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Light Alkanes, Heavy Metals
Hydraulic fracturing, or fracking, has rapidly 
increased the supply of natural gas and has 
motivated methods to convert its constituents 
into commodity chemicals. Hashiguchi et al. (p. 
1232) have found that lead and thallium salts 
are both effi cient and selective oxidants, not only 
for methane, but for ethane and propane as well. 
In trifl uoroacetic acid solvent, the alkanes are 
cleanly oxidized to the trifl uoroacetate esters of 
their respective alcohols and 1,2-diols. Building 
on earlier discoveries, this work paves the way to 
developing methods that reduce our dependence 
on petroleum for industrial feedstocks.

Cas9 Solved
Clustered regularly interspaced short 
palindromic repeats (CRISPR)–associated (Cas) 
loci allow prokaryotes to identify and destroy 
invading DNA. Not only important to bacteria, 
the universal value of Cas endonuclease 
specifi city has also resulted in Cas9 being 
exploited as a tool for genome editing. Jinek 

et al. (p. 1215, published online 6 February) 
determined the 2.6 and 2.2 angstrom resolution 
crystal structures of two Cas9 enzymes to 
reveal a common structural core with distinct 
peripheral elaborations. The enzymes are 
autoinhibited, undergo large conformational 
changes on binding RNA, and have channels 
lined with basic residues that are candidates for 
an RNA-DNA binding groove. Based on these 
and other insights from the structures, this work 
provides important revelations both for the 
CRISPR mechanism and for genome editing.

A Palladium 1-2 Punch
Methods to replace carbon-hydrogen bonds 
directly with carbon-carbon bonds offer enticing 
prospects for streamlining the synthesis of 
organic compounds. The trouble is that it is 
hard to select any particular C-H bond and to 
avoid making complex mixtures of products. He 

et al. (p. 1216) report that a pair of powerful 
pyrimidine ligands induces a palladium catalyst 
to add aryl groups selectively to amino acid 
derivatives. One ligand promotes addition of 
a single aryl group to the β-carbon center; the 
other appends a second, potentially different aryl 
group to the same carbon—all in the same fl ask.

Iron in Graphene
Carbon or other covalently bonded materials, 
like boron nitride, can form two-dimensional 
sheets because of the strong bonding between 
the atoms. In contrast, metals share electrons 
in a three-dimensional delocalized way, and 
this could preclude 
the formation of 
thin stable sheets. 
Nevertheless, Zhao 

et al. (p. 1228) 
observed pure 
iron membranes 
suspended across 
the pores in a 
graphene sheet. This 
phenomenon was 
discovered when 
an iron chloride solution, used to process the 
graphene, decomposed to form pure iron fi lms 
across the pores.

G Below Sea
Rheological differences between Earth’s 
lithosphere and asthenosphere help drive plate 
tectonics. Geophysical analyses repeatedly 
reveal a seismic Gutenberg (G) discontinuity at 
40- to 100-kilometer depth in oceanic plates, 

although the origin of this boundary remains 
enigmatic. Beghein et al. (p. 1237, published 
online 27 February) found that vertical 
stratifi cation of anisotropy aligned with the 
depths of the G discontinuity, but not with the 
lithosphere-asthenosphere boundary. It 
appears that the G discontinuity forms when 
there are geophysical changes in the mantle, 
such as dehydration beneath mid-ocean ridges. 

Where Do You 
Want Your Leg?
Initiation of limb formation is the key to 
understanding limb-cell specifi cation and 
patterning during development. Gros and Tabin

(p. 1253) show that a localized epithelial-to-
mesenchymal transition triggers the formation 
of the limb. Finding that limbs initiate through 
cell-state change, and not through differential 
proliferation, redefi nes questions such as how 
limb buds are placed on the body plan.

Touchy-Feely Genes
All animals need accurate proprioceptive 
sensation to control motor function. Desai 

et al. (p. 1256) identifi ed a Drosophila mutant 
with impaired walking coordination. The 
affected gene, stumble (stum), is conserved 
throughout the animal kingdom and expressed 
in a subpopulation of multidendritic neurons. 
stum-expressing neurons are found proximal 
to leg joints, and if the angle of the joint shifts, 
dendritic stretching occurs that in turn elevates 

cellular calcium. Therefore, 
it looks as if stum is a 
transducer for mechanical 
stimuli. 

Quick, Quick, 
Slow
The slow muscles of 
postural stability and the 
fast muscles of running 

and jumping are driven by motor neurons that 
are differentiated by fast and slow biophysical 
properties. By retrograde labeling of mouse 
and chick muscle fi bers, Müller et al. (p. 1264) 
characterized the developmental distinctions 
between fast and slow motor neurons. A 
transmembrane protein, when over- or under-
expressed, was discovered to drive specifi cation 
of the motor neurons and a downstream 
effector specifi ed some, but not all, of the 
biophysical attributes.

Hexing Complement
Complement activation is an immediate 

and potent immune defense mechanism, 

but how immunoglobulin G (IgG) antibodies 

activate complement at the molecular level 

is poorly understood. Using high-resolution 

crystallography, Diebolder et al. (p. 1260) 

show that human IgGs form hexameric 

structures by interacting with neighboring 

IgG molecules, and the complex then acti-

vates complement. Thus, IgG molecules and 

the complement system can coexist in the 

blood because complement activation will 

only be triggered after IgG senses a surface 

antigen and starts to aggregate.

Published by AAAS
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Clearance of Chronic Virus

The family of mRNA-editing enzymes, APOBEC, 
restricts hepatitis B virus (HBV) replication. 
Lucifora et al. (p. 1221, published online 20 
February; see the Perspective by Shlomai and 

Rice) provide evidence that specifi c APOBECs 
mediate the anti-HBV effects of host cytokines, 
which in turn apparently induce nuclear 
deaminase activity without damaging host cells. 
Thus, there may be potential in these fi ndings 
for developing a therapeutic route to curing 
chronic HBV infection.

Hidden Diversity
Why are there so many species in the tropics? 
Niche partitioning by highly specialized plant 

species seems to be the main generator of 
high diversity. Condon et al. (p. 1240; see 
the Perspective by Godfray) show that niche 
partitioning can also be generated by interactions 
between plant resources and parasites, resulting 
in hyperdiverse communities. The cryptic diversity 
of 14 neotropical fl y pollinators and 18 of their 
highly specifi c wasp parasites induced mortality 
partitions between multiple narrow niches. The 
extreme specifi city of the wasp-fl y relationships 
was initially only revealed by molecular analysis. 

Crossed Homodimer
Our cells respond to infection by releasing 
interferons, which protect neighboring cells, in 
part through the cleavage of intracellular RNA by 
a protein kinase family receptor, RNase L. RNase 

L is activated by 2’,5’-linked 
oligoadenylates (the second 
messenger 2-5 A), sensors 
of pathogen- and damage-
associated RNA. Han et 

al. (p. 1244, published 
online 27 February) report 
crystal structures of human 
RNase L in complexes with 
2-5 A, nucleotides, and an 
18-nucleotide oligomer 
RNA target. 

Making a Histone Mark
The covalent marks on histones (the principal 
components of chromatin) play a critical role 
in the regulation of gene expression. Somehow 
these marks are preserved when a cell in 
a tissue divides so that the daughter cells 
maintain the gene expression program and 
tissue identity of the parent cell. Jacob et al. 

(p. 1249) show that the Arabidopsis histone 
methylase ATXR5 is specifi c for the replication-
dependent histone variant H3.1 and maintains 
the repressive histone H3 lysine-27 methyl mark 
on the H3.1 variant during genome replication, 
thus, preserving cell-type–specifi c regions of 
heterochromatin and gene repression through 
cell division and beyond.

Additional summaries

THIS WEEK IN SCIENCE
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    Time for New Schizophrenia Rx   
LAST MONTH, THE BATTLE AGAINST FOUR MAJOR DISEASES RECEIVED SOME GOOD NEWS. THE U.S. 

National Institutes of Health (NIH) and 10 of the world’s largest pharmaceutical companies 

decided that instead of working ineffectively in silos, they would work together to discover ther-

apies for Alzheimer’s disease, type 2 diabetes, rheumatoid arthritis, and lupus. This initiative—

the Accelerating Medicines Partnership (AMP)—recognizes that progress toward new therapies 

for common chronic diseases increasingly requires large-scale collaborative efforts that range 

from the need to grapple with heterogeneous polygenic disease phenotypes to the validation 

of biomarkers in large populations. What is disappointing is that, at least for the time being, 

the consortium dropped schizophrenia from its list, despite vast unmet medical need and sub-

stantial, albeit still recent, scientifi c advances. Was schizophrenia deemed too risky to pursue? 

If innovative partnerships such as the AMP are not willing to take on common and serious but 

otherwise neglected disorders such as schizophrenia, then the scientifi c community will have to 

fi nd new ways of pooling intellectual and fi nancial resources to address them.

Schizophrenia is a severe and disabling brain disorder that also creates enormous costs and 

challenges for caregivers and for society. Antipsychotic drugs that partially treat hallucinations 

and delusions were discovered in the early 1950s but have serious side 

effects and leave entirely untreated schizophrenia’s characteristic cog-

nitive impairments and “negative” symptoms such as blunting of emo-

tion, loss of motivation, and impoverishment of thought and speech. 

The past six decades have witnessed many commercially successful 

antipsychotic drugs, but no new mechanisms of action and no gains 

in effi cacy since the early 1960s. Cognitive behavioral therapies show 

promise, but even when combined with current medications, individ-

uals with schizophrenia live with profound limitations resulting from 

diminished control over thought, emotion, and behavior. Many phar-

maceutical companies have exited psychiatry in recent years because 

of high failure rates in clinical trials, only rudimentary understanding 

of disease mechanisms, and the lack of treatment biomarkers. Under 

these circumstances, patients and families would have scant hope for 

the arrival of better drug treatments.

