least 30 times at 15-s intervals. Postsynaptic traces were averaged,
and monosynaptic excitatory connections were deemed present when there were
action-potential-locked depolarizing postsynaptic potentials associated with all
five presynaptic spikes that exhibited millisecond latency37. Latency was measured
as the time between the peak of the action potential and 5% of the EPSP. If no
spike-locked depolarizing postsynaptic potentials was present, up to 60 additional
repetitions were acquired to ensure the absence of a postsynaptic response. With
this approach, unitary EPSPs as small as 0.015 mV have been reported previously5,
the smallest EPSP in the present data set was 0.035 mV. PPR was calculated as the
amplitude of the second evoked EPSP over that of the first one. Input resistance
was monitored throughout recordings by measuring the steady-state membrane
potential change due to brief 225 pA current injections. After connectivity map-
ping, step currents from 250 pA to 700 pA were injected at 50 pA increments and
spike threshold was measured from the inflexion point of the minimally supra-
threshold trace. Spike height was the difference between spike threshold and peak.
Spike half-width was measured at the mean of threshold and peak. Pyramidal
neurons were identified according to morphology in Alexa 594 filled image stacks
(Fig. 2a), electrophysiological properties (resting membrane potential approxi-
mately 280 mV, spike half-width .1 ms, spike height ,80 mV, regular spiking
pattern typical of pyramidal neurons with current injection, see Supplementary
Fig. 2c–e) and, in the presence of connections, depolarizing postsynaptic potentials
(Figs 2c, 3b).
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Registration of in vivo and in vitro image stacks. To accurately match up in vivo
and in vitro image stacks and to locate neurons of known in vivo functional pref-
erence, three-dimensional image registration using custom-written MATLAB soft-
ware was performed after patch-clamp experiments. The two stacks containing the
same region to be matched differ in rotation and translation, as well as scales along
axes. In other words, taking the centre of each stack as origin, the same points in the
two stacks can be related by affine transformation. This can be written as

y~Axzb

Where x and y are column vectors of coordinates in in vivo and in vitro stack,
respectively, A is a 3 3 3 matrix representing linear transformation, and b is the
translation. To find the affine transformation four pairs of corresponding points,
(xi,yi), where i~1, 2, 3, 4, were manually picked from the stacks, using landmarks
such as blood vessel bifurcations, fluorescent bead injections, cortical surface, and/
or brightly labelled astrocytes. The relationship between the first pair of points
(x1,y1) is

y1~Ax1zb

b~y1{Ax1

Substitute this into

A x2 x3 x4½ �z b b b½ �~ y2 y3 y4½ �
and let x0i~xi{x1, y0i~yi{y1, where i~2, 3, 4, gives

A x2 x3 x4½ �{ x1 x1 x1½ �ð Þ~ y2 y3 y4½ �{ y1 y1 y1½ �

A x02 x03 x04½ �~ y02 y03 y04½ �

A~ y02 y03 y04½ � x02 x03 x04½ �{1

Knowing the linear transformation A, b can also be found.
In practice, to assist the process of identifying corresponding points, after

picking three pairs of points, the image stacks were both rotated such that the
planes containing the three pairs of points became parallel to the x–y plane, and the
in vitro stack was further transformed such that the stacks became roughly regis-
tered in two dimensions on the planes but not along the z-axis (Supplementary Fig.
1a, b). To do this, let Rv and Rt be the matrices for rotating in vivo and in vitro
stacks respectively, and let u~ ux uy uz

� �T
be a unit vector, the matrix for rotat-

ing a point around u by angle h (right handedly) is given by

R~

0 {uz uy

uz 0 {ux

{uy ux 0

2
64

3
75 sin hz I{uuT

� �
cos hzuuT

where I is the identity matrix. To rotate the in vivo stack such that the plane
containing the first three points picked becomes parallel to the x–y plane, the
vector and the angle are

uv~
x02|x03
� �

|ez

x02|x03ð Þ|ezk k

hv~ cos{1 x02|x03
� �

:ez

x02|x03k k

� �

where ez~ 0 0 1½ �T, | denotes cross product, : denotes dot product and kk
denotes norm. Substituting these into the formula for rotation matrix above, we
can find Rv, and similarly Rt can also be found. To register the two planes in two
dimensions, a further linear transformation parallel to the x–y plane can be applied
to the in vitro stack. Let x0iR be the x, y components of Rvx0i, and y0iR be the x, y
components of Rty0i, where i~2, 3, the matrix M needed for the two-dimensional
transformation is given by

M y02R y03R½ �~ x02R x03R½ �

M~ x02R x03R½ � y02R y03R½ �{1

Therefore, the transformation Tt applied to the in vitro stack is

Tt~
M 0

0 1

� 	
Rt

After this step, we picked one more pair of corresponding points from a plane
different from the plane that contained the initial three pairs of points
(Supplementary Fig. 1b, lower panel), which is necessary for x02 x03 x04½ � and

y02 y03 y04½ � to be invertible, A can then be found and applied to the in vivo stack.
With the affine transformation known, we could find the correspondence between
points. When rotating or transforming the image stacks, trilinear interpolation
was used to assign pixel values. After registration, we inspected several planes of
the transformed stack containing neurons recorded in vitro and made use of three-
dimensional relationships of nearby cells to visually verify the matching (compare
Fig. 1g, h and Supplementary Fig. 1c). Among 126 pyramidal neurons patched,
matching was successful for 116 while 10 failed: 3 cells were occluded in the in vivo
stack by a blood vessel, and 7 cells did not show convincing matching in three
dimensions on visual inspection.
Analysis of connection probabilities. Connection probabilities were calculated
as the number of connections detected over the number of potential connections
assayed. For example, with one quadruplet there are 4 3 3 5 12 potential connec-
tions, and if two connections were detected the corresponding figure would be
2/12. Probabilities of unidirectional and bidirectional connections were calculated
as the number of unidirectionally and bidirectionally connected pairs over the
total number of pairs, respectively. To relate connectivity to functional properties,
the asymptotic Cochran–Armitage test for trend was used to test for significance38.
Scores of [2, 1, 0] and [2, 1, 0, 1, 2] were used in the test to relate connection
probability or probability of finding bidirectionally connected pairs to increase in
DOri among orientation selective pairs and direction selective pairs, respectively.
Scores of [0, 1, 2, 3, 4] were used to relate connection probability or probability of
finding bidirectionally connected pairs to the increase in signal correlation. To
relate connection probability to increase in noise correlation, scores of [0, 1, 2]
were used.
Criteria for inclusion in data analysis. After patching, image stacks of patched
neurons filled with Alexa 594 were taken and coordinates of approximate centres
of neuronal somata were manually picked in a custom-written MATLAB pro-
gram. The distance between the slice surface right above the patched neuron and
the soma centre was taken as the depth of neuron from the slice surface. Only
neuronal pairs in which both neurons were located at .60mm depth and with an
inter-soma distance of ,50mm were included in the analysis relating connectivity
to visual functional properties. On average we patched 7.9 neurons (range: 2–14)
and assayed 13.9 potential connections (range: 2–31) per slice for neuronal pairs
located deeper than 60mm in the slice and separated by less than 50mm.

Neuronal pairs closer to the slice surface are more likely to have connections
severed, and we found a significant increase in the probability of finding connec-
tions with the depth of the potential presynaptic neuron (P 5 0.043, Cochran–
Armitage test) or postsynaptic neuron (P 5 0.041, Cochran–Armitage test)
(Supplementary Fig. 6a, b). However, inclusion of cell pairs closer to the slice
surface (which increases the false-negative rate of connection detection), or
increasing the depth criteria (which reduces sample size) in analysis did not change
the main findings (Supplementary Fig. 6d–f). Between neuronal pairs located
deeper than 60mm from the slice surface, 222 connections were assayed between
pairs separated by less than 50mm. We did not find a significant difference in
connection probability for neuronal pairs separated by less than 25mm compared
to those spaced farther apart (P 5 0.594, chi-squared test; Supplementary Fig. 6c).

In 18 out of 113 pairs, high-quality recording was achieved in one cell only (for
example, the other cell was very depolarized/unhealthy, or the seal resistance was
less than 1 GV). As action potentials could still be evoked in both neurons, these
pairs were included as pairs in which connectivity was assayed in the direction
from the unhealthy cell to the healthy cell only. Data from these pairs were
included in the analysis of connection probability, but not in the analysis of
probability of finding bidirectional or unidirectional pairs. Analysis of intrinsic
electrophysiological properties was carried out only if series resistance was less
than 30 MV.
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DISC1-dependent switch from progenitor
proliferation to migration in the developing cortex
Koko Ishizuka1, Atsushi Kamiya1, Edwin C. Oh2, Hiroaki Kanki3, Saurav Seshadri1, Jon F. Robinson2, Hannah Murdoch4,
Allan J. Dunlop4, Ken-ichiro Kubo5, Keiko Furukori1, Beverly Huang1, Mariela Zeledon1, Akiko Hayashi-Takagi1,
Hideyuki Okano3, Kazunori Nakajima5, Miles D. Houslay4, Nicholas Katsanis2 & Akira Sawa1,6

Regulatory mechanisms governing the sequence from progenitor
cell proliferation to neuronal migration during corticogenesis are
poorly understood1–10. Here we report that phosphorylation of
DISC1, a major susceptibility factor for several mental disorders,
acts as a molecular switch from maintaining proliferation of mitotic
progenitor cells to activating migration of postmitotic neurons in
mice. Unphosphorylated DISC1 regulates canonical Wnt signalling
via an interaction with GSK3b, whereas specific phosphorylation at
serine 710 (S710) triggers the recruitment of Bardet–Biedl syndrome
(BBS) proteins to the centrosome. In support of this model, loss of
BBS1 leads to defects in migration, but not proliferation, whereas
DISC1 knockdown leads to deficits in both. A phospho-dead mutant
can only rescue proliferation, whereas a phospho-mimic mutant
rescues exclusively migration defects. These data highlight a dual
role for DISC1 in corticogenesis and indicate that phosphorylation
of this protein at S710 activates a key developmental switch.

In the developing cerebral cortex, progenitor cells exit the cell cycle in
the ventricular and subventricular zone, whereafter postmitotic neu-
rons move towards the cortical pial surface to form laminated cortical
layers. Although proteins such as NDE1 and NDEL1 have been shown
to regulate these processes, the molecular mechanisms that transition
the cell state from proliferation to migration are largely unknown1–10.

DISC1, a susceptibility factor for a wide range of mental illnesses,
including schizophrenia, mood disorders, and autism, is expressed in
both neuronal progenitor cells and postmitotic neurons in the devel-
oping cerebral cortex11–15. We have reported previously that DISC1 has a
role in radial neuronal migration via anchoring dynein motor-related
proteins to the centrosome, including NDEL1, BBS1 and BBS4, two of
the proteins mutated in Bardet–Biedl syndrome (BBS)13,16. In addition,
an animal model that mimics the DISC1 mutation found in a large
pedigree with familial psychosis showed reduced neural proliferation
during cortical midneurogenesis17. More recently, DISC1 has been
shown to mediate the proliferation of neuronal progenitors in the devel-
oping cortex in a Wnt/b-catenin-dependent fashion12. These observa-
tions suggest that DISC1 has a dual neurodevelopmental role and raise
the possibility that a switch in DISC1 function might coordinate the
transition from proliferation to migration during corticogenesis.

We proposed that post-translational modification would be a strong
candidate to drive the transition between the two processes. Regulated
phosphorylation is an effective, rapid functional switch18,19. We therefore
investigated whether DISC1 is phosphorylated in vivo and in vitro. First,
we treated COS7 and SH-SY5Y cells with Okadaic acid, a phosphatase
inhibitor, and observed a mobility shift (slower) of exogenously
expressed human DISC1, which shifted back to the original state upon
treatment with lambda phosphatase (Supplementary Fig. 1a). Moreover,
mouse brain extracts treated with calf alkaline phosphatase displayed a
downward mobility shift of endogenous DISC1 (Supplementary Fig. 1b),

whereas Okadaic acid treatment of rat cortical primary neurons induced
an upward mobility shift of endogenous DISC1. Finally, in metabolic
labelling, 32P was incorporated into DISC1, which was enhanced by
Okadaic acid treatment but abolished by lambda phosphatase (Sup-
plementary Fig. 1c). These results indicate that DISC1 is a phospho-
protein in the brain.

To identify likely phosphorylated residues in DISC1, we performed
mass spectrometry on exogenously expressed human DISC1 isolated
from COS7 cells, treated with or without Okadaic acid. The spectro-
metric profile indicated three probable phosphorylation sites in DISC1
in Okadaic-acid-treated cells: threonine 50 (T50), serine 58 (S58) and
S713 (Supplementary Fig. 2a). Among them, only S58 and S713 are
conserved in mouse. To confirm these, we performed site-directed
mutagenesis of DISC1 followed by an in vitro phosphorylation assay;
we found that both PKA and CDK5 phosphorylated a glutathione-S-
transferase (GST)-tagged C-terminal fragment of human DISC1
(amino acids 598–854). A phospho-dead mutation at S713 to alanine
(A713) in human C-terminal DISC1 abolished phosphorylation, as did
the orthologous S710A mutation in mouse DISC1 (Supplementary Fig.
2b). Consistent with these findings, an antibody generated against a
phospho-peptide at S710 for mouse DISC1 (pS710 Ab) detected the
selective immunoreactivity from extracts of HEK293 cells into which
wild-type DISC1, but not phospho-dead A710-DISC1, is expressed
with a catalytic subunit of PKA (also known as PRKACA ; Supplemen-
tary Fig. 2c). Furthermore, pS710 Ab detects phospho-mimic mutant
DISC1 (E710-DISC1: with serine replaced by glutamic acid), but cannot
detect either wild-type or A710-DISC1, in the absence of active PKA
(Supplementary Fig. 2c). Similar experiments showed that S58 in an
N-terminal human DISC1 fragment (amino acids 1–348) was phos-
phorylated by PKA (Supplementary Fig. 2d).

To determine how phosphorylation of DISC1 influences signalling,
we examined known interactions of DISC1, including BBS1, BBS4,
NDE1 and NDEL1. We observed significantly enhanced interactions
of BBS1 and BBS4 with wild-type DISC1, but not with the phospho-dead
mutant A710-DISC1, upon treatment with Okadaic acid in neuronal
cells (Fig. 1a and Supplementary Fig. 3a). Enhanced binding of DISC1
with BBS1 was also observed by a phospho-mimic E710-DISC1, even
without the presence of Okadaic acid (Fig. 1b and Supplementary Fig.
3b). This enhancement is specific to BBS proteins, but not to NDE1 or
NDEL1 (Fig. 1a and Supplementary Fig. 3c). Notably, the effect on the
DISC1–BBS interaction is specific to the S710 residue; a S58A mutation
did not affect DISC1–BBS1 protein interaction (Supplementary Fig. 3d).

Recruitment of BBS proteins by DISC1 to the centrosome is known
to underlie neuronal migration, a key mechanism of corticogenesis16.
We therefore asked whether the observed phospho-regulated DISC1–
BBS1 interaction affects the centrosomal recruitment of BBS1. In cor-
tical primary neurons transfected with E710-DISC1, we found BBS1
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localization to the centrosome to be increased significantly over that with
wild-type and A710-DISC1 (Fig. 1c and Supplementary Fig. 4a, b), an
effect not caused by changes in BBS1 levels (Supplementary Fig. 4c). To
confirm this, we evaluated the subcellular distribution of BBS1 by sedi-
mentation. Cells in which endogenous DISC1 was replaced by phospho-
mimic mutant E710-DISC1 showed concentrated BBS1 protein in the
c-tubulin-enriched fractions (Supplementary Fig. 4d, e). As expected,
phosphorylated DISC1 at S710 (pS710-DISC1) is also localized to the
centrosome in primary neurons and PC12 cells (Supplementary Fig. 5).

The canonical Wnt pathway is a key regulator of progenitor cell
proliferation in the developing cortex20. Moreover, several studies have
shown that the centrosome/basal body in postmitotic cells acts as a
negative regulator of canonical Wnt signalling, because suppression of
BBS1 and BBS4 leads to the aberrant activation of b-catenin signal-
ling21,22. We therefore proposed that the phosphorylation-enhanced
DISC1–BBS1 binding might titrate DISC1 away from a Wnt/b-catenin
activity and thus contribute to the switch from neuronal progenitor
proliferation to neuronal migration. To test this, we examined whether
phosphorylation of DISC1 at S710 influenced canonical Wnt signalling
by using the established Wnt reporter cell line, HEK 293T Super 8x
TOPFlash23,24. Knockdown of DISC1 suppressed Wnt/b-catenin tran-
scriptional activity upon stimulation by WNT3A (Fig. 2a). Importantly,
the rescue of these phenotypes was dependent on the phosphorylation
status of DISC1: co-expression of the phospho-dead mutant A710-
DISC1 resulted in efficient rescue, whereas the phospho-mimic mutant
E710-DISC1 failed completely (Fig. 2a). We also evaluated the expression
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Figure 1 | Phosphorylation of DISC1 at S710 selectively increases binding of
DISC1 with BBS proteins, resulting in enhanced BBS1 accumulation at the
centrosome. a, Haemagglutinin (HA)-tagged wild-type (WT) or phospho-
dead mutant A710-DISC1 with myc-tagged BBS1, BBS4, NDEL1 or NDE1
were co-transfected into HT22 cells treated with or without Okadaic acid.
Protein binding was examined by co-immunoprecipitation. Okadaic acid
treatment increased the affinity of WT, but not that of A710-DISC1, with BBS1
and BBS4. No change of DISC1 binding with NDEL1 and NDE1 was observed
by Okadaic acid treatment and A710 mutation. a.u., arbitrary units. b, In HT22
cells without Okadaic acid treatment, phospho-mimic E710-DISC1 showed
increased binding to BBS1, compared with WT and A710-DISC1. c, Mouse
cortical neurons were transfected with WT, A710-, or E710-DISC1. E710-
DISC1 induced significantly greater accumulation of BBS1 into the centrosome
compared to that induced by WT and A710-DISC1. Scale bar, 20mm. Error
bars indicate s.e.m. *P , 0.05, **P , 0.01.
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Figure 2 | Non-phosphorylated DISC1 at S710 activates b-catenin
signalling via its interaction with GSK3b. a, In vitro luciferase assay showed
that DISC1 knockdown suppressed b-catenin-dependent activity, which was
rescued by WT and phospho-dead A710- DISC1, but not by phospho-mimic
E710-DISC1. hDISC1, human DISC1. b, Expression of Cyclin D1 was
downregulated by DISC1 RNAi, which was normalized by WT and A710-
DISC1, but not by E710-DISC1. c, Super 8x TOPFlash and pRL SV40 plasmids
together with various constructs were injected in utero at E13 brain and were
analysed at E15. Knockdown of DISC1 suppressed b-catenin-dependent
activity, which was rescued by WT and A710-DISC1, but not by E710-DISC1.
d, In utero assay to monitor activation of the b-catenin pathway with the
TOPdGFP-CAG mCherry assay system. Brains were analysed at E14. Relative
b-catenin activity was assessed by the ratio of the number of GFP-positive cells
to the number of mCherry-positive cells; significant upregulation of b-catenin
signalling activity was evident in the brain injected with A710-DISC1. VZ,
ventricular zone. Scale bar, 20mm. e, Increased binding of GSK3b with A710-
DISC1 compared to WT DISC1 in HT22 cells by co-immunoprecipitation (IP)
and immunoblot (IB). Error bars indicate s.e.m. *P , 0.05, **P , 0.01,
***P , 0. 001.
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of cyclin D1, a known b-catenin transcriptional target. Our data were
consistent with the reporter assays: cyclin D1 levels, which were sup-
pressed by DISC1 RNA interference (RNAi), were rescued by wild-type
and A710-DISC1, but not by E710-DISC1 (Fig. 2b).

We next assessed the impact of DISC1 RNAi on Wnt signalling in
vivo by in utero gene transfer. Consistent with our in vitro data, knock-
down of DISC1 by RNAi co-injected with Super 8x TOPFlash and pRL
SV40 expression constructs at embryonic day 13 (E13) induced a
significant reduction of Wnt/b-catenin signalling activity at E15,
which was rescued by wild-type and A710-DISC1, but not by E710-
DISC1 (Fig. 2c). When we compared the effects of overexpression of
wild-type and mutant DISC1 on b-catenin transcriptional activity by
using a second reporter construct which expresses a destabilized GFP
variant under the control of a b-catenin-responsive promoter and
constitutive CAG-promoter-driven mCherry in tandem (TOPdGFP-
CAG mCherry)25,26, we also observed significant upregulation of active
b-catenin, as indicated by enhanced green fluorescent protein (GFP)
expression with A710-DISC1, but not with E710-DISC1 (Fig. 2d). In
parallel, protein binding of GSK3b with DISC1 was augmented by
expression of A710-DISC1, but not by E710-DISC1 (Fig. 2e), which
was also supported by an in vitro binding assay (Supplementary Fig. 6).

To explore the physiological relevance of these data during cortical
development, we assessed the levels of pS710-DISC1 in the developing
cortex at E14 and E18 with our pS710 antibody (Supplementary Figs 2c
and 5a). As expected, the levels of pS710-DISC1 were greater at E18
(when neuronal migration is prominent) compared with those at E14
(when progenitor proliferation is prominent) (Fig. 3a), whereas
immunohistochemistry with pS710 antibody indicated selective stain-
ing in the cortical plate/intermediate zone, but not in the ventricular/
subventricular zone (Fig. 3b and Supplementary Fig. 7). We then

quantified the relative protein binding of DISC1 with interactors in
mouse brain lysates at E14 and E18 by co-immunoprecipitation. We
found that the affinity between DISC1 and BBS1 increased from E14 to
E18, whereas the DISC1–GSK3b affinity decreased proportionally
during this period (Fig. 3c). Moreover, we observed negligible bind-
ing of GSK3b and pS710-DISC1, whereas protein binding of BBS1
and pS710-DISC1 augmented significantly at E18 compared to E14
(Fig. 3c). We propose the following model: during mid-embryonic
stages when progenitor cell proliferation is prominent (including
E14), unphosphorylated DISC1 at S710 binds with GSK3bmore tightly
and regulates cell proliferation; in contrast, during later embryonic
stages when cell cycle exit of progenitors and the following neuronal
migration become predominant, pS710-DISC1 dissociates from
GSK3b and switches its role to the recruitment of BBS1 to the centro-
some, activating neuronal migration. To test this model directly, we
flow-sorted homogeneous populations of mitotic progenitor cells and
post-mitotic neuronal cells from the developing cortex of transgenic
mice expressing a nestin-promoter-driven Kusabira-Orange and
doublecortin (DCX)-promoter-driven enhanced green fluorescent
protein (EGFP)27. We observed an increased abundance of pS710-
DISC1 and a reduced affinity for GSK3b with a concomitant increase
in the binding for BBS1 both for total DISC1 and pS710-DISC1 in the
EGFP-positive post-mitotic cells compared with Kusabira-Orange-
positive progenitor cells (Fig. 3d and Supplementary Fig. 8).

Another prediction would be that loss of BBS1 should lead to
aberrant migration, but not proliferation. In Bbs1 knockout mice28,
5-bromodeoxyuridine (BrdU) labelling and scoring at E15 blind to
genotype showed that proliferation and cell cycle exit were indistin-
guishable between null and wild-type littermates (Fig. 3e). By contrast,
both CUX1- (marking layers II–IV)- and CTIP2 (also known as

E18

DISC1

GSK3β

BBS1

E14

D
IS

C
1
–
B

B
S

1
 

 b
in

d
in

g
 (
a
.u

.)

E18  E14

D
IS

C
1
–
G

S
K

3
β 

 b
in

d
in

g
 (
a
.u

.)

(kDa)

98
64

50

*

0

2

1

3

E18  E14

*

a

In
p

u
t

IP: IgG

IB:

DISC1

BBS1

E14

IgG BBS1

E18

IP: IgG GSK3β IgG GSK3β

IP: IgG BBS1

E14

IgG BBS1

E18

IP IP

(kDa)

98
DISC1

98

(kDa)

98

98

IP: IgG GSK3β IgG GSK3β

pS710-DISC1

pS710-DISC1

p
S

7
1
0
-D

IS
C

1
/B

B
S

1
 

b
in

d
in

g
 (
a
.u

.)

E18  E14
0

2

1

*

b

3

p
S

7
1
0
-D

IS
C

1
 

(a
.u

.)

E18  E14
0

3

E15 Cortex

IP: IgG

pS710-DISC1

DISC1

E14

IgG DISC1

E18

(kDa)

98

2

1

*

c

98

(kDa)

pS710-DISC1

M
ito

tic
 

ce
lls

Pos
t-
m

ito
tic

 

ce
lls

p
S

7
1
0
-D

IS
C

1
 (
a
.u

.)

0

1

2

3

*

DISC1IP
: 
D

IS
C

1

Mitotic 

cells

Post-mitotic 

cells

98

CP

IZ

VZ/SVZ

pS710-DISC1 DAPI Merge

Absorbed 

pS710-DISC1 

00

3

2

1

IB:

d f WT Bbs1–/–

1

2

3

4

5

6

7

8

9

10
WT Bbs1–/–

1

2

3

4

5

6

7

8

9

10

CTIP2CUX1

0 20 40 0 20 40 60 80 

B
in

 a
n
a
ly

s
is

B
in

 a
n
a
ly

s
is

WT
Bbs1–/–

* *
*
*
*

*
*

*
*
*
*
*
*

WT
Bbs1–/–

*

(%) (%)

B
rd

U
–
la

b
e
lle

d
 c

e
lls

 

in
 V

Z
 (
a
.u

.)

BrdU

WT Bbs1–/–

WT Bbs1–/–

WT Bbs1–/–
0

2

1

e 

VZ

VZ
BrdU/

Ki67

E
x
it
in

g
 c

e
ll 

c
y
c
le

 (
%

)

WT Bbs1–/–
0

20

10

30

Figure 3 | Binding affinity of DISC1–GSK3b to
DISC1–BBS1 depends on developmental stage:
roles of BBS1 in corticogenesis. a, Levels of
phosphorylated DISC1 at S710 (pS710-DISC1) at
E14 and E18. Immunoprecipitation with a pan-
DISC1 antibody was conducted, and
immunoprecipitates were analysed with pS710
phospho-specific antibody or another pan-DISC1
antibody. Total levels of DISC1 were unchanged (see
Fig. 3c), whereas levels of pS710-DISC1 were
significantly higher at E18 compared to E14.
b, pS710-DISC1 was prominent only in the cortical
plate (CP)/intermediate zone (IZ), but not in
ventricular/subventricular zone (VZ/SVZ) at E15,
suggesting that phosphorylation may occur
preferentially in post-mitotic neurons, but not in
progenitors. Scale bar, 20mm. c, Binding of DISC1–
BBS1 and DISC1–GSK3b was assessed in E14 and
E18 mouse brains by co-immunoprecipitation.
DISC1–BBS1 binding was increased during this
period, whereas DISC1–GSK3b binding was
decreased. Furthermore, pS710-DISC1–BBS1
binding was significantly greater at E18 compared
with E14; minimal binding of pS710-DISC1 with
GSK3b was observed. d, Levels of pS710-DISC1 in
mitotic progenitors and post-mitotic neurons were
assessed by immunoprecipitation. Total levels of
DISC1 were unchanged, whereas levels of pS710-
DISC1 were significantly higher in post-mitotic
neurons compared to mitotic progenitors. e, No
appreciable differences in the progenitor cell
proliferation of the cortex between Bbs12/2 mice and
wild-type littermates, as determined by BrdU
incorporation and cell cycle exit index. Scale bar,
20mm. f, Aberrant radial migration in Bbs12/2 mice
compared to WT littermates, assayed by bin analysis
with the brains at postnatal day 0 (P0). CUX1 (layers
II–IV) and CTIP2 (layer V) were used as indicators.
Scale bar, 50mm. Error bars indicate s.e.m.*P , 0.05.
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BCL11B, marking layer V)-positive cells showed aberrant positioning
in Bbs12/2 mice (Fig. 3f); a migration defect in superficial layers was
also observed, when BrdU or GFP was injected at E15 and the final
positioning of the late-born superficial layer neurons was analysed at
postnatal day 0 (P0) and E19 (Supplementary Fig. 9).

To obtain further in vivo evidence, we examined how the phosphor-
ylation status at S710 of DISC1 differentially regulates proliferation and
neuronal migration in mid- (E13–15) and later- (E15–19) embryonic
stages, respectively, by in utero gene transfer (Fig. 4 and Supplementary
Figs 10–16). Consistent with previous reports12, DISC1 knockdown at
E13 leads to several deficits and altered cell fate associated with the
progenitor proliferation (Fig. 4a and Supplementary Figs 11 and 12a–
c). Of note, DISC1 knockdown did not induce marked differences in
N-cadherin staining (Supplementary Fig. 12d). In contrast, several
groups have reported that suppression of DISC1 at a later time point,
such as E15, led to delayed neuronal migration13,16, a phenotype which,
if our model is correct, should be dependent on pS710-DISC1.
Consistently, we efficiently rescued the DISC1 RNAi-induced migra-
tion phenotype either with wild-type DISC1, or with the phospho-
mimic mutant E710-DISC1, but not with the phospho-dead mutant
A710-DISC1 (Fig. 4b and Supplementary Fig. 13), which is in sharp
contrast to the effects of E710-DISC1 and A710-DISC1 on progenitor
cell proliferation at earlier time points (Fig. 4a and Supplementary Fig.
11). It is unlikely that the migratory defects are caused by disturbed
radial scaffold formation, as we observed no significant effect of DISC1
suppression in radial fibre elongation (Supplementary Fig. 14). Finally,
expression of a dominant-negative CDK5 (ref. 29) could induce
migration defects that phenocopy the DISC1 RNAi phenotypes and

are ameliorated by co-expression of E710-DISC1, but not by A710-
DISC1 or by wild-type DISC1 (Fig. 4c).

The main finding of our study is that DISC1 is a dynamic protein
that acts as a molecular switch between two key stages of cortical
development, cell proliferation and neuronal migration. Consistent
with our model, Bbs12/2 mice display intact proliferation but abnormal
migration that was not rescued by wild-type DISC1 (Supplementary Fig.
15). Also, the migration deficit in Bbs1 knockout mice is more modest
compared to that of DISC1 suppression in utero, suggesting the presence
of other mediators downstream of DISC1.

We cannot exclude the possibility that abnormal positioning in radial
migration might be influenced by the observed proliferation deficit.
However, DCX-promoter-driven wild-type and E710-DISC1 expressed
only in the post-mitotic period can also rescue the migration deficit,
indicating that the abnormal neuronal positioning caused by DISC1
RNAi is not a result of impaired proliferation (Supplementary Fig.
16). Two further lines of evidence support this: first, when we injected
DISC1 RNAi into E15 brains and analysed them at E19, cell proliferation
had mostly ended4; second, depletion of BBS1 is sufficient for abnormal
neuronal positioning in vivo (Fig. 3f and Supplementary Fig. 9).

Our data raise a number of new questions. For instance, it is unclear
why the BBS proteins have a more selective role for the switch to
neuronal migration. Recent data have suggested that several BBS proteins
may be crucial for the interpretation of planar cell polarity pathway
signalling, while antagonizing canonical Wnt/b-catenin signalling21.
Moreover, biochemical kinetics of DISC1–GSK3b–BBS proteins in
association with this allosteric regulation by S710 phosphorylation
may also be important.
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Figure 4 | Suppression of DISC1 leads to
phospho-dependent defects in cell proliferation
and neuronal migration: implication of CDK5.
a, Various constructs were injected in utero at E13
and analysed at E15. In brains with DISC1 RNAi,
the percentage of GFP-positive cells in the
ventricular and subventricular zones (VZ/SVZ) was
lower compared to brains with control RNAi, which
were rescued by WT DISC1 and phospho-dead
A710-DISC1 but not by phospho-mimic E710-
DISC1. Scale bar, 20mm. b, In utero gene transfer at
E15, analysed at E19. The percentage of GFP-
positive cells reaching the superficial layers of the
cortex (bins 9 and 10; migrated cells) was examined.
Silencing of DISC1 induced delayed neuronal
migration, rescued by WT and E710-DISC1 but not
by A710-DISC1. Scale bar, 50mm. c, WT, A710-, or
E710-DISC1 constructs, together with a dominant-
negative CDK5 construct (CDK5 DN) were
electroporated at E15 and their effects on migration
were analysed at E19. Migration defects elicited by
CDK5 DN were rescued significantly by co-
expression with E710-DISC1, but not with A710-
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bars indicate s.e.m. **P , 0.01, ***P , 0. 001.
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Finally, it is crucial to consider how disturbances in the DISC1-
dependent switch mechanism might have a clinical impact. We specu-
late that disturbance of this switch mechanism may contribute to
hypertrophic and disturbed corticogenesis observed in brains of
patients with autism. Although schizophrenia has an onset in young
adulthood, the initial pathological insults occur during neurodevelop-
ment14. It is possible that disturbances of this molecular switch might
also underlie this pathology.