Much about this grim scientifi c picture has changed in the past 5 years. New genomic 

technologies, combined with global collaborations to identify study participants and collect 

samples, have permitted the identifi cation of a large and rapidly growing number of alleles 

associated with schizophrenia, bipolar disorder, and autism. Molecular pathways involved in 

neuronal function are emerging from the data and are beginning to suggest drug targets. Ani-

mal and in vitro models in which to investigate hundreds of gene variants of small effect remain 

works in progress. However, promising tools have emerged here too. For molecular and cellular 

analyses, stem cell technologies make possible the generation of human neurons in vitro. When 

combined with remarkable new genome engineering tools, these approaches permit the study of 

individual risk alleles, multiple alleles in molecular pathways, and the correction of risk alleles 

in neurons derived from patient samples. Studies at neural circuit levels are yet more challeng-

ing, but one can even envision transgenic nonhuman primate disease models with the genome 

engineering tools at hand. Proposals to the AMP have focused on advancing the genetic analysis 

of schizophrenia; improving in vitro human neuronal models to study disease-associated alleles; 

and a project to identify biomarkers, modeled on the early stages of the successful Alzheimer’s 

Disease Neuroimaging Initiative. 

Perhaps recent exits by companies from psychiatry made schizophrenia too great a reach 

for the AMP, despite continued strong support from NIH leadership. It is precisely when new 

knowledge opens challenging but real possibilities to make major advances in health that part-

nerships such as the AMP seem most warranted. The scientifi c community, including industry, 

academia, patient groups, and government, must fi nd ways of sharing fi nancial risk while devel-

oping effective and well-governed partnerships. Otherwise, important basic science investments 

will go untranslated while patients and society continue to bear painful and costly burdens.

10.1126/science.1252603

– Steven E. Hyman  

1177

EDITORIAL
C

R
E

D
IT

S
: 
(L

E
F

T
) 
M

A
R

IA
 N

E
M

C
H

U
K

, 
T

H
E

 B
R

O
A

D
 I
N

S
T

IT
U

T
E

 O
F

 M
IT

 A
N

D
 H

A
R

V
A

R
D

; 
(R

IG
H

T
) 
J
O

H
N

N
Y

 G
R

IM
/F

L
IC

K
R

Steven E. Hyman is 

director of the Stanley 

Center for Psychiatric 

Research at the Broad 

Institute of Harvard 

and the Massachusetts 

Institute of Technology 

in Cambridge, MA, 

and a professor in the 

Department of Stem 

Cell and Regenerative 

Biology at Harvard 

University, Cambridge, 

MA. E-mail: seh@

harvard.edu 

www.sciencemag.org    SCIENCE    VOL 343    14 MARCH 2014

Published by AAAS

 o
n 

M
ar

ch
 1

4,
 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 



1178

EDITED BY KRISTEN MUELLER AND JESSE SMITH

14 MARCH 2014    VOL 343    SCIENCE    www.sciencemag.org 

tosis, but it can be hard to know how the many 
steps play out to determine whether a particu-
lar cell lives or dies. Kallenberger et al. there-
fore undertook a combination of mathematical 
modeling and experiments on single cells to 
elucidate how cultured human cells responded 
to activation of the Fas death receptor. The 
receptor causes activation of the protease 
caspase-8, which undergoes multiple cleav-
age events that control both its activity and 
substrate preference. Caspase activity in single 
cells was measured by monitoring fl uorescently 
tagged substrates. This revealed the kinetics of 

caspase activation and the 
variability in cell responses. 
Unexpectedly, a slower rate 
of cell death in cells exposed 
to higher concentrations of 
CD95 ligand was observed. 
Such a complicated caspase 
cleavage scheme may enable 
important characteristics such 
as switch-like behavior that 

P S Y C H O L O G Y

Me Me Me

What makes me me, and not you? Is it my 
corpus of autobiographical memories? Is it my 
concordance of wants and desires, which may 
themselves have been birthed and shaped by my 
personality traits? Or is it my sense of right and 
wrong? Strohminger and Nichols opt for the last 
and demonstrate in a series of studies that mo-
rality constitutes the largest part of self. Capaci-
ties and traits were grouped into psychological 
categories representing lower-level functions, 
such as perception and sensation; everyday 
automatic cognitive functions, such as identify-
ing objects and riding a bike; or distinctive in-
dividual preferences, such as liking broccoli and 
valuing honesty. Then, online Americans were 
asked which were associated most closely with 
personal identities or, alternatively, the extent to 
which a person would change if that particular 
capacity or trait were lost. Throughout, attributes 
closer to morality were deemed to be more es-

sential to one’s identity. In a futuristic scenario 
set in 2049, when asked what part of Jim the ac-
countant’s brain would need to be transplanted 
into a recipient body in order to resurrect Jim, 
the part supporting moral judgment was chosen 
most. — GJC

Cognition 131, 159 (2014).

C E L L  B I O L O G Y

A Complicated Death

Much is known about signaling mechanisms 
that cause cells to undergo cell death or apop-

Mass strandings of whales have long puzzled observers, who wonder about 

the causes of such simultaneous and often large-scale mortality events. 

These events are not new, however, and recent road development in the 

Atacama region of Chile serendipitously revealed a large and unique 

collection of marine vertebrate fossils that may shed some light on the 

phenomenon. Pyenson et al. report that the site, Cerro Ballena, dates to 

the Late Miocene period and consists of over 40 skeletons of marine ver-

tebrates, including rorqual and sperm whales, seals, predatory fi shes, and 

fascinating, now completely extinct, species such as walrus-whales and 

aquatic sloths. Four distinct time horizons exist within the site, indicating 

that the mass strandings occurred repeatedly, and the relatively complete 

condition of the skeletons suggests that the death site was protected 

from scavengers and other forces that would distribute the bones. Based 

on the diverse array of species involved, and the repeated occurrence 

of the strandings, harmful algal blooms may have been to blame. The 

assemblage at Cerro Ballena provides both a vivid picture of a rich but 

now past marine environment and insight into a phenomenon that is 

often still a mystery. An associated open-access Web site allows readers 

to learn more about the site and fossils. — SNV

Proc. R. Soc. London Ser. B 281, 20133316 (2014).

EDITORS’CHOICE

P A L E O N T O L O G Y

Whales in the Desert
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does not cause cell death in response to low 

amounts of signal (but shows autoamplifi cation 

when strongly activated) and a timer mecha-

nism to shut the system down. — LBR 

Sci. Signal. 7, ra23 (2014).

C H E M I S T R Y

Process of Elimination

Transition metals such as rhodium and palladium 

(Pd) often catalyze reactions through a pair of 

processes termed oxidative addition and reductive 

elimination. Effectively, the metal inserts itself 

between two bonded atoms, and then after some 

rearrangements or substitutions in the coordina-

tion sphere, a different bond forms via the reverse 

process. Pérez-Temprano et al. explored the factors 

underlying which bonds form most readily by 

reductive elimination from Pd(IV). They prepared 

a complex with fl uoride, tosyl-substituted nitrogen 

(NHTs), and aryl as well as alkyl carbon ligands, 

and then measured a ratio of alkyl C-F, C-C, and 

alkyl C-N bonded products of roughly 5:3:1. By 

adding an (NHTs)– salt to the reaction mixture, 

the authors could shift the ratio almost completely 

in favor of the C-N elimination pathway. Kinetic 

studies implicated a mechanism in which 

dissociation of (NHTs)– from Pd 

leads to a transient fi ve-coordinate 

intermediate common to all three 

product channels, with the C-N 

pathway proceeding stepwise via 

subsequent attack by the nitrogen 

anion at carbon. The results could 

help to optimize synthetic protocols 

for C-N bond formation. — JSY

J. Am. Chem. Soc. 136, 10.1021/

ja411433f (2014).

M I C R O F L U I D I C S

Paper Power

Paper-based microfl uidic devices offer much 

promise for instrument-free medical diagnostics 

that can perform complex analytical functions 

while being easy to manipulate and use. Such 

devices require miniaturized power sources that 

are compatible with the paper technology and 

can be disposed of with minimum environmen-

tal impact. Esquivel et al. explore the use of 

fuel cells for powering such devices. They have 

developed a microfl uidic fuel cell that exploits 

the capillary fl ow in the paper test strip without 

requiring external pumps. Both the KOH electro-

lyte and the methanol fuel are stored within the 

paper strip; when water is added, the fuel cell 

starts to generate power. The proof-of-concept 

prototypes reported by the authors meet the 

power needs of commercially available rapid 

tests that are powered by button-cell batteries. 

Integrated with a lateral fl ow test, the fuel cells 

can use the sample under analysis (e.g., blood) 

to generate the power needed for the analysis 

itself (e.g., glucose levels in the blood). The test 

strips are similar in construction to the lateral 

fl ow strips used in medical diagnostics and 

should thus be comparatively easy to incorpo-

rate into the manufacturing process.  — JFU

Energy Environ. Sci. 10.1039/C3EE44044C (2014).

M A T E R I A L S  S C I E N C E

Thermally Stable Refl ections

A simple thermostat exploits the difference in the 

thermal expansion of two metal fi lms to sense 

temperature changes and trigger the heating 

or cooling system on or off as needed.  In some 

cases, though, the change in dimension with 

temperature is a problem; for example, a satellite 

built on Earth has to be engineered to allow for 

the shrinking of the parts that will occur when 

it reaches the low temperatures found in outer 

space. A few materials exist that show either 

limited or negative thermal expansion, including 

complex metal oxides, silica glasses, and an iron- 

nickel alloy, but these materials may be brittle or 

operate only over a narrow temperature range. 

One route to creating a material with a tailorable 

coeffi cient of thermal expansion (CTE) is to create 

an engineered structure. Yamamoto et al. created 

a periodic lattice composed of hexagonal plates 

of aluminum combined with a frame of titanium, 

which has a lower CTE, to make a thin-fi lm mate-

rial.  When heated, the expansion of the alumi-

num is accommodated by stretching and bending 

of the titanium, in such a way that the connection 

points stay stationary. The samples were tested 

from room temperature to 185°C and showed a 

very low and slightly negative CTE. The authors 

envision using this architecture for making an ar-

ray of mirrors, and demonstrate this capability by 

showing that the refl ected image quality remained 

constant over the test temperature range. — MSL

Adv. Mater. 10.1002/adma.201304997 (2014).
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considered at risk since 

fi ghting broke out 

between the govern-

ment and opposition 

forces in December. 

The vaccines will be 

administered by Doc-

tors Without Borders.

Just how useful chol-

era vaccines are has been 

hotly debated; some have 

argued they are impractical and distract from 

the need to provide clean water and sanita-

tion (Science, 17 August 2012, p. 785). But 

in 2012, WHO decided to assemble a 2-

million-dose stockpile for use in emergency 

situations. The vaccine will fi rst be offered 

in relatively secure refugee camps in Juba, 

the capital, and in the centrally located Lakes 

state, but the program may be expanded to 

other areas later.

Cheonan, South Korea 2

Avian Flu Claims Research Flock

Korea’s premier poultry research center was 

forced to cull its 11,000 hens and 5000 ducks 

last week after an outbreak of the deadly 

new avian infl uenza strain H5N8. Research-

ers at the National Institute of Animal Sci-

ence (NIAS) made every effort to keep the 

Cheonan campus, 85 kilometers south of 

Seoul, virus-free. But on 3 March, 30 dead 

ducks were confi rmed to be infected, and 

staff immediately culled the rest. Research-

ers predict that it will take nearly 2 years to 

reconstitute the fl ocks—used to study breed 

improvement and husbandry techniques—

from birds kept at other facilities.

The incident highlights the diffi culty 

of protecting poultry farms from circulat-

ing avian infl uenza. Offi cials are investi-

gating three possible routes the virus could 

have taken onto campus: wild birds, NIAS 

vehicles, and supply deliveries, said Lee Jun-

Won, deputy agriculture minister, at a press 

conference, where he promised “to hold 

those responsible accountable.”

Since the strain emerged in central South 

Korea in January, it has spread virtually 

nationwide and outbreaks are still being 

reported. There have been no reports of 

human infections. http://scim.ag/_H5N8

Geneva, Switzerland 3

WHO Proposes Halving 
Recommended Sugar Intake 
The World Health Organization (WHO) last 

week released draft guidelines that halve 

the maximum amount of sugar it recom-

mends people consume. The current recom-

mendation states that sugars should make 

up less than 10% of daily energy intake. 

That includes both sugar that manufacturers 

or consumers add to food and sugar natu-

rally present in honey or fruit juices. The 

draft suggests a further reduction to less 

than 5% of total energy—about 25 grams 

per day for an adult with a normal body 

mass index. But it calls this a “conditional 

recommendation,” and says that there is “a 

need for substantial debate and involvement 

of stakeholders before this recommendation 

can be adopted as policy.” 

WHO will accept comments on the draft 

until 31 March, and many food companies 

are likely to voice strong opposition. (A 

single can of sugar-sweetened soda would 

exceed the daily recommended intake.) “If 

pressure comes to the organization, we are 

very well equipped to resist that type of 

pressure,” said Francesco Branca, WHO’s 

director of nutrition for health and develop-

ment, at a press conference.

Juba 1

Cholera Vaccine Stash Deployed

The World Health Organization (WHO) 

is putting its new stockpile of oral chol-

era vaccines to use for the fi rst time. Some 

140,000 people in refugee camps in war-

torn South Sudan are expected to receive 

the vaccine by the end of March. There is 

no cholera in South Sudan at the moment, 

but the impoverished country has been 

>Serbian government offi cials prompted 
scientifi c outrage with plans to relocate 
Nikola Tesla’s ashes from a museum 
in Belgrade to a burial site at the city’s 
Church of Saint Sava. Critics of the move, 
planned for July, say the prolifi c inventor 
was not a believer and that his remains 
belong at the Nikola Tesla Museum—
their home since 1957—rather than 
the world’s largest Orthodox church. The 
Facebook page “Leave Tesla Alone” has 
garnered more than 37,000 “likes.”

NOTED

3

1

2

AROUND THE WORLD

Put to use. A South Suda-

nese woman receives the 

oral cholera vaccine earlier 

this month.

4
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Has the Cull Begun in Biomedicine? 

New data show that after remaining more or less steady for a decade, the number of 
investigators with National Institutes of Health (NIH) funding dropped last year from 
22,116 to 21,511, a loss of 605 researchers. That’s according to data for the agency’s 
bread-and-butter R01 equivalent grants (above, excludes stimulus funding). Another 
analysis by the American Society for Biochemistry and Molecular Biology (ASBMB) 
pegs the drop at 1001. The decline, which came the same year that sequestration 
took a 5% bite from NIH’s $31 billion budget, suggests a contraction in the number 
of labs supported by NIH. “Is this a wise culling of the herd,” asks ASBMB President 
Jeremy Berg, “or is this a destructive loss of productive investigators and talent?” 
http://scim.ag/NIHdrop

Climate Scientist Breaks 
Into the Geology Club
Geologist and climate 
scientist Maureen 
Raymo joins the likes 
of Charles Darwin as 
this year’s winner of 
the British Wollaston 
Medal, becoming the 
fi rst female honoree in 
the prize’s 183-year his-
tory. Raymo, 54, will receive the medal—
cast in the platinum-group metal palladium 
discovered by chemist William Hyde 
Wollaston—at the Geological Society of 
London’s annual meeting in June.

Like her Wollaston-winning predecessor, 
19th century glaciologist Louis Agassiz, 
Raymo has focused on Earth’s ice ages. Early 
in her career, she proposed that the rise of the 
Himalayas and the Tibetan Plateau 40 million 
years ago drove Earth from a “hothouse” cli-
mate into its present “icehouse” climate, an 
idea bolstered in this week’s issue of Science 

THEY SAID IT

“ I already knew I wanted to 
become a scientist, but that 
afternoon I learned from Carl 
the kind of person I wanted 
to become.”

—Astrophysicist and science com-
municator Neil deGrasse Tyson, on his 

fi rst meeting at age 17 with Carl Sagan, 
during the debut episode of the 13-part 

update to Sagan’s classic 1980 
documentary series Cosmos.

NEWSMAKERS

Raymo

(see p. 1189). She also helped explain why 
Earth’s ice ages switched from a 40,000-year 
pacing to today’s 100,000-year pacing. Now, 
after decades spent mostly at a desk, she has 
gone into the fi eld to sort out how much the 
accumulation of glacial ice lowered sea level 
3 million years ago. Given her early training 
in geology, she says, “I feel right at home.”

Cardiologist and University 
President to Lead Smithsonian
For the fi rst time, a physician will take the 
helm at the U.S. Smithsonian Institution. In 
mid-2015, David Skorton, president of Cor-

nell University since 
2006, will become sec-
retary of the 168-year-
old organization, whose 
19 museums, zoo, and 
nine research centers 
are partially federally 
funded. Trained as a 
cardiologist, Skorton 

specialized in treating congenital heart 
disorders and developing better 3D imaging 
techniques. After 26 years as a professor at 
the University of Iowa, he served as its presi-
dent from 2003 to 2006. 

Since moving to Cornell, Skorton has 
helped raise $5 billion and won a stiff 
competition to build a high-tech college 
campus in New York City that blends tech-
nology training, on-the-job experience, and 
entrepreneurship. At the press conference 
this week announcing his appointment, 
Skorton stressed the importance of arts and 
humanities: “A life in medicine has taught 
me that we will not solve our thorniest 
problems or meet our toughest challenges 
as a society through science alone.” 
http://scim.ag/Skorton

Skorton

Washington, D.C. 4

House Science Panel Takes Up 
Controversial NSF Bill
A highly partisan bill affecting research and 
education programs at the National Sci-
ence Foundation (NSF) and other federal 
agencies is advancing in the U.S. House of 
Representatives. Introduced this week by 
Representative Lamar Smith (R–TX), who 
chairs the House science committee, the 
legislation would alter NSF’s peer-review 
process, reduce funding for social science 
research, and create a new offi ce within 
NSF to oversee federal science education 
programs. “To remain globally competi-
tive, we need to make sure our priorities are 
funded and that taxpayer dollars are spent 
wisely,” Smith said in a statement before his 
panel took up the measure, titled the Fron-
tiers in Innovation, Research, Science, and 
Technology (FIRST) Act.

Science lobbyists and Democrats have 
sharply criticized the bill, saying its autho-
rized spending levels are too low and its 
approach to managing research unwise. 
“[T]he bill does little to close this nation’s 
innovation defi cit, [and] it also does some 
things to widen it,” said the Association 
of American Universities, a group of 
62 research-intensive institutions. 
http://scim.ag/_FIRST

Published by AAAS
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BY THE NUMBERS

13% Proportion of animal 

rights extremist acts between 2000 

and 2012 that targeted univer-

sities, down from 61% between 

1990 and 1999. Meanwhile, inci-

dents involving individual homes 

and property have risen from 9% 

to 46% of the total, according to a 

new Federation of American Societ-

ies for Experimental Biology guide. 

http://scim.ag/_FASEB

Random Sample

Font of Knowledge
Fourteen-year-old Suvir Mirchandani says the U.S. 
government could save hundreds of millions of 
dollars simply by changing the font of its printed 
documents, and he’s got numbers to prove it. 
When Mirchandani started sixth grade at Dors-
eyville Middle School in Pittsburgh, Pennsylvania, 
he noticed that teachers were handing out a lot more homework in a wide array of fonts. 
Wondering if the school could save money by opting for less ink-hungry varieties, he collected 
a week’s worth of printed handouts, designed a test document to model their character frequen-
cies, and ran it through ink coverage software using various fonts. He found that switching to the 
svelte Garamond font would save the school district nearly $21,000 a year. “It was shocking,” 
says Peter Pinko, the school’s science coach, who worked with him on the project. “It surprised 
the [district] business manager.”

Mirchandani submitted the fi ndings to the Journal of Emerging Investigators, which pub-
lishes research by middle and high school students. Its editors—graduate students at Harvard 
University—suggested he 
scale the study up to the 
federal government. When 
the Government Printing 
Office didn’t respond to 
his information request in 
time, he used public docu-
ments, including the 2014 
budget and an Internal 
Revenue Service form, to 
run the analysis. His conclu-
sion: An across-the-board 
switch to Garamond could 
save roughly $234 million 
a year. He hopes the study will infl uence font choice for teachers and bureaucrats alike but isn’t 
holding his breath. “I’m aware that people are resistant to change,” he says. Now a high school 
freshman, Mirchandani wants to pursue a career in computer science or environmental science.