METHODS SUMMARY
Mice. C57/BL6 pregnant female mice were purchased from Charles River for in
utero gene transfer. Bbs1 knockout mice were backcrossed four generations into
the C57/BL6 background and characterized elsewhere28.
In utero electroporation and immunohistochemistry. In utero electroporation
was performed as described (see refs 12, 13, 16, 30 and Methods) The RNAi plasmids
that had been fully characterized in publications from other groups and ours (see refs
12, 13, 16 and Methods), were electroporated at E13 or E15. Rescue experiments
were conducted by a combination of RNAi plasmid (0.1mgml21 in 1ml) with wild-
type or mutant DISC1 expression plasmid (2.5mgml21 in 1ml). Coronal slices of
developing cerebral cortex were prepared as described13,30. Briefly, the brains were
fixed with 4% paraformaldehyde and sectioned with a cryostat at 20mm on E14, E15
and E19. Nuclei were labelled with DAPI (Invitrogen). Slice images were acquired
with a confocal microscope (Zeiss LSM510 Meta).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Mice. C57/BL6 pregnant female mice were purchased from Charles River for in
utero gene transfer. Bbs1 knockout mice were backcrossed four generations into
the C57/BL6 background and characterized elsewhere28.
Plasmids. We used the RNAi constructs to DISC1 that have been established in
the previous publications from other groups and ours12,13,16,31–33. A scrambled
sequence without homology to any known mRNA was used as control RNAi.
The rescue constructs contained three nucleotide alterations in the RNAi target
sequence to avoid silencing by RNAi. DCX promoter-driven DISC1 expression
constructs (DCX-DISC1) were made by replacing the EGFP-expressing cDNA
sequence in DCX-EGFP34 with WT or mutant DISC1-expressing cDNA
sequences.
Antibodies. A polyclonal human DISC1 antibody (hExon2 Ab) was raised against
amino acids 285–298 in human DISC1. hExon2 Ab detects signals of exogenously
expressed human DISC1 in COS7 cell and endogenous DISC1 in SH-SY5Y cell
lysates, which were abolished by pre-absorption with original antigen. A polyclonal
antibody against the phosphopeptide C-LQLQEAGSpSPHAEDE (amino acids
702–716 of mouse DISC1) (pS710 Ab) was generated. These signals were abolished
by pre-absorption with the original phosphopeptide. An antibody against BBS1 (ref.
35) and antibodies against DISC1 (refs 11, 36) have been described. The following
commercial antibodies were also used: mouse monoclonal antibodies against
c-tubulin (Sigma), HA-tag (Covance), GST-tag (Covance), myc-tag (Santa Cruz),
GSK3a/b (Santa Cruz), GAPDH (Santa Cruz), Pax6 (Iowa Hybridoma Bank),
cyclin D1 (Cell Signaling), N-cadherin (Invitrogen), BrdU (Chemicon), and RC2
antibody (Iowa Hybridoma Bank); mouse polyclonal antibody against BBS1
(Novus); rat monoclonal antibody against HA-tag (Roche); goat polyclonal
antibodies against ER81 (Santa Cruz), and Doublecortin (Santa Cruz); rabbit poly-
clonal antibodies against TBR2 (Abcam) and c-tubulin (Sigma); and rabbit mono-
clonal antibody against Ki67 (NeoMarkers).
Cells and transfection. COS7, SH-SY5Y, and HT22 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum. PC12 cells were maintained in DMEM containing 10% fetal bovine serum
and 5% horse serum. FuGENE 6 (Roche Applied Sciences) was used for transfec-
tion to COS7 cells. SH-SY5Y, HT22 and PC12 cells were transfected with
Lipofectamine 2000 (Invitrogen). When used, the phosphatase inhibitor
Okadaic acid (0.5mM; Calbiochem) was added 2 h before cells were collected.
Dissociated cortical neuron cultures were prepared as described previously33.
Immunoprecipitation. Cells or tissue were lysed in lysis buffer (150 mM NaCl,
50 mM Tris-HCl, pH 7.5, 1% Triton X-100) containing protease inhibitor mixture
(Roche Applied Sciences) and phosphatase inhibitor cocktail (Sigma). Lysates
were sonicated, cell debris was cleared by centrifugation, and the soluble fraction
was subjected to immunoprecipitation as described previously13.
Immunofluorescent staining. When transfected, 1 to 2 days after transfection,
primary cortical neurons, PC12, or HT22 cells were fixed with ice-cold methanol
at –20 uC for 15 min. After blocking with 0.1% Triton X-100 and 2% normal goat
serum in PBS, cells were incubated with primary antibodies at 4 uC overnight,
followed by reaction with secondary antibodies conjugated to Rhodamine Red-X,
Cy5 (Jackson Immuno Research), and Alexa488 (Molecular Probe) for 1 h. DAPI
(Invitrogen) was used to visualize nuclei. Confocal microscopy (Zeiss LSM 510
Meta) was used for epifluorescent image collection. The distribution of BBS1 at the
centrosome in cells was quantified as described16. Briefly, a circle with 3-mm
diameter was drawn centring on the c-tubulin and defined as the area including
the centrosome. Whole-cell area was determined by distribution of overexpressed
DISC1-HA with HA staining. The intensity of BBS1 staining in the whole cell area
versus that in the centrosome area was quantified with Metamorph (Molecular
Devices) for all experimental groups. The intensity ratio of the signal of more than
30 cells per group was analysed in three independent experiments in a blinded
manner.
In vitro b-catenin activity assays with luciferase reporter system. Luciferase
reporter system assays were carried out as described21. HEK293T cells stably
expressing pTOPFlash reporter were seeded in 24-well plates at a density of 104

cells per well. After 18–24 h, reporter plasmid and/or Renilla luciferase cDNA in
an SV40 vector and the plasmid of interest were transfected in six wells by using
the FuGENE 6 (Roche) optimized transfection protocol. pRL SV40 (Renilla luci-
ferase) was used as an internal control. When applicable, after 24 h we treated three
wells from each plate with Wnt3a-enriched medium that had been aspirated from
Wnt3a/L cells and sterile filtered before being applied to the luciferase assay. Cells
were lysed and luciferase activity was measured 48 h after start of stimulation by
using the Promega Dual Luciferase Reporter Assay System (E1910) and a
FLUOstar Luminometer (BMG Technologies). Each assay was repeated at least
twice to ensure reproducibility of the results.
Purification of mitotic progenitors and post-mitotic neurons. Progenitor cells
and post-mitotic neurons were purified by FACS from the brains of transgenic

mice expressing nestin promoter-driven Kusabira-Orange and DCX promoter-
driven EGFP, respectively27.
In utero electroporation and immunohistochemistry. In utero electroporation
was performed as described12,13,16,30–32. The RNAi plasmids that had been fully
characterized in publications from other groups and ours12,13,16,31–33, were electro-
porated at E13 or E15. Rescue experiments were conducted by a combination of
RNAi plasmid (0.1mgml21 in 1ml) with wild-type or mutant DISC1 expression
plasmid (2.5mgml21 in 1ml). Coronal slices of developing cerebral cortex were
prepared as described13,30,. Briefly, the brains were fixed with 4% paraformalde-
hyde and sectioned with a cryostat at 20mm on E14, E15 and E19, respectively.
Nuclei were labelled with DAPI (Invitrogen). Slice images were acquired with a
confocal microscope (Zeiss LSM510 Meta).
In vivo b-catenin activity assays with luciferase reporter system. Super 8x
TOPFlash and pRL SV40 together with expression constructs and/or RNAi con-
structs were electroporated at E13 and luciferase activity was measured at E15.
In vivo b-catenin activity assays with TOPdGFP-CAG mCherry. A dual
reporter construct expressing a destabilized GFP variant under the control of a
b-catenin responsive promoter and constitutive CAG promoter-driven mCherry
in tandem (TOPdGFP-CAG mCherry)25,26 together with expression constructs
and/or RNAi constructs were electroporated at E13. After 24 h, the brains were
extracted and assessed for mCherry and GFP expression.
BrdU incorporation assay. BrdU (50 mg/kg) was injected i.p. into pregnant mice
48 h after electroporation. After 2 h, brains were processed and sections were
stained with anti-BrdU antibodies.
Cell cycle exit assay. BrdU (50 mg kg21) was injected intraperitoneally into preg-
nant mice 24 h after electroporation. Twenty-four hours later, brains were pro-
cessed and sections were stained with anti-BrdU and anti-Ki67 antibodies.
Definition of the ventricular zone (VZ), subventricular zone (SVZ), and inter-
mediate zone (IZ) for assessment of progenitor proliferation at E15. The VZ/
SVZ boundary was defined by the segregation of PAX6-and TBR2 (also known as
EOMES)-positive cells. IZ was determined as TBR2-negative and DCX-positive
area. In addition, morphological characteristics were used as indicators of VZ/SVZ
and SVZ/IZ boundaries in this study: VZ and SVZ were separated by existence of
multipolar cells (arrowhead), and SVZ and IZ were divided by cell density detected
by DAPI staining37.
Quantitative bin analysis for assessment of migration at E19 or P0. To quantify
the pattern of migration in E19 or P0 brains, the numbers of GFP-positive cells in
the developmental cerebral cortex were counted from three independent sections.
We quantified the RNAi effect on neuronal migration status by bin analysis, in
which the developing cerebral cortex was divided into 10 equal spaces (10 bins)
and the percentage of GFP-positive cells in each bin was determined13,16. The
numbers of neurons in each category from more than three independent experi-
ments were counted in a blinded manner. Migration distance was defined as the
relative distance of each cell migration (from the surface of the ventricle) to the
radial thickness of the cerebral cortex where the cells were located16. The cells
reaching the superficial layers of the cortex (bins 9 and 10) were examined as
migrated cells.
Phosphatase treatment. Soluble proteins obtained from the cells overexpressing
myc-tagged wild-type human DISC1 were incubated with an antibody against
myc-tag (Santa Cruz) and Protein G Plus/Protein A agarose beads (Calbiochem)
at 4 uC overnight. Beads were washed in 20 mM Tris-HCl, pH 7.6 three times and in
lambda phosphatase buffer (New England Biolabs) once, and phosphatase reac-
tions were performed directly on the beads at 30 uC for 2 h with lambda phospha-
tase (New England Biolabs) as per manufacturer’s protocol. Immune complexes
were then washed three times in lysis buffer, separated on SDS–PAGE, and ana-
lysed by western blotting. Mouse brains were homogenized in lysis buffer. Fifty
micrograms of soluble proteins from each sample in 20ml of dephosphorylation
buffer (Roche Applied Sciences) were incubated with or without 2ml of calf alkaline
phosphatase (Roche Applied Sciences) at 37 uC for 1 h. Reactions were stopped
with SDS sample buffer and the samples were subjected to western blotting.
Metabolic labelling. COS7 cells expressing myc-tagged wild-type human DISC1
were metabolically labelled for 4 h at 37 uC with 0.5 mCi ml21 [32P]orthophosphate
(PerkinElmer Life Sciences) in phosphate- and serum-free media with or without
okadaic acid (0.5mM; Calbiochem). Immunoprecipitation and lambda phospha-
tase treatment were carried out essentially as described above. Immune complexes
were separated on SDS–PAGE, transferred to PVDF membrane, and analysed by
autoradiography and immunoblotting.
Mass spectrometry. COS7 cells expressing myc-tagged wild-type human DISC1
were treated with or without okadaic acid (0.5mM; Calbiochem). Cells were lysed
in RIPA buffer (150 mM NaCl, 50 mM Tris HCl, pH 7.5, 1% Nonidet P-40, 0.1%
SDS, 0.5% sodium deoxycholate) containing protease inhibitor mixture (Roche
Applied Sciences) and phosphatase inhibitor cocktail (Sigma). The solubilized
proteins were immunoprecipitated by using an anti-myc antibody (Santa Cruz).

LETTER RESEARCH

Macmillan Publishers Limited. All rights reserved©2011



The precipitated proteins were separated by SDS–PAGE under non-reducing
conditions and visualized by colloidal Coomassie staining. Gel-purified DISC1
protein was digested with trypsin and sequence analysis was performed by using
microcapillary reverse-phase HPLC nano-electrospray tandem mass spectrometry
on a Finnigan LTQ quadruple ion trap mass spectrometer in the mass spectro-
metry facility at JHU. Identified sequences were confirmed by manually inspecting
CID spectra. Protein identifications were considered significant if at least two
individual peptide Mascot scores were above the Mascot calculated threshold.
In vitro kinase assays. GST-tagged human C-terminal (amino acids 598–854),
human N-terminal (amino acids 1–348), mouse C-terminal (amino acids 594–
853), and their site-directed mutants were generated in Escherichia coli, and puri-
fied. These recombinant proteins were incubated with purified recombinant PKA
(New England Biolabs) or CDK5/p35 (Sigma) for 30 min at 30 uC. Reactions were
supplemented with 10mCi ml21 of [c-32P]ATP (PerkinElmer Life Sciences) and
1 mM MgATP. The phosphorylation reactions were terminated with SDS sample
buffer, and samples were analysed by SDS–PAGE followed by autoradiography
and immunoblotting.
Fractionation by sucrose gradient. HEK293T cells 3 days after transfection with
human DISC1 RNAi constructs together with A710- or E710-DISC1 expression
construct were collected and fractionated by a discontinuous sucrose gradient, as
described38. In brief, cells were treated with 0.2mM nocodazole for 1 h. Cells were
washed in Tris-buffered saline (TBS), then trypsinized and homogenized in 0.13

TBS/8% sucrose. After centrifugation at 1,000g for 5 min, cells were resuspended in
0.13 TBS/8% sucrose followed by addition of lysis buffer (1 mM HEPES, pH 7.2,
0.5% Nonidet P-40, 0.5 mM MgCl2, 0.1%b-mercaptoethanol, and protease inhibitor
mixture, Roche Applied Sciences). The lysate was centrifuged at 2,500g for 10 min to
remove swollen nuclei, chromatin aggregates, and unlysed cells. To the resulting
supernatant fraction HEPES buffer and DNaseI were added to a final concentration
of 10mM and 1mg ml21, respectively, and incubated on ice for 30 min. The mixture
was loaded onto a discontinuous sucrose gradient consisting of 70, 50, and 40%
solutions from the bottom, respectively, and centrifuged at 40,000g for 1 h. Fractions
were collected from the bottom and stored at 280 uC for further analysis.
In vitro binding assays. Maltose-binding protein fused (MBP–DISC1) recom-
binant proteins were generated as described33. GST–GSK3b and GST–BBS1 were

purchased from SignalChem and Abnova, respectively. Proteins and an antibody
against GST were incubated in 150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1% Triton
X-100, 0.1 mg ml21 BSA, and protease inhibitor mixture (Roche Applied Sciences)
overnight at 4 uC. MBP–DISC1 bound to GST–GSK3b or GST–BBS1was preci-
pitated with Sepharose beads. The protein precipitates were analysed with SDS–
PAGE, followed by western blotting with an antibody against DISC1 (D27).
Statistical analyses. Optical density of immunoreactivity in western blotting was
obtained using Image J software.

For determination of the statistical significance between two groups, either the
Student’s t-test (equal variances) or the modified Welch t-test (unequal variances)
was used. Result of the F test was used to decide which test was appropriate. To
compare three or more groups, one-way ANOVA followed by Bonferroni post hoc
for multiple comparisons was used. Probability values (P values) , 0.05 were
considered to be statistically significant (*P , 0.05, **P , 0.01, ***P , 0.001).
Values depicted are means 6 s.e.m.
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Ancestral polyploidy in seed plants and angiosperms
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Lynn P. Tomsho5, Yi Hu2, Haiying Liang6, Pamela S. Soltis7, Douglas E. Soltis4, Sandra W. Clifton8, Scott E. Schlarbaum9,
Stephan C. Schuster5, Hong Ma1,2,10,11, Jim Leebens-Mack3 & Claude W. dePamphilis1,2

Whole-genome duplication (WGD), or polyploidy, followed by gene
loss and diploidization has long been recognized as an important
evolutionary force in animals, fungi and other organisms1–3, espe-
cially plants. The success of angiosperms has been attributed, in part,
to innovations associated with gene or whole-genome duplica-
tions4–6, but evidence for proposed ancient genome duplications
pre-dating the divergence of monocots and eudicots remains equi-
vocal in analyses of conserved gene order. Here we use comprehensive
phylogenomic analyses of sequenced plant genomes and more than
12.6 million new expressed-sequence-tag sequences from phylo-
genetically pivotal lineages to elucidate two groups of ancient gene
duplications—one in the common ancestor of extant seed plants and
the other in the common ancestor of extant angiosperms. Gene
duplication events were intensely concentrated around 319 and 192
million years ago, implicating two WGDs in ancestral lineages
shortly before the diversification of extant seed plants and extant
angiosperms, respectively. Significantly, these ancestral WGDs
resulted in the diversification of regulatory genes important to seed
and flower development, suggesting that they were involved in major
innovations that ultimately contributed to the rise and eventual
dominance of seed plants and angiosperms.

Angiosperms are by far the largest group of land plants, with more
than 300,000 living species. Significantly, most flowering plant lineages
reflect one or more rounds of ancient polyploidy. For example, extens-
ive analyses of the complete genome sequence of Arabidopsis thaliana
support two recent WGDs (named a and b) within the crucifer
(Brassicaceae) lineage and one triplication event (c) that is probably
shared by all core eudicots7–13. The Populus trichocarpa genome shows
evidence of the core eudicot triplication as well as a more recent
WGD14. Two polyploidy events in monocots (r and s) have been
inferred to have pre-dated the diversification of cereal grains and other
grasses15 (Poaceae). Several studies have hinted that an ancient WGD
event occurred even earlier in angiosperm evolution4,5,10,16. However,
the existence and timing of these ancient events, and their long-term
impact, remain uncertain.

Here we use a rigorous phylogenomic approach (Supplementary
Fig. 1; details in Supplementary Methods) to test the hypothesis that
one or more ancient genome duplications occurred before the diver-
gence of monocots and eudicots. By mapping the duplication events
onto phylogenetic trees, we determine whether the paralogues were
duplicated before or after a given speciation event8,17 (Fig. 1a).
Although individual genes might be lost in some phylogenies, a broad
picture can be drawn from simultaneous consideration of many or all
gene families.

We used species with completely sequenced genomes (Supplemen-
tary Table 1; two monocots (Oryza sativa and Sorghum bicolor) and five
eudicots (A. thaliana, Carica papaya, P. trichocarpa, Cucumis sativus
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Figure 1 | Hypothetical tree topologies and summary of orthogroups
consistent with ancient gene duplications before the split of monocots and
eudicots. a, Analysis I: three examples of phylogenetic trees showing the
patterns of retention or loss of paralogues: (a) both of the paralogues are retained
in monocots and eudicots; (b) one of the paralogues was lost in monocots; (c) one
of the paralogues was lost in eudicots. Analysis II: orthologues from basal
angiosperms were added to core-orthogroups to refine the timing of ancient
gene duplications in angiosperms: (a) gene duplication shared across all
angiosperms; (b) gene duplication shared only by monocots and eudicots.
Analysis III: orthologues from gymnosperms were added to core-orthogroups to
place shared gene duplications before (a) and/or after (b) the split of extant
gymnosperms and angiosperms. Analysis IV: three different topologies
consistent with the timing of duplications shared by seed plants (a), angiosperms
(b) and monocots 1 eudicots (c) when we expanded core-orthogroups with
additional orthologues from both basal angiosperms and gymnosperms. M,
monocots; E, eudicots; B, basal angiosperms; G, gymnosperms. Exemplar trees
in analyses II, III and IV illustrate expected patterns with all branches retained.
Observed topologies typically had partial gene losses similar to analyses Ib and
Ic. b, Summary of orthogroups showing different types of duplications
corresponding to proposed topologies inferred from orthogroup trees.
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and Vitis vinifera)) to construct gene families or subfamilies. One lyco-
phyte (Selaginella moellendorffii) and one moss (Physcomitrella patens)
were used as outgroups when dating gene duplications and potential
WGDs that occurred before the monocot–eudicot divergence. In total,
77.03% of all protein-coding genes in the sequenced genomes were
grouped in 31,433 multigene ‘core-orthogroups’. We define orthogroups
as clusters of homologous genes that derive from a single gene in the
common ancestor of the focal taxa, and refer to orthogroups for the nine
sequenced genomes as core-orthogroups. Of these, 7,470 core-
orthogroups contain at least one monocot, one eudicot, and one
Selaginella and/or Physcomitrella sequence. These core-orthogroups
were used in our investigation of duplication events predating the diver-
gence of monocots and eudicots.

We queried maximum-likelihood trees (MLTs) for each core-
orthogroup for topologies indicative of shared duplications (Fig. 1a,
analysis I). We filtered our gene trees (Supplementary Methods),
requiring that at least one of the seven core species retained both
paralogues following the inferred gene duplication event in a common
monocot–eudicot ancestor (see Supplementary Data 1 for a list of
orthogroups). For example, the MLT for orthogroup 1711 (DEAD-
box RNA helicase) contained duplicate genes in both monocots and
eudicots whereas the MLTs for orthogroup 2312 (spermidine
synthase) and orthogroup 396 (function unknown) showed that either
one of the monocot or eudicot paralogues was lost after the divergence
of monocots and eudicots (see exemplar trees in Supplementary Figs
2a, 3a and 4). On the basis of this conservative criterion, we identified a
large number of core-orthogroups with shared duplication of mono-
cots and eudicots (829 duplications in 799 core-orthogroups with
bootstrap support (BS) greater than or equal to 50%; 474 duplications
in 451 core-orthogroups with BS $ 80%; Supplementary Data 2).
These duplications occurred before the c triplication9,13 (which may
be restricted to eudicots). As expected9,13, many younger duplications
within the sampled eudicot lineages were also observed on these trees
(1,146 orthogroups surviving at least one eudicot-wide triplication
(c)), but for this study we focused on ancient duplications that
occurred before the divergence of monocots and eudicots.

Additional homologues from basal angiosperms (Aristolochia,
Liriodendron, Nuphar and Amborella; Supplementary Table 2) and
gymnosperms (Pinus, Picea, Zamia, Cryptomeria and others; Sup-
plementary Table 2) were added to 799 core-orthogroups to form
expanded orthogroups18. These phylogenetically critical lineages
increase gene sampling and provide better resolution of the timing
of ancient duplications. By ‘basal angiosperms’ we mean the earliest-
branching lineages of flowering plants that arose before the separation
of monocots and eudicots. Before re-estimating gene trees for the
expanded orthogroups, we added another quality control step to
remove short or highly divergent unigenes (sequences produced from
assembly of expressed-sequence-tag data sets; Supplementary
Methods). After filtering, there remained 540 and 338 orthogroups
with unigenes sampled from basal angiosperms and gymnosperms,
respectively. Among these, 322 orthogroups contained unigenes from
both basal angiosperms and gymnosperms (Fig. 1b).

For the 540 orthogroups with unigenes from basal angiosperms, the
number of trees in which we identified an ancestral duplication before
the origin of angiosperms19 (Fig. 1a, analysis IIa) greatly exceeded the
number in which we identified a shared duplication after the origin of
angiosperms (Fig. 1a, analysis IIb). Inference of a duplication pre-dating
the diversification of basal angiosperms (ancestral angiosperm duplica-
tion) was supported by 262 (BS $ 80%) or 343 (BS $ 50%) orthogroups,
whereas only one (BS $ 80%) or five (BS $ 50%) orthogroups sup-
ported inference of a gene duplication just after the origin of the angio-
sperm crown group (Fig. 1b, analysis II). We also found only five
orthogroups with a surviving duplication shared with some, but not
all, sampled basal angiosperms. Although basal angiosperms are a grade
(and not a clade), we represent them with a single line in Fig. 1a because
the duplication signal is inclusive of all basal angiosperms.

Additional analyses of 338 orthogroups populated with unigenes of
gymnosperms identified 62 (BS $ 80%) or 147 (BS $ 50%) trees con-
taining a seed-plant-wide gene duplication and 59 (BS $ 80%) or 110
(BS $ 50%) trees with a later duplication shared only by angiosperms
(Fig. 1b, analysis III). In addition, analyses of the 322 orthogroups
expanded with orthologues from both basal angiosperms and gymno-
sperms also detected similar signals of the two ancient shared duplica-
tions: 65 (BS $ 80%) or 130 (BS $ 50%) trees showing an ancestral seed
plant duplication (see exemplar tree in Supplementary Fig. 2b), and 54
(BS $ 80%) or 88 (BS $ 50%) trees supporting an ancestral angiosperm
duplication (Supplementary Fig. 3b and Fig. 1b, analysis IV).

In summary, our conservative filtering procedure identified 799 trees
with topologies suitable for testing hypotheses concerning the presence
of ancient duplications. These trees provided overwhelming support for
the presence of two groups of duplications, one in the common ancestor
of all angiosperms and the other in the common ancestor of all seed
plants. Several mechanisms could explain the concerted patterns of
gene duplication revealed in the gene trees, including WGD or multiple
segmental or chromosomal duplications. The most parsimonious inter-
pretation of the existing data is ancient WGD. We performed diver-
gence time analyses to investigate this hypothesis further.

If the proposed WGDs were real, the estimated dates for gene
duplication events in independent gene trees would be expected to
be similar. Alternatively, if the duplications were unrelated (that is, a
collection of independent events), a uniform distribution of duplica-
tion times within the intervals between the origins of gymnosperms
and angiosperms would be expected for the ancestral angiosperm
duplicates or on the branch leading to seed plants for the ancestral
seed plant duplicates. We calibrated 799 core-orthogroups supporting
(BS $ 50%) ancient duplications before the separation of monocots
and eudicots from analysis I and estimated the divergence times of 860
nodes in 774 core-orthogroups using the program R8S (Supplemen-
tary Methods).

We then analysed the distribution of the inferred duplication times
using a Bayesian method that assigned divergence time estimates to
classes specified by a mixture model20. The distribution of duplication
times was bimodal, with peaks 192 6 2 (95% confidence interval) and
319 6 3 million years (Myr) ago. Dates were clustered in two relatively
short time intervals, suggesting that these duplications were not uni-
formly distributed (Fig. 2a). Furthermore, we also analysed the 499

BS ≥ 50%

100 200

80
50

40

30

20

10

0

60

40

20

0

400300

BS ≥ 80%

Divergence time (Myr ago)

100 200 400300

F
re

q
u
e
n
c
y

a b

Figure 2 | Age distribution of ancient duplications shared by monocots and
eudicots. a, The inferred divergence times for 866 ancestral duplication nodes
in 779 core-orthogroups (BS $ 50%) were analysed by EMMIX to determine
whether these duplications occurred randomly over time or within some small
time frame. Each component is written as ‘colour/mean molecular timing/
proportion’ where ‘colour’ is the component (curve) colour and ‘proportion’ is
the percentage of duplication nodes assigned to the identified component.
There are two statistically significant components: blue/192 (Myr ago)/0.48 and
yellow/319/0.52. b, When we required the bootstrap support of the monocot 1

eudicot duplication to be greater than or equal to 80%, there were 504 nodes in
439 core-orthogroups for analysis of the inferred divergence times by EMMIX.
Two statistically significant components were identified: blue/210/0.43 and
yellow/321/0.57.
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nodes with ancient duplications in 435 orthogroups with BS $ 80%
(Fig. 2b) and found a similar distribution pattern (two components:
210 6 4 and 321 6 4 Myr ago).

We then examined the age distribution of ancient duplications
restricted only to orthogroups in analysis III that had been populated
with nearly full-length gymnosperm unigenes. Among the 338
orthogroups with inferred absolute dates, there are 110 (BS $ 50%;
59 with BS $ 80%) that place a duplication on the angiosperm branch
after divergence from gymnosperms. The distribution of duplication
times inferred from these orthogroups showed one significant peak
(234 6 9 or 236 6 9 Myr ago; Supplementary Fig. 5a, b). The most
recent common ancestor of extant angiosperms existed has been dated
to 130–190 Myr ago19,21. Therefore, the identified duplication event
occurred before the radiation of extant angiosperms, which agrees with
the results from phylogenetic analysis (Fig. 1b, analysis II). An addi-
tional analysis was restricted to those 147 (BS $ 50%) or 62
(BS $ 80%) orthogroups (Fig. 1b, analysis IIIa) that contained a
seed-plant-wide duplication based on phylogenetic analysis. The mix-
ture model analysis identified only one significant component for the
distribution of duplication times (349 6 3 or 347 6 4 Myr ago; Sup-
plementary Fig. 5c, d), which was older than the ancestral node for
extant seed plants22 (,310 Myr ago). Thus, both molecular dating and
phylogenetic analyses support another ancient genome-wide duplica-
tion shared by all extant seed plants (Fig. 3). Distributions of synonym-
ous site divergence for duplicated genes and synteny analyses also
support this conclusion (Supplementary Discussion).

Gene duplication provides raw genetic material for the evolution of
functional novelty. WGD in ancient seed plants would have generated
duplicate copies of every gene, some of which could have had crucial
roles in the origin of phenotypic novelty and, ultimately, in the origin
and rapid diversification of the angiosperms. Although those genes
retained as duplicates from the ancestral WGDs represent all func-
tional categories, there is an overabundance of retained duplicate genes
from several functional categories, including transferases and binding
proteins, transcription factors and protein kinases (Supplementary Fig.

6 and Supplementary Data 3). These categories are significantly
enriched for orthogroups surviving the monocot–eudicot duplication
described in analysis I and for orthogroups surviving pre-angiosperm
and/or pre-seed-plant duplications in analysis III. These results are
consistent with patterns of gene retention following the more recent
WGDs in the Arabidopsis lineage (ref. 23 and references therein), and
WGD in vertebrates24, supporting the interpretation that the concur-
rent duplications observed here are products of WGD. Taken together,
these patterns suggest that the tendency for some types of gene dupli-
cates to be retained following polyploidy has been a common feature of
the post-WGD diploidization process throughout the evolutionary
history of plants.

One subset of duplicated genes that could have contributed to ancient
seed plant and angiosperm innovations includes those that have special
roles in reproduction and flower development. In this study, we iden-
tified 35 orthogroups involved in flower developmental pathways with
at least one ancient duplication event before the divergence of monocots
and eudicots (Supplementary Table 3). For example, orthogroup 361
(containing Arabidopsis PHYTOCHROME genes), which includes
regulators of flowering time25 and seed germination26, retained duplicate
genes following two putative WGDs pre-dating the origin of angio-
sperms and seed plants, respectively, consistent with a published phylo-
geny for the PHYTOCHROME gene family27. Other published gene
family phylogenies also suggested common patterns of gene duplica-
tion, hinting at the genome-scale duplications seen here. For example,
TIR1/AFB has experienced an ancient duplication before the diversifica-
tion of extant angiosperms28. Phylogenetic analyses of the ZINC
FINGER HOMEOBOX (ZHD) family29, the HD-ZIP III gene family30,
and MADS-box genes (Supplementary Discussion) show duplication
patterns consistent with WGDs pre-dating the origin of angiosperms
and seed plants. Hence, these previous studies of individual genes or
gene families bolster our conclusions based on a genome-wide survey of
thousands of genes, and identify some of the many genes derived from
these duplications that could potentially have had important roles in
seed plant and angiosperm evolution.
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Figure 3 | Ancestral polyploidy events in seed plants and angiosperms. Two
ancestral duplications identified by integration of phylogenomic evidence and
molecular time clock for land plant evolution. Ovals indicate the generally
accepted genome duplications identified in sequenced genomes (see text). The
diamond refers to the triplication event probably shared by all core eudicots.
Horizontal bars denote confidence regions for ancestral seed plant WGD and
ancestral angiosperm WGD, and are drawn to reflect upper and lower bounds
of mean estimates from Fig. 2 (more orthogroups) and Supplementary Fig. 5
(more taxa). The photographs provide examples of the reproductive diversity of

eudicots (top row, left to right: Arabidopsis thaliana, Aquilegia chrysantha,
Cirsium pumilum, Eschscholzia californica), monocots (second row, left to
right: Trillium erectum, Bromus kalmii, Arisaema triphyllum, Cypripedium
acaule), basal angiosperms (third row, left to right: Amborella trichopoda,
Liriodendron tulipifera, Nuphar advena, Aristolochia fimbriata), gymnosperms
(fourth row, first and second from left: Zamia vazquezii, Pseudotsuga menziesii)
and the outgroups Selaginella moellendorfii (vegetative; fourth row, third from
left) and Physcomitrella patens (fourth row, right). See Supplementary Table 4
for photo credits.
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METHODS SUMMARY
Phylogenetic analysis. We used the OrthoMCL method to construct a set of core-
orthogroups. All orthogroup amino-acid alignments were generated with
MUSCLE and then trimmed by removing poorly aligned regions using
TRIMAL 1.2. Additional sorted unigene sequences for the core-orthogroups
(retrieved with HaMStR) were aligned at the amino-acid level into the existing
nine species’ full alignments (before trimming) using CLUSTALX 1.8. After trim-
ming, each unigene sequence was checked and removed from the alignment if the
sequence contained less than 70% alignment length. Corresponding DNA
sequences were then forced onto the amino-acid alignment using custom Perl
scripts and used for subsequent phylogenetic analysis. Maximum-likelihood ana-
lyses were conducted using RAXML, version 7.2.1, searching for the best MLT
with the GTRGAMMA model, which represents an acceptable trade-off between
speed and accuracy (RAXML 7.0.4 manual).
Molecular dating analyses and 95% confidence intervals. The divergence time
of the two paralogous clades derived from each duplication was estimated from the
best maximum-likelihood topologies under the assumption of a relaxed molecular
clock by applying a semi-parametric penalized likelihood approach using a trun-
cated Newton optimization algorithm as implemented in the program R8S. The
smoothing parameter was determined by cross-validation. Dating constraints are
described in Methods. The EMMIX software package was used to fit a mixture
model of multivariate normal or t-distributed components to a given data set. For
each significant component identified by EMMIX, the 95% confidence interval of
the mean date estimate was then calculated.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Detection of ancient WGD events. Several methodologies have been proposed
and widely used to detect the signature of genome duplication. Identification of
large syntenic blocks of genes within genomes provides strong evidence to support
genome duplication7,8. The timing of WGDs is inferred through cross-species
genome comparisons, but extensive genome rearrangements and gene loss reduce
the size of syntenic blocks over time and obscure identification of ancient pre-c
WGD31,32. Another approach is to estimate the age distribution of paralogous gene
pairs, where synonymous site divergence (Ks) or non-synonymous site divergence
(Ka) is used as a proxy for the age of the duplication event4,10,16,33. However, this
method may be confounded by excessive gene loss, concentration of duplicate pair
estimates on more recent nodes, saturation of Ks between older paralogue pairs,
and molecular rate heterogeneity among lineages, gene families or even genes. For
example, the b and c GWDs inferred in analyses of syntenic blocks were not
evident in a Ks plot for Arabidopsis paralogue pairs13,33,34. Therefore, both methods
present challenges to inferring ancient genome duplications that may have
occurred close to or well before the origin of angiosperms. For this reason, we
used phylogenomic analyses to identify ancient gene duplications that occurred
before monocots and dicots, and evaluated their phylogenetic timing and esti-
mated age to identify whether there were temporal concentrations of gene dupli-
cations (Supplementary Fig. 1).
Phylogenetic analysis. The OrthoMCL method35 was used to construct a set of
core-orthogroups based on protein similarity graphs. This approach has been
shown to yield fewer false positives than other methods36, which is critical for this
study. If genes from outside the core-orthogroup in question (false positives) are
included in the analysis, the core-orthogroup could be incorrectly scored as retain-
ing ancient duplicates. All orthogroup amino-acid alignments were generated with
MUSCLE using default parameters37. The multiple sequence alignments were
trimmed by removing poorly aligned regions using TRIMAL 1.2 with the option
‘automated1’38. Additional sorted unigene sequences for the core-orthogroups
(retrieved with HaMStR) were aligned at the amino-acid level into the existing
11 species’ full alignments (before trimming) using CLUSTALX 1.839. After trim-
ming, each unigene sequence was checked and removed from the alignment if the
sequence contained less than 70% alignment coverage. Corresponding DNA
sequences were then forced onto the amino-acid alignment using custom Perl
scripts and used for subsequent phylogenetic analysis. Maximum-likelihood ana-
lyses were conducted using RAXML, version 7.2.140,41, invoking a rapid bootstrap
(100 replicates) analysis and search for the best-scoring MLT with the general
time-reversible model of DNA sequence evolution with gamma-distributed rate
heterogeneity (the GTRGAMMA model, which represents an acceptable trade-off
between speed and accuracy; RAXML 7.0.4 manual) in a single program run.
Alignments and phylogenetic trees are deposited at http://dx.doi.org/10.5061/
dryad.8546, and Perl scripts are available on request from C.W.d.
Scoring gene duplications. Bycarefullyinterpretingallofthetrees,duplicationevents
were identified in rooted trees using Physcomitrella genes (or Selaginella if there were no
Physcomitrella genes in the orthogroup) as outgroup sequences. Three relevant boot-
strapvaluesweretakenintoaccountwhenevaluatingsupportforaparticularduplication.
For example, given a topology of (((M1E1)bootstrap1,(M2E2)bootstrap2)bootstrap3),
bootstrap1 and bootstrap2 are the bootstrap values supporting the M1E1 clade and the
M2E2clade,respectively,andbootstrap3isthebootstrapvaluesupportingthelargeclade
includingM1E1andM2E2.Amonocot–eudicotduplicationsupportedby50%(or80%)
meansthatbootstrap3andatleastoneofthebootstrap1andbootstrap2valuesaregreater
thanorequal to50%(or80%). Whenbasalangiospermand/orgymnospermgeneswere
added,bootstrap1andbootstrap2wereevaluatedfornodessubtendingME1B(Fig.1a),
whereas bootstrap3 was evaluated for the node subtending the large clade including the
angiosperm-wide or seed-plant-wide duplications.

Gene tree estimationmay be susceptible to long-branch attraction, particularly with
sparse taxon sampling (that is, sparse gene sampling in the gene tree context) or when
there is mis-specification of the model of molecular evolution used for phylogenetic
reconstruction42,43, leading to erroneous conclusions of topology. For example, an
orthogroup with the phylogenetic pattern ((Oryza, Populus)(Arabidopsis)) is consist-
ent with a gene duplication shared by monocots and eudicots, with subsequent para-
logue losses in both monocot andeudicot lineages (Fig. 1a, analysis Ib). Alternatively, it
is possible that the Arabidopsis gene was especially divergent and therefore was placed
as sister to the Oryza–Populus pair owing to long-branch attraction. Distinguishing
between these alternative explanations can be facilitated by increased gene sampling to
split long branches43. Moreover, inference of gene duplication may be ambiguous if all
taxa are represented by a single gene in a given gene tree (as in the example above).
Withthese considerations inmind,wefilteredourgenetrees, requiringthatat leastone
of the seven core species has retained both paralogues following the inferred gene
duplication event in a common monocot–eudicot ancestor. Therefore, an example of
the smallest possible gene tree with a monocot–eudicot duplicationwould be (((Oryza,
Vitis)(Vitis))Selaginella).Onthebasisof thesecriteria, wescoredeachorthogroupwith

or without ancient duplications, and counted the total number of orthogroups sup-
portingeachhypothesis illustratedinFig.1a.SupplementaryData2details thenumber
of duplication of each type scored for every orthogroup.
Finite mixture models of genome duplications. To explore the timing of genome
duplication events, the inferred distribution of divergence times was fitted to a
mixture model comprising several component distributions in various propor-
tions. The EMMIX software20 can be used to fit a mixture model of multivariate
normal or t-distributed components to a given data set (http://www.maths.uq.
edu.au/,gjm/emmix/emmix.html). The mixed populations were modelled with
one to four components. The EM algorithm was repeated 100 times with random
starting values, as well as ten times with k-mean starting values. The best mixture
model was identified using the Bayesian information criterion.
Molecular dating analyses and 95% confidence intervals. The best maximum-
likelihood topology for the core-orthogroups or orthogroups was used for diver-
gence time analyses. The divergence time of the two paralogous clades was estimated
under the assumption of a relaxed molecular clock by applying a semi-parametric
penalized likelihood approach using a truncated Newton optimization algorithm as
implemented in the program R8S44. The smoothing parameter was determined by
cross-validation. We used the following dates in our estimation procedure: mini-
mum age of 400 Myr and maximum age of 450 Myr for the divergence of P. patens45,
a fixed constraint age of 400 Myr for the divergence of S. moellendorffii46, a mini-
mum age of 309 Myr for crown-group seed plants47 (this constraint was used only in
analyses reported in Supplementary Fig. 5), a minimum age of 125 Myr for the
divergence of monocots and eudicots48, and a maximum age of 125 Myr for the
origin of rosids48. We required that trees pass both the cross-validation procedure
and provide estimates of the age of the duplication node. The inferred divergence
times were then analysed by EMMIX. For each significant component identified by
EMMIX, the 95% confidence interval of the mean was then calculated.
Calculation of Ks. Paralogous pairs of sequences were identified from best recip-
rocal matches in all-by-all BLASTN searches. Only protein sequences more than
200 base pairs in length were used for Ks calculations. Translated sequences of
unigenes generated by ESTSCAN were aligned using MUSCLE 3.637. Nucleotide
sequences were then forced to fit the amino-acid alignments using PAL2NAL49.
The Ks (also known as Ds) values were calculated using a simplified version of the
Goldman–Yang maximum-likelihood method50 implemented in the ‘codeml’
package of PAML51. The Ks frequency in each interval size of 0.05 within the range
[0, 3.0] was plotted.
Gene ontology enrichment for orthogroups with ancient duplication. Gene
ontology (GO) annotations of orthogroups with early ancient duplications were
compared with orthogroups that did not have such duplications, to test for enrich-
ment of GO terms52. Arabidopsis GO slim terms were downloaded and assigned to
orthogroups directly if the orthogroup included Arabidopsis genes. Otherwise, we
searched representative InterPro domains using INTERPROSCAN53. Then GO
annotations were assigned to the orthogroups using InterPro2GO mapping.
Subsequently, all GO annotations were mapped to GO slim categories using the
‘map2slim’ script. Finally, we evaluated statistical differences in enrichment of GO
slim terms using agriGO by Fisher’s exact test and the Yekutieli (false-discovery
rate under dependency) multi-test adjustment method54.
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Suppression of lung adenocarcinoma progression by
Nkx2-1
Monte M. Winslow1,2, Talya L. Dayton1, Roel G. W. Verhaak3,4, Caroline Kim-Kiselak1,2, Eric L. Snyder1, David M. Feldser1,
Diana D. Hubbard3,4, Michel J. DuPage1, Charles A. Whittaker1, Sebastian Hoersch1, Stephanie Yoon1, Denise Crowley1,
Roderick T. Bronson5, Derek Y. Chiang3,4,6, Matthew Meyerson3,4 & Tyler Jacks1,2,7,8

Despite the high prevalence and poor outcome of patients with
metastatic lung cancer the mechanisms of tumour progression and
metastasis remain largely uncharacterized. Here we modelled
human lung adenocarcinoma, which frequently harbours activating
point mutations in KRAS1 and inactivation of the p53 pathway2,
using conditional alleles in mice3–5. Lentiviral-mediated somatic
activation of oncogenic Kras and deletion of p53 in the lung epithe-
lial cells of KrasLSL-G12D/1;p53flox/flox mice initiates lung adenocarci-
noma development4. Although tumours are initiated synchronously
by defined genetic alterations, only a subset becomes malignant,
indicating that disease progression requires additional alterations.
Identification of the lentiviral integration sites allowed us to distin-
guish metastatic from non-metastatic tumours and determine the
gene expression alterations that distinguish these tumour types.
Cross-species analysis identified the NK2-related homeobox tran-
scription factor Nkx2-1 (also called Ttf-1 or Titf1) as a candidate
suppressor of malignant progression. In this mouse model, Nkx2-1
negativity is pathognomonic of high-grade poorly differentiated
tumours. Gain- and loss-of-function experiments in cells derived
from metastatic and non-metastatic tumours demonstrated that
Nkx2-1 controls tumour differentiation and limits metastatic poten-
tial in vivo. Interrogation of Nkx2-1-regulated genes, analysis of
tumours at defined developmental stages, and functional comple-
mentation experiments indicate that Nkx2-1 constrains tumours in
part by repressing the embryonically restricted chromatin regulator
Hmga2. Whereas focal amplification of NKX2-1 in a fraction of
human lung adenocarcinomas has focused attention on its onco-
genic function6–9, our data specifically link Nkx2-1 downregulation
to loss of differentiation, enhanced tumour seeding ability and
increased metastatic proclivity. Thus, the oncogenic and suppressive
functions of Nkx2-1 in the same tumour type substantiate its role as a
dual function lineage factor.

We induced lung tumours in mice harbouring a loxP-Stop-loxP
KrasG12D knockin allele and both alleles of p53 flanked by loxP sites
(KrasLSL-G12D/1;p53flox/flox mice) through intratracheal administration
of lentiviral vectors that express Cre-recombinase (Lenti-Cre)10. A len-
tiviral dose was used such that each mouse developed between 5 and 20
lung tumours, lived 8–14 months after tumour initiation and developed
macroscopic metastases to the draining lymph nodes, pleura, kidneys,
heart, adrenal glands and liver (Supplementary Fig. 1). Because lenti-
viruses integrate stably into the genome, the integration site was a
unique molecular identifier that unambiguously linked primary
tumours to their related metastases (Fig. 1a). We used linker-mediated
polymerase chain reaction (LM–PCR) to determine the genomic
sequence directly 39 of the integrated lentiviral genome followed by a
specific PCR for the lentiviral integration site (Fig. 1b). To have samples
of sufficient quantity and purity for our analyses, we derived cell lines

from primary tumours and metastases. Cell lines were pure tumour
cells as determined by recombination of the p53flox alleles (data not
shown). The clonal relationship of these cell lines was established using
LM–PCR or Southern blot analysis for the lentiviral genome (Fig. 1c
and data not shown). We termed cell lines derived from verified meta-
static primary lung tumours as TMet.

Gene expression profiling was performed on cell lines from 23 lung
tumours and metastases (nine metastases, seven TMet primary tumours
and seven potentially non-metastatic primary tumours). Using

1David H. Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA. 2Ludwig Center for Molecular Oncology, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, USA. 3Dana-Farber Cancer Institute, Harvard University, Cambridge, Massachusetts 02115, USA. 4Broad Institute, Cambridge, Massachusetts 02142, USA.
5Department of Biomedical Sciences, Tufts University Veterinary School, North Grafton, Massachusetts 01536, USA. 6Department of Genetics, University of North Carolina, North Carolina 27599, USA.
7Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA. 8Howard Hughes Medical Institute, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA.
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unsupervised consensus clustering11, we identified four cell lines from
likely non-metastatic tumour samples that had highly concordant gene
expression and were separate from all TMet and metastasis (Met) samples
(Supplementary Fig. 2). Therefore, we surmised that these could repres-
ent non-metastatic primary tumours and classified them as TnonMet.
These TnonMet cell lines consistently formed fewer tumour nodules in
the liver after intrasplenic injection despite equivalent proliferation rates
in cell culture (Fig. 1d, e and Supplementary Fig. 2).

Significant gene expression alterations distinguished TnonMet from
TMet and Met-derived cell lines (Fig. 1f and Supplementary Table 1),
many of which were validated by quantitative reverse transcription
PCR (qRT–PCR), flow cytometry and western blotting (data not shown).
A gene expression signature generated by comparing TnonMet to TMet/
Met samples predicted patient outcome in human lung adenocarcinoma
gene expression data sets12,13, indicating the possibility of evolutionarily
conserved molecular mechanisms of tumour progression (Supplemen-
tary Fig. 2). Thus, we integrated mouse and human data by comparing
the differences in expression between TnonMet and TMet/Met samples with
the association of human gene expression and patient survival (Fig. 2a).
Two genes were particularly notable from this analysis: the NK-related
homeobox transcription factor Nkx2-1 and the Nkx2-1 target gene
surfactant protein B (Sftpb; Fig. 2a). Nkx2-1 regulates lung development
and is expressed in type II pneumocytes and bronchiolar cells in the
adult14–16. Nkx2-1 expression was .10-fold higher in TnonMet samples,
and higher NKX2-1 expression in human tumours correlated with longer
survival. Of note, NKX2-1 is focally amplified in ,10% of human lung
adenocarcinoma, with functional data supporting oncogenic activity in
this setting6–9,17. Conversely, most immunohistochemical analyses of
NKX2-1 in this disease suggest an association between NKX2-1-negative
tumours and poor patient outcome17,18. Thus, we focused on validating
and characterizing the function of this transcription factor in suppressing
tumour progression and metastasis.

We confirmed reduced Nkx2-1 messenger RNA and protein in TMet

and Met cell lines without evidence of focal genomic loss of this region
(Fig. 2b, Supplementary Fig. 4 and data not shown). Nkx2-1 was

consistently downregulated in high-grade poorly differentiated tumours
from our mouse model (Fig. 2c–e and Supplementary Fig. 3) as well
as in advanced KrasG12D-driven lung adenocarcinomas with p53R270H

or p53R172H point mutations4,19. Using our LM–PCR assay, we iden-
tified three primary lung tumours as metastatic on the basis of the
presence of metastases with the same lentiviral integration site (Fig. 1b
and data not shown). These primary tumours each contained
poorly differentiated areas that were Nkx2-1 negative (Nkx2-12)
(Supplementary Fig. 6). Interestingly, Nkx2-1 expression was low/
absent in almost all lymph node and distant macrometastases, although
some micrometastases were Nkx2-11 or Nkx2-1mixed (Supplementary
Fig. 3). Whether certain micrometastases were seeded by Nkx2-11 cells
or reverted to an Nkx2-11 phenotype due to cues from their new
environment is unknown.

Inhumanlungadenocarcinoma12,13 theexpressionofNKX2-1correlated
with a mouse TnonMet gene expression signature (Supplementary Fig. 3).
Additionally,theTnonMetsignatureanti-correlatedwithanembryonicstem-
cellsignature,supportingthenotionthatTMet/Metcellshavetransitionedto
a less differentiated and more stem-like state20 (Supplementary Fig. 3).

The correlative mouse and human data were consistent with Nkx2-1
being either a marker or a functional regulator of tumour progression.
Nkx2-1 expression in a TMet cell line (TMet-Nkx2-1 cells) greatly sup-
pressed tumour formation after intravenous transplantation (Fig. 3a, b
and Supplementary Fig. 5). Moreover, of the tumours that formed after
injection of TMet-Nkx2-1 cells, many were either Nkx2-12 or Nkx2-1mixed

(Fig. 3c). In general, tumours that continued to express Nkx2-1 were well
differentiated, whereas Nkx2-12 tumours often displayed solid architec-
ture or areas of poorly differentiated cells (Fig. 3d and Supplementary Fig.
5). Intrasplenic transplantation unveiled a similar diminution of tumour
formation by TMet-Nkx2-1 cells (Supplementary Fig. 5). Nkx2-1 expres-
sion did not alter proliferation or cell death in cell culture, or affect
established tumour proliferation in vivo (Supplementary Fig. 5 and data
not shown), but markedly reduced the ability of these cells to grow in
anchorage-independent conditions and initiate tumours after subcutan-
eous transplantation (Fig. 3e and Supplementary Fig. 5).

To elucidate further the function of Nkx2-1, we knocked down Nkx2-1
in TnonMet cell lines using short hairpin RNA (shRNA; Supplementary
Fig. 7). Nkx2-1 knockdown allowed the formation of more liver nodules
after intrasplenic injection and more lung nodules after intravenous
transplantation (Fig. 3f). Nkx2-1 knockdown did not alter proliferation
or cell death in cell culture (Supplementary Fig. 7) but enhanced the cells’
ability to form colonies under anchorage-independent condi-
tions and tumours after subcutaneous transplantation (Fig. 3f and Sup-
plementary Fig. 7). Re-expression of an shRNA-insensitive Nkx2-1
cDNA (Nkx2-1*) reverted the phenotypic alterations elicited by
shNkx2-1, confirming that the effects of shNkx2-1 were specifically due
to Nkx2-1 knockdown (Supplementary Fig. 7). Finally, we induced
tumours in KrasLSL-G12D/1;p53flox/flox mice with either Lenti-Cre or a
lentiviral vector expressing both Nkx2-1 and Cre (Lenti-Nkx2-1/Cre).
Expression of exogenous Nkx2-1 limited tumour progression, resulting
in fewer tumours of advanced histopathological grades (Fig. 3g).

To discover Nkx2-1-regulated genes, we compared gene expression
in TnonMet and TnonMet-shNkx2-1 cells. Overlapping this gene list with
the genes expressed at different levels in TnonMet versus TMet/Met cells
uncovered high priority candidate genes (Supplementary Fig. 8). We
elected to focus on Hmga2 given its role in altering global gene expres-
sion through the regulation of chromatin structure and its association
with embryonic and adult stem-cell states21–24 as well as malignant
tumours of diverse origins25–29. Hmga2 was de-repressed by Nkx2-1
knockdown in TnonMet cells, and regions of KrasG12D/1;p53D/D tumours
that lacked Nkx2-1 expression were almost universally Hmga21

(Fig. 4a–c). Importantly, Nkx2-12 areas of known metastatic primary
tumours and metastases were also Hmga21 (Supplementary Fig. 9 and
data not shown). Additionally, Hmga2 was downregulated in TMet cells
after expression of Nkx2-1 cDNA and in TnonMet-shNkx2-1 cells after
re-expression of Nkx2-1* (data not shown).
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Although Hmga2 can be regulated by the Let7 family of
microRNAs21,25,30, Let7 levels, Lin28a expression and Let7 activity were
equivalent in TnonMet, TMet and Met cell lines and were unaltered in
TnonMet-shNkx2-1 cells (Supplementary Fig. 10 and data not shown).
Hmga2 promoter activity was de-repressed in TnonMet-shNkx2-1 cells
and repressed in TMet-Nkx2-1 cells, indicating that expression of
Hmga2 in lung adenocarcinoma cells is regulated, at least in part,
through differential promoter activity (Supplementary Fig. 10).

We hypothesized that lung adenocarcinomas progress from an
Nkx2-11Hmga22 to an Nkx2-12Hmga21 state. However, metastatic
and non-metastatic tumours could be fundamentally distinct at the time
of initiation. Hmga2 is highly expressed in embryonic lung but not in any
normal adult lung cells, and early after initiation, KrasG12D/1;p53D/D

tumours were uniformly Nkx2-11Hmga22 (Fig. 4d and Supplemen-
tary Fig. 11). KrasG12D/1;p53-proficient tumours, which maintain their
differentiated phenotype and never metastasize even late after tumour
initiation5, were almost universally Nkx2-11Hmga22 (Supplementary
Fig. 11). Poorly differentiated areas of KrasG12D/1;p53D/D tumours with
reduced Nkx2-1 expression were never found as in situ lesions and were
almost always associated with lower grade Nkx2-1-expressing areas
(Supplementary Fig. 6). Finally, we induced KrasG12D/1;p53D/D tumours
with a pool of lentiviral vectors that contain nucleotide barcodes. Ampli-
fication and sequencing of the lentivirus-encoded barcodes from adja-
cent low-grade Nkx2-11Hmga22 and high-grade Nkx2-12Hmga21

areas showed that these areas were clonally related (Supplementary
Fig. 12). Although alternative mechanisms leading to the generation of
clonally related but phenotypically distinct tumour cell populations are
possible, including the expansion of rare Nkx2-12 cells that pre-exist
within the tumour, we believe that our data strongly suggest that lung
adenocarcinomas undergo a transition from an Nkx2-11Hmga22

state to a more aggressive Nkx2-12Hmga-21 state. Our data addition-
ally indicate that an Nkx2-1-dependent gene expression program is a
key regulator of this transition.

We next analysed the expression of NKX2-1 and HMGA2 in human
adenocarcinoma. Although the expression patterns were diverse, two
important conclusions could be made. First, tumours of NKX2-
11HMGA22 and NKX2-12HMGA21 phenotypes exist within the
spectrum of human lung adenocarcinoma (Fig. 4e and Supplemen-
tary Fig. 10). Second, there was a trend towards well-differentiated
tumours being NKX2-11HMGA22 whereas moderately and poorly
differentiated tumours more often exhibited other combinations of
these proteins. Most notably, the moderately and poorly differentiated
groups contained NKX2-12HMGA21 tumours (Fig. 4e). These results
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underscore the diversity within this single human tumour type and
indicate that our genetically defined model probably represents, at the
molecular level, a subset of these tumours.

Next we knocked down Hmga2 in TnonMet-shNkx2-1 cells and found
that their metastasis seeding potential was greatly reduced after trans-
plantation (Fig. 4f and Supplementary Fig. 13). Additionally, Hmga2
knockdown in a metastasis-derived cell line reduced its anchorage-
independent growth and tumour seeding ability after transplantation
(Fig. 4g, h and Supplementary Fig. 13). A future challenge will be to
understand the molecular mechanism by which Hmga2 controls lung
adenocarcinoma metastatic potential. The expansion of Nkx2-
12Hmga21 regions within primary lung tumours indicates the
acquisition of phenotypes that are advantageous to the primary
tumours and also increase the probability of metastatic spread.

NKX2-1 can have both oncogenic and tumour suppressive functions
in lung cancer, presumably illustrating context-dependent functions
within individual tumours of the same type. Lung adenocarcinomas
may differ in their cell of origin, mutation spectrum, or gene expression,
leading to distinct requirements for continued NKX2-1 expression and
different capacity to tolerate or benefit from NKX2-1 downregulation.
Our studies uncovered the molecular and cellular basis for the association
of NKX2-1 expression with good patient outcome17,18 and HMGA2
expression with poor patient outcome26,27. Our results emphasize the
power of genetically engineered mouse models of advanced disease, used
in conjunction with human studies, to elucidate mechanisms that control
cancer progression and metastatic spread. Through this approach we
identified one molecular mechanism by which a highly prevalent tumour
type can progresses to its malignant state.

METHODS SUMMARY
Mice, tumour initiation and derivation of cell lines. KrasLSL-G12D, p53flox,
p53LSL-R270H and p53LSL-R172H mice have been described3,5,19. Tumours were
initiated by intratracheal infection of mice with a lentiviral vector expressing
Cre recombinase10. The MIT Institutional Animal Care and Use Committee
approved all animal studies and procedures. Cell lines were created by enzymatic
and mechanical dissociation of individual lung tumours and metastases harvested
from mice 8–14 months after tumour initiation.
LM–PCR, Southern blotting and gene expression analysis. LM–PCR was per-
formed with forward primers specific for the lentiviral LTR. Southern blotting
used a Cre probe and standard methods. RNA was extracted using Trizol, analysed
for RNA integrity, and prepared with Affymetrix GeneChip WT Sense Target
Labelling and Control Reagents kits, followed by hybridization to Affymetrix
GeneChip Mouse Exon 1.0 ST Arrays.
Protein and RNA analysis. Western blotting used standard methods and
antibodies to Nkx2-1 (Epitomics, Inc.), Hmga2 (BioCheck, Inc.) and Hsp90
(BD Transduction Laboratories) as a loading control. Immunohistochemistry
was performed on formalin-fixed, paraffin-embedded 4-mm sections using the
ABC Vectastain kit (Vector Laboratories) with antibodies described above.
Sections were developed with DAB and counterstained with haematoxylin.
Gene expression and knockdown. Nkx2-1 was stably knocked down with a pLKO-
based lentiviral vector (OpenBiosystems/TRC). MSCV-Puro retroviral vectors were
used for stable expression of Nkx2-1 and Nkx2-1* (created with four silent mutations
using QuikChange Lightning Site-Directed Mutagenesis (Stratagene)). Hmga2 was
stably knocked down with an MSCV-Hygro retroviral vector.
Transplantation experiments. For intravenous transplantation, 105 cells re-
suspended in 200ml PBS were injected into the lateral tail vein. For intrasplenic
transplantation 105 cells re-suspended in 50ml PBS were injected. In all graphs
each circle represents an individual mouse and the bar represents the mean.
Statistical significance was determined using the Student’s t-test.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Mice, tumour initiation and creation of cell lines. KrasLSL-G12D, p53flox,
p53LSL-R270H and p53LSL-R172H mice have been described3–5,19,31. Tumours were
initiated by intratracheal infection of mice with a lentiviral vector expressing
Cre recombinase10. The lenti-Cre vector was co-transfected with packaging vectors
(delta8.2 and VSV-G; gifts from D. Trono32) into 293T cells using TransIT-LT1
(Mirus Bio). The resultant supernatant was collected at 48 and 72 h. Virus was
recovered by ultracentrifugation at 25,000 r.p.m. for 90 min and re-suspended in
an appropriate volume of PBS. The MIT Institutional Animal Care and Use
Committee approved all animal studies and procedures. Cell lines were created
from individual lung tumours and metastases harvested from mice 8–14 months
after tumour initiation. Tumours were cut into small pieces and then digested for
30 min at 37 uC in 2 ml of HBSS-free containing trypsin, collagenase IV and
dispase in a 15-ml conical tube. Following digestion, 4 ml of Quench Solution
(L15 media with 400ml of FBS and 15ml of 5 mg ml21 DNase) was added. Digested
tumour samples were then pressed through 40mm cell strainers (BD Biosciences).
Finally, samples were centrifuged at 1,000 r.p.m. for 5 min, re-suspended in culture
media (DMEM, 10% FBS, penicillin/streptomycin, glutamine), and plated in a 12-
well plate. Cells were washed and culture media was changed every day for a week
until stable cell lines were formed. In general we were able to derive cell lines from
approximately 50% of tumours and metastases without a noticeable difference in
the frequency of cell-line generation from metastases from different sites relative
to the primary lung tumours.
Linker-mediated PCR. Linker-mediated PCR (LM-PCR) was performed essen-
tially as previously described33. Annealing two oligonucleotides 59-TAGTCCC
TTAAGCGGAG-39 and 59-GTAATACGACTCACTATAGGGCTCCGCTTAA
GGGAC-39 created the linker. This linker was ligated to MseI-digested genomic
DNA followed by nested PCR using the following primers: forward 1(lentivirus)
59-CTCAATAAAGCTTGCCTTG-39, reverse 1 (linker) 59-GTAATACGACTC
ACGATAGGGC-39; forward 2 (lentivirus) 59-CTGTTGTGTGACTCTGGT
AAC-39, reverse 2 (linker) 59-AGGGCTCCGCTTAAGGGAC-39.

The PCR products were separated on an agarose gel and specifically amplified
bands were gel extracted, cloned into pCRII-TOPO (Invitrogen), and sequenced to
identify the exact genomic locus of lentiviral integration. Specific primers were
designed in that genomic region to amplify a product from the lentiviral genome to
the adjacent somatic genome (lenti-genome band) and also to amplify a product
from the other non-integrated allele of that genomic locus (genome-genome band)
(see Fig. 1b). Thus, related tumours can be identified by this three-primer PCR
reaction with related tumours having both the lenti-genome and genome-genome
bands and unrelated tumours having just the genome-genome band. In general we
detected a single lentiviral integrated in each tumour. When we have cloned the
exact position of the lentiviral insertion sites we have not yet found an insertion site
near a gene of interest. Therefore, it is extremely unlikely that these lentiviruses
function as insertional mutagens.
Southern blotting. For Southern blotting, 30mg of genomic DNA was doubly
digested with EcoRI and BamHI overnight at 37 uC. 1ml of enzyme was added in
the morning and DNA was digested for an additional hour. The concentration of
the digested DNA was determined using a NanoDrop spectrometer. The digested
DNA was loaded onto a 0.7% agarose gel and samples were electrophoresed at
30 V for 17–20 h. DNA was transferred onto a positively charged nylon membrane
(Hybond-XL, Amersham) overnight and then ultraviolet-crosslinked. A probe for
Cre was obtained by PCR amplification from a Cre-containing plasmid using the
following primers: forward primer 59-GCTCTAGCGTTCGAACGCAC-39,
reverse primer 59-GCTGGCCGGCCCATCGCCATCTTCCAGCAGGC-39.

Probes were labelled using a DECAprime II Random Priming DNA labelling kit,
according to the manufacturer’s instructions (Ambion). The membrane was
hybridized with labelled probe at 65 uC overnight, then washed and exposed over-
night on a Phosphoimager Screen, and imaged using a STORM 860 Molecular
Imager.
Murine gene expression profiling and analysis. Twenty-three samples from
murine primary tumour- and metastasis-derived cell lines were collected and
RNA was isolated. RNA was extracted using Trizol (Invitrogen), analysed for
RNA integrity, and prepared with Affymetrix GeneChip WT Sense Target
Labelling and Control Reagents kit, followed by hybridization to Affymetrix
GeneChip Mouse Exon 1.0 ST arrays. The resulting image files were pre-processed
using the aroma.affymetrix34 and FIRMA libraries35 available in the R/Bioconductor
software environment36,37. Probe intensities were summarized as expression levels
using quantile normalization and RMA.

We applied hierarchical consensus clustering with complete linkage11 and
1 2 (Pearson’s correlation coefficient) as a distance metric, to identify consistently
similar expression profiles. The procedure was run over 2,000 iterations with a
subsampling ratio of 0.8 on all 23 murine lung tumour samples, and 1,500 variably
expressed genes as determined by the median absolute deviation. To identify

differentially expressed genes between the TnonMet and TMet/Met samples the
significance analysis of microarrays algorithm38 was applied.

To determine gene expression alterations induced by Nkx2-1 knockdown in
TnonMet cells, Affymetrix GeneChip Mouse Exon 1.0 ST Array analyses were
performed on 368T1-Control, 368T1-shNkx2-1, 394T4-Control and 394T4-
shNkx2-1 cells. The 394T4 samples were run in duplicate using either the
Affymetrix GeneChip WT Sense Target Labelling or the Nugene Ovation
Systems Target Preparation kits. Thus, a pairwise comparison between the three
control and their corresponding shNkx2-1 data sets was used to determine the
potential Nkx2-1-regulated genes (Supplementary Table 2). We overlapped the
gene list generated by the control versus shNkx2-1 comparisons (log2 . 0.4, paired
t-test ,0.08) with the gene list generated from the TnonMet versus TMet/Met sam-
ples (log2 . 0.9, unpaired t-test ,0.02) to identify high priority targets.

Two curated gene sets of proliferation-related genes in humans were obtained from
the Molecular Signatures Database (http://www.broadinstitute.org/gsea/msigdb/
index.jsp, cell_proliferation (232 genes, renamed PROLIFERATION_GENESET1)
and proliferation_genes (394 genes, renamed PROLIFERATION_GENESET2)).
The majority of these human genes mapped to mouse genes, resulting in two pro-
liferation signatures for mice, with 187 and 332 genes respectively. These two signa-
tures were projected on the TMet/Met and TnonMet samples and Nkx2-1 knockdown
cell lines data sets. No significant difference in signature scores was observed in
TnonMet versus TMet/Met or TnonMet-Control versus TnonMet-shNkx2-1 comparisons
as determined by a Student’s t-test.
Pre-processing of human data set and projection of gene signatures. Human
lung adenocarcinoma gene expression analysis used raw data from ref. 12 (364
patients) and ref. 13 (129 patients). These data sets contain patients of all stages.
Probes intensities from the Affymetrix U133A platform used in these studies were
analysed in a gene-centric fashion39 and preprocessed using quantile normaliza-
tion and RMA.

To verify findings from our mouse model, the TnonMet signature and a signature
from human embryonic stem cells20,40 were projected on the expression profiles of
lung adenocarcinoma samples from 364 patients12 and 129 patients13. For a given
human adenocarcinoma sample, gene expression values were rank-normalized
and rank-ordered. The Empirical Cumulative Distribution Functions (ECDF) of
the genes in the gene signature and the remaining genes were calculated. By an
integration of the difference between the ECDFs, a statistic was calculated similar
to the one used in Gene Set Enrichment Analysis but based on absolute expression
rather than differential expression. Details on the method can be found in two
papers in which it was applied41,42. The statistic is calculated by replacing the
absolute gene expression levels for a given signature G in a single sample Si by
their ranks L 5 {r1, r2, r3,…,rN} and rank ordering them. By taking the weighted
sum of the difference between the ECDF of the genes in the signature PG and the
ECDF of the remaining genes PNG an enrichment score ES(G, S) is obtained:
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X

i
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This calculation was repeated for the TnonMet and ES1 signatures and each sample
in the data set. The exponent J adds a slight weight proportional to the outcome
value, which is signed.
Human lung adenocarcinoma tissue arrays. To determine the expression of
NKX2-1 and HMGA2 in human lung adenocarcinoma we stained a tissue micro-
array (US BioMax, LC1921) for these proteins using the antibodies described
above. Differentiation state of the tumours was provided by US BioMax and
confirmed by a pathologist (E.L.S.).
qPCR. Quantitative RT–PCR was performed on Trizol-extracted RNA using the
High Capacity cDNA Reverse Transcription kit (Applied Biosystems). qPCR
reactions were performed using SYBR Green Jumpstart Taq Ready Mix (Sigma)
and a ABI Prism thermocycler (Applied Biosystem). Nkx2-1 expression is shown
relative to Gapdh control. qPCR primers were: Nkx2-1 forward 59-AAAACTGCG
GGGATCTGAG-39, Nkx2-1 reverse 59-TGCTTTGGACTCATCGACAT-39;
Gapdh forward 59-TTTGATGTTAGTGGGGTCTCG-39, Gapdh reverse 59-AGC
TTGTCATCAACGGGAAG-39.
Immunohistochemical analysis and quantification. Samples for histology were
fixed in 3.7% formalin in PBS for 24 h and stored in 70% ethanol until paraffin
embedding. Immunohistochemistry was performed on formalin-fixed, paraffin-
embedded 4-mm sections using the ABC Vectastain kit (Vector Laboratories) with
antibodiestoNkx2-1(Epitomics),Hmga2(BioCheck),p63(LabVision),cytokeratin8
(Developmental Studies Hybridoma Bank), and phospho-histone3 (Cell
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Signaling). Sections were developed with DAB and counterstained with haema-
toxylin. Tumour size (mm2) and mitotic index (number of phospho-H3 cells/
mm2) after transplantation of TMet and TMet-Nkx2-1 cells were quantified using
BioQuant Software. Haematoxylin and eosin staining was performed using standard
methods.
cDNA expression and knockdown. pLKO.shNkx2-1: to knock down Nkx2-1,
shRNA pLKO.1 lentiviral vectors targeting Nkx2-1 were purchased from
OpenBiosystems and are part of The RNAi Consortium (TRC)43. The best hairpin
sequence targeting Nkx2-1 was shNkx2-1 (TRCN0000086266) 59-CGCCATGT
CTTGTTCTACCTT-39. An shRNA targeting luciferase was used as a control.
Lentiviral production was performed as described above44. The pLKO.1 vectors
were co-transfected with packaging vectors (delta8.2 and VSV-G, gifts from D.
Trono32) into 293T cells as described above. The resultant supernatant was col-
lected at 48 and 72 h. For cell line infection, 3 3 105 cells were plated in a well of a
6-well plate and incubated at 37 uC for $16 h. Cells were incubated with equal
volumes of virus and complete media for at least 24 h, at which point fresh media
was added. Puromycin (16mg ml21 for 368T1, 32mg ml21 for 394T4) was also
added at this point. Cells were collected for isolation of RNA and protein 2 weeks
after infection with the shRNA viruses.

MSCV-driven ecotropic retroviral vectors were made by transfecting 293T cells
with equal amount of the MSCV vector and pCLEco package vector45.

MSCV-Puro (control): retroviral expression vector driving the cDNA of interest
off the MSCV LTR and puromycin resistance off the PGK-promoter (Clontech).
The empty vector was used as a control.

MSCV-Nkx2-1/Puro: Nkx2-1 cDNA was PCR amplified using the following
primers: forward 59-GAGTTAACCCACCATGTCGATGAGTCCAAAGCAC-39,
reverse 59-CTGAATTCTCACCAGGTCCGACCATAAAG-39, followed by cloning
into pCRII-TOPO (Invitrogen), sequence verification, digestion and ligation into
MSCV-Puro.

MSCV-Nkx2-1*/Puro: an shNkx2-1 insensitive Nkx2-1 cDNA was created by
engineering four silent mutations using QuikChange Lightning Site-Directed
Mutagenesis (Stratagene) and the following primers: 59-GGTCCGACCATAA
AGCAAAGTGGAGCAGGACATGGCGCCATAGTCCGAG-39 and 59-CTCGG
ACTATGGCGCCATGTCCTGCTCCACTTTGCTTTATGGTCGGACC-39 fol-
lowed by sequence verification and cloning into the MSCV-Puro retroviral
expression vector.

MSCV-Hygro (control): a hygromycin-resistant retroviral expression vector
was created by swapping the hygromycin-resistance gene for the puromycin-
resistance gene in MSCV/LTRmiR30-Puro-IRES-GFP46. The empty vector was
used as a control.

MSCV-shHmga2/Hygro: shRNAs were designed using http://www.biopredsi.org/
start.html and resources available through G. Hannon’s laboratory at Cold Spring
Harbour Laboratories (http://katahdin.cshl.org/siRNA/RNAi.cgi?type5shRNA).
Five sequences within Hmga2 were cloned into the miR30 sequence and tested for
effective knockdown. The oligonucleotides were amplified, digested and cloned into
MSCV-Hygro. The correct sequence was verified by sequencing the final vector. The
following oligonucleotide gave the best Hmga2 knockdown: shHmga2 (NM_010441-
1375) 59-TGCTGTTGACAGTGAGCGAAAGGACTATATTAATCACTTTTAGT
GAAGCCACAGATGTAAAAGTGATTAATATAGTCCTTCTGCCTACTGCCT
CGGA-39. This was used to knock down Hmga2 in the TnonMet-shNkx2-1 cells.

pLKO.shHmga2: to knock down Hmga2 in a metastasis-derived cell line
(482N1) pLKO.1 lentiviral vectors targeting Hmga2 were obtained from The
RNAi Consortium43. The best hairpin sequence targeting Hmga2 was shHmga2
(TRCN0000265760) 59-GAAACTTATCAAGACGATTAA-39. An shRNA tar-
geting luciferase was used as a control. Lentiviral production was performed as
described above44.
Cell culture and transplantation assays. To assess proliferation, 100,000 cells
were plated in each well of a 6-well plate. Eighteen hours later the sub-confluent
cells were labelled with 10mm BrdU for 1 h followed by anti-BrdU staining using
the BD APC flow kit following the manufacturer’s instructions. For anchorage-
independent growth assays, cells were plated in triplicate or quadruplicate in
35 mm tissue culture dishes in 0.4% agar in culture media on top of a layer of
0.8% agar with culture media. For TnonMet and TnonMet-shNkx2-1 3 3 104 cells
were plated. For TMet, TMet-Nkx2-1, Met and Met-shHmga2 1 3 104 cells were
plated. Cells were allowed to grow at 37 uC for 2–3 weeks. Colonies were stained
with 0.2% crystal violet at room temperature for 30 min and subsequently de-
stained with water for several days. Once the colonies were visible by eye, they were
counted using a microscope. A colony was defined as anything containing more
than 10 cells.

For intravenous injection, recipient mice were injected with 105 cells re-
suspended in 200ml PBS in the lateral tail vein. Intravenously injected mice were
analysed 3–4 weeks after injection. Quantification of lung tumour nodules was
performed by counting all the visible surface tumours on the large left lung lobe.

Intrasplenic injection of 105 cells re-suspended in 50ml HBSS was performed as
described47,48. Briefly, mice were anaesthetized with avertin (0.5 mg g21 intraperi-
toneally) before surgery. Once the animals were under deep anaesthesia the fur was
removed from the left abdominal and thoracic areas using surgical clippers. The area
was disinfected with Betadine and 70% ethanol. The spleen was exposed through a
small incision. Cells were injected into the spleen with a single injection using an
insulin syringe. Cells were given 10 min to travel through the vasculature to the liver,
after which the entire spleen was removed to prevent the formation of a large splenic
tumour mass. To remove the spleen, a dissolvable 4-0 suture was tied snugly around
the base of the spleen including the major splenic vasculature and the spleen was
removed. The muscle wall was closed with 4-0 dissolvable sutures and the skin
incision closed with sterile 7-mm wound clips (Roboz). Intrasplenically injected
mice were analysed 3–4 weeks after injection. Quantification of liver tumour
nodules was performed by counting all the visible surface tumours under a dissect-
ing scope.

For TMet and TMet-Nkx2-1 subcutaneous injection, recipient mice were injected
with 105 cells re-suspended in 50ml PBS under the skin on their hind flank.
Subcutaneously injected mice were analysed 10 weeks after injection. Both the
presence of a tumour nodule and the weight of the resulting tumour were scored.
For TnonMet and TnonMet-shNkx2-1 subcutaneous injections, recipient mice were
injected with 106, 105, 104, or 103 cells re-suspended in 50ml PBS under the skin on
each of their hind flanks. Subcutaneously injected mice were analysed 4 weeks after
injection. Both the presence of a tumour nodule and the weight of the resulting
tumour were scored.

For all transplants recipient mice were 129/Bl6 F1 mice (Jackson Laboratories)
except in experiments with MSCV-shHmga2/Hygro and MSCV-Hygro (control),
which necessitated the use of immunocompromised Rag22/2 recipient mice, due
to an apparent immunogenicity of the hygromycin-resistant gene.
Creation of dual promoter lentiviral vector for Nkx2-1 cDNA expression. To
determine the effect of continued exogenous Nkx2-1 expression on lung tumour
progression we created a lentivural vector that expressed both Nkx2-1 and Cre-
recombinase. This vector had the Ubc promoter driving Nkx2-1 cDNA and the
PGK promoter driving Cre expression (pLL3.Ubc-Nkx2-1;Pgk-Cre). A lentivirus
expressing Cre alone (PGK-Cre) was used as a control. Virus was produced and
titred as described above. Cohorts of KrasLSL-G12D;p53flox/flox mice were infected
with each lentiviral vector. Tumour grade was determined 18 weeks after tumour
initiation.
DNA copy number data set. DNA copy number analysis was performed on 25 lung
adenocarcinoma cell lines using the Illumina Genomic DNA Sample Preparation Kit
(unpublished data set). Single-end 35 nucleotide reads were generated using the
Illumina Genome Analyser IIx. Reads were aligned to the July 2007 build of the
Mus musculus genome (NCBI37/mm9) with MAQ and filtered for mapping quality
.30. Copy number ratios were calculated as the number of normalized reads from
the tumour sample, divided by the number of normalized reads from the ref-
erence129/SVJ strain. Boundaries of copy number changes were identified using
change point analysis49. DNA copy number was visualized using the Broad
Institute’s Integrated Genome Viewer (http://www.broadinstitute.org/igv).
Hmga2 promoter assays. To assess the activity of a conserved promoter of the
Hmga2 gene, a 2.83-kb fragment of genomic DNA (NCBI37/mm9:chr10:119913940-
119916769) was PCR amplified and ligated into the multiple cloning site of the
pGL3 firefly luciferase vector (Promega). Tumour cells were transfected with the
Hmga2-luc construct and a thymide-kinase promoter driven Renilla luciferase
construct using Attractene (Qiagen). Luciferase activity was determined using
the Dual Luciferase Reagents (Promega) and Hmga2 activity was normalized to
the Renilla luciferase activity. An empty pGL3 construct was used as a control and
the Hmga2-luciferase values were additionally normalized to the values obtained
using the empty pGL3 construct.
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CPEB and two poly(A) polymerases control miR-122
stability and p53 mRNA translation
David M. Burns1, Andrea D’Ambrogio1, Stephanie Nottrott1 & Joel D. Richter1

Cytoplasmic polyadenylation-induced translation controls germ
cell development1,2, neuronal synaptic plasticity3–5 and cellular
senescence6,7, a tumour-suppressor mechanism that limits the
replicative lifespan of cells8,9. The cytoplasmic polyadenylation
element binding protein (CPEB) promotes polyadenylation by
nucleating a group of factors including defective in germline
development 2 (Gld2), a non-canonical poly(A) polymerase10–12,
on specific messenger RNA (mRNA) 39 untranslated regions
(UTRs). Because CPEB regulation of p53 mRNA polyadenyla-
tion/translation is necessary for cellular senescence in primary
human diploid fibroblasts6, we surmised that Gld2 would be the
enzyme responsible for poly(A) addition. Here we show that deple-
tion of Gld2 surprisingly promotes rather than inhibits p53 mRNA
polyadenylation/translation, induces premature senescence and
enhances the stability of CPEB mRNA. The CPEB 39 UTR contains
two miR-122 binding sites, which when deleted, elevate mRNA
translation, as does an antagomir of miR-122. Although miR-
122 is thought to be liver specific, it is present in primary
fibroblasts and destabilized by Gld2 depletion. Gld4, a second
non-canonical poly(A) polymerase, was found to regulate p53
mRNA polyadenylation/translation in a CPEB-dependent manner.
Thus, translational regulation of p53 mRNA and cellular senescence
is coordinated by Gld2/miR-122/CPEB/Gld4.