FINDINGS 

Sight by Sound Upturns 
Brain Model
A computer program that uses sound to give 

“sight” to the blind challenges the prevail-

ing view of how the brain is organized. The 

system, called vOICe, scans images and con-

verts shapes into sound by assigning higher 

sound frequencies to higher points in space. 

For example, a diagonal line stretching 

upward from left to right becomes a series of 

ascending tones.

The developers—neuroscientists from 

the Hebrew University of Jerusalem—tested 

vOICe on people who were born blind. 

Despite having no visual memories, they 

could “see” a person’s exact posture repre-

sented in sound after 70 hours of training, the 

team reported last week in Current Biology. 

Brain imaging then revealed activity in 

the area of their visual cortices responsible 

for recognizing body shapes in sighted 

people—a surprising fi nd, the research-

ers say, because this area shouldn’t fully 

develop without visual experiences. Because 

a traditional sensory-organized brain model 

can’t explain the results, they argue that the 

brain is arranged according to tasks rather 

than senses. http://scim.ag/_sight

Elephants Know Subtleties 
Of Human Voice
Elephants can tell certain human languages 

apart and even determine our gender and rela-

tive age, according to new research in Kenya’s 

Amboseli National Park. There, Maasai pas-

toralists sometimes spear elephants in protest 

of park policies or retaliation for tusking and 

trampling of people or cattle. To fi nd out if 

the animals could distinguish Maasai voices 

from those of Kamba farmers in the area, 

Karen McComb, a behavioral ecologist at the 

University of Sussex, and colleagues used 

concealed loudspeakers to play recordings 

of people in the two ethnic groups speaking 

their respective languages.

As the team reported on 10 March in 

the Proceedings of the National Academy 

of Sciences, elephant family groups were 

more likely to retreat and bunch together in 

response to adult male Maasai voices than 

adult male Kamba voices. They were much 

less fearful of the voices of Maasai women or 

boys. Young elephants likely learn this sen-

sitivity by watching, the researchers say, in a 

dramatic example of a human threat chang-

ing natural behaviors. http://scim.ag/elevoice
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While chaos mounted in southern Ukraine 
last week, with Russian forces overrunning 
Crimea and the region threatening to secede, 
a handful of science leaders huddled in Kyiv, 
Ukraine’s capital, plotting a revolution of their 
own. Their aim: reinvigorate a scientifi c com-
munity that has been adrift since Soviet times.

Gathered in the Verkhovna Rada, 
Ukraine’s parliament, on 6 March, the 
luminaries reviewed draft legislation that 
would transform the nation’s science and 
higher education system. The two bills would 
set up a competitive grant system, root out 
moribund institutions, give greater autonomy 
to universities, and make it easier to ship 
reagents and biological samples into and out 
of Ukraine. “We have a historic chance to 
revitalize science,” says molecular biologist 
Nataliya Shulga, chief executive of the 
Ukrainian Science Club, a think tank in Kyiv. 

Their window of opportunity, which 
opened with the ouster of the pro-Russian 
government of Viktor Yanukovych last 
month, may be fl eeting. Backers are angling 
to get the laws—one on S&T and a second 
on higher education—on the books before 
presidential elections on 25 May, after which 
the Rada may have new priorities. Science 
could slip off the Rada’s radar even before 
then, if Crimea careens out of control. “The 
situation is tense and unpredictable,” says 
neuroscientist Oleg Krishtal, director of the 
Bogomoletz Institute of Physiology in Kyiv 
and a longtime advocate of radical reforms.

Ukrainian science has been in a 
downward spiral since the Soviet Union’s 
collapse in 1991. That year, Ukraine spent 
roughly $700 million on S&T, or 0.9% of 
its gross domestic product; the 2014 S&T 
budget, in contrast, stood at just $475 
million—and that was before the depths of 
Ukraine’s penury became known. 

As spending shriveled over the years, 
scientific vitality withered. In 2007, the 
Ukrainian Science Club set out to determine 
how many Ukrainian researchers are 
“internationally visible,” says 
Krishtal, the club’s president. 
Of the nation’s estimated 82,000 
scientists, “we found that only 
a few hundred” are known 
outside Ukraine, he says. “It was 
a shock.”

Yet there was little impetus 
for  change—unti l  now. 
The ouster of Yanukovych’s 
government, which spurned 
calls for educational reform, 
has raised hopes. Equally 
important, reformists have one 
of their own in the Rada: Liliya Hrynevych, 
an educator elected in 2012. “We need to 
reinvent the system,” says Hrynevych, who 
heads the Rada’s Committee on Science and 
Education.

One target for reform is how the scarce 
government science funding is doled out. 
A mere 7% is disbursed competitively, 

Hrynevych says. “Bureaucrats allocate the 
rest.” The science law would establish a 
National Research Fund to distribute state 
science funding based on merit-based review. 
And to better focus scarce resources, the 
science law mandates a nationwide audit to 
identify intellectually “dead” institutes. 

The proposed science law also aims to 
ease the passage of research materials across 
the border. “Biomedical science in Ukraine 
is controlled by customs,” Shulga says. For 
starters, she explains, you “can’t ship anything 
on dry ice.” And ordering reagents is often 
an adventure. For instance, a Bogomoletz 
team last year placed a €216 order for 250 
milligrams of ultrapure sucrose for isolation 
of membrane peptides. A customs officer 
refused to believe that sugar could cost so 
much and demanded that the scientists apply 
for an import license. “We have many more 
stories like that,” Shulga says. The draft law 
calls for a team of customs offi cers specially 
trained to deal with science-related imports 
and exports.

The second law, on higher education, 
would unfetter universities from stifling 
state controls. “Universities need more 
freedom, and independent funding 
sources,” says Vladimir Konovalchuk, an 
agricultural science expert at Bridges, a 
consulting firm in Kyiv. The law would 
give universities autonomy to run their 
own affairs, free professors from onerous 
ministry requirements on lecturing hours, 

and mandate access for all 
researchers in Ukraine to 
scientifi c literature databases 
such as the Web of Science.

The full Rada has already 
received the higher education 
bill, while the S&T bill should 
be ready for consideration later 
this month. The interim science 
and education minister, Serhiy 
Kvit, has been a proponent of 
education reform and backs 
the legislation, Shulga says. 
Hrynevych, meanwhile, says 

she’s “working with all [Rada] factions to 
ensure support for the reforms.” 

Although Crimea is casting a shadow, 
Hrynevych sees a more prosaic threat to her 
efforts to overhaul the system—and one that 
will require help from abroad to overcome. 
“Reforms need money, which we do not have.”

–RICHARD STONE

Ukraine’s Science Reformers 

Seize the Moment 

E AST E R N  E U R O P E

NEWS & ANALYSIS

Unshackled. Law would give Chernivtsi National 

University and other Ukrainian universities autonomy.

Leading the charge. Rada 

deputy Liliya Hrynevych.

Published by AAAS



The 2015 budget request that President 
Barack Obama sent to Congress last week 
sounded a bit like one of those Hollywood 
previews shown at the multiplex. It invited 
its audience to imagine an alternative 
world. In it, scientists 
get 1650 additional 
grants from the National 
Institutes of Health 
(NIH) and the National 
Science Foundation 
(NSF),  agricultural 
researchers get a new 
$20 million biosafety 
laboratory, and there’s 
a new $1 billion fund 
aimed at preparing for 
global warming. It all 
could become real, the 
White House argued, if 
lawmakers would allow 
the government to spend 
about $56 billion more 
than permitted under a 
budget agreement that 
sets the spending rules 
for the upcoming fi scal year.

Alas, for the research community, the 
White House’s wish list will probably end up 
like a fantasy fi lm, because Congress isn’t 
likely to go along. Instead, the more realistic 
portions of the president’s $3.9 trillion request 

depict a gloomier future for federal science 
funding: essentially fl at or declining budgets 
at major basic research agencies, with a few 
bright or bleak spots for certain fi elds (see 
box, below, and table, next page).

That scenario isn’t sitting well with 
research advocates. These funding 
levels “jeopardize our global leadership 
in science,” said Mary Woolley, CEO 
and president of Research!America, a 
prominent lobbying group in Alexandria, 

Virginia, in a statement. “We simply cannot 
sustain our nation’s research ecosystem … 
with anemic funding.”

Obama administration science offi cials 
say they did the best they could under 
strict 2015 spending limits imposed by an 
agreement that lawmakers reached this past 
December to end a government shutdown 
and trim long-term deficits (Science, 20 
December 2013, p. 1426). That deal limited 
total discretionary spending in 2015 to about 

$1 trillion, split roughly 
between civilian and 
defense programs. (The 
remaining $2.9 trillion 
goes to mandatory 
entitlement programs, 
such as Medicare and 
i n t e r e s t  p ay m e n t s 
on debt.) Research 
would get about one 
of every eight of those 
discretionary dollars, 
administration offi cials 
note. Still, “all of us 
would have preferred 
more,”  said White 
House science adviser 
John Holdren during 
the budget unveiling on 
4 March.

Overall, the core 
request for the fiscal year that begins on 
1 October includes $135.4 billion for R&D, 
spread across numerous agencies. That 
number, if approved by Congress, would 
represent a 1.2% increase over current R&D 
spending, the White House estimates. But 
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Budget Lows, Highs, and Dreams

On the chopping block. 
•  NASA’s Stratospheric Observatory for Infrared Astronomy 

(SOFIA), a Boeing 747 outfi tted with a 2.5-meter infrared tele-
scope, which has cost some $1.25 billion to build.

•  The Department of Energy’s (DOE’s) fusion research program, 
down 17.6% to $416 million, would result in reduced operations at 
fusion reactors based at U.S. universities.

•  One science laboratory operated by the National Oceanic and 
Atmospheric Administration. (The agency hadn’t named it as 
Science went to press.) 

Due for a raise. 
•  DOE’s Advanced Research Projects Agency – Energy gets a 

16.1% boost to $325 million. But Congress may not back expand-
ing efforts to push high-risk, high-payoff energy technologies 
to market.