Mouse embryo fibroblasts (MEFs) derived from CPEB knockout
mice do not senesce as do MEFs derived from wild-type mice, but
instead are immortal. Senescence is rescued when ectopic CPEB is
expressed in the knockout MEFs and potentiated when expressed in
wild-type MEFs7. Human foreskin fibroblasts depleted of CPEB also
bypass senescence and divide for approximately 270 days compared
with wild-type cells, which senesce after about 90 days. As with the
mouse cells, ectopic expression of CPEB rescues senescence in knock-
down cells and potentiates senescence in wild-type cells. CPEB con-
trols the polyadenylation-induced translation of p53 mRNA, and
indeed CPEB-induced senescence requires p53. Depletion of CPEB
also induces the ‘Warburg effect’, where mitochondrial respiration is
reduced and cells produce ATP primarily through glycolysis6.

To investigate the possibility that CPEB control of p53 polyadenyla-
tion requires Gld2, human primary foreskin fibroblasts were stably
transduced with lentiviruses expressing two different short hairpin
RNA (shRNAs) against the Gld2 coding sequence. Surprisingly, Gld2
depletion (Fig. 1a, b) induced an increase in both p53 protein levels
(Fig. 1c) and p53 mRNA polyadenylation (Fig. 1d and Supplementary
Fig. 1). Also unexpectedly, depletion of Gld2 resulted in increased
oxygen consumption (Fig. 1e) and entry into a senescence-like cell-
cycle arrest as evidenced by b-galactosidase staining at acidic pH
(Fig. 1f). In comparison, CPEB-depleted cells had decreased oxygen
consumption, fewer cells staining with b-galactosidase, increased life-
span and, most importantly, reduced poly(A) tail size on p53 mRNA
and approximately 50% reduction in p53 protein levels6.

These paradoxical results prompted us to examine CPEB levels in
Gld2-deficient cells because CPEB is required for normal p53 mRNA
translation6. After comparing the amounts of CPEB nuclear pre-mRNA

by reverse transcription followed by quantitative PCR (RT–qPCR) and
mostly cytoplasmic mRNA by exon-specific RT–qPCR, we found that
the pre-mRNA levels, which generally reflect transcription, were nearly
unchanged whereas cytoplasmic mRNA levels increased by about five-
fold (Fig. 2a). Thus, in the absence of Gld2, CPEB mRNA unexpectedly
was more stable.

Surmising that Gld2 might control p53 protein levels through
CPEB, we next used a Renilla luciferase (Rluc) and firefly luciferase
(Fluc) reporter system to investigate post-transcriptional regulation of
CPEB by Gld2. As shown in Fig. 2b, c, the entire CPEB 39 UTR was
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Figure 1 | Depletion of Gld2 enhances p53 expression. a, RT–PCR of Gld2
and tubulin RNAs after infection of human foreskin fibroblasts with
lentiviruses expressing shRNA against Gld2 or GFP (Mock, same in all panels).
b, Knockdown of Gld2–HA in cells expressing ectopic Gld2–HA. Tubulin
served as a loading control. c, Western blot showing 2.5-fold enhanced
expression of p53 relative to tubulin after Gld2 depletion. d, Poly(A) tail
analysis of p53 mRNA in wild-type and Gld2-depleted cells (two shRNAs
targeting different regions of Gld2 were used). e, Oxygen consumption in cells
infected with shCPEB, shGld2, or empty vector (Mock). f, Mock or shGld2-
infected cells stained for b-galactosidase, which denotes cellular senescence.
Population doublings were determined in wild-type or Gld2-depleted cells.
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translated about 40% less efficiently compared with a reporter lacking
the 39 most 455 nucleotides (mock). However, in Gld2-deficient cells,
the two reporters were translated equally. Additional deletions (D) of
the CPEB 39 UTR suggested that there might be multiple regions that
elicited increases in reporter translation after Gld2 knockdown (that is,
DE translation was about twofold greater than DB, DC or DD trans-
lation) (Fig. 2d).

Analysis of the regions of the CPEB 39 UTR that mediated trans-
lational repression by Gld2 revealed the presence of two potential miR-
122 binding sites (Supplementary Fig. 2). Although miR-122 is thought
to be liver-specific and account for approximately 70% of the total
population of microRNAs in that tissue13, deletion of these specific
sites, either individually or combined, alleviated translational repres-
sion in Gld2-depleted cells (Fig. 3a), which were nearly identical to
those observed with the large deletions (Fig. 2d). These results suggest
that miR-122 might repress CPEB mRNA translation in human skin
fibroblasts and indicate that this microRNA (miRNA) is more widely
distributed than originally thought. Indeed, recent evidence shows that
miR-122 is present in human skin14 and even HEK293 cells15.

To assess directly whether miR-122 might repress CPEB mRNA
expression, we first cloned and sequenced it from human foreskin fibro-
blasts and found that it contained a non-templated 39 monoadenylate
residue (Fig. 3b; see discussion). Next, cells were electroporated with a
locked nucleic acid (LNA) antagomir for miR-122, or as a control, a
scrambled LNA. The miR-122 antagomir enhanced reporter expression
by about 3.25-fold relative to control (Fig. 3c), but had no stimulatory
effect on a reporter whose 39 UTR contained no miR-122 sites (Sup-
plementary Fig. 3). Based on evidence from Katoh et al.16, who demon-
strated that, in murine liver, Gld2 is essential for miR-122 stability,
we suspected that Gld2 might influence CPEB expression and possibly
p53 mRNA translation by controlling miR-122 steady-state levels.
Indeed, Fig. 3d demonstrates that depletion of Gld2 from skin fibro-
blasts reduced the level of miR-122 by nearly 40-fold. Importantly,
when miR-122 LNA antagomir-transduced cells were incubated
with the proteasome inhibitor MG132 and pulsed-labelled with
[35S]methionine for 15 min followed by p53 immunoprecipitation,
there was a twofold increase in the synthesis rate of p53 (Fig. 3e, f).
Taken together, these data demonstrate that human primary skin

fibroblasts contain miR-122 and that Gld2 controls its steady state levels
or activity.

Although consistent with the hypothesis that miR-122 mediates p53
mRNA translation through CPEB, these data do not eliminate the
possibility that miR-122 could act through another molecule to regulate
p53 synthesis (note that p53 mRNA has no miR-122 sites according to
Targetscan.org or Microrna.org). Consequently, we infected cells with a
lentivirus expressing shRNA for CPEB as well as the miR-122 antag-
omir followed by a 15 min pulse of [35S]methionine and p53 immuno-
precipitation. Figure 3g shows that although miR-122 antagomir alone
elicited an increase in p53 synthesis, the antagomir plus shRNA for
CPEB induced no increase. Taken together, these data demonstrate that
Gld2 activity stabilizes miR-122, which in turn reduces CPEB expres-
sion; CPEB then acts directly on p53 mRNA to control poly(A) tail
length and translation.
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If not Gld2, what poly(A) polymerase modifies p53 mRNA
polyadenylation and translation? We surmised that an alternative
non-canonical poly(A) polymerase, that is, one that lacks an RNA
binding domain and thus would require another factor such as
CPEB to be tethered to the RNA, would most probably be involved.
Two cytoplasmic enzymes have this characteristic: Gld4 (PAPD5)17

and MitoPAP (PAPD1)18. Both polymerases were depleted with
shRNAs (Supplementary Fig. 4) but only the loss of Gld4 reduced
p53 protein levels (Fig. 4a). To investigate whether Gld4 interacts with
p53 mRNA in a CPEB-dependent manner, Flag–Gld4 was expressed in
cells (Supplementary Fig. 5) containing shRNA for tetracycline repres-
sor (TETR, a control) or CPEB. Gld4 was then immunoprecipitated
and the extracted RNA was examined for p53 and GAPDH (a control)
RNAs by RT–PCR (Fig. 4b). p53 mRNA was detected only when CPEB
was present, suggesting that Gld4 is anchored to p53 mRNA by CPEB,
and indeed, CPEB co-immunoprecipitated Gld4 but not Mcl1, a non-
specific control (Fig. 4c). Finally, depletion of Gld4 reduced p53
mRNA polyadenylation (Fig. 4d), which probably then induced p53
mRNA destabilization (Fig. 4e; depletion of Gld4 reduced mostly
cytoplasmic p53 mRNA as examined by RT–PCR using exon-specific
primers but had no effect on p53 transcription as examined by RT–
PCR using intron-specific primers).

The results presented here and in Katoh et al.16 suggest a model for
homeostatic control of p53 synthesis in human skin fibroblasts
(Fig. 4f). Gld2 stabilizes miR-122 by catalysing the addition of a single
adenylate residue to its 39 end16. miR-122 then base-pairs to two
regions of the CPEB 39 UTR, causing instability and/or translational
inhibition of the mRNA. CPEB, whose levels are modulated by these
events, binds to the p53 39 UTR and recruits Gld4, which in turn

maintains p53 mRNA polyadenylation and translation. We visualize
this hierarchical regulation of p53 to resemble a rheostat, where trans-
lation is turned up or down rather than a switch, where translation is
turned on or off19, although p53 mRNA translation can also be con-
trolled by a switch mechanism in response to DNA damage20,21. A 50%
change in p53 synthesis can toggle a cell between growth and senescence6,
demonstrating that drastic biological consequences result from a rela-
tively modest change in protein level.

Although ectopically expressed Gld2 immunoprecipitated from
hepatocarcinoma cells adds a single adenosine to miR-122 in vitro16,
Gld2 tethered to a small non-coding RNA by MS2 adds more than 300
adenylate residues in injected oocytes22, and about that same amount
to mRNA when bound to CPEB10. How the enzyme can modulate its
catalytic activity depending on the substrate is unknown, but we pos-
tulate that components of the RNA-induced silencing complex might
be responsible. In addition to our demonstration that miR-122 is 39

mono-adenylated in skin fibroblasts, approximately 20% of all RNA
deep sequencing reads from cloned neuroblastoma miRNAs contain a
non-templated adenylate residue23, suggesting that miR-122 may be
one of several miRNAs that are mono-adenylated by Gld2.

In conclusion, our results demonstrate that Gld2 control of miR-122
stability in human skin fibroblasts tunes CPEB expression, which in
turn regulates p53 mRNA polyadenylation and translation by Gld4.
The coordinated activities of these factors then gate entry into
senescence. These studies also bring up two additional aspects of
CPEB-related activities: how does Gld4, but not Gld2, associate with
CPEB on p53 mRNA, and what molecular machinery is responsible for
miR-122 destruction upon Gld2 depletion? Deciphering the mechan-
isms involved would probably require analysis of the combinatorial
associations of factors on different RNA substrates.

METHODS SUMMARY
Molecular biology and cell culture. Primary human foreskin fibroblasts obtained
from the Cell Culture Core Facility of the Yale University Skin Disease Research
Center were cultured as described24 in Dulbecco’s modified eagle’s medium
(DMEM) containing 10% fetal calf serum. Amphotropic retroviruses and
shRNA-containing lentiviruses were produced by transient transfection of 293T
cells with a transfer vector and amphotropic packaging plasmids encoding VSV-G
and gag-pol using Lipofectamine 2000 (Invitrogen). Human cells at 50% confluency
were infected for 8–12 h with viral supernatants containing 7mg ml21 polybrene.
Typically 70–90% infection efficiency was achieved as assessed by a green fluor-
escent protein (GFP)-encoding viral gene or by immunostaining with haemagglu-
tinin (HA) antibody (Covance). After infection, fresh medium was added to the
infected fibroblasts. Some cells were analysed by western blotting for p53 (DO-1,
Neomarkers) andb-actin (Abcam). Other cells were fixed with 0.2% glutaraldehyde
and stained for b-galactosidase activity at acidic pH according to Dimri et al.25.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Analysis of p53, Gld2 and Gld4. Lentiviruses expressing shRNAs for Gld2, Gld4
and mitoPAP were generated as described6. shRNA against the TET repressor has
also been described6. A retrovirus expressing Gld2–HA was generated as
described7. Control and shCPEB infected fibroblasts were cultured in methionine
and cysteine-free media (Invitrogen) for 45 min and then cultured in media con-
taining 140 mCi [35S]methionine and [35S]cysteine (ProMix, Amersham) for
30 min. The cells were then washed and cultured in fresh DMEM supplemented
with 2 mM each of methionine and cysteine for the times indicated. The cells were
then frozen and stored until they were used for p53 immunoprecipitation and
analysis by SDS–polyacrylamide gel electrophoresis and phosphorimaging. Cells
were also cultured in methionine/cysteine-free media in the presence of MG132, a
proteasome inhibitor, for 30 min followed by culture for 15 min in 100mCi
[35S]methionine and cysteine; p53 was then immunoprecipitated and analysed
as noted above.

Ligation-mediated polyadenylation test assays were used to detect the poly(A)
tail of p53 mRNA in wild-type cells, shGld2 knockdown cells (two shRNAs tar-
geting different regions of Gld2 were used), cells expressing ectopic CPEB and cells
expressing ectopic that lacked a zinc finger and hence unable to bind RNA
(CPEBDZF)6. Quantitative RT–PCR analyses were normalized against actin RNA.
Oxygen consumption and cellular senescence. To measure oxygen consump-
tion, approximately 4 3 105 cells were washed and suspended in 200 ml Krebs–
Ringer solution plus HEPES (125 mM NaCl, 1.4 mM KCl, 20 mM HEPES, pH 7.4,
5 mM NaHCO3, 1.2 mM MgSO4, 1.2 mM KH2PO4, 1 mM CaCl2) containing 1%
BSA. Cells from each condition were aliquoted into a BD Oxygen Biosensor
System plate (BD Biosciences) in triplicate. Plates were assayed on a SAFIRE
multimode microplate spectrophotometer (Tecan) at 1 min intervals for 60 min
at an excitation wavelength of 485 nm and an emission wavelength of 630 nm.

Mock or shGld2-infected cells were stained for b-galactosidase at acidic pH,
which denotes cellular senescence. Cell number was also determined with a hae-
mocytometer; population doublings were plotted as growth curves of wild-type
cells or cells infected with shGld2.
miR-122 cloning and sequencing. Small RNAs from human foreskin fibroblasts
were extracted with mirVANA PARIS kit (Ambion). Those corresponding in length
to18–24 nucleotides were resolved by urea–polyacrylamide gel electrophoresis,
extracted and ethanol precipitated. miRNA cloning linker-1 (IDT) was ligated to
the 39 ends and used to prime a reverse transcription reaction with Superscript III

(Invitrogen) and the RT primer DP3 (59-ATTGATGGTGCCTACAG-39). cDNA
was then PCR amplified with miR-122 specific primer 59-AGGGGCGCCTG
GAGTGTGACAATG-39 and DP3. The PCR product was cloned into pGEM-T
(Promega) and sequenced. The chromatogram shown is adapted from 4peaks
(http://mekentosj.com/science/4peaks/).
Antagomir depletion of miR-122. LNA antagomir against miR-122, or a scrambled
sequence LNA (Exiqon) were electroporated (Amaxa, Lonza) at a final concentration
of 4 nM into approximately 106 human foreskin fibroblast cells together with 0.8 mg
firefly (pGL3, Promega) and 1.0mg Renilla (pRLTK) luciferase-encoding plasmid, the
latter harbouring the full-length CPEB 39 UTR or deletion mutations of the 39 UTR.
Luciferase assays were performed 16–24 h after electroporation according to methods
described elsewhere26. The amount of Renilla luciferase activity derived from RNA
containing the entire CPEB 39 UTR (full) was arbitrarily set at 100. When used, the
CPEB 39 UTR deletions (D) were (in CPEB nucleotide number) as follows: DA, 420–
755; DB, 480–755; DC, 530–755; DD, 565–755; DE, 640–755.
CPEB-Gld4 co-immunoprecipitation. Cells were transfected with plasmids
encoding Flag–CPEB and HA–Gld4 using Effectene (Qiagen). The cells were then
collected in PBS and lysed in lysis/wash buffer (50 mM Tris-HCl, pH 7.4, 100 mM
NaCl, 1 mM MgCl2, 0.1 mM CCl2, 0.1% SDS and Complete Protease Inhibitor
(Roche)). Extracts (0.5 mg protein) were incubated with M2–Flag antibody-
(Sigma) coated Dynabeads (Invitrogen) for 2 h at 4 uC. The beads were then
washed three times with lysis/wash buffer and the bound proteins eluted by boiling
in SDS sample buffer. Co-immunoprecipitates were detected by western blotting
with HA antibody (HA.11 16B12, Covance). Control immunoprecipitations were
performed with generic mouse IgG-coated Dyanbeads.
Gld4-RNP co-immunoprecipitation. Mock or CPEB-depleted human foreskin
fibroblasts6 were electroporated (Amaxa, Lonza) with a plasmid encoding Flag–
Gld4 according to the manufacturer’s instructions. Immunoprecipitation with the
Flag antibody followed the procedure of Peritz et al.27 with the following modifica-
tions: (1) M2 anti-Flag (Sigma)-coated Dynabeads were used instead of agarose
beads; and (2) washes with buffer containing 1 M urea were omitted. p53 RNA was
detected by RT–PCR as described6.

26. Nottrott, S., Simard, M. J. & Richter, J. D. Human let-7a miRNA blocks protein
production on actively translating polyribosomes. Nature Struct. Mol. Biol. 13,
1108–1114 (2006).

27. Peritz, T. et al. Immunoprecipitation of mRNA-protein complexes. Nature Protocols
1, 577–580 (2006).
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Enzyme-catalysed [412] cycloaddition is a key step
in the biosynthesis of spinosyn A
Hak Joong Kim1, Mark W. Ruszczycky2*, Sei-hyun Choi1*, Yung-nan Liu2 & Hung-wen Liu1,2

The Diels–Alder reaction is a [412] cycloaddition reaction in which
a cyclohexene ring is formed between a 1,3-diene and an electron-
deficient alkene via a single pericyclic transition state1. This reaction
has been proposed as a key transformation in the biosynthesis of
many cyclohexene-containing secondary metabolites2–5. However,
only four purified enzymes have thus far been implicated in bio-
transformations that are consistent with a Diels–Alder reaction,
namely solanapyrone synthase6, LovB7,8, macrophomate synthase9,10,
and riboflavin synthase11,12. Although the stereochemical outcomes
of these reactions indicate that the product formation could be
enzyme-guided in each case, these enzymes typically demonstrate
more than one catalytic activity, leaving their specific influence on
the cycloaddition step uncertain. In our studies of the biosynthesis
of spinosyn A, a tetracyclic polyketide-derived insecticide from
Saccharopolyspora spinosa13,14, we identified a cyclase, SpnF, that
catalyses a transannular [412] cycloaddition to form the cyclohex-
ene ring in spinosyn A. Kinetic analysis demonstrates that SpnF
specifically accelerates the ring formation reaction with an esti-
mated 500-fold rate enhancement. A second enzyme, SpnL, was also
identified as responsible for the final cross-bridging step that com-
pletes the tetracyclic core of spinosyn A in a manner consistent with
a Rauhut–Currier reaction15. This work is significant because SpnF
represents the first example characterized in vitro of a stand-
alone enzyme solely committed to the catalysis of a [412] cycload-
dition reaction. In addition, the mode of formation of the complex
perhydro-as-indacene moiety in spinosyn A is now fully established.

Spinosyn A (1), an active ingredient of several highly effective and
environmentally benign commercial insecticides, has a complex
aglycone structure comprising a perhydro-as-indacene moiety fused
to a 12-membered macrolactone13,14. How this tetracyclic ring system

is biosynthesized has been a subject of much speculation16–18.
Attention has largely focused on the construction of the cyclohexene
ring due to the potential involvement of an enzyme that catalyses the
[412] cycloaddition, which if concerted would represent a so-called
‘Diels–Alderase’. Four genes in the spinosyn A biosynthetic gene cluster
of S. spinosa—spnF, spnJ, spnL and spnM—were proposed to convert
product (2) of the polyketide synthase (PKS) to the tetracyclic aglycone
(4) (see Fig. 1)16. The gene product of spnJ, which is a flavin-dependent
dehydrogenase, was recently demonstrated to catalyse oxidation of the
15-OH of 2 to form the keto-intermediate 3 (ref. 19). However, the
functions of the enzymes encoded by the remaining three genes, spnF,
spnL and spnM, which show significant sequence similarity to lipases
(SpnM) and S-adenosyl-L-methionine (SAM)-dependent methyltrans-
ferases (SpnF and SpnL)16, remain elusive.

To investigate the functions of SpnF, SpnL and SpnM, the corres-
ponding genes were heterologously overexpressed in Escherichia coli
BL21(DE3)* and their products purified as N-terminal His6-tagged
proteins (.95% purity). Each of the purified enzymes was tested for
activity with 3. As shown in Fig. 2A, neither SpnF nor SpnL processes
3. In contrast, complete conversion of 3 to a new product was observed
after a 2-h incubation with SpnM. NMR and mass spectrometry ana-
lysis of this new product (8) revealed a 15,6,5-tricyclic skeleton.
Further investigation of the reaction time-course led to the discovery
of a transient intermediate (Fig. 2D, orange peak), which was identified
by spectral analysis as the monocyclic macrolactone 5.

These findings indicated that the SpnM-catalysed conversion of 3 to
8 might be a two-step process involving 1,4-dehydration of 3 followed
by a transannular [412] cycloaddition between the D11,12-alkene and
the conjugated D4,5,D6,7-diene of intermediate 5 to form the cyclohex-
ene moiety in 8 (Fig. 4). To investigate whether SpnM is indeed a

*These authors contributed equally to this work.

1Department of Chemistry and Biochemistry, University of Texas at Austin, Austin, Texas 78712, USA. 2Division of Medicinal Chemistry, College of Pharmacy, University of Texas at Austin, Austin, Texas
78712, USA.
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cyclase of dual function catalysing both the dehydration and cycliza-
tion steps, the dependence of the rate of each step on the concentration
of SpnM was determined. In this experiment the formation and
consumption of 5, which respectively reflect the dehydration and
cyclization steps, was monitored by high-performance liquid chro-
matography (HPLC) as a function of time.

As shown in Fig. 3a, rate enhancement of the dehydration step was
observed with the increase in SpnM concentration, whereas the rate of
cyclization was unaffected. The full time courses of the formation and
decay of 5 were analysed using numerically integrated coupled rate
equations based on different kinetic models (see Supplementary
Information Section 5)20. The observed data was fit best to the inte-
grated rate equations (1a) and (1b), which model Michaelis–Menten
kinetics for the dehydration step (VSpnM and KSpnM) and first order

kinetics (knon) for the cyclization step. Correlation of the fitted para-
meters versus the concentration of SpnM (Fig. 3b) reveals a significant
dependence of VSpnM, but not KSpnM or knon, on SpnM concentration.
This analysis indicates that SpnM functions only as a dehydratase, and
its product (5) can cyclize nonenzymatically to 8 with a first order rate
constant of approximately 0.03 min21.

Having established that SpnM functions as a dehydratase, whereas
the [412] cycloaddition can proceed nonenzymatically, we next con-
sidered the possible involvement of the two remaining gene products,
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standard of 13. D, Time-course of 2 mM 3 in the presence of 1.25mM SpnM.
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constant for nonenzymatic cyclization of 5, knon, is 0.0288 6 0.00041 min21.
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SpnF and SpnL, in the final C-C bond formation between C-3 and
C-14. Surprisingly, incubation of SpnF or SpnL with 8, which was
generated in situ from 3 in the presence of SpnM, did not produce
the aglycone 4 (Fig. 2B). However, when SpnF was added to the assay
mixture, a change in the product distribution was noted including
rapid disappearance of 5 (Fig. 2B, trace c). As shown in Fig. 2E, the
consumption of 5 with concomitant formation of a product having a
retention time consistent with 8 was completed in 20 min in the pres-
ence of 10mM SpnF, instead of requiring more than 2 h in its absence
(Fig. 2D). The structure of this product was established to be 8 by NMR
analysis. Additional controls, including examining the effects of dena-
tured SpnF as well as mutated SpnF on the rate of cyclization, were also
performed. In all cases only native (His6-tagged) SpnF led to appre-
ciably increased rates of cyclization (see Supplementary Information
Section 4.4). These results clearly indicate that SpnF is responsible for
the observed rate enhancement of the cyclization of 5 to 8.

To quantify the effect of SpnF on the rate of the cyclization step, the
production and consumption of 5 was again monitored by HPLC, this
time as a function of SpnF concentration while keeping that of SpnM
fixed. As shown in Fig. 3c, the rate of conversion of 5 to 8 is clearly
enhanced as the concentration of SpnF increases. The data was fit best
using the coupled rate equations (2a) and (2b), where the cyclization
event is modelled as the sum of a first order and a Michaelis–Menten
process. In these fits all parameters including the initial concentration
of 3 were allowed to float except for knon, which was fixed at the fitted
value obtained in the absence of SpnF. Correlation of the fitted para-
meters with SpnF concentration indicates a significant dependence of
VSpnF on SpnF concentration (Fig. 3d), which is not true for the VSpnM

parameter. These results firmly establish that SpnF is a cyclase cata-
lysing the conversion of 5 to 8 with an apparent kcat of 14 6 1.6 min21

(6 s.e.) for an estimated rate enhancement (kcat,spnF versus knon) of
approximately 500-fold.

This result left spnL as the only gene without an assigned function,
and it was proposed that SpnL has a role in the transannular cycliza-
tion reaction between C-3 and C-14. However, the observed inability
of SpnL to convert 8 to the anticipated product (4) (Fig. 2B, trace b)
prompted us to reconsider the sequence of events of the proposed
biosynthetic pathway in Fig. 1. Previously, glycosylations had been
thought to occur on the tetracyclic aglycone (4), because transfer of
the rhamnose moiety from thymidine diphosphate-b-L-rhamnose
(TDP-b-L-rhamnose, 9) to 9-OH of 4 by the rhamnosyltransferase,
SpnG, had been demonstrated21,22. However, this observation did not
necessarily rule out an alternative pathway in which rhamnosylation of
8 precedes C-3/C-14 cross-bridging, because glycosyltransferases
involved in the biosynthesis of secondary metabolites are known to
be promiscuous with regard to their substrate specificity23,24.

To test this possibility, the ability of SpnG to accept 8 as a substrate
was investigated. As shown in Fig. 2C (trace b), incubation of 8 and 9
with SpnG resulted in the disappearance of 8 with the concomitant
appearance of a new peak (retention time of 17 min). This new product
was identified as 10 by NMR and mass spectrometry analysis (Fig. 4).
Upon addition of SpnL to this reaction mixture, the peak at 17 min
disappeared and a new peak appeared at 27 min (Fig. 2C, trace c). Both
transformations were highly efficient. Identification of the new product
as 13 was confirmed by high-resolution mass spectrometry analysis and
HPLC co-elution with an authentic sample of 13. These results strongly
suggest that 10 rather than 8 is the biological substrate for SpnL, which
catalyses the final cyclization step to generate the perhydro-as-indacene
core.

The mechanisms by which SpnF and SpnL catalyse their respective
cyclization reactions are a point of interest. The SpnF-catalysed endo-
mode syn-addition of an alkenyl to a dienyl functionality seems con-
sistent with a Diels–Alder reaction; however, confirmation of this
hypothesis will require demonstrating that the reaction progresses
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than being converted directly to the aglycone 4 (see Fig. 1) as previously
thought. SpnL completes the cross-bridging process by interlinking the C-3 and
C-14 carbon centres of 10 to produce the tetracyclic nucleus (13) of spinosyn A.
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through a single pericyclic transition state such as 6. Therefore, a
stepwise [412] cycloaddition mechanism, for example, one involving
a dipolar intermediate such as 7, cannot at present be ruled out. In
contrast, the C-C bond formation catalysed by SpnL may involve a
Rauhut–Currier mechanism15 consistent with the observation that 10
is susceptible towards nucleophilic addition by a thiol (see Supplemen-
tary Information Section 3.10) forming a covalent adduct that may be
structurally analogous to 11 or 12 (see Fig. 4), although the specific site
of attack remains unknown. Whereas these mechanistic proposals are
at present speculative, it is worth noting that Roush and co-workers
were able to accomplish their non-enzymatic total synthesis of
spinosyn A by exploiting both the transannular Diels–Alder and
Rauhut–Currier reactions in an analogous fashion25. This precedent
in chemical synthesis certainly substantiates the feasibility of the
mechanisms proposed for the SpnF- and SpnL-catalysed reactions.

In summary, the biosynthetic pathway for spinosyn A is now fully
established (Fig. 4), with the specific functions of SpnM as a dehydra-
tase and SpnF as well as SpnL as the two cyclases in the cross-bridging
steps biochemically determined. SpnF represents the first enzyme for
which specific acceleration of a [412] cycloaddition reaction has been
experimentally verified as its only known function. It stands in contrast
to macrophomate synthase, for which evidence has been provided
suggesting a tandem Michael–aldol reaction mechanism26,27, as well
as the multifunctional solanapyrone synthase, LovB and riboflavin
synthase, which participate in hydroxyl oxidation5,6, polyketide syn-
thesis7,8, and hydride transfer12, respectively, in addition to the [412]
cycloaddition reactions, the concertedness of which have yet to be
verified. For this reason, the SpnF reaction provides a unique system
for detailed mechanistic investigation of enzyme-catalysed [412]
cycloadditions and the existence of a bona fide Diels–Alderase.

METHODS SUMMARY
All proteins used in this work were overexpressed in E. coli BL21(DE3)* (Invitrogen)
and purified by Ni-NTA (Qiagen) affinity chromatography. Specifically, SpnF was
co-overexpressed with the chaperone protein pair, GroEL/ES, to improve its
solubility. Because overexpression of the protein encoded by the originally
assigned spnM gene16 failed to afford an active soluble protein, the gene sequence
was re-examined and revised to include 204 additional base pairs (Supplementary
Fig. 2). Overexpression of the revised spnM gene produced an active enzyme with
significantly improved protein yield. All enzyme reaction products (5, 8, 10 and 13)
were extracted with ethyl acetate or chloroform and purified using silica gel column
chromatography or HPLC. Their structures were characterized by 1D- and 2D-
NMR spectroscopy and/or high-resolution mass spectrometry. In particular, the
stereochemistry of 8 was assigned based on its 1H-1H nuclear Overhauser enhance-
ment spectroscopy (NOESY) spectrum. All substrate specificity and time-course
assays were run in 50 mM Tris-HCl buffer (pH 8) at 30 uC. Reaction aliquots were
quenched with an excess volume of ethanol after a given incubation time and
centrifuged to remove protein. The supernatant was then analysed by reverse phase
HPLC with detection by ultraviolet absorbance at 254 nm (Fig. 2) or 280 nm (Fig. 3).
Time course assays also included p-methoxyacetophenone as an internal standard
to normalize the peak areas corresponding to 5. Numerical integration of equations
(1) and (2) used the fourth order Runge–Kutta algorithm28 following non-dimen-
sionalization of substrate concentration. The resulting simulated progress curves
were fit using steepest descent29 directly to full time-courses of normalized substrate
concentration obtained via the HPLC discontinuous assay to provide the kinetic
parameters and a concentration normalization factor. Further detail regarding
experimental procedures as well as data fitting and analysis is described in the
Supplementary Information.
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B Y  C H A R L O T T E  S C H U B E R T

Lisa Israelsson grips her head in her hands, 
pink hair peeking through her fingers. 
She has hit the wrong key on her com-

puter, and now she can’t find the 1,511,104 
data points that she had been working on. 
But that’s the least of her worries — once she 
has retrieved the information, she will have to 
work out what it all means. 

The numbers are ranged on a spreadsheet 
with 47,222 rows and 32 columns. Each col-
umn corresponds to a blood sample taken 
from a person with an immune-system 
defect. Every sample has been processed and 
placed onto a micro array chip dotted with 
47,222 unique DNA molecules to measure 
which genes in the sample are active, which 

are in active and which are expressed at unu-
sual levels. It is going to take Israelsson, an 
immunology postdoc with little experience in  
computational biology, about a week to crunch 
the information and turn it into tidy charts 
that will provide quick snapshots of the state 
of each person’s immune system.

Fortunately, Israelsson can turn for help to 
any of the researchers in her lab, who include 
molecular biologists, biostatisticians, bio-
informaticians and a software engineer who 
once designed an electronic billing system for 
the government of Bhutan. The lab, at the Ben-
aroya Research Institute in Seattle, Washington, 
is run by Damien Chaussabel, a systems immu-
nologist. Using readouts of the immune system 
such as the one that Israelsson is preparing, 
the lab aims to develop molecular signatures 

for immune-related conditions from sepsis to 
lupus, to better diagnose patients and predict 
how they will respond to drugs and vaccines. 

Chaussabel’s cooperative, inter disciplinary 
team is typical in the burgeoning field of 
systems immunology, a loosely defined sub-
speciality of systems biology. As the name 
implies, systems biology measures how 
molecular components such as genes, proteins 
and cells interact within a system — from a 
biological tissue to an entire organism — and 
uses computational mathematical methods 
to describe the system and predict how it will 
behave if its components are perturbed.

Until a few years ago, systems biology was 
dominated by the study of yeast cells and 
tumours, which have a manageable number of 
components. The immune system, with its 

S Y S T E M S  I M M U N O L O G Y

Complexity captured
Researchers who can grasp the intricacies of the immune system and enjoy distilling 
meaning from large data sets are in demand for a growing subfield of systems biology. 

Systems immunologists track the effects of drugs and infectious agents, such as parasitic worms, on the body’s defences.
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dozens of different cell types and hundreds 
of intersecting molecular pathways and signals, 
has proved more difficult to model. But now, 
researchers are taking up the challenge.

A systems approach can help immunolo-
gists to predict, for example, how the immune 
system will respond to a particular vaccine or 
drug — will it react in a way that will ease dis-
ease? Or will a drug that is under development 
cause undesirable side effects?

Encouraged by early successes of systems-
biology approaches in cancer research — 
including the commercialization of diagnostic 
gene chips — and by technological advances 
in the large-scale analyses of molecules, sys-
tems immunology is in a growth stage: fund-
ing is expanding, creating job opportunities 
for researchers at all stages of their careers. 
Although much of the demand in academia is 
coming from the United States, there are also 
opportunities in Europe and Asia. And phar-
maceutical companies worldwide are hiring 
systems immunologists at all levels to help pick 
out potential drug targets on the basis of models 
of immune-system function, or to monitor the 
immune systems of subjects in clinical trials.

GROWING SUPPORT
In Seattle, not far from where Israelsson 
is working on her data set, Alan Aderem’s 
45-member systems-immunology lab is in the 
middle of moving from the Institute of Systems 
Biology, which Aderem co-founded, to the 
Seattle Biomedical Research Institute (SBRI), 
which he will now head. The move shows how 
interest in the field of systems immunology is 
growing. It was financed by a US$7-million 
grant from the Bill & Melinda Gates Foun-
dation in Seattle, which, among other work, 
supports research into infectious diseases that 
affect the developing world. Aderem’s lab will 
bring a systems approach to the SBRI’s current 
focus on infectious diseases, including HIV, 
malaria, tuberculosis and leishmaniasis. 

Funding agencies in the United States are 
helping to propel the field’s expansion. Chauss-
abel’s research is funded largely by a five-year, 
$100-million US National Institutes of Health 
(NIH) grant to the Baylor Institute for Immu-
nology Research in Dallas, Texas — where 
Chaussabel was based until last year and still 
holds a part-time appointment — and six other 
centres nationwide that are part of the NIH’s 
Human Immunology Project Consortium. 
The consortium aims to generate molecular 
signatures of the human immune system and 
its response to vaccination and infection. 

The NIH also spends millions of dollars 
on systems immunology outside the consor-
tium. For example, the largest formal systems-
biology programme on the NIH campus is in 
systems immunology, says Ron Germain, 
an immunologist at the National Institute of 
Allergy and Infectious Diseases in Bethesda, 
Maryland, who launched the scheme in 2008. 
His programme had a budget of $4.1 million 

last year, is hiring a fifth principal investigator, 
and will employ dozens of postdocs, techni-
cians and other staff as it develops. 

But Chaussabel cautions that as with any 
new discipline, systems immunology will 
continue to grow only if it proves successful; 
for example, if researchers can come up with 
improved approaches to HIV-vaccine develop-
ment or new diagnostic tests for a variety of 
diseases. “You need to see some deliverables 
in the short- to mid-term before the field gets 
very large,” he says. However, Chaussabel, 
Aderem and others in the field are optimistic 
about prospects for systems immunologists in 
academia and industry. “In an environment 
where all jobs are really tight,” says Aderem, 
“systems biologists, the good ones, have their 
pick to a large extent.”

GLOBAL PROSPECTS
Major funding agencies outside the United 
States have not embraced systems immunol-
ogy with as much enthusiasm as the NIH. But 
projects are starting to emerge worldwide. 

Last year, for instance, John Connolly of 
the Singapore Immunology Network started 
a systems-biology lab that focused on the 

human immune sys-
tem. His group has 
big ambitions: he 
aims to collaborate 
with drug compa-
nies and researchers 
throughout Asia to 
monitor the immune 
responses of subjects 
in clinical trials and 
identify molecular 
signatures that pre-
dict outcomes or side 
effects. 

The  Europ e an 
Union (EU) has not 

funded any efforts comparable to the Human 
Immunology Project Consortium, says Stefan  
Kaufmann, director of immunology at the 
Max Planck Institute for Infection Biology in 
Berlin. But EU researchers can obtain grants 
for smaller systems-immunology projects. In 
Kaufmann’s lab, for example, a study of tuber-
culosis is funded in part by SysteMTb, a four-
year, €10.5-million (US$15.2-million) project 
launched last year and financed by the EU’s 
research-funding framework, which brings 
together systems biologists and tuberculosis 
experts at 13 institutions across Europe. 

Academia is not the only area in which 
opportunities are growing. The pharmaceu-
tical industry worldwide is hiring systems 
immunologists, from newly minted PhDs in 
biostatistics, bioinformatics, pharmaco dyamics 
and other computational fields to immunolo-
gists and molecular biologists who have spent 
years as postdocs or academic faculty members. 

The increased demand in recent years has 
coincided with the overall contraction of 

pharmaceutical research budgets, so it is dif-
ficult to ascertain whether there is an overall 
uptick in industry job openings, warns Debraj 
GuhaThakurta, who heads the systems-immu-
nology group at Dendreon, a biotechnology 
company based in Seattle. 

The greatest demand for systems immu-
nologists in industry is at large pharmaceutical  
companies that are developing vaccines or 
other agents that affect the immune system, 
such as monoclonal antibodies, says Aderem. 
Those companies include Novartis, based in 
Basel, Switzerland, and Sanofi–aventis, head-
quartered in Paris. 

WHAT IT TAKES TO GET THE JOB
Those interested in a career in systems immu-
nology should get experience in both systems 
biology and immunology, says Aderem. He 
advises immunology graduate students to 
spend some time in systems-biology labs, and 
quantitative experts, such as biostatisticians 
and bioinformaticians, to learn some immu-
nology. GuhaThakurta, who has a PhD in  
biophysics, boned up on immunology through 
reading and coursework for six months before 
applying to Dendreon. Institutions such as 
the University of California, Irvine, are also 
starting to offer graduate programmes that  
combine specific fields of biology with training 
in systems biology. 

In comparison with other fields, systems-
biology labs hire a lot of staff scientists, who 
have greater job security and higher salaries 
than postdocs. Aderem’s lab, for instance, 
employs 13 research scientists, a set-up that 
aims to foster long-term collaboration. 

Applicants will find that the abilities to 
work in a team and think outside their areas of 
training are important in this multidisciplinary 
area of research. Such qualities are particularly 
valued in industry, where systems immunolo-
gists interact on a daily basis with chemists,  
pharmacologists and clinical-trial design-
ers. Industry also seems to place a premium 
on scientists with experience in translational 
research, says GuhaThakurta.

Many biologists are intimidated by the 
computational side of science, and computer  
scientists can be perplexed by biological ques-
tions, but to be successful in this field “both 
groups need to be prepared to get out of their 
comfort zones”, says Aderem.

It is just that adventurous quality that led 
Israelsson to Chaussabel’s lab and allowed 
her to tackle systems immunology. Israelsson 
and a colleague, a computational biologist, 
are now coaxing her data out of hiding. When 
they have finished, Israelsson will learn how to 
use software that tells her which genes in the 
people in her study are going rogue. Her work, 
says Israelsson, is never boring. “Every day,” 
she says, “there is something new.” ■

Charlotte Schubert is a freelance journalist 
in Seattle, Washington.

“Every day there 
is something 
new.”
Lisa Israelsson
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BIOMEDICINE

NIH spared budget slash
The US National Institutes of Health 
(NIH) has dodged major disruption. As 
part of President Barack Obama’s budget 
deal for fiscal year 2011, the agency’s funds 
have been cut by US$260 million, less 
than 1% of its $31-billion spending plan, 
rather than by the $1.6 billion sought by 
Republicans. “This is a bruising rather 
than a big gash,” says Bill Talman, president 
of the Federation of American Societies 
for Experimental Biology (FASEB) in 
Bethesda, Maryland. The 2012 budget will 
be the next fight: FASEB is advocating that 
the NIH increase spending to $35 billion. 

CLEAN ENERGY

Boost for solar research
A US federal grant to fund photovoltaic 
research is expected to create hundreds of 
academic and industrial jobs. On 5 April, 
the US Department of Energy awarded 
US$57 million to the College of Nanoscale 
Science and Engineering (CNSE), part of 
the State University of New York at Albany, 
to support the Photovoltaic Manufacturing 
Initiative, a partnership between academia 
and industry that aims to help the 
nation regain competitiveness in solar 
technologies. Administrators say the grant 
will lead to jobs for physicists, materials 
scientists and chemists, as well as graduate-
fellowship opportunities. Pradeep Haldar, 
a nanoengineer at the CNSE, expects that 
within five years, large manufacturers will 
create jobs to take advantage of the college’s 
expertise and technology.

AGRICULTURAL SCIENCE

African spending up
Research opportunities have emerged 
in some sub-Saharan nations as a result 
of their increased agricultural-research 
spending between 2000 and 2008. African 
Agricultural R&D in the New Millenium: 
Progress for Some, Challenges for Many, 
released on 7 April by the International 
Food Policy Research Institute in 
Washington DC, surveys 32 countries. 
The region’s total agricultural-research 
budget was US$1.7 billion in 2008, up 
from $1.4 billion in 2001; Nigeria alone 
contributed some 23% of the latest figure. 
Nigeria and other countries have increased 
salary levels and improved infrastructure, 
which has resulted in more researchers 
being hired, says report co-author Nienke 
Beintema. Ghana, Tanzania and Uganda 
showed similar trends. But spending fell in 
nations such as Ethiopia and South Africa. 

Martin Jonikas, a plant biologist at the 
Carnegie Institution for Science in Stanford, 
California, won one of four grants for research 
to increase the efficiency of photosynthesis, 
awarded jointly on 28 March by the US 
National Science Foundation (NSF) and the 
UK Biotechnology and Biological Science 
Research Council (BBSRC). 

How did you become interested in biology?
During my undergraduate degree in aero-
space engineering at the Massachusetts  
Institute of Technology in Cambridge, I took 
a required course in molecular biology. Bio-
logical machines can make complex proteins 
that humans can’t, and I thought that biol-
ogy was going to become a major frontier for 
engineering. I wanted to be part of it. 

Did you go straight into plant biology? 
No, I did a PhD at the University of California, 
San Francisco, on basic molecular biology. 
We used genome-wide screening to identify 
a new pathway required for protein folding in 
yeast. While planning research proposals to 
apply for positions as a fellow, I realized that 
no one was applying high-throughput genetic 
tools to photosynthesis, one of my areas of 
interest, and that I could fill that niche. The 
time spent refining proposals helped me to 
secure a position as a ‘staff associate’ at the 
Carnegie Institution for Science. 

How is that different from a normal postdoc?
I have a five-year non-tenure-track position. 
I’ll be working to characterize the genes at 
work in photosynthesis and to make it more 
efficient. One of the benefits is that I can run 
a lab and assemble a team, so we can work on 
problems in depth and do exciting research. 

How did you get your grant? 
It was an unusual process. Last September, 
the NSF and the BBSRC assembled about 
30 researchers to brainstorm on how to 
improve photosynthesis. I thought that this 
was a wonderful opportunity, and a grant 
would just be the cherry on top. One of the 
constraints on photos ynthesis is that the 
primary enzyme that converts carbon diox-
ide into sugars, Rubisco, works best under 
higher carbon dioxide levels than exist in 
the atmosphere today. But some plants can 
concentrate carbon dioxide around Rubisco. 
Three colleagues and I suggested character-
izing the components of this concentration 
mechanism, and trying to put them into some 
crop plants. We’re not claiming that we will 

change agriculture, but we think we are onto 
a real opportunity to improve photosynthesis. 

What has been the biggest challenge during 
your first year in this position?
The hardest thing about starting a lab 
is recruiting. I’m competing with high- 
profile researchers who have established 
track records and funding. Yet it’s crucial to 
get good people. No matter how good a sci-
entist you are, you only have so much time. 
I’ve hired five people so far. 

How did you overcome that challenge?
The key is to be active. I e-mail friends and 
colleagues and let them know I’m looking for 
excellent people. I can offer exciting projects 
not being done in other labs. I’ve also made 
it clear that I will help new hires to get what 
they need to make their dreams come true. 
Many will want faculty positions after leaving 
my lab. To get them, they might need some-
thing I can’t provide, such as a letter from 
someone established in the field, but I will 
help them to get those letters. 

So you could be competing against your 
postdocs for jobs?
We’ve created a niche for ourselves in the field 
of functional genomics of plants, so hopefully 
there will be plenty of room for us all to have 
exciting careers. I am laying plans to avoid 
competition and create win–win situations 
for everybody. 

Past attempts to improve photosynthesis 
have failed. Are you concerned?
Yes. It is risky and we may not achieve it. But 
given our approach, we’re bound to discover 
important and fascinating biology. ■

I N T E R V I E W  B Y  V I R G I N I A  G E W I N

TURNING POINT
Martin Jonikas
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 “Christ,” Diana says. “I’ve never seen 
so many of them.” She means the 
roundabouts, 13 in all, designed 

to bypass Jake’s hometown. Twelve of them 
are named after the Twelve Chieftains of 
Macha; the thirteenth after a local council-
lor of dubious integrity.

Jake only laughs in reply. His profile in the 
seat beside her is like a blade, no soft forgive-
ness of chin, cheek or forehead. Watchful. 
They are all like that here. 

Diana hadn’t told anyone where she was 
going, except Dr Anand, yesterday. His 
response was to shrug his shoulders and 
continue to fill the syringe with the chemi-
cal cocktail for Women’s Extender treat-
ment. First the norethisterone, enough of it 
to extend Diana’s menstrual cycle to a two-
month interval and slow down egg death, 
then the hydrogen peroxide mix, which 
would bind to her eggs and preserve them 
until they were released into the body, then 
a weak ammonium compound to keep the 
mixture stable.

Jake drives past a billboard of a woman in 
her forties wearing nothing but a padded bra, 
a spoon of diet yoghurt in her mouth. Diana 
sighs with relief. If they have sexy posters of 
women her age, it must be a friendly town. 
Some places haven’t been so welcoming. 
One village in Midwarthenshire successfully 
chased two Extender women out of town, 
‘Trouts Out’ having been painted all over 
their houses. 

Jake pulls up at a farmhouse. “We’re 
home!” he calls, leading Diana into a hall 
with striped fleur-de-lys wall paper. His 
mother rushes up to welcome them. “Och, 
it’s lovely to meet you, Diana. Will ye not 
come in and have some tea and sandwiches?”

The tea is strong and scalding. “I hope the 
journey was all right, pet,” his mother smiles. 
“You know wee Jake, his generation always 
act as if cars are toys to play with.”

His generation. Diana immediately rec-
ognizes the deliberate jibe. Jake, oblivious, 
leaves for the bathroom. Mrs McCrea waits 
a moment before speaking again.

“I’m a churchgoing person, y’know. I have 
a lot of friends on the other side who feel the 
same way as I do about things.” Diana just 
nods her head, not mentioning how Jake’s 
fingers whiten when he drives through areas 
with the wrong colour flags flying. “Both the 
priest on the other side and I oppose those 
women freaks. It’s disgusting, you know. 

Having babies when they’re ready for their 
pension.” She reaches out to pat Diana’s arm, 
but Diana recoils. 

“It’s not disgusting. Society has changed. 
They test people regularly to make sure 
they’re fit for purpose.”

“Och yes,” Mrs McCrea says softly. “They 
keep telling lies about not getting defective 
wee babies any more. But you and I know 
those eggs are full of chemicals so they’ll 
keep and not go off. Full of poison, so they 
are.” Mrs McCrea leans close. “But it’s not 
about testing, or society, I’m talking about. 
Don’t ye think it would be better for Jake to 
be with a nice young gerrul?”

Before Diana can exclaim with anger, Mrs 
McCrea imperiously lifts her hand. “I knew 
the minute I saw you. Could smell the hor-
mones a mile off. D’ye know, someone from 
this town tried that once? The puir auld lady, 
sure you know what is in them syringes? 
Hydrogen peroxide. Bleach. Well that’s what 
happened. They forgot to dilute it. Bleach all 
over, burning her flesh from inside. She died, 
you know. Died roaring —”

Diana gets up and 
walks out  without 
another word. Behind 
her the witch is laugh-
ing. Laughing! Diana 

puts her hands over her ears to block it out.
“Bleach” — that is one of the many 

rumours about the Extender treatment. 
Infertility, endometriosis, unspeakable 
cancers. Even a recent High Court case. 
And now she can feel the poison coursing 
through her, just as Mrs McCrea threatened. 

Jake is here now, talking at her through a 
fog: “It’s just Ma’s way. You know how some-
times we tell stories — it’s our way of saying 
things rather than directly.”

“Really Jake? Is that why you’ve got so 
many bloody roundabouts? Because you 
people can’t do anything straight?” 

Jake starts shouting back. He is angry at 
her words. Her English pride, he calls it. But 
Diana cannot answer him. Her gut is heav-
ing, her face pale, forehead covered in sweat. 
She runs away toward the barn and pukes a 
streaky brown mixture onto the ground. Like 
Mrs McCrea’s tea.

The following morning she is far away, 
back in London with Dr Anand. He is so 
solicitous, so gentle, that she breaks down 
in his arms. He has probably heard stories 
like this from many Extender women. But 
still he says no.

“What do you mean, no? I want to end it. 
Are you trying to kill me?”

And then he starts laughing, taking off his 
glasses and wiping the bridge of his nose, air 
hissing through his teeth.

“Ah Diana! No, no. That’s not why you are 
ill.”

Jake, when finally reached on his mobile, 
is incredulous. “You’re not, are you? You’re 
not!”

“Two months.”
“Two months! But — that’s fantastic, Di. 

I’ll come over.”
“Jake —”
“Love you, babe. Gotta go now.”
He rings off. Diana sips some ginger tea 

and swallows down another wave of nausea. 
She has just decided. It is not going to happen.

Dr Anand will be disappointed; she is a 
poster girl for Extender pregnancy. So will 
Jake. But she cannot go through with this. 
Night after night she dreams of Mrs McCrea 
and wakes screaming. Bleach. Poison. The 
smell of hormones.

She will just have to find some way, at 
some stage, of telling Jake the truth — with-
out actually telling him. ■

Susan Lanigan is a programmer and writer. 
She lives on the east coast of Ireland, near 
Dublin city.
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Learning-related feedforward inhibitory
connectivity growth required for memory precision
Sarah Ruediger1*, Claudia Vittori1,2*, Ewa Bednarek1, Christel Genoud1, Piergiorgio Strata2, Benedetto Sacchetti2 & Pico Caroni1

In the adult brain, new synapses are formed and pre-existing ones
are lost, but the function of this structural plasticity has remained
unclear1–5. Learning of new skills is correlated with formation of
new synapses6–8. These may directly encode new memories, but
they may also have more general roles in memory encoding and
retrieval processes2. Here we investigated how mossy fibre terminal
complexes at the entry of hippocampal and cerebellar circuits
rearrange upon learning in mice, and what is the functional role
of the rearrangements. We show that one-trial and incremental
learning lead to robust, circuit-specific, long-lasting and reversible
increases in the numbers of filopodial synapses onto fast-spiking
interneurons that trigger feedforward inhibition. The increase in
feedforward inhibition connectivity involved a majority of the pre-
synaptic terminals, restricted the numbers of c-Fos-expressing
postsynaptic neurons at memory retrieval, and correlated tem-
porally with the quality of the memory. We then show that for
contextual fear conditioning and Morris water maze learning,
increased feedforward inhibition connectivity by hippocampal
mossy fibres has a critical role for the precision of the memory
and the learned behaviour. In the absence of mossy fibre long-term
potentiation in Rab3a2/2 mice9, c-Fos ensemble reorganization
and feedforward inhibition growth were both absent in CA3 upon
learning, and the memory was imprecise. By contrast, in the
absence of adducin 2 (Add2; also known as b-adducin)10 c-Fos
reorganization was normal, but feedforward inhibition growth
was abolished. In parallel, c-Fos ensembles in CA3 were greatly
enlarged, and the memory was imprecise. Feedforward inhibition
growth and memory precision were both rescued by re-expression
of Add2 specifically in hippocampal mossy fibres. These results
establish a causal relationship between learning-related increases
in the numbers of defined synapses and the precision of learning
and memory in the adult. The results further relate plasticity and
feedforward inhibition growth at hippocampal mossy fibres to the
precision of hippocampus-dependent memories.

To determine whether hippocampus-dependent learning11–13 may
produce structural rearrangements in hippocampal large mossy fibre
terminal (LMT) components involved in feedforward excitation and/
or feedforward inhibition in CA3 (ref. 14) (Fig. 1a and Supplementary
Material), we analysed GFP-positive LMTs in the dorsal hippocampus
of Thy1-mGFP(Lsi1) reporter mice5 that had been subjected to con-
textual fear conditioning, a one-trial learning protocol (Methods). Fear
conditioning led to a robust increase in the average number of filopodia
per LMT (1.82-fold, P , 0.001; feedforward inhibition connectivity;
Fig. 1b, c and Supplementary Fig. 2a), and to a less pronounced increase
in the average numbers of Bassoon-positive putative release sites per
core LMT15 (1.31-fold, P , 0.01; feedforward excitation connectivity;
Supplementary Fig. 2a). By contrast, there was no change in the densities
of LMTs in CA3b at any time upon fear conditioning (Supplementary
Fig. 2a). The filopodia contacted spine-free dendrites of parvalbumin-
positive interneurons in CA3b (Fig. 1d, e and Supplementary Fig. 3a),
indicating that they induce feedforward inhibition through fast-spiking

interneurons16–18. To estimate the fraction of LMTs in CA3b with
altered contents of filopodia, we analysed LMT/filopodia distributions
in naive, control and fear-conditioned mice. Shifts in the fractions of
LMTs with no filopodia and with more than four filopodia revealed that,
on average, at least 45% of the LMTs established increased numbers of
filopodia as a consequence of fear conditioning (Fig. 1f).

To determine whether an increase in stratum lucidum feedforward
inhibition connectivity may be generally associated with hippocampal
learning, we analysed mice that underwent a Morris water maze incre-
mental learning protocol. Filopodial contents were only slightly
increased over naive values during the first 3–4 days of training, whereas
they increased markedly between days 4 and 8 (Fig. 1g). Again, we
detected no changes in the densities of LMTs in CA3b upon Morris
water maze learning (not shown). Testing mice for the memory of the
platform position revealed that this reference memory only began to
differ from chance after 3 days of training (Fig. 1h). The reference
memory reached plateau values at day 8 (Fig. 1h), suggesting that
filopodial growth correlated with the establishment of a precise spatial
memory in the Morris water maze test. The reference memory of the
platform position persisted for at least 45 days after cessation of the
training and, unlike in the fear conditioning experiment, raised filopo-
dia per LMT values also persisted for at least 45 days (Fig. 1h; day 53
values). As in the fear conditioning experiment, a large fraction of the
LMTs exhibited higher filopodial contents at plateau values (Fig. 1i).

To determine whether learning-related induction of feedforward
inhibition connectivity growth might be a general phenomenon not
restricted to spatial learning in the hippocampus, we analysed mossy
fibre terminals in the cerebellar cortex, which also consist of powerful
large core structures associated with filopodia19. Cued fear conditioning,
in which animals learn that a tone predicts an aversive stimulus, involves
plasticity in cerebellar cortex lobule 5, but not lobule 9 (ref. 20). In
parallel, cued fear conditioning led to a robust and reversible increase
of filopodial numbers per mossy fibre terminal in lobule 5, but not lobule
9 (Fig. 2a, d). In a second set of experiments, we trained mice to balance
on an accelerating rotating rod (rotarod). This cerebellum-dependent
motor skill task involved incremental learning over 4–6 days, which was
accompanied by a parallel increase in the filopodial contents of mossy
fibre terminals in lobule 9, but not lobule 5 (Fig. 2b, d). At least for the
Golgi cells that could be visualized with the marker RC3, mossy fibre
terminal filopodia extended along their dendrites, and established
numerous varicosities, where synaptic markers co-distributed (Fig. 2c
and Supplementary Fig. 4). More than 95% of the filopodial varicosities
within a granule cell layer volume exhibiting an RC3-positive Golgi cell
made putative synaptic contacts with that Golgi cell. Therefore, learning
is specifically correlated with the growth of feedforward inhibition con-
nectivity in both hippocampal and cerebellar circuits.

We next sought to determine what might be the function of the
learning-related growth in feedforward inhibition connectivity. In the
fear conditioning experiments, the excess filopodia were lost within
8–10 days after learning, and filopodial retention was prolonged upon
re-exposure to context leading to extinction (Fig. 3a), indicating that

*These authors contributed equally to this work.
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the excess filopodia are not a requirement for expression of the fear
memory. Testing of individual mice during the Morris water maze
training protocol revealed a strong correlation between the reference
memory of the platform position and mean filopodial contents per
LMT for individual mice (Fig. 3b), indicating that the extent of
filopodial growth was correlated to the precision of the learning. We
therefore monitored generalization, that is, decreased behavioural
precision of the fear memory in the contextual fear conditioning
experiment. In agreement with previous reports21,22, generalization
of the memory for context in fear conditioning was not detectable
during the first 5–7 days after learning, but was detected at longer
intervals after fear conditioning as an enhanced freezing response
and reduced exploratory activity in a neutral context (Fig. 3c). A brief
re-exposure of mice to training context in the absence of the aversive
stimulus at 15 days after learning produced a suppression of general-
ization at retest, which lasted 8–12 days (Fig. 3d). In parallel, training
context re-exposure induced a pronounced re-induction of the filopo-
dial response, which again lasted for 7–10 days (Fig. 3d). By contrast,
exposure to a neutral context affected neither generalization nor filopo-
dial growth (Fig. 3d), suggesting that retrieval of the specific memory was
necessary to re-induce feedforward inhibition connectivity growth in
hippocampal CA3, and to suppress generalization.

To investigate a possible functional correlate of feedforward inhibi-
tion connectivity growth, we analysed c-Fos-positive pyramidal neu-
rons in CA3b in the contextual fear conditioning experiment23. On day

0, mice were exposed to the training context without or with aversive
stimulus. In the absence of aversive conditioning, re-exposure on day 1
to either the training context or a neutral context produced closely
comparable increases in the fractions of pyramidal neurons with high
and intermediate c-Fos signals when compared to naive cage control
mice (Fig. 4a). In stark contrast, association of the training context
with an aversive stimulus led to a specific and robust relative increase
in the number of pyramidal neurons expressing high c-Fos signals
upon recall of the memory in the training context, and to a marked
reduction of the high and medium c-Fos signals upon exposure to the
neutral context (Fig. 4a). Recall in the training context at day 15 led to
decreased high-signal c-Fos neurons, whereas exposure to a neutral
context at day 15 led to markedly increased low-signal c-Fos neurons
(Fig. 4b). Notably, in parallel to increased filopodial numbers and the
re-establishment of memory precision, memory recall in the training
context at day 15 after fear conditioning suppressed excess responses
upon subsequent exposure to a neutral context (Fig. 4b).

To address the role of mossy fibres and their plasticity in fear memory
precision, we carried out fear conditioning experiments in Rab3a2/2

mice, which specifically lack long-term potentiation (LTP) at mossy
fibres, but not at other synapses in the hippocampus9. We found that
in the absence of Rab3a, mice learned the relationship between the
training context and the aversive stimulus, but already generalized 1
day after fear conditioning (Fig. 4c). In parallel, Rab3a2/2 mice lacked
any learning-related increase in putative release sites at core LMTs, or
any learning-related increase in filopodia numbers at LMTs in CA3
(Fig. 4c). Furthermore, analysis of c-Fos-positive neurons upon recall
1 day after learning revealed a complete absence of ensemble activity
rearrangements in CA3 upon fear conditioning, leading to comparable
contents of c-Fos-positive neurons upon re-exposure to the training
context or exposure to an unrelated neutral context, regardless of asso-
ciative learning through aversive pairing (Fig. 4d). These results indicate
that synaptic plasticity at LMTs in CA3 is required to re-organize
pyramidal neuron ensemble activity in CA3 upon fear conditioning
learning, to establish a precise memory of context in the hippocampus,
and to induce learning-related feedforward inhibition growth.
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Figure 1 | Learning-related feedforward inhibition connectivity growth in
the hippocampus. a, Schematic of hippocampal feedforward excitation (FFE)
and feedforward inhibition (FFI) circuit in stratum lucidum of CA3. IN,
inhibitory interneuron. b–f, Feedforward inhibition growth at hippocampal
mossy fibre LMTs upon contextual fear conditioning. b, Micrographs and
representative camera lucidas of mGFP-labelled mossy fibres and LMTs in
hippocampal stratum lucidum (CA3b). Yellow arrows, core LMTs; red arrows,
filopodia. Ctrl; control; FC, fear conditioning. c, Average filopodia/LMT values
upon fear conditioning. N 5 5 mice (100 LMTs each). ***P , 0.001.
d, Filopodial synapses upon fear conditioning. Overview panel shows maximal
intensity projection of mGFP-positive LMT with four filopodia. Detail panels
show single confocal planes of two of the filopodia (1 and 11); Bassoon
channel masked using three-dimensional isosurface of GFP-positive LMT. Bar
diagram shows fraction of LMT filopodia with varicosities as a function of time
upon fear conditioning (N 5 3, 100 LMTs). e, Filopodia upon fear conditioning
learning contact spine-free dendrites. Immuno-electron microscopy of mGFP-
positive LMT with four filopodia, 1 day after fear conditioning. Top, three-
dimensional reconstruction of immuno-labelled LMT (red, spine-free dendrites
contacted by two of the filopodia in the example (marked by one and two
asterisks, respectively). Centre, immuno-labelled LMT. Bottom, filopodium
with contact is marked by two asterisks. f, Distributions of filopodia per LMT
contents for individual mice. N 5 100 LMTs. Relative contents of LMTs with 0,
1, 2, 3, 4, .4 filopodia as a fraction of the total LMT population. Vertical rows,
individual mice. g–i, Feedforward inhition growth at hippocampal mossy fibre
LMTs upon Morris water maze (MWM) training. g, Learning curve and time
course of feedforward inhibition growth. N 5 5 mice (100 LMTs each). Grey
area shows daily training period. The circles highlight the positions on the curves
as compared to reference memory (right). h, Reference memory at 3, 5, 8 and 53
days. Percentage of time spent by the mice in target (T), left (L), right (C) and
opposite (O) quadrants. N 5 5 mice. i, Filopodia per LMT distributions after 8
days of training, as described in b. Scale bars, 5mm (b, d, top and g), 1mm
(d, bottom centre) and 0.5mm (d, bottom right).

RESEARCH LETTER

2 | N A T U R E | V O L 0 0 0 | 0 0 M O N T H 2 0 1 1

Macmillan Publishers Limited. All rights reserved©2011



To test the notion that learning-related feedforward inhibition
growth is necessary for memory precision, we then carried out learning
experiments in Add2 knockout mice10, which exhibit early LTP, but
have a defect in synapse stabilization due to impaired linkage between
the cell membrane cortex and the actin cytoskeleton24 In naive
Add22/2 mice, average values of filopodia per LMT were closely com-
parable to those in wild-type mice. Unlike Rab3a2/2 mice, Add22/2

mice did exhibit enhanced putative release sites per core LMT upon
fear conditioning (Supplementary Material), but they completely
failed to establish higher numbers of filopodia upon fear conditioning
(Fig. 5a). In parallel, and like Rab3a2/2 mice, Add22/2 mice learned to

associate fear with context, but the memory was imprecise and mice
already generalized 1 day after fear conditioning (Fig. 5a). Comparable
findings were obtained for Morris water maze and rotarod learning in
Add22/2 mice (Fig. 5b and Supplementary Material). Absence of
learning-related feedforward inhibition connectivity growth in
Add22/2 mice is thus correlated with poor precision of the learned
memory in the fear conditioning and Morris water maze paradigms,
and with a near to complete failure to learn the rotarod task.

We then investigated c-Fos-positive CA3 pyramidal neuron ensembles
in response to fear conditioning in the Add22/2 mice. In stark contrast
to Rab3a2/2 mice lacking mossy fibre LTP, and consistent with
increased feedforward excitation connectivity, Add22/2 mice exhibited
c-Fos ensemble reorganization responses in CA3 that were qualitatively
closely comparable to those in wild-type mice (Fig. 5c). Remarkably,
however, net total numbers of c-Fos-positive neurons were more than
2.5 times higher for each experimental condition in Add22/2 mice
compared to wild-type mice (Fig. 5c). By contrast, numbers of c-Fos-
positive pyramidal neurons in naive Add22/2 mice were not higher
than those in naive wild-type mice, indicating that the mutant mice
did not just exhibit raised levels of c-Fos in CA3 neurons (Fig. 5c).

In wild-type mice, a reorganization of training context/neutral con-
text ensembles upon fear conditioning was also detected in granule
cells, but it was much less marked than in CA3 (Fig. 5d). Notably,
however, and in stark contrast to CA3, distributions and numbers of
c-Fos positive granule cells in Add22/2 mice were not different from
those in wild-type mice for all experimental conditions tested (Fig. 5d).
Therefore, Add22/2 mice re-organized their CA3 pyramidal neuron
ensembles like wild-type mice, but failed to restrict the numbers of
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activated pyramidal neurons in CA3 upon stimuli, which is consistent
with a complete absence of feedforward inhibition connectivity growth
at LMTs. Furthermore, c-Fos activation patterns in CA3 correlated
with memory precision, whereas those in dentate gyrus did not, sug-
gesting that the absence of Add2 in mossy fibres and their LMTs may
account for the impaired memory precision in Add22/2 mice.

To establish a causal link between learning-related feedforward
inhibition growth at LMTs and memory precision, we determined
whether re-expression of Add2 specifically in granule cells and their
mossy fibres was sufficient to rescue filopodial growth and memory
precision upon fear conditioning. To achieve specific re-expression in
the adult, we expressed Add2 selectively in the dentate gyrus15 of

Add22/2 mice using a lentiviral construct. One month after viral trans-
duction, 15–22% of granule cells throughout the entire hippocampus
exhibited virus-driven gene expression, whereas expression outside the
dentate gyrus was extremely rare (Fig. 5e). The re-introduction of
Add2 in mossy fibres was sufficient to rescue filopodial growth at
LMTs of transduced granule cells in response to fear conditioning
(Fig. 5f). Most notably, and in parallel to restored feedforward inhibi-
tion growth, re-expression of Add2 in granule cells rescued beha-
vioural contextualization upon fear conditioning (Fig. 5g).

Our results establish a causal relationship between learning-associated
structural alterations in identified circuit connectivity and a specific
behavioural output. We provide evidence that increased feedforward
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inhibition connectivity upon learning by mossy fibre LMTs in CA3 is
critically important for the behavioural precision of learning-related hip-
pocampal spatial memories. We further show that, upon learning, the
increased feedforward inhibition connectivity is brought about through
structural plasticity at a substantial fraction of LMTs in CA3, leading to
aboutadoublinginthenumbersofexcitatorysynapsesontoparvalbumin-
positive inhibitory interneurons (see also Supplementary Material).

Our results introduce a distinction between spatial learning, which is
present in Add22/2 mice, and the behavioural precision of the learning,
which is compromised in these mutant mice. The distinction is consist-
ent with the notion that the hippocampus is critically important for the
precision of contextual memorie25. Within the hippocampal circuit, the
dentate gyrus establishes fine-grained representations of experience,
which it transmits to CA3 (ref. 13). Upon learning-induced potentiation,
this high-resolution information may augment the detection of similar-
ities among unrelated events through the associational network in CA3.
Accordingly, filtering of the mossy fibre output through feedforward
inhibition connectivity upon learning26–28 may support memory pre-
cision by restricting the extraction of relational representations in CA3
(ref. 29). The increase in feedforward inhibition connectivity through
structural plasticity discovered in this study may thus have important
roles in ensuring the precision of behaviourally relevant memories upon
learning, under normal and pathological conditions.

METHODS SUMMARY
Rab3a2/2 and Add22/2 mice9,10 were from Jackson Laboratories; the reporter line
Thy1-mGFP(Lsi1) was as described before5. The membrane-targeted green fluor-
escent protein (mGFP) lentivirus to trace mossy fibre projections was as described
previously15; the GFP–Add2 construct was cloned into a lentivirus vector, and
dentate gyrus infections were as described previously15.

For anatomical analysis, mice were perfused with ice-chilled 4% paraformalde-
hyde in 0.1 M PBS, and brains were post-fixed. Hippocampi were mounted in 3%
agarose blocks, and 100-mm transversal sections of hippocampi were cut using a
McIlwain tissue chopper. Sections analysed were within 15% and 30% along the
anterior–posterior axis. All LMTs that could be resolved in three dimensions
within any given optical field (3100) were analysed for filopodial contents.
Filopodia were defined as processes emanating from LMTs of at least 2mm length;
varicosities were defined as end-swellings of at least 1mm in diameter.

The immuno-electron microscopy analysis was performed according to a pub-
lished procedure30.

For c-Fos analysis, mice were perfused for 90 min after the last memory recall.
Quantitative analysis of Bassoon puncta and c-Fos-positive nuclei was performed
using a computerized image analysis system (Imaris 7, Bitplane). Nuclei were detected
automatically as spheres of 8mm, and the software yielded distributions of c-Fos-
positive nuclei. Intensity thresholds for CA3 were defined as follows: low (.280,
,450), medium (.450, ,700), high (.700; the highest values were about 1,400).

Statistical analyses were performed using Student’s t-tests and one-way
ANOVA; post hoc comparisons were at the P , 0.05 level of significance.
Results are presented as mean 6 s.e.m.

All behavioural experiments were carried out with male mice that were 55–65
days old at the onset of the experiment, and were according to standard proce-
dures. All subsequent morphological and immunohistochemical analyses of beha-
viourally treated mice were carried out blind to behavioural conditions.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Reagents and immunocytochemistry. Antibodies were from the following
sources, and were used as follows: parvalbumin, Swant, 1:5,000; VGluT1, SySy,
1:1,000; GAD65/67, Millipore, 1:1,000; c-Fos, Santa Cruz, 1:10,000; NeuN,
Chemicon, 1:200; Bassoon, Millipore, 1:200; Alexa-labelled secondary antibodies,
Molecular Probes, 1:500.

For immunocytochemistry, tissues were permeabilized with 0.2% Triton X-100
in PBS with 10% bovine serum albumin (BSA). Antibody incubations were over-
night at 4 uC.

Fluorescence was imaged on either an upright spinning disk microscope con-
sisting of a Yokogawa CSU22 confocal scanning head mounted on a Zeiss
Axioimager M1 using a 3100 alphaPlan-Apochromat 1.45 (Zeiss) oil-immersion
objective, or on an LSM510 confocal microscope (Zeiss) using a 363 (1.4)
oil-immersion objective.

At least four sections were analysed per mouse, and the data are based on 300–
500mm regions along the anterior–posterior axis.
c-Fos analysis. For c-Fos analysis, all samples belonging to the same experimental
set were processed in parallel. Occasional sections in which NeuN signals were
lower than average, or where c-Fos signal intensities varied within different regions
of the section were discarded as technically poor. All images were acquired with
the same settings, which were defined in order to avoid saturation of the highest
c-Fos signals in CA3 and dentate gyrus, and to still detect background levels
outside cell clusters. Cells were binned according to labelling intensities using
an automatic procedure, and the same threshold settings were used for all experi-
ments. For dentate gyrus granule cells, the thresholds were as follows: low (.280,
,450), medium (.450, ,700), high (.700, ,1,000), very high (.1,000; the
highest values were about 2,200). c-Fos immunoreactive neurons were counted
using a minimum of four sections per animal, and normalized to the total number
of NeuN-positive nuclei within the neuronal layers in CA3 or dentate gyrus. In a
first series of experiments, batches of naive and fear conditioning control mice
(training context without unconditioned aversive stimulus) were tested for inter-
animal variability, which was found to be very low.
Behavioural experiments. The behavioural experiments were in accordance with
institutional guidelines, and were approved by the Veterinary Department of the
Canton of Basel-Stadt. Mice were kept in temperature-controlled rooms on a
constant 12 h light/dark cycle, and experiments were conducted at the approxi-
mate same time during the light cycle. Before the behavioural experiments, mice
were kept in a holding room in single cages for 3–4 days. At the onset of each
behavioural experiment mice were 50–60 days old.

For the Morris water maze test, the 140 cm pool was surrounded by black
curtains, and by four different objects. A circular escape platform (10 cm diameter)
was submerged 0.5 cm below the water surface, and was kept in a fixed position.
Mice were trained to find the platform for 4 trials a day, during up to 8 days.
During training, mice were released from pseudo-randomly assigned start loca-
tions; they were allowed to swim for up to 60 s, when they were manually guided to
the platform in the case of failures. Inter-trial intervals were 5 min. Single probe
trials to test reference memory were conducted 1 day after the last training session.
Mice were released at a random start position, and were allowed to swim during
60 s in the absence of the platform.

The training context (TR) was rectangular, and was cleaned with 1% acetic acid
before and after each trial; the neutral context (N) had a cylindrical shape and was
cleaned with 70% ethanol. Freezing was defined as the absence of somatic motility,
except for respiratory movements.Exploratoryactivity was measured as body distance
travelled over time. Once placed in the conditioning chamber, the mice were allowed
to freely explore for 2.5 min, and they received 5 presentation of conditioned stimulus
and unconditioned stimulus (1 s foot shock, 0.8 mA; where indicated, 10 kHz tone for
10 s, 70 dB sound pressure level, inter-trial interval 30 s). The last 1 s of each tone was
paired with the unconditioned stimulus. Contextual fear conditioning involved the
same protocol, but without the tone component. To test for contextual fear memory,
mice were returned to training (or neutral) context during a test period of 2.5 min. To
test for cued fear conditioning, mice explored for 2 min, followed by 5 tone presenta-
tions. The test was performed either in the conditioning context (context- and tone-
dependent freezing), or in a novel context (tone-dependent freezing).