•  The U.S. Department of Agriculture (USDA) gets $75 million for 
three new “innovation institutes” that would work on biomanufac-

turing and bioproducts, pollination and pollinator health, and anti-
microbial resistance studies. 

•  Three research agencies get better-than-average increases: 
DARPA a 4.9% increase to $2.92 billion; the National Institute 
of Standards and Technology research labs a 4.6% increase to 
$680 million; and the U.S. Geological Survey a 4% increase to 
$1.07 billion.

If we only had more money. 
The White House’s $56 billion OSGI “wish list” includes an extra 
$5.3 billion for research, if Congress agrees.

• $2.1 billion for military R&D;
•  $1 billion for a Climate Resilience Fund; one-third goes to research 

on adapting to a warmer world;
• $970 million for NIH, enough for some 650 additional grants;
• $886 million for NASA;
•  $552 million for NSF, which could support 1000 additional awards;
•  $20 million for USDA to consolidate two aging labs in Athens, Geor-

gia, which handle potentially dangerous biological agents into a 
single, modern facility. 

The Future Is Flat in White House’s 
2015 Spending Request

Frozen out. NASA’s Stratospheric Observatory for Infrared Astronomy, an aircraft-mounted tele-
scope, would be grounded if Congress agrees with President Barack Obama’s 2015 budget request.

Published by AAAS
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the increase would not keep pace with the 
forecast inflation rate of 1.7% for 2015, 
analysts note, meaning that spending would 
actually erode.

Within the R&D total, budgets for 
applied research and development 
would rise slightly and basic science 
would drop by 0.5%, or $331 million, to 
$32.1 billion. The biggest basic science 
funders would see little new 
money or cuts, while the 
picture is brighter for some 
smaller programs. 

Many, if not all, of these 
numbers are likely to be 
remolded in Congress. And 
lawmakers also will decide 
whether they want to back any 
of the additional $5.3 billion 
in science-related spending 
that the White House included 
on its $56 billion wish list, 
off icially known as the 
Opportunity, Growth, and 
Security Initiative (OGSI). 
The initiative is a political 
gesture, meant to highlight 
how Congress could rise above 
the discretionary spending cap 
without adding to the defi cit. 
Lawmakers could raise one-
half of the extra OGSI money 
by raising taxes on retirement 
accounts held by the affl uent, 
the White House proposes, 
and more by reshaping farm 
and unemployment insurance 
programs. The extra money 
would allow Congress to 
add $970 million to the NIH 
budget, the White House 
notes, enough for some 650 
new grants, and give other 
science agencies hefty raises.

Key legislators, however, say that the 
steps needed to raise the money are out of the 
question. The OGSI concept is “extremely 
disappointing” because it busts the spending 
cap, and won’t fly in the Republican-
controlled House of Representatives, declared 
Representative Harold “Hal” Rogers (R–
KY), who chairs that body’s spending panel. 
And Senator Barbara Mikulski (D–MD), 
who leads the Senate’s spending panel, has 
promised to adhere to the discretionary cap, 
suggesting any additional science spending 
would have to come through cuts to other 
existing programs. Researchers probably 
won’t know the final outcome until after 
congressional elections in November.

In the meantime, researchers are taking a 

closer look at the request’s details. At NIH, 
a 0.7% increase to $30.36 billion would 
support 9326 new and competing grants, 
329 more than this year. That number comes 
on the heels of news that the total number 
of principal investigators supported by 
NIH shrank by as many as 1000 in 2013 
(see p. 1183). NIH’s request is “status quo 
when the last thing we need is status quo,” 

said Jennifer Zeitzer, director of legislative 
affairs for the Federation of American 
Societies for Experimental Biology in 
Bethesda, Maryland.

A few NIH programs would gain. The 
agency wants to spend $100 million, up 
from $40 million, on its share of the Brain 
Research through Advancing Innovative 
Neurotechnologies (BRAIN) Initiative. 
BRAIN is a brain-mapping project that the 
administration launched last year with $100 
million from several agencies and wants to 
double in 2015. And NIH would add $50 
million to the Common Fund, the pot of 
money within the NIH director’s offi ce for 
cross-cutting initiatives. The pot would grow 
to $583 million, of which some $30 million 
would be used for high-risk, cutting-edge 

projects selected using a process similar to 
that pioneered by the Defense Advanced 
Research Projects Agency. Instead of taking 
a year or more to review and select proposals, 
an NIH program manager would identify “a 
bold, innovative strategy to tackle a really 
important problem,” then handpick academic 
and industry partners, said NIH Director 
Francis Collins.

At NSF, acting Director 
Cora Marrett told reporters 
this  week that  NSF’s 
requested 1.2% increase, 
to $7.23 billion, should be 
viewed in the context of how 
well the agency did this year 
compared with its peers. 
“Our 4% increase in 2014 
represents a better situation 
than obtained for a number of 
other agencies,” she noted.

Marrett also said she’s 
not disappointed that the 
request—which includes no 
increase for NSF’s research 
accounts—is the smallest 
jump in years. “Single-
year budget figures can be 
misleading,” she said. “One 
really ought to look out over 
a period of time.”

That longer time frame, 
however, is exactly what 
bothers science lobbyists. 
NSF’s budget hasn’t kept pace 
with infl ation since 2010, says 
Sam Rankin of the American 
Mathematical Society in 
Washington, D.C., despite 
promises from Congress and 
the White House for a dec-
ade long doubling of NSF’s 
budget. He and others hope 

to convince appropriators to reverse that 
erosion, which amounts to $345 million, by 
taking money from other federal programs.

At the Department of Energy’s Offi ce of 
Science, the nation’s single largest funder 
of physical science, spending would rise 
0.9% to $5.11 billion. The biggest winner is 
advanced computing research, up 13.2% to 
$541 million, primarily aimed at upgrading 
supercomputers used by energy and other 
researchers. In contrast, the fusion program 
would take a 17.6% cut to $416 million, while 
high-energy physics spending would fall 
6.6% to $744 million. 

–DAVID MALAKOFF

With reporting by Yudhijit Bhattacharjee, Adrian Cho, 
Jocelyn Kaiser, Eli Kintisch, Jeffrey Mervis, Kelly Servick, 
and Erik Stokstad. 

2014

National Institutes of Health 30.151 30.362 0.7%

2015 request % change

ARPA-E 0.280 0.325 16.1%

NIST S&T labs 0.65 0.68 4.6%

National Science Foundation

Research

Education

7.172

5.809

0.847

7.255

5.807

0.890

1.2%

0.0%

5.1%

NASA

Science office

17.647 

5.151

17.461

4.972

-1.1%

-3.5%

5.066

1.712

0.610

0.505

0.797

0.569

5.111

1.807

0.628

0.416

0.744

0.594

0.9%

5.5%

3.0%

-17.6%

-6.6%

4.3%

USDA Agricultural Research

National Institute of Food & Ag

Ag/Food Research Initiative 

Innovation institutes

1.268

0.790

0.316

1.241

0.843

0.325

0.075

-2.1%

6.7%

2.8%

N/A

DOE Office of Science

Basic Energy

Bio/Environmental

Fusion

High Energy Physics

Nuclear Physics

USGS 1.032 1.073 4.0%

NOAA Operations/Research 3.287 3.376 2.7%

DOD S&T

DARPA
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2.779
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2.915

-4.1%

4.9%

DHS R&D 1.032 0.876 -15.1%
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BOSTON—Upbeat headlines from a major 

HIV/AIDS conference* here focused on 

an HIV-infected baby that started antiviral 

treatment 4 hours after birth and now has 

no detectable virus, raising hopes that it 

has been cured. But perhaps the most eye-

opening fi nding at the meeting struck a cau-

tionary note, revealing how HIV quietly 

persists in the body even when the infection 

appears to have been vanquished. That work 

also raises ominous questions about the risk 

of cancer in people on HIV drugs long-term. 

The celebrated infant, from Long Beach, 

California, mirrors the famous case of the 

“Mississippi baby” revealed at this same 

meeting last year (Science, 8 March 2013, 

p. 1134). That child, now 3, also was started 

on antiretroviral drugs shortly after birth, but 

now has been off treatment for 23 months 

without any sign of the virus returning. In 

the new case, which made the front page of 

The New York Times, the 9-month-old child 

remains on treatment. “It’s premature to get 

excited,” says virologist Douglas Richman of 

the University of California, San Diego.

One reason Richman and others are so 

cautious is that the AIDS virus is something 

like the proverbial cockroach that survives a 

nuclear blast. HIV can hide deep inside cells, 

weaving its DNA into human chromosomes, 

impervious to drugs and immune attack as 

long as it remains dormant. Pools of these 

latently infected cells, or reservoirs, can 

survive for decades and have become the 

bane of attempts to cure HIV infection.

At the meeting, two studies detailed a 

novel mechanism that would help explain 

how reservoirs persist. The riddle addressed 

by the new work is this: In HIV-infected 

people on powerful treatment that completely 

shuts down the production of new viruses, 

why don’t all of their infected cells disappear 

within a few years as the long-lived immune 

cells die off? One possibility is that some 

infected cells still produce new HIVs that 

manage to dodge antiretroviral drugs and 

infect virgin cells, constantly refilling the 

pool. Evidence suggests this occasionally 

occurs, particularly in tissue that drugs have 

diffi culty reaching (Science, 23 December 

2011, p. 1614), but many researchers doubt 

that it happens routinely. A more likely 

explanation, they believe, is that the infected 

cells make copies of themselves, a cloning 

process known as homeostatic proliferation.

The two new studies examined blood 

cells taken at different points in time from a 

total of eight HIV-infected people who had 

received antiretroviral treatment for up to 

14 years. All told, the researchers determined 

the precise locations at which the HIV DNA 

had integrated in more than 2500 instances. 

When a person becomes infected with 

HIV, the virus makes billions of copies 

of itself that go on to infect new cells. In 

the genome of each new cell, the virus 

integrates its genetic material largely at 

random, with the result that viral DNA can 

be found at millions of different sites across 

the population of cells. But that’s not what 

the researchers found in their long-term 

patients. Clinical virologist Thor Wagner of 

the University of Washington (UW), Seattle, 

explained how in three of them, 40% of the 

integration sites were identical in two cells 

or more. That suggested that infected cells 

were duplicating themselves, keeping the 

viral DNA in its original integration site.