To test for context discrimination after fear conditioning, a within-subjects
design was used. On the test day, freezing was assessed in training context during
2.5 min, and 5 h later in neutral context. Where indicated, mice were tested for
generalization in neutral context, followed 5 h and 24 h later by two brief recall
sessions (in training or neutral context). Subsequently, discrimination was tested
in a second novel context (novel room shape; 0.25% benzaldehyde/ethanol).

Data from training sessions and probe trials were collected and analysed using
Viewer2 Software (Biobserve). Cued and contextual fear conditioning were carried
out in the Mouse Test Cage (Coulbourn Instruments). Freezing behaviour was
scored using Ethovision software (Noldus). Mice were excluded from the data set if
they failed at the behavioural analysis; this was the case when mice failed to
extinguish fear responses to training context (two mice), exhibited weak freezing
to training context in the recall experiments at day 15 (three mice), exhibited signs
of behavioural extinction upon recall of training context at day 15 (seven mice), or
failed to learn the Morris water maze (one mouse).
Transmission electron microscopy. This procedure is described in detail else-
where30. Briefly, mice were transcardially perfused with 2% paraformaldehyde and
0.2% glutaraldehyde in PBS 0.1 M pH 7.4. Right and left hippocampi were dissected,
and60mmvibratome (Leica) sections were obtained, rinsed, cryoprotectedand freeze-
thawed in liquid nitrogen. Sections were incubated in first antibody (GFP, chemicon
1:1,000) overnight, followed by biotinylated secondary antibody (Invitrogen 1:500).
After incubation in the avidin-biotin peroxidase complex (ABC elite, Vector
Laboratories), labelling was performed with DAB and hydrogen peroxide. After the
revelation of the labelling, sections were stained in osmium tetroxide and dehydrated.
After impregnation with Durcupan resin (FLUKA) sections were flat-embedded
between two silicon-coated glass slides and cured in a 60 uC oven for 48 h.

Transmission light microscopy was performed in stratum lucidum to search for
large mossy fibre terminals with more than three filopodia. Appropriate blocks
were then trimmed, and 60 nm serial sections were cut and collected on formvar
coated slot-grids. Images of labelled terminal were acquired with a side-mounted
digital camera (Veleta, Olympus) on a Philips CM10 transmission electron micro-
scopy at 80 kV, and a pixel size of 2.63 nm. To reconstruct the structure in three
dimensions, images were aligned (Autoaligner, Bitplane), and contours were
drawn manually using Imaris 7.1.2 (Bitplane). Surface rendering was achieved
using Geometry converter (J. Wolf) and Blender.
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Improved molecular replacement by density- and
energy-guided protein structure optimization
Frank DiMaio1, Thomas C. Terwilliger2, Randy J. Read3, Alexander Wlodawer4, Gustav Oberdorfer5, Ulrike Wagner5,
Eugene Valkov6, Assaf Alon7, Deborah Fass7, Herbert L. Axelrod8, Debanu Das8, Sergey M. Vorobiev9, Hideo Iwaı̈10,
P. Raj Pokkuluri11 & David Baker1

Molecular replacement1–4 procedures, which search for placements of
a starting model within the crystallographic unit cell that best account
for the measured diffraction amplitudes, followed by automatic chain
tracing methods5–8, have allowed the rapid solution of large numbers
of protein crystal structures. Despite extensive work9–14, molecular
replacement or the subsequent rebuilding usually fail with more
divergent starting models based on remote homologues with less than
30% sequence identity. Here we show that this limitation can be
substantially reduced by combining algorithms for protein structure
modelling with those developed for crystallographic structure deter-
mination. An approach integrating Rosetta structure modelling with
Autobuild chain tracing yielded high-resolution structures for 8 of 13
X-ray diffraction data sets that could not be solved in the laboratories
of expert crystallographers and that remained unsolved after applica-
tion of an extensive array of alternative approaches. We estimate that
the new method should allow rapid structure determination without
experimental phase information for over half the cases where current
methods fail, given diffraction data sets of better than 3.2 Å resolu-
tion, four or fewer copies in the asymmetric unit, and the availability
of structures of homologous proteins with .20% sequence identity.

The limiting steps in molecular replacement are finding the correct
location of the starting model in the unit cell and the interpretation of
electron density maps produced using the imperfect phase information
from candidate model placements. The left column of Fig. 1 illustrates
the problem of initial model-building starting with distant com-
parative models (20–30% sequence identity) that have been correctly
placed in the crystallographic unit cell. Automatic chain tracing
methods fail on such maps because they often follow the incorrect
comparative model (red) more closely than the actual structure
(yellow); breaks in the density make it difficult to recover the correct
backbone trace. Nevertheless, the maps contain considerable informa-
tion about the native structure; for example, portions of the starting
model that are not within density are generally incorrect.

Structure prediction methods such as Rosetta search for the lowest
energy conformation of the polypeptide chain using physically realistic
force fields. Based on previous work showing that accurate structures
could be obtained from very sparse NMR data sets15 by using the data
to guide structure prediction searches, we reasoned that structure
prediction methods guided by even very noisy density maps might
be able to improve a poor molecular replacement model before apply-
ing crystallographic model-building techniques. We developed an
approach in which electron density maps generated from molecular
replacement solutions for each of a series of starting models are used to
guide energy optimization by structure rebuilding, combinatorial side
chain packing, and torsion space minimization16. New maps are
generated using phase information from the energy-optimized models

most consistent with the diffraction data, subjected to automatic chain
tracing, and success is monitored through the free R factor17.

To investigate the performance of the new method, we obtained 18
crystallographic data sets that had resisted previous attempts at structure
determination. We first tested whether a comprehensive set of state-of-
the-art molecular replacement approaches using a range of full-length
and trimmed templates and homology models could solve any of these
structures (Supplementary Information). We were able to solve five of
the structures with both the new method and the existing methods
(Table 1), leaving 13 challenging data sets highly resistant (Supplemen-
tary Information section 1) to structure determination (Table 1). For
each of these, we identified homologous proteins of known structure18

and constructed sequence alignments and starting models9 from the five
closest homologues. Starting models were used to search for up to five
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Figure 1 | Examples of improvement in electron density and model quality.
Each row corresponds to one of the entries in Table 1. First row: 6 (2.0 Å
resolution); second row: 7 (2.1 Å resolution); third row: 12 (1.7 Å resolution).
Left column: correct initial molecular replacement solution (not necessarily
identifiable at this stage) using starting model and corresponding density.
Middle column: energy-optimized model and corresponding density. Right
column: model and density following automatic building using the energy-
optimized model as the source of phase information. The final deposited
structure is shown in yellow in each panel; the initial model, energy-optimized
model, and model after chain rebuilding are in red, green and blue, respectively.
The sigma-A-weighted 2mFo 2 DFc density contoured at 1.5s is shown in grey.
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candidate molecular replacement solutions based on the likelihood of
the experimental diffraction data2. Electron density maps were com-
puted for each of these solutions, and used to guide energy minimization
by first remodelling the unaligned regions and regions which poorly fit
the density and then optimizing all backbone and side chain torsion
angles. The likelihood of the experimental diffraction data was com-
puted for each optimized model2; if top ranked models were similar
(see Methods), a map generated from the highest likelihood model
was subjected to automatic chain rebuilding, density modification and
refinement5. If this succeeded in building the majority of the protein and
produced a model with free R factor17 significantly better than random
(Rfree , 0.4), the structure was considered solved; rebuilt models were
further analysed by the crystallographers who supplied the original data.
Using this approach, we were able to solve eight of the thirteen challen-
ging cases (Table 1). In some of these eight cases, recognition of the
correct placement of the model in the unit cell was only possible after
Rosetta refinement (Supplementary Fig. 2); in others the correct place-
ment was clear but the density was too poor for chain rebuilding. In two
of the cases (12 and 13), even finding the correct molecular replacement
solution first required energy-based refinement12.

The improvement in electron density produced by density guided
energy optimization and autobuilding are illustrated in Fig. 1. The
starting molecular replacement models are often quite inaccurate,
and the density generated from these models has breaks within the
backbone of the actual structure (left panels). After model rebuilding
and energy guided structure optimization, backbone breaks are largely
closed and both side chains and backbone are more correctly modelled
(middle panels). Automatic chain rebuilding into the improved map
followed by density modification and reciprocal-space refinement
further improve the model and the density (right panels). For all eight
cases, the correlation between the final refined density and density from
the original molecular replacement solutions is low, increases signifi-
cantly after energy- and density-based structure optimization, and still
further after automatic chain rebuilding (Supplementary Table 2).

For each of the eight challenging cases solved with the new method
we also applied a battery of existing methods (Table 1 and

Supplementary Information section 1) including simulated annealing
in Cartesian and torsion space in PHENIX and CNS14, deformable
elastic network (DEN) refinement13 in CNS, and PHENIX Autobuild6

and ARP-WARP5 for model-building. As noted above, in two cases
Rosetta structure modelling was required for the correct placement of
starting models in the unit cell, so the alternative methods could not
even be applied. In the remaining six cases, final Rfree values were lower
using the new approach than with any of the existing methods (Table 1,
Fig. 2a). Whereas conventional simulated annealing in both Cartesian
and torsion space had little effect, the recently developed DEN19 refine-
ment protocol did improve three of the structures slightly, yielding free
R values of 0.45–0.46 for these targets. Combination of DEN refinement
with the method described here could lead to still more powerful
approaches.

To benchmark the sequence and structural divergence where the
different methods break down, we studied two different protein families
for which a total of 59 different template structures covering a broad
range of sequence and structural similarity were available (Supplemen-
tary Tables 3–5). Each template was correctly placed in the unit cell, and
then improved with either Rosetta energy- and density-based optim-
ization, Cartesian- and torsion-space simulated annealing, or DEN
refinement. For each resulting model, the correlation with the density
of the deposited structure was evaluated. Automatic chain rebuilding
beginning with the superimposed starting models was successful for 18
of the 59 cases, consistent with the observation that molecular replace-
ment often fails with templates sharing less than 30% sequence identity
with the target sequence. Torsion-space simulated annealing in CNS
before autobuilding allowed solution of two additional structures, DEN
refinement, three additional structures, and Rosetta energy-based struc-
ture optimization, fourteen additional structures (Supplementary Fig. 2
and Supplementary Tables 3–5). We found the radius of convergence
of the new method can be further extended by guiding energy based
structure optimization by the Patterson correlation20 rather than elec-
tron density (see Supplementary Information). This allowed structure
improvement and identification of the correct molecular replacement
solution in two additional cases (Supplementary Fig. 2, compare green

Table 1 | Determination of previously unsolved structures using the new approach
Rfree after Phaser MR and model-building protocol

ID number Source* Resolution (Å) Seqid (%) Autobuild Arp/Warp Simulated annealing
(SA) 1 Autobuild

Torsion-space
SA 1 Autobuild

Extreme SA 1

Autobuild
DEN 1

Autobuild
Rosetta 1

Autobuild
Rfree

(current best)

Solved by multiple methods
1 JCSG 2.1 22 0.31 0.50 0.30 0.30 0.30{ 0.35 0.31 0.22
2 NSGC 2.2 19 0.29 0.57 0.29 0.29 0.29{ 0.30 0.29 0.22
3 UG 2.5 27 0.34 0.59 0.29 0.29 0.29{ 0.35 0.27 0.19
4 JCSG 2.7 21 0.31 0.59 0.30 0.30 0.30{ 0.31 0.30 0.24
5 ANL 1.9 31 0.51 0.59 0.54 0.54 0.24 0.39 0.31 0.24

Only solved by Rosetta
Rosetta modelling with density required for successful model-building
6 NCI 2.0 30 0.56 0.59 0.60 0.55 0.55 0.50 0.34 0.20
7 WI 2.1 22/15 0.56 0.60 0.54 0.54 0.54 0.56 0.28 0.26
8 JCSG 2.8 29 0.52 0.55 0.50 0.50 0.51 0.45 0.36 0.36{
9 UC 3.0 22 0.54 0.56 0.50 0.50 0.47 0.46 0.32 0.251

10 JCSG 3.2 20 0.54 0.57 0.51 0.51 0.53 0.46 0.39 0.33{
11 UG 2.5 18 0.52 0.57 0.54 0.52 0.54 0.55 0.27 0.22

MEAN 0.54 0.57 0.53 0.52 0.52 0.50 0.33
Rosetta homology modelling required for successful molecular replacement
12 BI,HY 1.7 2 (100) 2 2 2 2 2 2 0.29 0.22
13I JCSG 2.9 29 2 2 2 2 2 2 0.39 0.23

The Seqid column gives the sequence identity to the closest homologue identified by HHpred18, and is shown in parentheses if this is an NMR structure. The next seven columns give the Rfree of the model produced
by different combinations of refinement and autobuilding approaches. The final column gives the Rfree after further refinement by the crystallographer who provided the data. For structures solved by multiple
methods, the new method as well as one or more alternative approaches was sufficient (Rfree , 0.4). In the first subset of structures that could only be solved by the new method (only solved by Rosetta), molecular
replacement succeeds (in some cases ambiguously) using the template alone but model-building fails; in the second subset, refinement in Rosetta is required for molecular replacement to succeed. Targets that
could not be solved by our approach are listed in Supplementary Table 1.
* JCSG, Joint Center for Structural Genomics; NSCG, Northeast Center for Structural Genomics; UG, University of Graz; ANL, Argonne National Lab; NCI, National Cancer Institute; WI, Weizmann Institute of
Science; UC, University of Cambridge; BI,HY, Institute Of Biotechnology, University of Helsinki.
{Because a single SA trajectory was sufficient to solve these cases, Extreme SA was not run. Values from the single SA run are shown for completeness.
{Solutions for both are essentially correct based on the selenium positions in the anomalous difference Fourier maps calculated from the experimental data. However, structures are difficult to complete to
deposition due to some MR solution model bias, poor or disordered density in numerous regions and low resolution.
1 Refinement ongoing.
IThis structure was solved and all tests on this template were carried out using the intact template as a starting point. With this template both the molecular replacement step and subsequent rebuilding required
Rosetta modelling for success. After determining the structure and completing the tests we found that it was also possible to solve the structure by molecular replacement if the template were split into two rigid
subunits and the two domains were correctly chosen.
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to orange bar); for one of these the improvements were sufficient for
autobuilding to effectively solve the structure.

Over the combined set of 18 blind cases and the 59 benchmark cases,
Rosetta refinement yielded a model with density correlation as good or
better than any of the control methods for all but six structures. The
dependence of success on sequence identity over the combined set is
illustrated in Fig. 2b. The improvement in performance is particularly
striking below 22% sequence identity, where the quality of the starting
homology models becomes too low for the control methods in almost
all cases. With the new method the success rate in the 15–28%
sequence identity range, generally considered very challenging for
molecular replacement, is over 50%.

Figure 2c illustrates the dependence of model-building on the quality
of initial electron density. Conventional chain rebuilding requires a
map in which the connectivity is largely correct (leftmost panel),
whereas the new method can tolerate breaks in the chain more than
other methods (panels 2–4), as long as there is sufficient information in
the electron density map, combined with the Rosetta energy function,
to guide structure optimization. The map on the far right contains too
little information to guide energy-based structure optimization and
hence the new approach fails. In the five blind cases that have not yet
been solved the comparative models may have been too low in quality,
or there may have been complications in the X-ray diffraction data sets
themselves.

Key to the success of the approach described here is the integration of
structure prediction and crystallographic chain tracing and refinement
methods. Simulated annealing guided by molecular force fields and dif-
fraction data has had an important role in crystallographic refinement14,21.
Structure prediction methods such as Rosetta can be even more powerful
when combined with crystallographic data because the force fields
incorporate additional contributions such as solvation energy and hydro-
gen bonding, and the sampling algorithms can build non-modelled por-
tions of the molecule de novo and cover a larger region of conformational
space than simulated annealing. The difference between Rosetta sampling
and simulated annealing sampling, both using crystallographic data, is
illustrated in Fig. 3. Beginning with the homology model placed by
molecular replacement in the unit cell for blind case 6, we generated 100
models by simulated annealing at two starting temperatures, and 100
models with Rosetta energy- and density-guided optimization followed
by refinement. The 2mFo 2 DFc (ref. 22) electron density maps generated
using phases from over 50% of the Rosetta models had correlations 0.36
or better to the final refined map, whereas fewer than 5% of models from
simulated annealing had correlations this high. Our approach probably
outperforms even extreme simulated annealing because the physical
chemistry and protein structural information which guide sampling
eliminate the vast majority of non-physical conformations.

Approaches to molecular replacement combining the power of crys-
tallographic map interpretation and structure prediction methodology
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Figure 2 | Method comparison. a, Histogram of Rfree values after autobuilding
for the eight difficult blind cases solved using the new approach (Table 1). For
most existing approaches, none of the cases yielded Rfree values under 50%;
DEN was able to reduce Rfree to 45–49% for three of the structures. For all eight
cases, Rosetta energy and density guided structure optimization led to Rfree

values under 40%. b, Dependence of success on sequence identity. The fraction
of cases solved (Rfree after autobuilding ,40%) is shown as a function of
template sequence identity over the 18 blind cases and 59 benchmark cases. The
new method is a clear improvement below 28% sequence identity.

c, Dependence of structure determination success on initial map quality.
Sigma-A-weighted 2mFo 2 DFc density maps (contoured at 1.5s) computed
from benchmark set templates with divergence from the native structure
increasing from left to right are shown in grey; the solved crystal structure is
shown in yellow. The correlation with the native density is shown above each
panel. The solid green bar indicates structures the new approach was able to
solve (Rfree , 0.4); the red bar those that torsion-space refinement or DEN
refinement is able to solve, and the purple bar those that can be solved directly
using the template.
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are likely to become increasingly useful in the next few years. First, the
number of already-determined structures will continue increasing, mak-
ing it increasingly likely that there will be a structure with the required
.20% sequence identity: the chance there is a structure with a sequence
identity of 20% or greater is more than twice that of finding a structure
with at least 30% sequence identity23. Second, as more work focuses on
proteins that cannot be expressed in Escherichia coli, the currently pre-
ferred methods for experimental phase determination based on seleno-
methionine replacement may be more difficult to apply. Finally, as
protein structure modelling algorithms improve, better initial models
should further increase the radius of convergence of the approach.

METHODS SUMMARY
Starting models (templates) for molecular replacement were generated by searching
the PDB using HHpred18 for proteins likely to have structures related to the query.
Starting models were constructed from alignments generated by HHpred.
Unaligned residues were removed from the template and non-identical side chains
were stripped back to the gamma carbon (CG), as suggested in previous work9. An
initial Phaser search with a low rotation function cutoff (50%) and modest packing
threshold (up to 10 clashes) was used to find up to five putative molecular replace-
ment (MR) solutions for each template. Each MR solution for each template was
used to obtain an initial estimate of phases and the corresponding sigma-A-weighted
2mFo 2 DFc density map was generated22. Gaps in the initial alignment, as well as
regions around deletions, were rebuilt using the Rosetta loop modelling protocol12,
which alternates insertion of short fragments with similar local sequences and cyclic
coordinate descent (CCD) closure24. Twenty-four rounds of side chain rotamer
optimization and side chain and backbone torsion-space minimization were then
used to optimize a linear combination of the Rosetta all-atom energy and a term
assessing agreement to the electron density. Following the energy- and density-
guided refinement, models were ranked based on the Phaser log-likelihood score.
The highest ranked models were then subjected to a second round of modelling
using the Rosetta iterative rebuild and refine protocol12 constrained by density. After
this final round of refinement, the model with best agreement to the experimental
data (highest likelihood) was used to either find additional models in the asymmetric
unit, or as a starting point for Phenix AutoBuild.

The procedures described here require considerable computation as up to sev-
eral thousand Rosetta models are generated for each structure, typically requiring
0.5–1 h per structure of CPU time. We have developed automated procedures in
Phenix (phenix.mr_rosetta) that use Rosetta and Phenix modules to carry out and
extend many of the methods described here with density modification and density
averaging, potentially allowing fewer Rosetta models to be used. All the methods
described in this paper are available in release 3.2 of Rosetta.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 3 | Comparison of the effectiveness of model diversification using
Rosetta and simulated annealing. For blind case 6, 100 models were generated
using either simulated annealing with a start temperature of 5,000 K, simulated
annealing with a start temperature of 50,000 K, or Rosetta energy- and density-
guided optimization. The correlation between 2mFo 2 DFc density maps
computed from each structure and the final refined density was then computed;
the starting model has a correlation of 0.29 and the distributions of the refined
models are shown in the figure. Rosetta models have correlations better than
the initial model much more often than simulated annealing.
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METHODS
Preparation of templates and identification of initial molecular replacement
solutions. For the application of the new method to blind cases, templates were
identified using HHpred18. For both the blind and benchmark data sets,
HHpred was used to generate initial alignments. We prepared templates by
removing all unaligned residues and stripping all non-identical side chains to
the gamma carbon (CG), as suggested in previous work9. An initial Phaser
search with a low rotation function cutoff (50%) and modest packing threshold
(up to 10 clashes) was used to find up to five putative MR solutions for each
template. In two blind cases (12 and 13 in Table 1), Phaser was unable to locate
the correct configuration of a molecule using the template alone, but modelling
in Rosetta without density-fitting constraints before Phaser search enabled dis-
covery of the correct rigid-body placement of the molecule, with very low
Phaser translation function Z-scores (TFZ) of 4–6 (after solving 13, it was
discovered that breaking the template into two rigid subunits enabled solution
of the molecular replacement problem). If point-group symmetry was present in
the templates, the initial search (and subsequent steps) were carried out both
with monomeric and multimeric models (see subsection on symmetric model-
ling into density below).
Rebuilding and refinement into density. Each MR solution for each template
was used to obtain an initial estimate of phases and the corresponding sigma-A-
weighted 2mFo 2 DFc density map was generated22. Gaps in the initial alignment,
as well as regions around deletions, were rebuilt using the Rosetta loop modelling
protocol12, which alternates insertion of short fragments with similar local
sequences and CCD closure24. Twenty-four rounds of side chain rotamer optim-
ization and side chain and backbone torsion-space minimization were then used to
optimize a linear combination of the Rosetta all-atom energy and a term assessing
agreement to the electron density. Agreement to density was computed using an
extension of a method previously developed for building into cryo-electron micro-
scopy density25. Density was calculated from a model using a single-Gaussian
approximation to atomic scattering factors. Correlation coefficients between
model and map were calculated for each residue: the computed density includes
all atoms in the residue and the backbone in the two flanking residues on each side,
and the correlation is taken over a mask extending 5 Å from each atom. Scores are
proportional to the negative log probability that observed correlations occur by
random chance, assuming a normal distribution; parameters are trained matching
randomly oriented fragments into synthesized density. In all cases, density was
truncated at 3 Å.

Following the energy- and density-guided refinement, models were ranked
based on the Phaser log-likelihood score. The highest ranked models were then
subjected to a second round of modelling using the Rosetta iterative rebuild and
refine protocol12 constrained by density. Regions that deviated the most from the
current estimate of the electron density were rebuilt; clashes between crystal-
lographic (and non-crystallographic) contacts were also always rebuilt. For each
template carried over to the second round (typically the top-scoring 3–10 models
from the previous round), 2,000 Rosetta models were generated. The likelihood of
the diffraction data was again computed using Phaser for the lowest-energy 10% of
models, and if the five highest likelihood models were in the same rigid-body
configuration (that is if they had density correlations above 0.2 with each other),
they were used to re-phase the density and an additional round (24 cycles) of side
chain optimization and refinement was carried out in Rosetta. If the top-scoring
models differed, then additional templates were considered (if available) or Rosetta
homology modelling was used to perturb the initial structures before molecular
replacement.

After this final round of refinement, the model with best agreement to the
experimental data (highest likelihood) was used to either find additional models
in the asymmetric unit, or as a starting point for Phenix AutoBuild. In cases where
the Rfree was better than random but higher than 0.4, and a majority of residues
were placed, additional refinement was carried out using models produced by
AutoBuild, which allows for recovery from sequence alignment errors. The bond
lengths and bond angles were first replaced with ideal values with small compens-
ating changes in the torsion angles to minimize the change in interatomic dis-
tances, and the idealized models were then subjected to 48 cycles of side chain
rotamer optimization and side chain and backbone torsion minimization. In the
first 24 cycles, the Rosetta all-atom energy function was optimized, and in the final
24 cycles a weighted sum of Rosetta all-atom energy and the fit-to-density energy
described above was optimized.
Refinement of symmetric complexes into density. Key to solving many of the
blind cases was proper treatment of symmetry. In cases where there is point-group
symmetry in the asymmetric unit (either from the template or subsequently dis-
covered by molecular replacement search) or there is close contact between crystal
partners, the Rosetta symmetric modelling framework26 was used to reduce the
size of the conformational space which must be searched. This occurred in blind

cases where either there was point-group symmetry in the template(s) (6 in
Table 1), point-group symmetry was found during the Phaser search (13), or tight
crystal contacts formed point-group symmetry (8 and 10). In these cases, Rosetta
optimizes only the torsion angles in one subunit and the rigid-body degrees of
freedom of the corresponding symmetric group. The energy is calculated explicitly
over a non-redundant subset of atoms for computational efficiency, but the fit to
density is calculated without symmetrization. This is similar to the ‘‘strict formula-
tion’’ of symmetry introduced in ref. 27.

Symmetric modelling in Rosetta requires that the energy of a symmetric com-
plex be expressible in terms of a single subunit or as pairwise interactions between
this subunit and other ones. Minimization also only considers gradients from these
components. To take advantage of Rosetta’s symmetric modelling with asymmet-
ric density data, the gradients of each subunit with respect to the fit-to-density
energy must be mapped to a single subunit. The score of a residue i’s fit to density is
just the sum of the fit-to-density scores over all of i’s copies. As a first approxi-
mation, the gradient at i can be computed as the combined gradients of all of i’s
copies, rotated by the symmetry operation to rotate the subunit containing i’s copy
to the one containing i. Unfortunately, although this approach correctly handles
gradients of internal torsions, the gradients at each symmetric degree-of-freedom
are not correctly handled. Proper handling takes advantage of the formulation
from ref. 28 to efficiently convert Cartesian gradients to torsion-space gradients.
For each atom in the symmetric complex, we compute F1 and F2 corresponding to
the unrotated gradient with respect to the fit-to-density score. For internal tor-
sional degrees of freedom, the rotation applied to each F1/F2 just maps each
subunit back to the asymmetric unit. At each symmetric degree of freedom we
apply a corresponding symmetry operation; for example, in D3 symmetry (a dimer
of trimers) the degree of freedom corresponding to the ‘‘spin’’ of the trimers
applies the rotation used to transform between trimers to all the F1/F2’s in one
of the trimers.
Refinement against the Patterson function. In benchmark cases where the
Phaser translation search failed to find the correct molecular placement even when
many potential solutions were considered, we conducted refinement against the
Patterson function. A score function was implemented that assessed the correla-
tion between the computed and experimental Patterson map (next paragraph).
The map was truncated to between 3.5 Å and 10 Å resolution (in reciprocal space)
and 5 Å to ,75% of the template diameter (in real space). Starting models used the
same templates and rebuilding procedure as the density refinement. Because the
correct rotation is not known at this stage, the molecule orientation was rando-
mized at the beginning of each refinement trajectory and constraints on backbone
atoms were used to prevent the molecule from rotating more than ,5u from this
starting orientation.

The scoring function we optimize is the weighted sum of Rosetta’s all-atom
potential function and the correlation between the calculated Patterson map and
the observed Patterson map. To make this tractable in Rosetta refinement, which
may require tens of thousands of score-function evaluations per trajectory, sim-
plifications are necessary. Directly computing Lpcalc=Lx requires three fast Fourier
transforms (FFTs) per atom. However, since what is needed is not Lpcalc=Lx but

instead the sum L
X

map
pcalcpobs=Lx, FFTs can be used to compute the change in

correlation at every position in the map at once (where p is the Patterson density
and r is the real-space density):

L
P

map pcalcpobs=Lx

Lx
~F{1 F½pobs�:F½rcalc�:½F½Lrcalc=Lxi�½ �(x) ð1Þ

Assuming a fixed B-factor over the molecule, this requires just 3 FFTs per atom
type (the correction terms that make this not just the overlap integral but a true
correlation can be folded into the same FFT). Then, given a model to refine against
the Patterson map, we compute equation (1) once, sum over all the symmetric
orientations of the space group, and interpolate the gradient at each atom’s posi-
tion. Given sufficiently fine sampling, this gives a very close approximation to the
true derivative in a small fraction of the CPU time.

For side chain optimization, where we must rescore the Patterson correlation
for exponentially many combinations of side chain rotamers, exact computation is
also intractable. However, first computing the density rcalc of the backbone only,
then computing the correlation scores for each side chain rotamer independently,
provides a reasonably good approximation with only several hundred to several
thousand function evaluations (one for each rotamer).
Torsion space simulated annealing with DEN restraints. As a control, we ran
torsion-space simulated annealing with DEN restraints13 on the blind tests and on
the complete benchmark set of structures related to PDB entries 1XVQ and 1A2B.
Using the same template and placement used by Rosetta refinement, initial homo-
logy models were built in Modeller29 (using the same alignment used by Rosetta).
DEN refinements were carried out using the refine_lowres.inp script distributed
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with CNS version 1.3 as a template. The results of these analyses for the benchmark
set of structures are shown in Supplementary Tables 4 and 5, and for the blind
tests, as part of Table 1.
Massive-sampling simulated annealing. To test the role that massive sampling
around the conformation of the input structure plays in the success of our new
methods, we developed an ‘extreme simulated annealing protocol’, where 1,000
models were produced by simulated annealing refinement, the best of these models
is used as the starting point for automated model rebuilding, density modification
and refinement with PHENIX, and the resulting model is used as the starting point
for a second iteration of the procedure. In this procedure, simulated annealing was
carried out in phenix.refine using the flag ‘simulated_annealing 5 True’ and the
default starting temperature of 5,000 K.
Implementation in Phenix and Rosetta. The procedures described here require
considerable computation as up to several thousand Rosetta models are generated
for each structure, typically requiring 0.5–1 h per structure of CPU time. We
have developed automated procedures in Phenix (phenix.mr_rosetta) that use
Rosetta and Phenix modules to carry out and extend many of the methods
described here with density modification and density averaging, potentially
allowing fewer Rosetta models to be used. Beginning with correctly placed
templates (including all copies of each molecule, and placed domains for 13),
each of 13 blind test cases in Table 1 can be solved with phenix.mr_rosetta using
20 Rosetta models during each rebuilding cycle, yielding free R values of 0.42 or
lower (mean Rfree 5 0.33), and requiring from approximately 30 to 130 CPU-
hours to complete.

All the methods described in this paper are available in release 3.2 of Rosetta. An
application, ‘mr_protocols,’ is included which was used (together with Phaser and
Phenix Autobuild) to generate all the results in this paper. The flags files used for
Rosetta are shown below.

Comparative modelling (with target sequence target.fasta, alignment target_
template.ali, and template template.pdb) in the context of density:
-database $DB
-MR:mode cm
-in:file:extended_pose 1
-in:file:fasta target.fasta
-in:file:alignment target_template.ali
-in:file:template_pdb template.pdb
-loops:frag_sizes 9 3 1
-loops:frag_files aa1xxx_09_05.200_v1_3.gz aa1xxx_03_05.200_v1_3.gz none
-loops:random_order
-loops:random_grow_loops_by 5
-loops:extended
-loops:remodel quick_ccd
-loops:relax relax
-relax:default_repeats 4
-relax:jump_move true
-edensity:mapreso 3.0
-edensity:grid_spacing 1.5
-edensity:mapfile target.map
-edensity:sliding_window_wt 1.0
-edensity:sliding_window 5
-cm:aln_format grishin
-MR:max_gaplength_to_model 10
-nstruct $STRUCTS

In cases where Rosetta was used to ‘pre-refine’ the structure before Phaser, the
same command line was used without the -edensity:* flags. Modelling with sym-
metry used the flags above in addition to the flag ‘-symmetry_definition symm.-
def’, where symm.def defines the symmetry in the template. Symmetry definition
file creation is automated using a script; see the Rosetta documentation for more
details.

Additional refinement (both after comparative modelling and after autobuild-
ing in some cases):
-database $DB
-MR:mode relax
-in:file:s rosetta_model.pdb
-relax:default_repeats 4
-relax:jump_move true
-edensity:mapreso 3.0
-edensity:grid_spacing 1.5
-edensity:mapfile target.map
-edensity:sliding_window_wt 1.0
-edensity:sliding_window 5
-nstruct 5

Comparative modelling against the Patterson function (the experimental
Patterson map, target_pat.map, is computed outside Rosetta):
-MR:mode cm
-in:file:extended_pose 1
-in:file:fasta target.fasta
-in:file:alignment target_template.ali
-in:file:template_pdb template.pdb
-loops:frag_sizes 9 3 1
-loops:frag_files aa1xxx_09_05.200_v1_3.gz aa1xxx_03_05.200_v1_3.gz none
-loops:random_order
-loops:random_grow_loops_by 5
-loops:extended
-loops:remodel quick_ccd
-loops:relax relax
-relax:default_repeats 2
-relax:jump_move true
-edensity:grid_spacing 1.6
-edensity:mapfile target_pat.map
-edensity:use_spline_interpolation true
-edensity:realign random
-edensity:use_symm_in_pcalc true
-edensity:patterson_lowres_limit 3.5
-edensity:patterson_hires_limit 10.0
-edensity:patterson_minR 5.0
-edensity:patterson_maxR 14.0
-edensity:patterson_B 0.2
-edensity:patterson_cc_wt 0.5
-cm:loop_rebuild_filter 500
-cm:aln_format grishin
-cm:max_loop_rebuild 10
-cm:min_loop_size 4
-MR:max_gaplength_to_model 10
-nstruct $STRUCTS

Most of the data used in this paper is available at http://www.phenix-online.org/
phenix_data/terwilliger/rosetta_2011/ (additional blind cases will be made avail-
able as the structures are deposited).
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26. André, I., Bradley, P., Wang, C.& Baker, D.Prediction of the structure of symmetrical
protein assemblies. Proc. Natl Acad. Sci. USA 104, 17656–17661 (2007).
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UBCH7 reactivity profile reveals parkin and HHARI
to be RING/HECT hybrids
Dawn M. Wenzel1, Alexei Lissounov1, Peter S. Brzovic1 & Rachel E. Klevit1

Although the functional interaction between ubiquitin-
conjugating enzymes (E2s) and ubiquitin ligases (E3s) is essential
in ubiquitin (Ub) signalling, the criteria that define an active E2–
E3 pair are not well established. The human E2 UBCH7 (also
known as UBE2L3) shows broad specificity for HECT-type E3s1,
but often fails to function with RING E3s in vitro despite forming
specific complexes2–4. Structural comparisons of inactive UBCH7–
RING complexes with active UBCH5–RING complexes reveal no
defining differences3,4, highlighting a gap in our understanding of
Ub transfer. Here we show that, unlike many E2s that transfer Ub
with RINGs, UBCH7 lacks intrinsic, E3-independent reactivity
with lysine, explaining its preference for HECTs. Despite lacking
lysine reactivity, UBCH7 exhibits activity with the RING-in-
between-RING (RBR) family of E3s that includes parkin (also
known as PARK2) and human homologue of ariadne (HHARI;
also known as ARIH1)5,6. Found in all eukaryotes7, RBRs regulate
processes such as translation8 and immune signalling9. RBRs con-
tain a canonical C3HC4-type RING, followed by two conserved
Cys/His-rich Zn21-binding domains, in-between-RING (IBR)
and RING2 domains, which together define this E3 family7. We
show that RBRs function like RING/HECT hybrids: they bind E2s
via a RING domain, but transfer Ub through an obligate thioester-
linked Ub (denoted Ub), requiring a conserved cysteine residue in
RING2. Our results define the functional cadre of E3s for UBCH7,
an E2 involved in cell proliferation10 and immune function11, and
indicate a novel mechanism for an entire class of E3s.

RING and U-box E3s facilitate Ub transfer directly from an acti-
vated E2,Ub to a lysine on a target protein. Therefore, E2s that
function with RINGs must be catalytically competent to form an iso-
peptide bond between Ub and lysine. Previous characterization of E2
activity demonstrates that some E2s can transfer Ub to free lysine
independent of an E3 (ref. 12), providing a framework to examine
E2 function. We compared the intrinsic, E3-independent reactivity
of UBCH7,Ub and UBCH5C,Ub with free amino acids that rep-
resent Ub acceptors: lysine, serine, threonine13, cysteine14, or arginine
as a control (Fig. 1a). UBCH5C,Ub reacts completely with either
cysteine or lysine, but not other amino acids, indicating the side-chain

functional group is the relevant nucleophile. Notably, UBCH7 reacts
only with cysteine. Reaction time courses for UBCH7,Ub and
UBCH5C,Ub with free lysine show that UBCH5C,Ub is nearly
depleted after 15 min, while after 60 min UBCH7,Ub shows no
detectable reaction (Fig. 1b). The lack of reactivity of UBCH7 is
lysine-specific and cannot be attributed to UBCH7,Ub being intrin-
sically more stable, as both E2s react equally rapidly with cysteine
(Supplementary Fig. 2a). UBE2K and UBC13, E2s known to function
with RINGs15,16, both react with cysteine and lysine (Supplementary
Fig. 2b), indicating that lysine reactivity is a general feature of RING-
active E2s. The reactivity properties of UBCH7 are conserved, as the
Caenorhabditis elegans orthologue Ubc18 (ref. 17) also lacks lysine
reactivity (Supplementary Fig. 3).