“Homeostatic proliferation has been 

a theory for a long time,” says Wagner, 

who works with the well-known team of 

pediatrician Lisa Frenkel and virologist 

James Mullins. “We think this is the best 

proof yet that it occurs.” Anne-Mieke 

Vandamme, an epidemiological virologist at 

the Rega Institute for Medical Research in 

Leuven, Belgium, agrees, saying, “these were 

very, very exciting data.”

A team led by Stephen Hughes, director 

of the National Cancer Institute’s HIV Drug 

Resistance Program in Frederick, Maryland, 

found roughly the same things in its five 

patients. “The integration sites we saw are 

not random,” Hughes says. Indeed, in one 

person, about half of the infected blood cells 

had HIV DNA integrated at the exact same 

place in the human DNA. 

A form of natural selection probably 

explains the dominance of a few integration 

sites. The researchers suggest that clones in 

the reservoir gain an evolutionary advantage 

if HIV has integrated in their genome at sites 

that speed up cell growth—a fi rst step toward 

cancer. Hughes’s group dramatically showed 

this with one patient who had 15 separate 

integrations in a relatively short stretch of one 

cancer gene (see illustration). 

Although a growing body of evidence 

reveals higher rates of cancers in HIV-infected 

people who receive long-term treatment, the 

causes have been diffi cult to pin down because 

of the effects of age, antiretroviral drugs, and 

other confounding factors. “I would suspect 

that this may be linked to why people with 

HIV have more cancers, but we haven’t yet 

proven that,” says Frenkel, also of UW Seattle. 

Wagner says both groups’ fi ndings call 

into question the “kick and kill” strategy 

that attempts to purge the reservoir. Several 

research groups are testing drugs that aim to 

kick the transcription process into gear and 

force latently infected cells to produce virus; 

the idea is that the infected cells will die as 

they release virus, while antiretrovirals will 

mop up the freed HIVs. Wagner, however, 

worries that kicking cells will simply crank 

up homeostatic proliferation. “I think you 

need strategies to directly target the infected 

cells,” he says. 

The cancer connection may hold a clue. 

Much cancer research today attempts to 

selectively eliminate cancer cells and not 

harm healthy ones, but applying that strategy 

to HIV is a tall order. “I don’t know what the 

solution is going to be,” Wagner says. 

–JON COHEN

Cancer Genes Help HIV Persist, Complicating Cure Efforts

H I V / A I D S

0 50 100 150 200kb

0 50 100 150 200kb

HeLa cells

Patient 1

HIV Integration Sites on MKL2 Gene

Selective advantage. An HIV-infected patient on long-term antiretrovirals has cells with the viral DNA 
repeatedly integrated in a small region of a cancer gene, but in a control experiment (bottom) the virus 
has no such preference.

*Conference on Retroviruses and Opportunistic Infec-
tions, 3–6 March.
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Earth obviously has a decent thermostat; life 

has thrived here uninterrupted for 3 billion 

years and more. But researchers have been 

arguing for decades about how it works—

particularly when something resets the tem-

perature. Forty million years ago, for exam-

ple, the planet began slipping from a “hot-

house” climate to that of an “icehouse.” Geo-

scientists have suspected that the rising of the 

Himalayas triggered the chill by speeding up 

processes that suck carbon dioxide from the 

atmosphere. But nobody could explain what 

kept the planet from spiraling into a pole-to-

pole ice age. Now, a geochemical model pub-

lished online this week in Science suggests 

that Earth’s temperature controls have built-in 

restraints, rooted in the chemistry of rock and 

fl owing water (http://scim.ag/geoMaher).

The model is the work of geochemists 

Katherine Maher—who has a degree in 

civil and environmental engineering—and 

C. Page Chamberlain of Stanford University 

in California. They approached Earth’s 

climate control system as an industrial 

chemical reactor, with rock, air, and fl owing 

water taking the place of pipes, vats, and 

valves. Volcanoes supply carbon dioxide that, 

being a greenhouse gas, can warm climate. 

But the gas also dissolves in water, turning 

into carbonic acid that can dissolve rock. The 

products of this acid weathering then run 

down rivers to the sea, where microscopic 

animals combine them with more carbon 

dioxide from the air to build hard skeletons. 

Those end up buried beneath the sea fl oor 

after the animals die.

By pulling carbon dioxide out of the 

atmosphere and burying it, geoscientists 

agree, this vast web of reactions keeps the 

greenhouse gas from building up and turning 

Earth into a torrid hell like Venus. Mountains 

are a key actor. You might guess that most of 

the dissolved rock carried by the Amazon 

River, for example, comes from the water-

logged Amazon Basin, where water spends 

lots of time. In fact, almost all of it comes from 

the Andes. Even though water speeds through 

the soil there, the rapidly eroding, still-rising 

mountains supply fresh, easily weathered 

minerals that eclipse any contributions from 

the depleted basin soils.

So the uplift of mountains ought to 

rev up rock weathering and turn down the 

thermostat. In the early 1990s, climate 

scientist Maureen Raymo of the Lamont-

Doherty Earth Observatory in Palisades, 

New York, and her colleagues proposed that’s 

what happened 40 million years ago: The 

rise of the Himalayas and the Tibetan Plateau 

increased erosion and thus acid weathering, 

drew down atmospheric carbon dioxide, and 

cooled the climate. But critics asked how the 

process could have stabilized before driving 

climate into a deep, permanent icehouse—

and nobody had a good answer.

Maher and Chamberlain tried a new 

approach. Where previous geochemical 

models had simply plugged in assumptions 

about how fast weathering works, their 

simulations included detailed weathering 

processes. The results showed that the impact 

of weathering depends crucially on two 

factors: how long water remains in contact 

with fresh, easily weathered rock in the soil, 

and how long it takes for water to take on the 

maximum load of dissolved material that 

chemical thermodynamics allows.

The model shows how the accelerated 

erosion that accompanies the rise of great 

mountains like the Andes recycles more 

carbon to the sea fl oor and cools the globe. 

But the thermodynamic load limit caps 

just how much even the fastest mountain 

building can cool climate. So does another 

factor: temperature. Lower temperature 

fosters slower weathering reactions. As a 

result, global cooling slows weathering all 

across the continents and reins in cooling 

due to mountain building. That answers 

earlier criticism that the Himalayan scenario 

would have threatened the planet with 

runaway cooling.

“They have a great idea,” says geochemical 

modeler Robert Berner, who is a professor 

emeritus at Yale University. “They’re doing 

a much more sophisticated job than we did 

and made it a much more interesting story.” 

Putting the details of weathering together with 

mountain building reconciles past modeling 

inconsistencies, says geochemical modeler 

Lee Kump of Pennsylvania State University, 

University Park, who calls the work “elegant 

and straightforward.”

Now, Kump says, fieldworkers know 

which measurements, such as how water 

moves through a drainage basin, they need 

to improve. With more realistic inputs to 

models, researchers could further build 

their confi dence that their simulations of the 

geochemical reactor match the real world of 

water, gas, and rock. 

–RICHARD A. KERRC
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How Earth Can Cool Without
Plunging Into a Deep Freeze

PA L E O C L I M AT E

Reactive. In Iceland, fast-eroding mountains create 

young soils rich in fresh, easily weathered minerals.

Your choice. Geochemist Katherine Maher holds a 

young, dark soil that water can easily weather and 

an older, less reactive one already well weathered.

Published by AAAS
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NEW YORK CITY AND NEWCASTLE, U.K.—

Terry was 13, a lonely African-American

boy growing up in a troubled home in 

Detroit, when he first heard the voices.  

They were ugly and mean. The voices said 

he was no good, that no one loved him, and 

that he should kill himself. So he tried his 

best: When he was 15, he took 30 Valium 

pills and had to have his stomach pumped. 

Then the voices commanded him to kill his 

father. They told him exactly how to do it—

put rat poison in his food. Fortunately, some 

other, gentler voices intervened and told 

him not to.

After high school, Terry began attend-

ing university in Detroit, but that didn’t 

last long. Still haunted by the voices, he 

was soon addicted to heroin, and his 

marriage ended in divorce. In 1980, he 

moved to New York, looking for a new 

start. He got a job at a doughnut shop, then 

at a community center, but eventually the 

voices got worse and so did his drug habit. 

He found another woman to be with, but she C
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Talking Back to Madness
As the search for genes and new drugs for schizophrenia stalls,

psychotherapies are getting new attention

NEWSFOCUS
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was also taking drugs, and eventually aban-

doned Terry and their two daughters.

Terry (not his real name), now 60, is tell-

ing me his story over lunch at a restaurant 

on 42nd Street, across from Grand Central 

Terminal. He’s tall and stocky, with kind 

eyes and a gentle sense of humor that mask 

his tortured soul. But things are better for 

Terry now. About 14 years ago, he met 

the psychotherapist he credits with sav-

ing his life. During a drug-fueled crisis, 

with the ugly voices raging in his head, his 

eldest daughter checked him into New York 

Methodist Hospital in Brooklyn, where 

psychologist Jessica Arenella was work-

ing. “I was there 6 weeks,” Terry says. “She 

would sit by my bedside, listening to me 

rambling on.”

Four years later he was hospitalized 

again, just when Arenella was about to go 

into private practice. She suggested that 

he start seeing her. “I said, ‘You’re a white 

bitch, how the hell can you help me?’ ” 

Terry recalls. “She said, ‘I may be a white 

bitch, but I can back my play with you.’ 

She was tough.” 

Terry has been seeing Arenella for 

psychotherapy sessions for the past decade. 

The voices haven’t entirely gone away, he 

says, but she has taught him how to live with 

them, and how to follow the gentle voices 

and ignore the nasty ones. “Without Jessica, 

I wouldn’t have made it,” Terry says.

Terry is suffering from schizo-

affective disorder, one of a number of 

so-called schizophrenia spectrum dis-

orders. By treating his psychosis with “talk” 

psychotherapy, Arenella, along with a small 

number of other psychologists and psychi-

atrists, is bucking a decades-old trend, in 

which antipsychotic drugs have long been 

seen as the fi rst line of defense against the ill-

nesses. In a radical departure, Arenella and 

other advocates of psychological approaches 

are engaging with patients’ symptoms, such 

as hearing voices or experiencing hallucina-

tions or paranoid fantasies, and taking them 

seriously rather than dismissing them or rely-

ing on medication to stamp them out. 