To determine which residues in E2s are important for lysine reac-
tivity, the active site sequences of lysine-reactive E2s were aligned with
that of UBCH7 (Fig. 2a). Two residues in UBCH7 are distinctly dif-
ferent: D87 and D117 (in UBCH5C numbering) are proline and his-
tidine, respectively, in UBCH7. To establish whether these residues
contribute to lysine reactivity, each was mutated in UBCH5C and
lysine reactivity was measured (Fig. 2b). The effect of substitution at
position 87 ranges from no effect for the isosteric mutation D87N to
complete loss of lysine reactivity for the charge-swapped D87K muta-
tion. UBCH5C(D87E) and UBCH5C(D87P) have intermediate reac-
tivities. Consistent with D87 having a general role in lysine reactivity,
mutation of the analogous residue in UBE2K(D94E) results in
decreased lysine reactivity and impaired formation of free poly-Ub
chains (Supplementary Fig. 4a, b). Substitution of D117 in UBCH5C
with a histidine as found in UBCH7 greatly decreases lysine reactivity
(Fig. 2b). A structurally analogous residue in the SUMO E2 (D127 in
UBC9), has been shown to lower the pKa of a lysine approaching the
active site18. The invariant active-site asparagine residue (N77 in
UBCH5C) is recognized for its role in isopeptide catalysis19, and its
mutation to serine abolishes UBCH5C,Ub lysine reactivity in our
assay. Identification of several residues that affect the intrinsic lysine
reactivity of E2s indicates that the determinants are probably multi-
factorial. Accordingly, we failed to convert UBCH7 into a lysine-reactive
E2 by mutation (Supplementary Table).
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Figure 1 | UBCH7 does not react with free lysine. a, Coomassie-stained SDS–
PAGE of UBCH7,Ub (left) and UBCH5C,Ub (right) incubated with amino
acids lysine, serine, threonine, arginine, or buffer (2). Reactions were quenched
in non-reducing loading buffer. Starting amounts of E2,Ub before amino acid
addition are indicated as ‘0’. Reactivity with amino acids is indicated by loss of

E2,Ub and concurrent increase in free Ub (denoted by asterisks) and free E2.
b, Time-course assays of UBCH5C,Ub and UBCH7,Ub incubated with
lysine. Reactions were quenched in non-reducing loading buffer at the
indicated times.
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To assess whether the intrinsic reactivity of an E2 is predictive of its
functional E3 interaction, UBCH5C mutants were assayed with RING
and HECT-type E3s. Of the D87 mutants, only UBCH5C (D87N)
(which has wild-type lysine reactivity) is able to function with the
RING E3 BRCA1/BARD1 in an auto-ubiquitination assay; the other
substitutions are inactive (Fig. 2c). The observed loss of activity results
from E2 catalytic defects, as NMR binding experiments confirm that
UBCH5C(D87) mutants bind BRCA1 comparably to wild-type
UBCH5C (Supplementary Fig. 5). UBCH5C(D117H), which has
impaired lysine reactivity, retains some ability to transfer Ub to
BRCA1 (Fig. 2c). Given its position at the active site, D117 may pro-
vide substrate-specific lysine reactivity as a gating residue. As expected,
UBCH5C(N77S) is inactive with BRCA1. Previous studies show that
mutation of E2 residue N77 abolishes Ub transfer with RING-type
ligases MDM2 (ref. 19), RMA1 (also known as RNF5) (ref. 20),
CNOT4 (CCR4-NOT transcription complex subunit 4) and APC/C
(anaphase promoting complex/cyclosome) (ref. 21) but retains activity
with HECT-type ligases E6-AP (also known as UBE3A), KIAA10 (also
known as UBE3C; ref. 19) and NEDD4L (ref. 22). This indicates that
the catalytic requirements for trans-thiolation differ from those for
isopeptide bond synthesis. Accordingly, the ability to form E3,Ub
thioesters with the HECT E3 E6-AP is unaffected in all UBCH5C
mutants (Supplementary Fig. 6).Taken together, our results indicate
that E2 lysine reactivity is a prerequisite for transfer with RING E3s.
Furthermore, lysine-unreactive E2s, such as UBCH5C(N77S), can be
diagnostic for differentiating between RING- versus HECT-type Ub
transfer mechanisms.

Although many E2s possess an intrinsic reactivity for lysine, most
do not transfer Ub to protein substrates independent of an E3. To
explore the contribution of E3s to E2 reactivity, we examined the
intrinsic reactivity of E2,Ub in the presence of RING or HECT
E3s. Interaction with BRCA1/BARD1 (RING) or E6-AP (HECT) does
not change the intrinsic reactivity of UBCH5C and UBCH7 with free

amino acids (Supplementary Fig. 7a, b). However, BRCA1/BARD1
enhances UBCH5C,Ub lysine reactivity compared to a reaction con-
taining the E2-binding mutant BRCA1(I26A)3,15 (Fig. 2d). Intriguingly,
the lysine reactivity of UBCH5C(D87E), which retains both its ability to
bind BRCA1/BARD1 and some intrinsic lysine reactivity, is not
enhanced by BRCA1 (Fig. 2d). These results indicate that RING bind-
ing to a lysine-reactive E2,Ub results in a thioester with enhanced
reactivity to lysine and residues such as D87 in UBCH5C couple E3
binding and E2 activation. Notably, E6-AP does not enhance
UBCH5C,Ub lysine reactivity (Supplementary Fig. 8b), highlighting
a mechanistic difference between RINGs and HECTs. In matched
experiments with UBCH7, neither BRCA1/BARD1 nor E6-AP
enhance reactivity towards free cysteine (Supplementary Fig. 8a, c).

Besides HECT-type ligases, UBCH7 is reported to function with mem-
bers of the RING E3 family known as RBRs, which includes parkin and
HHARI5,6. This activity runs contrary to our conclusion that UBCH7
lacks lysine reactivity and is consequently restricted to Ub transfer invol-
ving trans-thiolation chemistry. Therefore, we examined the Ub ligase
mechanism for HHARI and parkin. The minimal ligase (RBR) domains
of HHARIR1–IBR–R2 (where R1 and R2 are RING1 and 2, respectively) and
parkinR1–IBR–R2 (see Supplementary Fig. 9 for schematic of constructs)
show comparable auto-ubiquitination activity with either UBCH7 or
UBCH5C (Fig. 3a, b). In contrast to our results with BRCA1/BARD1,
UBCH5C(N77S) exhibits Ub transfer with HHARIR1–IBR–R2 and
parkinR1–IBR–R2 (Fig. 3a, b). As UBCH5C(N77S) activity is restricted to
HECT-type ligases, its activity with parkin and HHARI indicates that
these ligases do not function via a typical RING-type mechanism.

A hallmark of HECT-type Ub transfer is the formation of an oblig-
ate E3,Ub thioester intermediate. Reactions designed to trap a
HHARI,Ub conjugate were conducted on ice and quenched with
SDS-loading buffer with or without reducing agent (bME) to distin-
guish reducible thioester-linked Ub from non-reducible isopeptide-
linked Ub. A bME-sensitive band corresponding to the molecular
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Figure 2 | Lysine reactivity is multifactorial. a, Alignment of E2 active-site
residues (right). Structure of UBCH5C (green; PDB accession code 2FUH) with
active-site residues represented as sticks and active-site cysteine as spheres
(left). b, Wild-type (WT) or mutant UBCH5C,Ub incubated with lysine as in
Fig. 1b. c, Western blot of Flag–BRCA1(1–304)/BARD1(26–327) (green) auto-
ubiquitination with indicated E2 and T7–Ub (red). Time is measured as

minutes after ATP addition. Multiply ubiquitinated species are indicated as
‘Ubn’. d, Same as in Fig. 1b, except a 1:1 (E3:E2) equivalent of Flag–BRCA1(1–
112)/BARD(26–140) was added to either wild-type UBCH5C (left) or the D87E
mutant (right) charged with HA–Ub where all lysines have been mutated to
arginines (indicated as ‘K0’). Reactions were visualized by western blot for HA
(Ub(K0)) and Flag (BRCA1) epitopes.
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weight of HHARI,Ub was detected at 10, 20, and 30 s after addition of
pre-charged UBCH7,Ub (Fig. 3c). We next sought to determine the
position of the HHARI active-site cysteine. The N-terminal canonical
RING1 of HHARI has been shown to be the principal E2-binding
region23, although RING2 is also required for ligase activity5.
Cysteine 357 in RING2 is highly conserved across RBR ligases
(Fig. 4a). C357 is not a Zn21-liganding residue, and mutation of
C357 does not destabilize the RING2 structure5 (Supplementary Fig.
10), but does abolish the ability of HHARI to transfer Ub5. This
indicates that C357 may have a catalytic function. Although
HHARIR1–IBR–R2(C357A) showed no ligase activity in an auto-
ubiquitination assay, HHARIR1–IBR–R2(C357S) generated a single

monoubiquitinated species (Fig. 4b). An analogous oxyester-
linked Ub product can be generated on E2s for which the active-
site cysteines have been mutated to serines20,22,24. Consistent with
its identity as an oxyester (versus isopeptide) bond, the Ub adduct
on HHARIR1–IBR–R2(C357S) is labile to alkaline treatment (Sup-
plementary Fig. 11). Formation of an oxyester is unique to C357 as
serine substitution of other conserved cysteines (both Zn21- and non-
Zn21-liganding) in RING2 does not stall the E3 at a single-Ub adduct
but rather impairs (C375S) or abolishes (C367S, C372S) ligase activity
(Supplementary Fig. 12). Similarly, the parkin mutant C431S (analog-
ous to HHARI(C357)) eliminates E3 ligase activity (Fig. 4c). We were
unable to trap a parkinR1–IBR–R2(C431S) Ub adduct under our reaction
conditions. However, we note that the parkin mutation C431F has
been consistently shown to abolish parkin’s ubiquitination of sub-
strates25–27 and genetically predisposes for Parkinson’s disease28. The
results presented above are not affected by the presence of a GST
domain, as several results were reproduced with non-GST versions
of HHARI (Supplementary Fig. 13).

HHARIR1–IBR–R2(C357A) effectively binds E2 as GST pull-downs
with purified UBCH7 and constructs of GST–HHARI demonstrate
that HHARIR1–IBR–R2(C357A) interacts with UBCH7 as efficiently as
wild-type HHARIR1–IBR–R2 (Fig. 4d). In contrast, a HHARI–RING1
mutant (I188A23, analogous to BRCA1(I26A)) does not interact detect-
ably with UBCH7 in this assay. Furthermore, C357 is surface accessible
and reactive, as wild-type HHARIR2 but not HHARIR2(C357A) is
readily derivitized by cysteine-modifying reagents (Supplementary
Fig. 14).

In the absence of a bona fide substrate, an in vitro product of HHARI-
catalysed Ub transfer is the non-reducible ubiquitination of UBCH7
(Fig. 4b). Ubiquitination of UBCH7 is E3-dependent, and mutation of
HHARIR1–IBR–R2(C357) to serine or alanine abolishes the formation of
this product (Fig. 4b). Our finding that HHARIR1–IBR–R2(C357S) forms
an oxyester-linked Ub without subsequent transfer of Ub to UBCH7
indicates an ordered mechanism that involves formation of an E3,Ub
before modification of UBCH7 (or substrates). Thus, HHARI, unlike
other RING E3s, does not facilitate direct transfer from an E2,Ub to a
target. We note that the HHARI oxyester-linked Ub conjugate accu-
mulates in low yield compared to the available number of active sites.
This is consistent with our failure to observe intrinsic serine reactivity
for UBCH7, even at serine concentrations as high as 0.5 M (Fig. 1a and
data not shown) and suggests that the unique chemical environment
surrounding a target residue (in this case an enzyme active site) con-
tributes to catalysis—a contribution that is absent in the nucleophile
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assay. Our combined results are consistent with HHARI and parkin
functioning via a HECT-like mechanism whereby RING1 harbours the
E2-binding site and RING2 harbours the active-site cysteine.

Our characterization of the reactivity of UBCH7 resulted in two
unexpected discoveries. First, whereas E2s known to work with
RING-type E3s have E3-independent reactivity towards lysine, the
intrinsic reactivity of UBCH7 is restricted to cysteine and, consequently,
its Ub transfer activity is restricted to HECT-type ligases. Second, in the
process of confirming reports that UBCH7 is active with E3s in the RBR
family, we discovered that these RING-containing E3s function like
HECTs in that they require an obligate trans-thiolation step during
Ub transfer. Both findings have important implications for guiding
our understanding of ubiquitination pathways. RING1 of HHARI does
not harbour catalytic activity, and neither HHARIR1–IBR nor HHARIR2

enhance lysine reactivity of UBCH5C (Supplementary Fig. 15). Our
results underscore the diversity of structures that facilitate thiol-based
Ub transfer, enzymes that include bacterial HECT-like E3s that bear no
homology to eukaryotic HECT counterparts29. Knockdown and over-
expression studies indicate that UBCH7 regulates S-phase progression
into G2, but neither the E3(s) nor targets responsible have been iden-
tified10. Our results indicate that the relevant E3(s) will be found among
HECT or RBRs. Although it is possible that UBCH7 cooperates with
RINGs such as BRCA1 to modify substrate cysteines, we have not
observed such species.

Among human E2s, only five residue types are found at the position
analogous to D87 of UBCH5C: aspartate, serine, asparagine, glutamate
and proline. The tolerance for asparagine and serine at position 87
indicates that the negative charge of D87 may not be critical for its role
in catalysis, but instead a hydrogen-bonding function seems likely,
possibly interacting with the conjugated Ub. Of human E2s, only
UBCH7 and UBCH8 have a proline at position 87. Although we did
not test UBCH8 for lysine reactivity, it functions primarily with the
HECT-type ligase HERC5 to transfer the Ub-like protein ISG15 to sub-
strates30. Like UBCH7, we anticipate UBCH8 activity will be limited to
HECT or RBR E3s. Our effort to understand the mechanism of UBCH7-
mediated Ub transfer highlights the predictive power of elucidating E2
mechanisms to understand the E3s with which they function.

METHODS SUMMARY
Plasmids, protein expression/purification, E3 auto-ubiquitination assays and
NMR experiments were performed as described previously3,15. Modifications
and details are described in Methods. For intrinsic reactivity assays, E2s were
charged with Ub for 20–30 min at 37 uC before addition of cysteine, arginine,
lysine, serine, threonine or buffer (final concentration 50 mM, pH 7.0). After 15–
20 min, reactions were quenched in non-reducing loading-buffer and visualized by
Coomassie-stained SDS–PAGE. Reactivity time courses with lysine and cysteine
were performed similarly with samples quenched at the indicated times.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Multiple sequence alignments. Multiple sequence alignments were performed
using Clustal W31 with manual sequence adjustments based on E2 structures.
Plasmids, protein expression and purification. Plasmid constructs, protein
expression, and purification of wheat E1, Ub, UBC13, UBCH5C, UBE2K,
UBCH7, Flag–BRCA1 (residues 1–304)/BARD1 (residues 26–327), Flag–
BRCA1 (residues 1–112)/BARD1 (residues 26–140) were described previously3,15.
Point mutations were introduced using site-directed mutagenesis (Stratagene) and
confirmed by DNA sequencing. PFastBac–His–human E1 was expressed in Hi5
cells and purified by Ni21-affinity chromatography, according to the manufac-
turer’s instructions (Sigma), followed by gel filtration using Superdex 200 resin
(GE Health Care Life Sciences). E6-AP (residues 495–852) was expressed and
purified as described previously32. Ubc18 was sub-cloned into pHis vector33 in-
frame with the N-terminal His-tag, and UBCH7 was subcloned into pet24a vector
in-frame with a His-T7 N-terminal tag. His–T7-UBCH7, His–Ubc18, His–
UBCH5C(N77S), HA-and T7-tagged Ub were purified by Ni21 affinity chromato-
graphy followed by gel-filtration using Superdex 75 resin (GE Healthcare Life
Sciences). Constructs of pGEX-4T parkin (rat) and HHARI were expressed in
BL21 Escherichia coli (Invitrogen) in Luria Broth supplemented with 0.2 mM ZnCl2
and were purified using GSTrap FF columns (GE Healthcare and Life Sciences)
eluted with 10 mM reduced glutathione. Glutathione was removed by dialysis
against 50 mM Tris, 200 mM NaCl, 1 mM DTT, pH 7.6 (parkin) and pH 8.0
(HHARI). HHARIR2 was subcloned into pGEX-4T in-frame with the N-terminal
GST-tag. The GST-tag on HHARIR1–IBR–R2 and HHARIR2 was removed by
thrombin cleavage for NMR and cysteine modification experiments as well as
to repeat activity assays shown in Supplementary Fig. 14.
GST pull-down assays. One-hundred microlitre binding reactions contained
GST–HHARI (5mM) with T7–UBCH7 (5mM) and 50ml of glutathione sepharose
B resin (GE Healthcare) in the binding buffer: 50 mM Tris, 150 mM NaCl, 0.5%
Triton X-100, 0.5 mM dithiothreitol (DTT) pH 7.5. Binding reactions were incu-
bated for 3 h at 4 uC, and resin was washed 5 times with 1.5 ml of binding buffer
before proteins were eluted with 80ml of reduced SDS–PAGE loading buffer.
Reaction products were resolved on a 15% SDS–PAGE gel and transferred onto
polyvinylidene fluoride membranes (Bio-Rad). The membranes were probed
simultaneously with rabbit antibody to GST (Affinity BioReagents) and mouse
antibody to T7 (Novagen) followed by goat anti-mouse and goat anti-rabbit
secondary antibody conjugated to Alexa Fluor 680 (Molecular probes) and
IRdye 800 (Rockland Immunochemicals), respectively. Blotted proteins were
detected using an Odyssey infrared imaging system (Licor).
E3 auto-ubiquitination activity assays. One-hundred microlitre reaction mix-
tures for BRCA1 auto-ubiquitination contained 2mM His-Flag BRCA1 (residues
1–304)/BARD1 (residues 26–327), 2mM UBCH5C, 20mM T7–Ub, 0.5mM wheat
E1 and 10 mM MgCl2. Reactions were initiated at 37 uC by adding 10 mM ATP
and samples were quenched at the indicated time points by boiling in SDS sample
buffer that contained bME. Ubiquitination products were visualized by western
blot, probing for T7 (Ub) and Flag (BRCA1) epitopes simultaneously. Parkin and
HHARI ubiquitination assays were performed similarly except products were
visualized by probing for the GST tag on parkin or HHARI or the HA epitope
on HA–Ub (mouse primary from Covance). HHARI assays with UBCH7,
UBCH5C and UBCH5C(N77S/D87K) mutants were performed at higher con-
centrations (15mM E2/E3, 50mM Ub) and visualized by Coomassie staining on a
15% SDS–PAGE gel. One-hundred microlitre reaction mixtures for E6-AP thioe-
ster formation assays included 15mM E2, 15mM E6-AP, 30mM Ub and 10 mM
MgCl2. Reactions were initiated at 37 uC by the addition of 10 mM ATP and gel
samples were taken in parallel at the indicated time points in loading buffer that
lacked or contained the reducing agent bME.
HHARI thioester detection. Reactions containing 20mM UBCH7, 20mM HA–
Ub, 0.5mM E1, 10 mM MgCl2/ATP were incubated at 37 uC for 30 min to form
UBCH7,HA–Ub and chilled on ice. Reactions with HHARI were initiated by
diluting 2ml of charged E2 with 18ml of 2mM HHARIR1–IBR–R2 on ice and incubating

for the indicated times. Reactions were quenched by the addition of SDS-loading
buffer that either contained or lacked the reducing agent bME. HHARI thioesters
were visualized by western blot probing for the HA epitope on Ub.
Nucleophile reactivity assays. Reaction mixtures for amino acid reactivity assays
contained 20mM E2, 20mM Ub, 0.5mM E1 and 10 mM MgCl2/ATP in 25 mM
NaPi, 150 mM NaCl, pH 7.0 buffer. Amino acids were purchased from Sigma
except cysteine (Nutritional Biochemicals Corporation). Five-hundred millimolar
stock solutions of L-lysine monohydrochloride, L-arginine monohydrochloride,
L-cysteine, L-serine and L-threonine were prepared in reaction buffer and pH was
checked by pH paper to be ,7. E2s were charged for 20–30 min at 37 uC before
being mixed with 50 mM of cysteine, arginine, lysine, serine, threonine or buffer
and incubated for 15–20 min at 37 uC. Samples were quenched in non-reducing
loading-buffer and visualized by Coomassie stained SDS–PAGE. Reactivity time-
courses with lysine and cysteine were performed similarly except that samples
were taken at several time points during the reaction.

In reactions containing E3, 20mM E3 (His–Flag–BRCA1 residues 1–112 (wild
type or I26A)/BARD1 residues 26–140 or E6-AP(C820A) residues 495–852 or
GST–HHARIR1–IBR–R2, or GST–HHARIR2) was added and mixed to the pre-
charged E2 just before incubation with amino acids. UBCH5C was precharged
with Ub where all lysines were mutated to arginines (K0) in reactions with BRCA1
to prevent transfer of Ub. Reactivity reactions visualized by western blot were
performed similarly except concentrations were 10mM E2 or E3, and 5mM
HA–Ub.
HHARI oxyester detection. Ubiquitination reactions contained 15mM
HHARIR1–IBR–R2(C357S), 150mM HA–Ub, 1.5mM E1, 10 mM MgCl2 and 15mM
UBCH7. Reactions were initiated by the addition of 10 mM ATP, and incubated at
37 uC for 30 min before being quenched in reduced SDS-loading buffer. Reactions
were then incubated for 20 min at 37 uC with 0.14 N NaOH before being boiled and
loaded on a 15% SDS–PAGE gel. Reaction products were visualized by western blot,
simultaneously blotting for the HA (Ub) and GST (HHARI) epitopes. For controls,
parallel ubiquitination reactions with UBC13 and UBC13(C86S) were performed.
UBC13 readily auto-ubiquitinates itself (via an isopeptide) and the UBC13 mutant
C86S forms an oxyester-linked Ub conjugate24.
NMR. For the production of 15N-labelled proteins, bacteria were grown in min-
imal MOPS medium supplemented with [15N] ammonium chloride (Cambridge
Isotope Labs). NMR data were collected on a Bruker DMX 500 MHz spectrometer.
Samples of 15N–His–Flag–BRCA1(residues 1–112)/BARD1 (residues 26–140)
and UBCH5C mutants were prepared as described previously15. Samples of
HHARIR2 were prepared as reported previously5. Spectra were processed using
NMRPipe34/NMRDraw35.
Cysteine modification of HHARIR2. One-hundred microlitre cysteine modification
reactions contained 100mM wild-type HHARIR2 and HHARIR2(C357A) and 500mM
4-(2-iodoacetamido)-TEMPO (Sigma). Stock solutions of 4-(2-iodoacetamido)-
TEMPO were prepared at 60 mM in DMSO. Cysteine modification reactions were
incubated overnight at 4 uC. Samples for MALDI-TOF were diluted 1:10 in MALDI
matrix (saturated sinapinic acid (Sigma) in 40% acetonitrile, 0.1% TFA) and masses
were quantified by MALDI-TOF spectrometry on a Bruker AutoFlex II spectrometer,
using insulin and apomyoglobin as standards.
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Aberrant lipid metabolism disrupts calcium
homeostasis causing liver endoplasmic reticulum
stress in obesity
Suneng Fu1, Ling Yang1, Ping Li1, Oliver Hofmann2, Lee Dicker2, Winston Hide2, Xihong Lin2, Steven M. Watkins3,
Alexander R. Ivanov1 & Gökhan S. Hotamisligil1,4

The endoplasmic reticulum (ER) is the main site of protein and
lipid synthesis, membrane biogenesis, xenobiotic detoxification
and cellular calcium storage, and perturbation of ER homeostasis
leads to stress and the activation of the unfolded protein response1.
Chronic activation of ER stress has been shown to have an import-
ant role in the development of insulin resistance and diabetes in
obesity2. However, the mechanisms that lead to chronic ER stress in
a metabolic context in general, and in obesity in particular, are not
understood. Here we comparatively examined the proteomic and
lipidomic landscape of hepatic ER purified from lean and obese
mice to explore the mechanisms of chronic ER stress in obesity. We
found suppression of protein but stimulation of lipid synthesis in
the obese ER without significant alterations in chaperone content.
Alterations in ER fatty acid and lipid composition result in the
inhibition of sarco/endoplasmic reticulum calcium ATPase
(SERCA) activity and ER stress. Correcting the obesity-induced
alteration of ER phospholipid composition or hepatic Serca over-
expression in vivo both reduced chronic ER stress and improved
glucose homeostasis. Hence, we established that abnormal lipid
and calcium metabolism are important contributors to hepatic
ER stress in obesity.

It has been generally accepted that a surplus of nutrients and energy
stimulates synthetic pathways and may lead to client overloading in
the ER. However, it has not been demonstrated whether increased de
novo protein synthesis and client loading into the ER and/or a dimin-
ished productivity of the ER in protein degradation or folding leads to
ER stress in obesity. Intriguingly, dephosphorylation of eukaryotic
translation initiation factor 2a (eIF2a) in the liver of high-fat-diet-
fed mice reduced the ER stress response3, indicating that additional
mechanisms other than translational upregulation may also contribute
to ER dysfunction in obesity. To address these mechanistic questions,
we first fractionated ER from lean and obese liver tissues (Supplemen-
tary Fig. 1a, b) and then extracted ER proteins for comparative pro-
teomic analysis to examine the status of this organelle in obesity. We
identified a total of 2,021 unique proteins (Supplementary Table 1).
Among them, 120 proteins were differentially regulated in obese hepatic
ER samples (Supplementary Fig. 1c and Supplementary Table 2a, b). We
independently validated the differential regulation when possible by
immunoblot analyses and verified the fidelity of the system (Sup-
plementary Fig. 1d). Gene ontology analysis identified the enrichment
of metabolic enzymes—especially ones involved in lipid metabolism—
in the obese ER proteome, whereas protein synthesis and transport
functions were overrepresented among downregulated ER proteins
(Fig. 1a). Consistently, we found that ER-associated protein synthesis
was downregulated in the obese liver as demonstrated by polysome
profiling (data not shown), whereas the expression of genes involved
in de novo lipogenesis (Fas, Scd1, Ces1d, Dgat2 and Dak) and phospho-
lipid synthesis (Pcyt1a and Pemt) were broadly upregulated (Fig. 1b, c).

We also observed upregulation of protein degradation pathways but did
not find a broad change in the quantity of ER chaperones (Supplemen-
tary Fig. 2 and Supplementary Table 2a). Taken together, these data
revealed a fundamental shift in hepatic ER function in obesity from
protein to lipid synthesis and metabolism.

1Departmentsof Genetics and Complex Diseases, and Nutrition, Harvard School of Public Health, Boston, Massachusetts 02115, USA. 2Department of Biostatistics, Harvard School of Public Health, Boston,
Massachusetts 02115, USA. 3Lipomics Technologies Inc, West Sacramento, California 95691, USA. 4Broad Institute of Harvard and MIT, Cambridge, Massachusetts 02142, USA.
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The presence of chronic ER stress in obese liver (Supplementary Fig. 2)
despite a reduction in ER-associated protein synthesis led us to postulate
that the ER stress in obesity may not simply be invoked by protein
overloading but also driven by compromised folding capacity, in which
lipid metabolism may have a function4. For example, the ability of
palmitate and cholesterol to induce ER stress in cultured cells correlates
with their incorporation into the ER5,6. Therefore, we quantitatively
determined all major lipid species and their fatty acid composition in
ER samples isolated from lean and obese liver along with the diet con-
sumed by these mice (Supplementary Fig. 3 and Supplementary Table
3). First, we found that the fatty acid composition of ER lipids in the lean
mouse liver was distinct from corresponding dietary lipids, indicating
the contribution of a basal level of de novo lipogenesis to the biogenesis
of ER membranes in vivo (Supplementary Fig. 3a, b and Supplementary
Table 3). Almost all ER-derived lipids were composed of significantly
higher levels of saturated fatty acids (SFAs) whereas their poly-
unsaturated fatty acid (PUFA) content was much lower than those of
corresponding dietary lipids, indicating that de novo synthesized SFAs
are preferred over diet-derived PUFAs as the substrate for the synthesis
of hepatic ER lipids. Second, the liver ER samples of lean and obese mice
also had profoundly different compositions of fatty acids and lipids as
illustrated by the clear separation of lean and obese ER lipidome in
cluster analysis (Supplementary Fig. 3c). The obese ER was significantly
enriched with monounsaturated fatty acids (MUFAs; Fig. 1d), a bona
fide product of de novo lipogenesis, in liver. Third, the obese ER samples
contained a higher level of phosphatidylcholine (PC) as compared to
phosphatidylethanolamine (PE) (PC/PE 5 1.97 versus 1.3, P , 0.05;
Fig. 1e and Supplementary Table 3), two of the most abundant phos-
pholipids on the ER membrane. The rise of the PC/PE ratio is probably
caused by the upregulation of two key genes involved in PC synthesis
and PE to PC conversion: choline-phosphate cytidylyltransferase A
(Pcyt1a) and phosphatidylethanolamine N-methyltransferase (Pemt)
(Fig. 1c and Supplementary Fig. 3a), and it is consistent with the essential
role of PC for lipid packaging in the form of lipid droplets or lipo-
proteins, both of which are increased in obesity. In contrast, the PC/
PE ratio in the lean hepatic ER was essentially identical as it is in the diet
(Supplementary Table 3), indicating that the increase of PC/PE ratio in
obesity is not due to food consumption, but the result of increased lipid
synthesis in the obese liver.

The desaturation of SFAs to MUFAs in the obese liver probably has a
protective role in reducing lipotoxicity, whereas the decrease of PUFA
content in the ER may limit its reducing capacity and contribute to ER
stress7. However, a potential role of the PC/PE ratio in regulating ER
homeostasis has not been studied before. Previous biochemical studies
have shown that increasing PC content in the membrane inhibits
the calcium transport activity of SERCA5,8. Consistently, we found that
the addition of PC to liver-derived microsomes in vitro substantially
inhibited SERCA activity (Fig. 2a). More importantly, overexpression
of the PE to PC conversion enzyme Pemt in Hepa1-6 cells significantly
inhibited microsomal SERCA activity, indicating that changes in
the PC/PE balance in a cellular setting can significantly perturb
SERCA function (Fig. 2b, c). As calcium has an important role in
mediating chaperone function and protein folding in the ER, and
given that SERCA is principally responsible for maintaining calcium
homeostasis in this organelle, we postulated that the increased PC/PE
ratio in the ER of obese liver might impair ER calcium retention and
homeostasis in vivo, thereby contributing to protein misfolding and ER
stress. In support of this possibility, we found that the calcium trans-
port activity of microsomes prepared from the livers of obese mice was
significantly lower than those isolated from lean animals (4.6 6 0.2
versus 5.3 6 0.3, P 5 0.046; Fig. 2d), despite the fact that the SERCA
protein level was modestly higher in the former, consistent with an
inhibitory role of the PC/PE ratio on SERCA function.

Modest defects in SERCA activity have been implicated in the patho-
logy of Darier’s disease9, and we found that a reduction in SERCA
expression in vivo (Fig. 2e) and a concurrent reduction in its calcium

transport activity (Fig. 2f) potently activated hepatic ER stress in lean
mice as evidenced by IRE1a and eIF2a phosphorylation and changes in
the expression of GRP78 and GRP94 (Fig. 2g, h). Therefore, there seems
to be little redundancy in the function of SERCA beyond physiological
fluctuations to maintain ER homeostasis, and the reduction in calcium
transport activity could be a potential mechanism of hepatic ER stress in
obesity.

We carried out two different but complementary approaches to
correct aberrant lipid metabolism induced SERCA dysfunction and
examined the effects on ER homeostasis in the obese liver. If the
alteration in PC/PE ratio seen in obese liver is a significant contributor
to ER stress, correction of this ratio to lean levels by reducing Pemt
expression should improve calcium transport defects and produce
beneficial effects on hepatic ER stress and metabolism. Using an ade-
novirally expressed short hairpin RNA (shRNA), we were able to
achieve ,50–70% suppression of the Pemt transcript in obese liver
(Supplementary Fig. 4a). As postulated, suppression of Pemt led to a
decrease of PC content from ,39% to ,33%, which was compensated
by an ,7% increase of PE content from ,17% to 24% (Supplemen-
tary Table 4). As a result, the PC/PE ratio is reduced to 1.3 (equivalent
to the lean ratio), as compared to 2.0 detected in the ER of the obese
liver (Fig. 3a). The reduction of the PC/PE ratio was accompanied by
a significant improvement in the calcium transport activity of the
ER prepared from the Pemt-knockdown obese mice (Fig. 3b). As
the improvement of calcium transport function occurred with few
and minor changes in the overall fatty acid composition of ER
(Supplementary Fig. 4b, c and Supplementary Table 5), our results
confirmed the rise in PC/PE ratio as an inhibitory factor of SERCA
activity in obesity. More importantly, hepatic ER stress indicators
including the phosphorylation of IRE1a and eIF2a as well as the
expression of C/EBP homologous protein (CHOP), homocysteine-
inducible, ER stress-inducible protein (HERP) and Der1-like domain
family member 2 (DERL2) were all reduced upon suppression of
Pemt in obese mice (Fig. 3c, d and Supplementary Fig. 4d). Relief of
chronic ER stress in leptin-deficient (Lep2/2) mice has been associated
with improvement of hepatic steatosis and glucose homeostasis10,11.
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Consistently, genes involved in hepatic lipogenesis (Fas, Scd1, Ces1d,
Dgat2) and lipoprotein synthesis (Apoa4) were significantly downregu-
lated in the obese liver after suppression of Pemt (Fig. 3e). As a result,
these mice exhibited a significant reduction in hepatic steatosis and liver
triglyceride content (Fig. 3f–h). Genes involved in glucose production
(G6pc, Pck1) in the liver were significantly downregulated (Fig. 3e), and
there were also significant reductions in both hyperglycaemia and
hyperinsulinaemia in obese mice after the suppression of hepatic
Pemt expression (Fig. 3i, j). Glucose and insulin tolerance tests revealed
significantly enhanced glucose disposal after Pemt suppression (Fig.
3k, l). A similar phenotype is also observed upon suppression of hepatic
Pemt in high-fat-diet-induced obesity, with reduced ER stress and
improved glucose homeostasis (Supplementary Fig. 5). These data are
consistent with the phenotype seen in Pemt-deficient mice, which
exhibit protection against diet-induced insulin resistance and athero-
sclerosis12. Therefore, correcting the PC/PE ratio of the ER can signifi-
cantly improve calcium transport defects, reduce ER stress and improve
metabolism, supporting the hypothesis that changes in lipid metabolism
contribute to SERCA dysfunction, ER stress and hyperglycaemia in both
genetic- and diet-induced models of obesity.

We then carried out overexpression of hepatic Serca in vivo to
overcome the partial inhibition of SERCA activity by PC (Fig. 4a).
Indeed, exogenous SERCA expression in the liver of Lep2/2 mice
improved the calcium import activity of the ER (Fig. 4b), restored
euglycaemia and normoinsulinaemia within a few days, and markedly
improved glucose tolerance (Fig. 4c, d and Supplementary Fig. 6).
Upon Serca expression, the liver showed an increase in size but a
marked reduction of lipid infiltration (Fig. 4e–h) and suppression of

IRE1a and eIF2a phosphorylation, along with a significant reduction
in CHOP levels (Fig. 4i). In these liver samples, there was also a marked
increase in two secretory proteins that were otherwise diminished in
obesity: asialoglycoprotein receptor (ASGR) and haptoglobin (HP)
(Fig. 4i). As the folding and maturation of ASGR is most sensitive to
perturbations of calcium homeostasis in the ER13, our results indicate
that exogenously increased SERCA expression restored calcium home-
ostasis and relieved at least some aspects of chronic ER stress in the
obese liver. Taken together, these data reinforce the hypothesis that
lipid-driven alterations and ER calcium homeostasis are important
contributors to hepatic ER stress in obesity.

The chronic activation of ER stress markers has been observed in a
variety of experimental obese models as well as in obese humans14.
Furthermore, treatment of obese mice and humans with chemical
chaperones results in increased insulin sensitivity10,15. Our systematic,
compositional and functional characterization of hepatic ER landscape
from lean and obese mice revealed a diametrically opposite regulation of
ER functions regarding protein and lipid metabolism and revealed
mechanisms giving rise to ER stress. In particular, an increase in the
PC/PE ratio in the ER, driven by the upregulation of de novo lipogenesis
in obesity, was linked to SERCA dysfunction and chronic ER stress in
vivo. During the review of this manuscript, a study reported downregula-
tion of the SERCA protein level in obese liver16, which was not evident in
our analysis and seemed to have resulted from the choice of methodology
in ER protein preparations (Supplementary Fig. 7). Nevertheless, other
mechanisms such as oxidative and inflammatory changes associated
with obesity can also perturb ER homeostasis by affecting ER calcium
fluxes17–19 and will be important to study in the future.

The identification of a lipid-driven calcium transport dysfunction
and ER stress provides a fundamental framework for understanding the
pathogenesis of hepatic lipid metabolism and chronic ER stress in
obesity. First, excessive food intake inevitably stimulates lipogenesis
for energy storage, and PC is the preferred phospholipid coat of lipid
droplets and lipoproteins20. Therefore, there is a biological need for the
synthesis of more PC for packaging and storing the products of hepatic
lipogenesis. Second, de novo fatty acid synthesis in the obese liver
produces ample amounts of MUFA, which is effectively incorporated
into PC but not PE, which further distorts the PC/PE ratio and impairs
ER function. The resulting ER stress facilitates the secretion of excessive
lipids from the liver without ameliorating hyperinsulinaemia-induced
lipogenesis21, and thus hepatosteatosis and ER stress ensue. As a result,
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relieving ER stress in obesity may ultimately depend on breaking this
‘lipogenesis–ER-stress–lipogenesis’ vicious cycle and restoring ER fold-
ing capacity. Therefore, we suggest that genetic, chemical or dietary
interventions that modulate hepatic phospholipid synthesis and/or ER
calcium homeostasis function might represent a new set of therapeutic
opportunities for common chronic diseases associated with ER stress,
such as obesity, insulin resistance and type 2 diabetes.