A number of clinical trials of these tech-

niques have shown modest but measurable 

effects on symptoms such as hallucinations 

and delusions. One of these, a short-term 

approach called cognitive behavioral ther-

apy (CBT), has been recommended since 

2002 by health authorities in the United 

Kingdom for all new cases of schizophre-

nia, and long-term psychotherapy has been 

adopted as standard treatment in a number 

of Scandinavian communities. It’s generally 

combined with traditional drug treatment, 

but one study, published earlier this year, 

suggests that CBT could substitute for anti-

psychotic drugs in some cases. “There is a 

strong possibility that psychological treat-

ments are likely to be at least as effective as 

drugs, and they are certainly preferred by 

patients,” says Peter Tyrer, a psychiatrist at 

Imperial College London. 

Nevertheless, the idea that schizo-

phrenia, long regarded as a disease of the 

brain, can be treated psychologically 

remains very controversial, and some 

are not swayed by the recent clinical 

trials. “These studies have no more cred-

ibility than studies of homeopathy,” says 

Keith Laws, a psychologist at the Univer-

sity of Hertfordshire in Hatfi eld, U.K., and 

co-author of a recent meta-analysis con-

cluding that CBT has only a very small 

effect on psychotic symptoms. 

Stress and vulnerability
About 1% of people worldwide fall vic-

tim to schizophrenia or a related disorder 

over their lifetimes. They may suffer both 

“positive” symptoms, such as hallucina-

tions and delusions, and “negative” symp-

toms, such as emotional withdrawal and 

severe inability to focus on daily tasks.

Most schizophrenia experts subscribe 

to the stress-vulnerability model of the dis-

order, in which some individuals have a 

greater predisposition—either because of 

genes, childhood trauma, or environmen-

tal factors—to psychosis than others. In 

vulnerable people, psychotic episodes are 

often set off by some sort of stressful event, 

usually in the late teens or early adulthood.

 A Sample of Recent Clinical Trials

Year and authors Subjects Treatment type Results

2011 Seikkula et al. 117 patients having first 
episode of psychosis

Family therapy and intense 
community support 

81% recovery rate after 
24 months

2011 Wykes et al. Meta-analysis of 40 studies 
of remediation for cognitive 

problems

Cognitive remediation 
therapy

Moderate effectiveness

2012 Grant et al. 60 “low-functioning” 
schizophrenia patients with 

severe social/emotional 
problems

CBT + TAU vs. TAU Moderate to strong 
improvement after 18 

months

2012 Van der Gaag 

et al.

201 people at high risk of 
psychosis

CBT + TAU vs. TAU Significant reduction in 
transition to psychosis 

after 18 months

2012 Rosenbaum 

et al.

269 patients having first 
episode of schizophrenia

Psychodynamic therapy + 
TAU vs. TAU

Significant improve-
ment in symptoms after 

24 months

2014 Jauhar et al. Meta-analysis of 52 
previous studies

CBT CBT has “small” effect 
on symptoms

2014 Morrison et al. 74 people with psychotic 
symptoms but not taking 

medication

CBT + TAU vs. TAU Moderate reduction of 
symptoms after 18 

months

2012 Jones et al. Cochrane review of 20 
previous trials

CBT vs. other “talking” 
therapy treatments

CBT not better on 
symptoms but better on 

relieving distress

2014 Turner et al. Meta-analysis of 48  
previous studies

CBT, “befriending,” 
cognitive remediation, etc.

CBT significantly more 
effective

2010 Lynch et al. Meta-analysis of nine trials 
with schizophrenia patients

CBT vs. counseling, 
“befriending,”

psycho-education, and 
other psychological 

interventions

CBT not more effective in 
reducing symptoms or 

preventing relapse

 CBT = cognitive behavioral therapy                                TAU = treatment as usual

Waking nightmare. People suffering from schizo-

phrenia often have hallucinations, delusions, and 

severe  emotional problems.

Jury still out. Psychological treatments for psychosis have shown moderately positive results in many, but by 

no means all, published studies.

Published by AAAS
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But past psychological approaches, such 

as psychoanalysis, have shown limited suc-

cess in treating the disease. Sigmund Freud, 

the founder of psychoanalysis, eventually 

gave up on using it to treat psychotic patients, 

although a number of later post-Freudian 

psychiatrists continued to use it with sporadic 

success. When antipsychotic drugs arrived 

in the 1950s, with their 

clear ability to dampen the

worst psychotic symptoms, 

psychotherapy became 

increasingly marginalized.

Drugs have serious side 

effects, however, and at least 

50% of patients either refuse 

or fail to take them, accord-

ing to recent studies. More-

over, the search for genes 

behind schizophrenia and 

other mental illnesses, which 

might lead to new drug ther-

apies, has failed to produce 

any smoking guns and has 

led only to the discovery of 

a large number of genetic 

variants, each conferring a 

very small additional risk. “We’re trying 

to fi x something, but we don’t know what’s 

broken,” says Brian Koehler, a psycholo-

gist at New York University in New York 

City who also sees schizophrenia patients in 

private practice.

Now, psychological treatments are 

gaining ground again. Most advocates of 

psychotherapies insist they are not claim-

ing that schizophrenia is purely a psycho-

logical malady caused by a dysfunctional 

family background. “We’re looking for a 

much more nuanced form of psychiatry 

that doesn’t reject biology, but that is able 

to situate the biology within the realm of 

lived human experience, which is socially 

and culturally determined,” says psychiatrist 

Pat Bracken, director of mental health at 

Bantry General Hospital in Ireland. 

Today’s psychotherapists use two main 

approaches to treat schizophrenia. The fi rst, 

called psychodynamic therapy, is derived 

from earlier psychoanalytic techniques 

but discards older Freudian ideas that sex-

ual repression is behind psychosis. Instead, 

it focuses on both childhood experiences 

and the way that psychotic symptoms 

unconsciously serve a useful function for the 

patient, for example, by masking unbearably 

painful thoughts and feelings. 

Psychodynamic sessions typically 

go on for many years, as in Terry’s case, 

and scientif ic evidence for their bene-

fits is limited. Although anecdotal sto-

ries of success abound, advocates of 

psychodynamic therapy increasingly rec-

ognize the importance of rigorous trials. 

“We live in an evidence-based era, we can’t 

duck out of that,” says Brian Martindale, a 

U.K.-based psychiatrist and chair of the Inter-

national Society for Psychological and Social 

Approaches to Psychosis.

The gold standard for medical evidence 

is the randomized controlled trial, and 

these have been diffi cult to design for psycho-

dynamic treatment. For one, the treatment is 

lengthy and costly, and few patients receive 

it—thus making adequate sample sizes 

diff icult to assemble. But one influ-

ential study, led by psychiatrist Bent 

Rosenbaum of the University of Copenha-

gen and published in the journal Psychiatry 

in 2012, did fi nd signs that it is effective. 

Rosenbaum’s study compared 150 patients 

receiving what is often called treatment as 

usual (TAU)—including meetings, edu-

cation about their condition, and low 

doses of antipsychotic medication—with 

119 patients who also received intense 

psychodynamic therapy. After 2 years, 

both groups had improved, but the psycho-

dynamic cohort achieved markedly greater 

reductions in psychotic symptoms. 

Still, questions remain about whether 

such improvements last after the treat-

ment ends, and whether they are really 

due to the treatment or, as psychiatrist 

Richard Warner of the University of 

Colorado, Boulder, puts it, “because they had 

contact with a human being who was kind 

and interested in them.” 

The second approach, CBT, is a 

shorter, more pragmatic method that 

takes patients through a series of guided 

steps designed to explore alternative inter-

pretations of what he or she is experi-

encing, with the goal of changing both 

outlook and behavior. CBT, which has 

proven effective for depression and anx-

iety disorders, typically takes months 

rather than years, and it has shown more clear-

cut effectiveness.

“There’s always a little bit of truth 

at the heart of the delusion,” explains 

Douglas Turking-

ton, a CBT pioneer at 

Newcastle University 

in the United King-

dom. “If someone has 

a funny idea we call a 

delusion, you have 

to talk about it and 

put it on the table,” 

says Ross Tappen, a 

psychologist at the 

Manhattan Psychi-

atric Center in New 

York City.

And if delusions 

are taken seriously, 

Tappen adds, they 

can often be treated. 

“A delusion is the 

psychological equivalent of an inoperable 

tumor that is out of control and takes over 

your normal functioning,” he says. “What 

therapy does, at its best, is to shrink the psy-

chological tumor.” 

Sandy’s CBT
An invisible companion, named John, had 

been tormenting Sandy (a pseudonym) 

since he was 10. John would talk and sing 

loudly, often during the night, keeping him 

awake. Once, John told Sandy to put the 

wrong answer on a school exam, and he 

obeyed. When Sandy, who lives in Britain’s 

Greater Manchester area, was 18, doctors 

referred him to the Psychosis Research Unit in 

Manchester, a joint program of the University 

of Manchester and local mental health ser-

vices. There he came under the care of psy-

chologist Paul Hutton.

Sandy was convinced that John was real 

and had nearly complete control over his 

life. He declined to take medication, but 

did agree to undergo a series of CBT ses-

sions. Hutton, now at the University of Edin-

burgh, was able to fi gure out that John made 

Sandy feel less lonely, and also that John 

was helpful in some situations, taking his 

side during Sandy’s frequent arguments 

with his parents. But having John in his 

life convinced Sandy that he was “weird.” 

Hutton encouraged Sandy to avoid try-

ing to push John away and instead let him 

come and go as he pleased. Sandy was also 

There’s always a little bit 

of truth at the heart of 

the delusion.”

—DOUGLAS TURKINGTON,

NEWCASTLE UNIVERSITY

“
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taught to test how much control John really 

had over him with so-called mindfulness 

exercises in which he remained detached 

during John’s exhortations. Meanwhile, 

Hutton gave Sandy educational materi-

als indicating that having invisible friends 

was normal, and that he was not really 

weird at all. Each week, Sandy was asked 

to rate how convinced he was that John 

was real, how often John appeared, and for 

how long.