METHODS SUMMARY
Male leptin-deficient (Lep2/2) and wild-type littermates in the C57BL/6J back-
ground were either bred in-house or purchased from the Jackson Laboratory (strain
B6.V-Lepob/J, stock number 000632). Transduction of adenoviruses (serotype 5,
Ad5) for the expression of open reading frames (ORFs) or shRNAs was carried out
between 10–11 weeks after birth, and all mice were killed between 12–13 weeks of
age, unless noted otherwise. ER fractionation for proteomic and lipidomic analysis
were carried out as previously described22. Calcium transport experiments were
performed as previously described23, with some modifications. Quantitative RT–
PCR, western blot analysis, histology and in vivo animal experiments were carried
out as previously described10,24. Oligonucleotide sequences used in this study are
listed in Supplementary Table 6. Detailed experimental procedures and protocols
are described in the Supplementary Material.
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Sequential interactions with Sec23
control the direction of vesicle traffic
Christopher Lord1*, Deepali Bhandari1*, Shekar Menon1, Majid Ghassemian2, Deborah Nycz3, Jesse Hay3, Pradipta Ghosh4

& Susan Ferro-Novick1

How the directionality of vesicle traffic is achieved remains an important unanswered question in cell biology. The
Sec23p/Sec24p coat complex sorts the fusion machinery (SNAREs) into vesicles as they bud from the endoplasmic
reticulum (ER). Vesicle tethering to the Golgi begins when the tethering factor TRAPPI binds to Sec23p. Where the
coat is released and how this event relates to membrane fusion is unknown. Here we use a yeast transport assay to
demonstrate that an ER-derived vesicle retains its coat until it reaches the Golgi. A Golgi-associated kinase, Hrr25p
(CK1d orthologue), then phosphorylates the Sec23p/Sec24p complex. Coat phosphorylation and dephosphorylation are
needed for vesicle fusion and budding, respectively. Additionally, we show that Sec23p interacts in a sequential manner
with different binding partners, including TRAPPI and Hrr25p, to ensure the directionality of ER–Golgi traffic and
prevent the back-fusion of a COPII vesicle with the ER. These events are conserved in mammalian cells.

Membrane fusion is mediated by a highly conserved family of mem-
brane proteins called SNAREs. The pairing of a SNARE on the vesicle
(v-SNARE) with its cognate SNARE on the target membrane
(t-SNARE) is required for fusion1; however, the same v-SNARE
(Sec22p) can act in both anterograde ER–Golgi and retrograde
Golgi–ER traffic2. This observation implies that factors other than
the SNAREs define the direction of membrane flow.

Motifs in the ER–Golgi SNAREs needed for fusion are masked by
Sec24p (subunit of the COPII coat) as these fusogens are sorted into
ER-derived vesicles3. The COPII coat is assembled on the ER when the
activated form of the GTPase Sar1p (Sar1p–GTP) recruits the Sec23p/
Sec24p complex by binding to Sec23p, the GTPase-activating protein
(GAP) for Sar1p4. Polymerization of the coat requires the recruitment
of the Sec13p/Sec31p complex (coat outer shell) by the Sec23p/Sec24p
complex, which leads to the hydrolysis of GTP on Sar1p and vesicle
fission4.

The initial interaction of a vesicle with its target membrane is
mediated by a class of proteins called tethers that work in conjunction
with GTPases of the Rab family5. The tethering factor TRAPPI is a
multimeric guanine nucleotide exchange factor (GEF) that recruits
and activates the Rab GTPase Ypt1p6. Previous findings showed that
the interaction of TRAPPI with the coat adaptor protein Sec23p is
required for vesicle tethering6. These studies, however, did not address
the question of whether the coat is shed before or after the vesicles
bind to the Golgi. Here we show that a Golgi-localized kinase, Hrr25p,
displaces purified TRAPPI that is pre-bound to Sec23p and phos-
phorylates the Sec23p/Sec24p complex. Our findings show that the
COPII coat subunit Sec23p interacts in a hierarchical manner with
Sar1p, TRAPPI and Hrr25p to ensure the directionality of antero-
grade membrane flow.

The Golgi inhibits TRAPPI vesicle binding
After COPII vesicles bud from the ER, Sar1p is released from vesicles
when GTP is hydrolysed, but the inner and outer shells of the coat are
largely retained (Supplementary Fig. 1)7. To define the events that

occur after TRAPPI binds to Sec23p, we immobilized TRAPPI on
beads and asked when COPII vesicles lose their ability to bind. For
these studies, the binding of pro-a-factor-containing vesicles formed
with cytosol was considered to be 100% (Fig. 1a). We observed that
vesicles formed in the presence of Golgi lost their ability to bind
TRAPPI (Fig. 1a). Because the binding of vesicles to TRAPPI is
mediated by the COPII coat, this experiment indicates that COPII
vesicles lose their ability to bind TRAPPI because the Golgi contains
a factor that either releases or modifies the coat. To determine whether
vesicles must tether to the Golgi to lose their ability to bind to TRAPPI,
we formed vesicles with bet3-1 mutant fractions. The bet3-1 mutant,
which harbours a mutation in the Bet3p subunit of TRAPPI, is defect-
ive in vesicle tethering6. The defect in this mutant is partially comple-
mented in vitro by the addition of purified recombinant TRAPPI
(Supplementary Fig. 2a). Vesicles formed from bet3-1 donor cells
and cytosol, with or without Golgi, bound equally well to the
TRAPPI-containing beads (Fig. 1a). These findings indicate that the
vesicles must tether to the Golgi to lose their ability to bind to TRAPPI.

COPII vesicle tethering requires TRAPPI, Ypt1p and Uso1p5,6. To
determine when COPII vesicles lose their ability to bind to TRAPPI, we
blocked vesicle tethering and fusion at several different steps in vitro in
the presence of Golgi membranes. The pro-a-factor-containing mem-
branes, formed during these blocks, were then tested for their ability to
bind to TRAPPI. The transport incompetent vesicles that formed,
when Ypt1p function was blocked with anti-Ypt1p antibody, bound
efficiently to TRAPPI (Fig. 1b). Disrupting Ypt1p function should also
block the recruitment to vesicles of the long coiled-coil tether Uso1p
(yeast orthologue of p115), a Ypt1p effector that links donor and
acceptor membranes to each other in vitro5. When we formed vesicles
with fractions from the uso1-1 mutant, transport incompetent vesicles
retained their ability to bind TRAPPI at 27 uC and 17 uC (Fig. 1c).

We also blocked fusion in vitro with antibody directed against Sec22p
(SNARE) or Sly1p, a Sec1-like protein that binds to SNAREs8. In vitro,
neutralizing antibody to Sly1p blocks trans-SNARE complex forma-
tion8. Binding to TRAPPI decreased when vesicles were formed in the
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presence of anti-Sec22p or anti-Sly1p antibodies (Fig. 1d). These find-
ings indicate that COPII vesicles lose their ability to bind TRAPPI after
Uso1p functions, but before trans-SNARE complex formation. Uso1p
does not seem to have a role in vesicle uncoating, as the membrane and
soluble pools of Sec23p were unaltered in the uso1-1 mutant in vivo
(Supplementary Fig 3a) and Uso1p/p115 did not release Sec23 from
membranes in vitro (see Supplementary Figs 3b, c). Together, these
findings indicate that COPII vesicles retain their coat until they reach
the Golgi.

Hrr25p phosphoregulates Sec23p/Sec24p
Despite the fact that only 36 6 0.65% of wild-type vesicles uncoat in
vitro in the presence of Golgi membranes (Supplementary Fig. 3d),
61 6 4% of the vesicles lose their ability to bind to TRAPPI (Fig. 1a).
This observation indicates that the inability of COPII vesicles to bind
TRAPPI is not just a consequence of vesicle uncoating. Because the
COPII coat inner shell is known to be phosphorylated in mammalian
cells9, we considered the possibility that phosphorylation of Sec23p
may block the ability of COPII vesicles to bind TRAPPI.

To identify a kinase that could phosphorylate Sec23p, we searched
the yeast database (http://www.yeastgenome.org) for an essential (Sup-
plementary Fig. 3e) Golgi-localized kinase. Only one kinase, Hrr25p,
was found to have an orthologue (CKId, human orthologue of casein
kinase Id) that localizes at the Golgi and ER–Golgi interface in mam-
malian interphase cells10. Inhibiting CKId function was reported to
block ER–Golgi traffic11, and a mutation that reduced the kinase
activity of Hrr25p was shown to suppress the temperature-sensitive
COPII vesicle budding defect in the sec12-4 mutant12. Although these
results implicated Hrr25p/CKId in ER–Golgi traffic, its role in mem-
brane traffic is not well defined.

Hrr25p is known to reside in the nucleus in G1-arrested cells and,
like CKId, it is found at the spindle pole body (SPB) in nocodazole-
treated (M-phase) cells10,13. When we visualized Hrr25p–RFP (geno-
mic copy tagged with red fluorescent protein) in asynchronously
grown cells, however, the majority (.95%) was found on punctate
structures that largely colocalize with early (Vrg4p) and late Golgi
(Sec7p) markers (Fig. 2a). Occasionally, we observed Hrr25p–RFP in
the nucleus, at puncta along the nuclear envelope (presumably the
SPB), and at the bud neck and cortex, as previously reported13,14.
Consistent with its Golgi localization, all of the haemagglutin (HA)-
tagged Hrr25p co-fractionated with membranes in differential frac-
tionation experiments (Fig. 5a, bottom).

Both glutathione S-transferase (GST)-tagged Sec23p and GST–
Sec24p were phosphorylated by His6-tagged Hrr25p (Fig. 2b and
Supplementary Fig. 3f, compare lanes 1 and 2), but not catalytically
inactive His6–Hrr25p(K38A) in vitro (Fig. 2b and Supplementary Fig.
3f, lane 3). Phosphorylation in vivo was examined with a conditional
allele of hrr25 (ref. 14). In this mutant, HA-tagged HRR25degron was
placed behind the inducible GAL promoter as the sole copy of the
gene. When this strain is grown in galactose, HA–Hrr25pdegron is
expressed. In the presence of glucose, however, the expression of
HA–Hrr25pdegron ceases and the protein is rapidly degraded. After
10 h in glucose, when a delay in trafficking of carboxypeptidase Y
between the ER–Golgi was observed, most of the Hrr25pdegron was
degraded (not shown). Lysates prepared from the hrr25 mutant
grown with galactose (1Hrr25p) or glucose (2Hrr25p) (Supplemen-
tary Fig. 3g) were precipitated with anti-Sec24p (Fig. 2c, lanes 1 and 3),
or IgG (Fig. 2c, lanes 2 and 4). Western blot analysis of the immuno-
precipitates with anti-phospho-Ser/Thr antibody revealed that
phospho-Sec23p and phospho-Sec24p could only be detected in vivo
when Hrr25p was expressed (Fig. 2c, lane 1).

As Sec23p binds to both TRAPPI and Hrr25p, we determined
whether TRAPPI and Hrr25p compete for binding to Sec23p. To
do this, the six subunits of the TRAPPI complex were co-expressed
in bacteria and purified from bacterial lysates as described previously6.
When similar amounts of purified His6–Hrr25p and TRAPPI were
incubated together, Hrr25p effectively competed with TRAPPI for
binding to purified GST–Sec23p (Supplementary Fig. 4a, compare
lanes 3–5 to GST controls in lanes 1 and 2). Binding was not depend-
ent on kinase activity, as His6–Hrr25p(K38A) bound as efficiently as
His6–Hrr25p (not shown). Because His6–Hrr25p binds with higher
affinity to GST–Sec23p (Kd 5 0.043 6 0.009 mM; Supplementary Fig.
4b) than TRAPPI (Kd 5 0.63 6 0.15 mM; Supplementary Fig. 4c), we
determined whether it displaces TRAPPI that is pre-bound to GST–
Sec23p. Increasing amounts of His6–Hrr25p were mixed with GST–
Sec23p beads pre-incubated with saturating amounts of TRAPPI
(Fig. 2d). When the concentration of Hrr25p was increased (Fig. 2d,
lanes 2–5), TRAPPI was released from the beads (Fig. 2d, top, lanes
2–5) into the supernatant (Fig. 2d, bottom, lanes 2–5) as His6–Hrr25p
bound to GST–Sec23p (Fig. 2d, middle). These findings show that
Hrr25p and TRAPPI compete for binding to Sec23p, and indicate that
Hrr25p could displace TRAPPI from Sec23p when COPII vesicles
tether to the Golgi. Consistent with the possibility that phosphoryla-
tion of the coat blocks the binding of TRAPPI to Sec23p, we observed
a decrease in the binding of TRAPPI to GST–Sec23p that contained
phosphomimetic mutations at two phosphorylation sites (see later
and Supplementary Fig. 5b).

Conservation of phosphorylation sites in Sec23p
Because Hrr25p phosphorylates Sec23p more efficiently than Sec24p,
we focused on Sec23p for subsequent studies. Three Hrr25p phos-
phorylation sites were identified in Sec23p by mass spectrometry:
T555, S742 and T747. Two of these phosphorylated residues, S742
and T747, are conserved from yeast to man and were analysed further
(Fig. 3a, top). The T747 residue is a known Sar1p contact site, whereas
S742 is within a disordered loop in the established structure of Sec23p
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Figure 1 | COPII vesicles lose their ability to bind TRAPPI after Uso1p acts.
a, Vesicles formed in vitro with cytosol with or without Golgi were incubated
with TRAPPI-containing beads and the precipitated radiolabelled cargo was
counted. Cytosol and Golgi were isolated from either wild type (WT) or the
bet3-1 mutant. Error bars represent standard deviation (s.d.), N 5 6. In a–d, the
per cent transport observed for the total reaction is reported above the bar
graphs. b, d, Cytosol and Golgi fractions, derived from wild type, were formed
with: anti-Ypt1p (12 mg), anti-Sec22p (12mg), anti-Sly1p (20 mg) antibodies, or
IgG (12 mg or 20mg, respectively). Error bars represent s.d., N 5 4. c, Vesicles
were formed with uso1-1 fractions at 27 uC or 17 uC and incubated with
TRAPPI-containing beads. N 5 2, bars show the range. **P , 0.01,
****P , 0.0001 Student’s t-test.
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complexed with D23-Sar1p–GTP (PDB accession 2QTV)15. Initially,
we used computational modelling to predict the consequences of
phosphorylation at these sites. We added phosphates on S742 and
T747 of Sec23p using Molsoft-ICM software and modified their
orientations by several rounds of Monte Carlo optimization.
Phosphorylation at T747 presented significant steric clashes with
the surface of Sar1p in all possible orientations and was deemed
incompatible with Sec23p binding to Sar1p–GTP (Fig. 3a, bottom).
Phosphorylated S742 is also located at the Sec23p–Sar1p interface, but
its location within a flexible loop limited our ability to predict con-
sequences (Fig. 3a, bottom)15. We found that His6–D23-Sar1p–
GTPcS bound preferentially to GST–Sec23p (Supplementary Fig.
5a), and failed to bind GST–Sec23p harbouring the phosphomimetic
S742D, T747E or S742D/T747E (ST-DE) mutations (Fig. 3b, top,
lanes 1–4). Binding of His6–Sec24p to GST–Sec23p was unaffected
by the phosphomimetic mutations (Fig. 3b, bottom).

If Hrr25p phosphorylates Sec23p at Sar1p contact sites, the addi-
tion of His6–Hrr25p to the transport assay should disrupt the binding
of Sec23p to Sar1p–GTP and inhibit vesicle budding in vitro. When
His6–Hrr25p was added to the assay at the beginning of the reaction,
budding was inhibited as the concentration of His6–Hrr25p was
increased (Fig. 3c). Inhibition was dependent on kinase activity, as
no effect was seen with catalytically inactive His6–Hrr25p(K38A)

(Fig. 3c). Consistent with this observation, a yeast strain harbouring
the S742D/T747E mutations disrupted vesicle budding and fusion in
vitro (Fig. 3d) and displayed a severe growth defect at 33 uC (Sup-
plementary Fig. 5c). The defect in fusion may be the consequence of
blocking the cycling of Sec23p on and off membranes (see Fig. 5a).

Because Hrr25p phosphorylates Sec23p at Sar1p contact sites, and
Hrr25p competes with TRAPPI for binding to Sec23p, we wanted to
address whether TRAPPI also competes with His6–D23-Sar1p–GTPcS
for binding to Sec23p. When we incubated a constant amount of His6–
D23-Sar1p-GTPcS with increasing amounts of TRAPPI, TRAPPI effec-
tively competed with D23-Sar1p–GTPcS for binding to Sec23p (Fig. 4a,
top). Similar results were obtained when increasing amounts of His6–
D23-Sar1p–GTPcS were incubated with a constant amount of TRAPPI
(Fig. 4a, bottom). These results imply that TRAPPI and Sar1p–GTP bind
to the same or overlapping site(s) on Sec23p. Consistent with this hypo-
thesis, we found a decrease in the binding of TRAPPI to GST–Sec23p
harbouring the S742D/T747E mutations (Supplementary Fig. 5b).
Together, these findings imply that TRAPPI binds to Sec23p after
Sar1p–GTP is released from membranes. This event seems to be con-
served in higher eukaryotes (Fig. 4b), as we could only detect mBet3 on
immuno-isolated tagged mammalian COPII vesicles (VSV-G-Myc)
formed in vitro with GTP (2Sar1), but not the non-hydrolysable GTP
analogue GMP-PNP (1Sar1) or control vesicles that lacked VSV-G-Myc.
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d are degradation products of Sec24p and His6–Hrr25p.

ARTICLE RESEARCH

0 0 M O N T H 2 0 1 1 | V O L 0 0 0 | N A T U R E | 3

Macmillan Publishers Limited. All rights reserved©2011



Loss of Hrr25p activity inhibits fusion
To address the role of Hrr25p phosphorylation in ER–Golgi traffic in
vitro, we used the ATP competitive inhibitor IC261, which selectively
inhibits the highly conserved kinase domain of CK1d11,16. As seen in
Fig. 4c, increasing concentrations of IC261 inhibited fusion. To
address whether IC261 inhibits membrane fusion or vesicle tethering,
we formed vesicles in the presence of Golgi with or without inhibitor,
and then fractionated the reaction product on a sucrose velocity gra-
dient that separates free vesicles (Supplementary Fig. 2b, top) from
vesicles that are bound to the Golgi (Supplementary Fig. 2b, bottom).
Subsequently, each fraction was treated with ConA Sepharose to pre-
cipitate radiolabelled pro-a-factor. Most of the vesicles bound to the
Golgi in the presence of IC261, indicating that the inhibitor largely
blocks fusion and not tethering (Supplementary Fig. 2b, bottom).

Interestingly, when the transport assay was performed with con-
centrations of IC261 that inhibited fusion, a stimulation in vesicle
budding was observed (Fig. 4d). This finding indicates that depho-
sphorylation is needed for budding and is consistent with an earlier
report showing that phosphorylated mammalian Sec24 cannot form a
pre-budding complex9. A prediction of this result is that loss of kinase

activity should stimulate cargo export in vivo (see later) and could
explain why a kinase loss-of-function mutation was identified as a
suppressor of the sec12-4 mutant12. We were unable to address the role
of CK1d in vitro because the mammalian COPII vesicle tethering
assay did not work robustly at the lower ATP concentrations needed
to test the inhibitor.

To address whether phosphorylation and dephosphorylation alter
the distribution of Sec23p on membranes in vivo, a differential frac-
tionation experiment was performed with the conditional hrr25
mutant after growth in galactose- or glucose-containing medium.
The SNARE Bos1p served as a membrane marker for these studies.
This analysis revealed the presence of a soluble pool of Sec23p when
HA–Hrr25p was expressed (Fig. 5a, lanes 1–3). In the absence of HA–
Hrr25p, however, all of the Sec23p was membrane-bound (Fig. 5a,
lanes 4–6). Although Hrr25p activity seems to have a role in releasing
Sec23p from membranes in vivo, we found it was not sufficient to
uncoat the vesicles in the absence of Golgi membranes in vitro (data
not shown).

In mammalian cells, COPII vesicles fuse to each other or with COPI
(Golgi) vesicles to form a pre-Golgi compartment that matures into a
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Golgi17. To address the role of CKId in vivo, we accumulated tsO45
VSV-G–GFP in the ER of NRK cells at 40 uC and then shifted the cells
in the presence and absence of IC261 to 15 uC, a temperature that
selectively slows traffic at the pre-Golgi compartment step18. In the
presence of inhibitor, the pre-Golgi (marked by rbet1) but not early
Golgi (marked by gpp130) was markedly dispersed (Fig. 5b).
Consistent with the observation that inhibiting CK1d function stimu-
lates COPII vesicle budding and blocks fusion, VSV-G–GFP was
more rapidly depleted from the ER and concentrated at peripheral
sites of the pre-Golgi compartment (Fig. 5b, c), the site where COPII
vesicles fuse. The VSV-G–GFP remained at the peripheral sites in the
IC261-treated cells and failed to concentrate in the peri-Golgi region
(Fig. 5d, e). Together, these findings imply that the events we describe
here are conserved in higher cells.

Discussion
The CKI family of kinases represents a unique group of highly con-
served serine/threonine kinases that regulate a variety of cellular pro-
cesses, including membrane traffic11,12. Here we report that Sec23p, a
component of the inner shell of the COPII coat, sequentially interacts
with three different binding partners, Sar1p, TRAPPI and Hrr25p, to
control the direction of ER–Golgi traffic. These interactions define
three different stages in vesicle traffic: budding, tethering and a pre-
fusion step.

As Sar1p is required for fission19,20, our findings imply that TRAPPI
can only bind to Sec23p after vesicle fission and the release of Sar1p
from membranes (Fig. 6, (1)). This ensures that COPII vesicle tether-
ing is only initiated after a vesicle buds from the ER. Subsequently,
TRAPPI activates Ypt1p on the vesicle (Fig. 6, (2)). Genetic studies
and a kinetic analysis of GEF activity have revealed that TRAPPI is

more than a GEF21. GEFs typically release Rabs soon after they activate
them. TRAPPI, however, forms a relatively stable ternary complex
(TRAPPI–Ypt1p–nucleotide) with the Rab21, implying that it is also
a Ypt1p effector. In parallel, the pool of Ypt1p–GTP that is released
from TRAPPI can then recruit the long coiled-coil tether Uso1p (Fig. 6,
(3)). When Uso1p bends, the vesicle comes into proximity with the
Golgi, triggering the release of TRAPPI from the vesicle (Fig. 6, (3)).
Hrr25p, which concentrates on the Golgi in yeast, could facilitate this
release. Phosphorylation of the Sec23p/Sec24p complex by Hrr25p
may be required, but is not sufficient for COPII vesicle uncoating.
Another kinase could also be involved in this event as Sec31p, a known
phosphoprotein22, seems to be phosphorylated by a different kinase12

and Hrr25p cannot uncoat COPII vesicles in vitro.
Fusogenic SNARE motifs that bind to the coat must be unmasked

before trans-SNARE complex formation can proceed at the target
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membrane3. Phosphorylation of Sec24p by Hrr25p/CKId could have a
role in disengaging the SNAREs from the coat at the Golgi. As the
COPII coat only acts in anterograde traffic4, the compartmentaliza-
tion of a kinase that regulates membrane fusion at the Golgi, ensures
an ER–Golgi v-SNARE will only pair with its cognate t-SNARE. The
directionality imposed by this cycle also prevents the back-fusion of a
COPII vesicle with the ER. The findings we report here describe a new
role for Hrr25p/CKId that may extend to other CKI family members
and coats.

METHODS SUMMARY
Yeast COPII vesicles were formed in vitro with donor cells, cytosol, with or
without Golgi for 90 min at 20 uC or 27 uC or 120 min at 17 uC as described
previously6. The vesicle binding assays were performed as described previously6.
Additional information is provided in Methods.

Protein and antibody purifications were performed as before6. Mass spectro-
metry analysis, in vitro bindings assays, kinase and immunoprecipitation assays,
microscopy, the construction of phosphomimetic mutations and all studies with
mammalian cells are described in Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Yeast in vitro transport and vesicle binding assays. For the vesicle binding
assays, the permeabilized cells were pelleted after the in vitro transport reaction
as described previously6. The conditions used to remove the cells did not pellet
slowly sedimenting membranes that contain radiolabelled cargo. The supernat-
ant was transferred to a new tube that contained 40ml of a 50% slurry of TRAPPI-
containing beads6. The final volume of the reaction was adjusted to 500ml with
TBPS (25 mM HEPES (pH 7.2), 115 mM potassium acetate, 2.5 mM magnesium
acetate, 250 mM sorbitol plus protease inhibitors) and the reaction was incubated
for 2 h at 4 uC. The beads were washed three times with 750ml of TBPS and
counted. The counts from a no vesicle control reaction (reaction with apyrase
with or without Golgi) were subtracted as background. The binding of vesicles
formed with cytosol was considered to be 100%, and the amount of binding (with
or without Golgi) was adjusted to equal Concanavalin A (ConA) counts (equal
vesicles). Two-stage transport assays were also performed. Vesicles were formed
in the absence of Golgi, the cells were pelleted and an equal number of vesicles
were incubated with or without Golgi before the binding assay was performed.

For reactions with IC261, the ATP concentration of the 103 ATP stock was
lowered to 1.7 mM ATP. For the vesicle tethering assay, free vesicles were sepa-
rated from vesicles that bound to the Golgi on a sucrose velocity gradient as
described previously6.
In vitro kinase assay. Purified GST, GST–Sec23p and GST–Sec24p (5 mg), immo-
bilized on beads, were incubated with 250 ng of His6–Hrr25p or catalytically
inactive His6–Hrr25p(K38A) or no kinase in kinase assay buffer (50 mM
HEPES pH 7.4, 2 mM EDTA, 10 mM MgCl2, 1 mM DTT, 5 mM cold ATP,
2.5mCi cP32-ATP, 100mM sodium orthovanadate, 10 mM sodium fluoride,
10 mM sodium pyrophosphate and protease inhibitors) for 1 h at 30 uC. The
beads were washed twice with 13 PBS and eluted in 25 ml of sample buffer by
heating to 100 uC for 5 min. The samples were analysed by autoradiography.
Nucleotide loading of His6–D23-Sar1p. His6–D23-Sar1p was loaded with the
desired nucleotide (GDP or GTPcS) overnight at 4 uC in the following buffer:
20 mM HEPES pH 7.2, 150 mM NaCl, 1 mM MgCl2 with 0.1 mM of nucleotide.
In vitro binding assays with recombinant proteins. For the binding experi-
ments with the phosphomimetic mutations in GST–Sec23p, equimolar amounts
(0.1 mM) of GST, GST–Sec23p beads with or without phosphomimetic mutations
were incubated with either 5–10 nM of His6–D23-Sar1p–GTPcS (nucleotide was
loaded as described earlier) or 10 nM of purified TRAPPI6 in binding buffer I
(25 mM HEPES pH 7.2, 150 mM NaCl, 2% Triton X-100, 1 mM DTT, 2 mM
EDTA, 0.5 mM MgCl2 and protease inhibitors) for 3–4 h at 4 uC. The beads were
washed three times with binding buffer I and eluted in 25 ml of sample buffer by
heating to 100 uC for 5 min.

For the TRAPPI displacement assay, 0.5 mM of TRAPPI was incubated over-
night at 4 uC in binding buffer I with 0.1 mM of GST–Sec23p or GST. The next
day, the beads were washed three times in binding buffer I and resuspended in
binding buffer II (25 mM HEPES pH 7.2, 150 mM NaCl, 0.1% Triton X-100,
1 mM DTT, 2 mM EDTA, 0.5 mM MgCl2 and protease inhibitors). Increasing
amounts (0–0.25mM) of purified His6–Hrr25p were added to the reactions and
incubated for 4 h at 4 uC. Subsequently, the supernatants were aliquoted into fresh
tubes and heated in sample buffer to 100 uC for 5 min. The beads were washed
three times with binding buffer I and eluted as described earlier.

For the competition assay between Hrr25p and TRAPPI, 0.3mM of GST–
Sec23p or GST beads were incubated with 0.25mM of purified TRAPPI and/or
0.15 mM of His6–Hrr25p in binding buffer I for 3–4 h at 4 uC. For the competition
assay between Sar1p and TRAPPI, 0.1mM of GST–Sec23p or GST beads were
incubated with 10 nM of purified His6–D23Sar1p–GTPcS with increasing con-
centrations (0–50 nM) of TRAPPI as above. For the reciprocal experiment, GST
fusion proteins were incubated with 10 nM of TRAPPI and increasing concen-
trations (0–50 nM) of His6–D23Sar1p–GTPcS. The beads were then washed three
times with binding buffer I and eluted as above. The molarity of TRAPPI was
calculated based on the amount of Trs33p in the complex.
Yeast immunofluorescence microscopy. Cells expressing Vrg4p–GFP or Sec7p–
GFP and Hrr25p–RFP were grown to an OD599 nm of 0.5–1.5 in YPD medium.
One to two OD599 nm units were pelleted and resuspended in 25ml of YPD med-
ium. Cells were examined with a Carl Zeiss Observer Z.1 spinning-disk confocal
fluorescence microscope using DIC, GFP, or RFP filters with a 3100 oil-immer-
sion objective. Images were captured with a Zeiss AxioCam MRm and analysed
using AxioVision Rel. 4.7 software. At least 300 puncta (and 100 cells) were
examined in three separate experiments that were used to calculate the s.d. shown
in Fig. 2a.
Growth conditions for the hrr25 mutant. SFNY1941 (MATa ura3-52 lys2-801
ade2-101 trpD63 his3-D200 leu2-D1hrr25D::loxP-kanMX-loxP pKK204(2m pGAL-
3HA-HRR25degron) was grown in YP-Raf-Gal (2% Raffinose, 0.5% Galactose)
medium to OD599 nm 5 1–2. A total of 500 OD599 nm units of cells were pelleted

under sterile conditions and shifted to either YP-Raf-Gal or YPD (YP 1 2%
glucose) medium for 10 h.
Differential centrifugation experiment. A total of 100 OD599 nm units of cells
were pelleted, resuspended in 2 ml of spheroplast buffer (1.4 M sorbitol, 100 mM
sodium phosphate pH 7.5, 0.35% 2-mercaptoethanol and 0.5 mg ml21 zymo-
lyase) and incubated for 30 min at 37 uC. The spheroplasted cells were then
divided into four 0.5 ml aliquots and centrifuged over a 1 ml sorbitol cushion
(1.7 M sorbitol, 100 mM HEPES pH 7.2) for 5 min at 3,800g at 4 uC in a microfuge.
The supernatant was removed and the four pellets were resuspended in 1 ml of
lysis buffer (100 mM HEPES pH 7.2, 1 mM EGTA, 0.2 mM DTT, 1 mM PMSF
and protease inhibitors) and lysed using a Dounce homogenizer. The lysate was
centrifuged for 2 min at 500g at 4 uC in a microfuge and the supernatant was
transferred to a new tube. An aliquot of this fraction (100ml) was mixed with 50 ml
of 33 sample buffer (total fraction, T) and heated at 100 uC for 5 min, while the
remaining portion (600ml) was centrifuged for 90 min at 190,000g at 4 uC in a
Beckman SW55 Ti rotor. The lipid layer was removed and 100 ml of the super-
natant (S) was mixed with 50ml of 33 sample buffer and heated at 100 uC for
5 min. The pellet (P) was resuspended in 500ml of lysis buffer and 100ml was
mixed with 50 ml of 33 sample buffer and heated at 100 uC for 5 min.
Immunoprecipitation assay to detect phosphorylation. SFNY1941 was grown
as described earlier and whole-cell lysates (10 mg) were immunoprecipitated with
anti-Sec24 antibody. The immunoprecipitates were then immunoblotted with
anti-phospho-Ser/Thr (BD Biosciences, 1:500 dilution), anti-Sec24 (1:1,000 dilu-
tion) and anti-Sec23 antibodies (1:1,000 dilution).
Mass spectrometry analysis. In vitro phosphorylated GST–Sec23p was trypsin-
digested and subjected to liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) analysis as described previously23.
Generation of Sec23p phosphomimetic mutations. The phosphomimetic
mutations (S742D, T747E and S742D/T747E) in GST–Sec23p were generated
by the two-step PCR method for site-directed mutagenesis using pPE124 (ref. 24)
as the template. Mutations in pRS414-SEC23(S742D/T747E) were generated on
pCF364 (ref. 25) using the QuikChange Site-directed mutagenesis kit (Agilent
Technologies). All constructs were verified by sequencing.
Analysis of mBet3 and mSec23 on mammalian COPII vesicles. A detailed
description of the generation, immunoisolation and immunoblotting of COPII
transport intermediates derived from semi-intact normal rat kidney (NRK) cells is
described elsewhere17. Briefly, a VSV-G-Myc construct was introduced by electro-
poration and its expression in the ER was amplified using vaccinia virus VTF-7 at
41 uC. After permeabilization, the VSV-G-Myc-expressing cells or control
untransfected NRK cells were suspended in a vesicle budding cocktail and incu-
bated at 32 uC for 30 min. Subsequently, the donor cells were removed by sedi-
mentation. For the p115 experiment, the supernatant (which contains released
COPII vesicles) was then incubated with purified full-length His6–p115 (ref. 26)
for 60 min at 32 uC. The p115 preparation was functional in tests of interactions
with ER–Golgi SNAREs (not shown). The suspension of transport intermediates
was then subjected to immunoisolation using anti-Myc antibody. Proteins were
eluted from the beads using 0.1 M glycine pH 2.5, neutralized, concentrated, and
analysed on a 4–20% gradient SDS polyacrylamide gel followed by western blot
analysis. To quantitate the abundance of mBet3 and mSec23 on the isolated vesi-
cles and to normalize to vesicle yield, we divided the band intensity by the signal for
the cargo marker VSV-G-Myc and syntaxin 5 for each lane. The cargo-normalized
mBet3 and mSec23 signals were then expressed as a percentage relative to the GTP
condition. GMP-PNP was used at 100mM concentration.
Analysing ER–Golgi traffic in vivo in the presence of IC261. NRK cells were
electroporated with a plasmid encoding VSV-G ts045–GFP, plated on glass
coverslips in 6-well plates and incubated overnight at 40 uC. Ten minutes before
the temperature shift, 100mM IC261 (solubilized in DMSO) or DMSO was added
to the medium at 40 uC. After 10 min, the coverslips were either fixed in 4%
paraformaldehyde for 30 min, or shifted to 15 uC medium containing IC261 or
DMSO. At 15 uC, VSV-G–GFP can leave the ER, but accumulates in swollen
peripheral ER–Golgi interface structures that only slowly move towards the
Golgi area27. The 15 uC treatment makes ER exit, pre-Golgi assembly and trans-
port to the Golgi more resolvable. Coverslips were fixed after 30 or 60 min at
15 uC.

After fixation, coverslips were treated twice for 10 min with 0.1 M glycine and
then the samples were permeabilized in BSA/goat serum blocking solution con-
taining 0.35% saponin. All subsequent antibody incubations and washes were
carried out in blocking solution containing saponin. Primary antibody incubations
included the anti-rbet1 mouse monoclonal antibody 16G6 (ref. 28) and a rabbit
polyclonal antisera against gpp130 (Covance Research Products). 16G6 is known
to label rbet1 more intensely when the antigen accumulates at peripheral sites29.
Secondary antibodies were goat anti-mouse-cy3 and goat anti-rabbit-cy5. DAPI
was also included during the secondary antibody incubation. After extensive
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washing, the coverslips were mounted in Slow-fade Gold mounting medium
(Invitrogen) and imaged using the wide-field microscope and instrumentation
methods described before29. Briefly, each field of cells were captured in four colours
(GFP, cy3, cy5 and DAPI) at 21 focal planes through the sample. Image stacks were
then deconvolved using the Huygens algorithm (Scientific Volume Imaging).
Maximum intensity projections from five consecutive image planes were used
for quantification and display.

To quantify the transfer from the ER to pre-Golgi structures, each set of images
was opened as an image stack in the Openlab program (Improvision). The extra-
cellular background was subtracted from each image, and then a roughly square
region of interest (ROI) that abutted the nucleus and extended approximately
three-quarters of the distance to the edge of the cell was hand-drawn. This ROI
was chosen such that it constituted a region of cytoplasm completely free of any
Golgi labelling. The rbet1 image was used to define a pre-Golgi mask within this
larger ROI using an intensity threshold of 4–63 the rbet1 labelling background.
The pre-Golgi mask was then subtracted from the original ROI to create an ER
mask. The pre-Golgi and ER mask were sequentially applied to the VSV-G–GFP
image to determine the average maximum intensity of cargo spots in the pre-
Golgi compartment, and the average intensity of cargo in the ER, respectively.
The ratio of these two parameters, average maximum intensity in the pre-Golgi
compartment divided by average intensity in the ER, was determined for each of
the twenty randomly sampled images from each condition.

To quantify the concentration of pre-Golgi structures near the Golgi, a Golgi
mask was derived from the gpp130 image using an intensity threshold of 10% of
maximum intensity for the Golgi area of interest. A total punctate cargo mask was
derived from the VSV-G–GFP image by choosing an intensity threshold for each
cell sample such that a faint punctate spot would be captured in the mask but
residual diffuse ER labelling would not. This cargo mask was then superimposed
on the Golgi mask and all cargo-containing objects that did not partially or

completely overlap with a Golgi object were deleted from the cargo mask. This
peri-Golgi cargo mask, as well as the original total cargo mask were sequentially
applied to the VSV-G–GFP image to determine the total intensity of cargo spots
in the peri-Golgi region and in the whole cell, respectively. The ratio of these two
parameters, total intensity of cargo spots in the peri-Golgi region divided by total
intensity of cargo spots in the cell, was determined for each of the 20 randomly
sampled images analysed for each condition.

For both quantifications, the average raw ratio for DMSO-treated cells from a
given experiment was defined as 100% and each individual ratio value from that
experiment was expressed relative to 100%. This normalization step allowed
combination of quantifications from independent experiments to produce the
values for Fig. 5c and e.

All experiments in the manuscript were performed at least three times or more
on separate days.
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