With these numbers steadily drop-

ping, by week 4 Sandy agreed to get rid of 

John entirely. After week 11, he had done 

so, and the psychotic episode seemed to 

be over—at least for the time being, as 

Hutton described in a case study fi rst pub-

lished online in 2011 in Behavioural and 

Cognitive Psychotherapy.

Hutton concedes that Sandy is “at the 

positive end of the spectrum” of CBT 

successes, because he was fairly young and 

his hallucinations were “very amenable … 

to the sort of well-tested approaches we use.” 

But he adds that he often sees “fairly dramatic 

responses” to CBT.

As early as 2000, Turkington and 

others published a study of 90 patients in 

the Archives of General Psychiatry showing 

that while 9 months of either CBT or a sym-

pathetic support tech-

nique called befriending 

could improve both posi-

tive and negative schizo-

phrenia symptoms, only 

the CBT group maintained 

its improvement 9 months 

after the trial had ended.

In 2012, another team 

confi rmed that CBT could 

be effective for so-called 

negative symptoms of 

schizophrenia, such as 

emotional distance, apa-

thy, and social withdrawal, 

which are usually much 

harder to treat. 

And the most recent CBT trial, pub-

lished last month in The Lancet, con-

cludes that CBT might serve as a substitute 

for antipsychotic drugs in some cases, 

rather than just an adjunct to them as in 

most clinical studies (see ScienceNOW, 

http://scim.ag/schizCBT). In this study, 

74 schizophrenia spectrum patients who 

were being treated in Manchester and New-

castle, and who had declined to take drugs, 

were randomized by computer into two 

groups, one receiving TAU and the other 

TAU plus CBT.

After 18 months, the CBT group showed 

moderately better scores on various tests 

for psychotic symptoms; indeed, CBT 

performed about as well as antipsychotic 

drugs do when compared with placebos,

meaning that CBT could substitute for 

drugs in some situations—especially 

those in which patients are refusing to take 

them anyway.

Clinical psychologist Anthony Morrison 

of the University of Manchester, who led 

the study, stresses that a drug-free approach 

might be appropriate only for patients 

who are relatively high-functioning and 

have not shown any risk to themselves or 

others. Nevertheless, the results are 

“utterly convincing,” says Max Birchwood, 

a psychologist at the University of Warwick 

in Coventry, U.K. 

Other researchers, however, are deeply 

skeptical of the claims for CBT. In January, 

a team led by Laws and psychiatrist Peter 

McKenna, now at the University of Barcelona, 

concluded in a meta-analysis in The British 

Journal of Psychiatry that past trials of CBT 

for schizophrenia were seriously fl awed. The 

study found that the differences between treat-

ment and control groups were very small, and 

that these were reduced further when sources 

of bias—such as inadequate blinding or 

masking—were controlled for. “The UK  

government’s continued vigorous advocacy 

of this form of treatment … might be con-

sidered puzzling,” the authors wrote, adding 

that “claims that CBT is effective against  

these symptoms of the disorder are no lon-

ger tenable.”

Arenella, who treats Terry and some of 

her other patients with a combination of 

psychodynamic and CBT approaches, says 

that in the end it doesn’t matter whether talk 

therapies work because of the theory behind 

them or just because someone is taking 

the patient and their symptoms seriously. “It 

may be a placebo effect, but I will go for 

all the placebo effect I can get,” she says. 

“I’ll take it.”

In the end, the spread of talk therapies 

for psychosis could be limited by a scar-

city of resources, and of therapists willing 

to try them. Treating such clients is very 

stressful and seldom fi nancially rewarding. 

“A lot of people don’t want to take these 

patients,” Arenella says. “Working with 

them is scary. People get violent, people 

get hurt, computers get thrown to the 

ground, ceiling tiles get pulled out.” 

And Martindale says that “contact with 

madness is very disturbing; it conjures up 

all sorts of feelings.”

Government agencies and insurance 

companies can help by covering such 

treatments, even though they are more 

expensive in the long run than drugs, say 

Arenella and others. They are worth try-

ing, Bracken says. “I have a lot of patients 

whom I would say recovered from psycho-

sis. I see people who move on with their lives, 

get their quality of life back, are able to live 

independently.” Indeed, the popular notion 

that a schizophrenia diagnosis is a life 

sentence of mental illness is not borne 

out by the statistics: In one typical study, 

published in the American Journal of 

Psychiatry in 2004, researchers found 

that nearly 50% of fi rst-

episode schizophrenia or 

schizoaffective disorder 

patients were symptom-

free after 5 years.

“But many people 

don’t get there no mat-

ter what we do,” Bracken 

says, “until that spark in 

them fi nally says, ‘I want 

my life back.’ ”

My lunch with Terry 

was coming to an end, so 

I pulled out my Ameri-

can Express card to pay 

the bill. Terry was still 

smiling, although he 

looked very tired from telling me his story 

over the previous 2 hours.  As I paid up, I told 

him about a meeting I had just attended in 

San Francisco on psychological approaches 

to psychosis, as part of my reporting 

for this story.

“I’d like to fly to San Francisco and 

take people out to lunch with my own 

American Express card,” Terry said. “I’d 

like to get married again, or have a girl-

friend. I’m going to get all that. It’s going 

to happen because, like I told Jessica, I’m 

not going to settle for anything less.”

–MICHAEL BALTERC
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It may be a placebo 

effect, but I will go for 

all the placebo effect I 

can get. I’ll take it.”

—JESSICA ARENELLA, 

PSYCHOLOGIST

“
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An ant could step off a cliff and land 

unharmed. But if it dips a leg in a raindrop, 

the insect can be caught in a life-threatening 

morass, all because of the surface tension of 

water. The result of polar interactions among 

water molecules, surface tension is what 

draws a water droplet into a sphere. It creates 

an elastic surface that can deform without 

breaking—think of a water strider oaring its 

way across the surface of a pond. At the same 

time, it enables water to cling like quicksand 

to an ant unlucky enough to blunder in. Crea-

tures of our size barely acknowledge sur-

face tension’s existence, but for the tiny, “it 

becomes a dominant force,” says David Hu, a 

mechanical engineer at the Georgia Institute 

of Technology in Atlanta. 

Because of surface tension, a rat can’t 

pee a steady stream, but instead must slowly 

push out urine drop by drop. (It can take 

10 minutes for a single drop to fall.) Sur-

face tension thwarts juvenile flying fish: 

When they try to escape into the air like the 

larger adults, they sometimes bounce off the 

underside of the water’s surface layer. Dew 

forming on a mosquito’s wing will cause the 

wing to fold up, grounding the insect until 

the wing dries out.  

Physicists have a pretty good under-

standing of how surface tension arises. The 

clingy water molecules attempt to minimize 

their connections with other types of mole-

cules. So when something deforms the water 

surface, the displaced water molecules 

work to return to their minimum-energy 

configuration—unless the intruder itself 

attracts water molecules, in which case the 

water clings like glue. But biologists have 

tended to ignore the air-water interface, Hu 

says. His own eyes were opened a decade 

ago when he began to study how water strid-

ers skate so effortlessly along the surfaces 

of ponds. Using dyes and high-speed video, 

Hu and his colleagues found that by vigor-

ously rowing along the surface, striders cre-

Surface tension is a force to be reckoned with, especially if you are small 
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Dig in. As the awn of a Pelargonium seed dries, it 
coils, generating force needed to bury the seed.

Weighed Down by Water

Human

53.2 kg dry

53.5 kg wet

Plus .05%

Small dog

4.08 kg dry

4.35 kg wet

Plus 6%

Cockroach

0.170 g dry

0.444 g wet

Plus 161%

Ant

0.004 g dry

0.011 g wet

Plus 175%

Because of surface tension, smaller organisms carry a 
heavier relative water load (percentages) when wet.

NEWSFOCUS

ate swirls that help propel them forward, all 

without rupturing the water surface. “That 

work was the trigger of academic inter-

est in surface tension in biology,” says Ho-

Young Kim, a mechanical engineer at Seoul 

National University.

Hu has since looked at other phenomena 

involving air-water interfaces—how dogs 

shake to dry off, how mosquitoes cope with 

rain (Science, 8 June 2012, p. 1216), and 

how animals pee—disparate phenomena 

“linked by common equations and modeling 

ideas,” he says. Since then, other research-

ers have recognized the power of surface 

tension to explain form and behavior on the 

small scale. And while humans, unlike ants, 

don’t have to worry about being trapped 

because of surface tension, it’s still relevant 

to our lives. For example, our lungs secrete a 

chemical inside their air-fi lled sacs to lower 

the surface tension there, which allows us 

to breathe without the sacs collapsing when 

we exhale. Surface tension also 

allows human and agricultural 

pathogens to travel long distances 

in tiny, lightweight droplets. 

Some of the most eye-

catching new findings were on 

display at “Shaking, dripping and 

drinking: surface-tension phe-

nomena in organismal biology,” 

a symposium that Hu helped 

organize at the annual meeting 

of the Society for Integrative and 

Comparative Biology in Aus-

tin in January. “The sheer dazzling diversity 

of biological phenomena to which surface 

tension is relevant is mind-blowing,” says 

Steven Vogel, a biomechanist at Duke Univer-

sity in Durham, North Carolina. 

Giving plants “muscles”
Plants lack muscles, but fi ndings presented 

at the symposium showed that for some, sur-

face tension can substitute. “When there’s a 

change in surface tension, you get motion,” 

explains Rachel Levy, a mathematician 

at Harvey Mudd College in Claremont, 

California. “It creates motion in ways you 

don’t expect.” 

Consider Erodium, a group of flowers 

whose fruit resemble a bird beak. Inside 

that beak, each seed develops a centimeter-

long awn—a rodlike “tail” that serves two 

purposes. Initially, inside the fruit, the awn 

is stretched out. When the fruit dries and 

cracks open, the freed awn spontaneously 

coils, releasing its stored energy and send-

ing the seed a half-meter from the parent 

plant. After the seed lands, the awn winds up 

during the day and unwinds at night, screw-

ing the seed into the ground bit by bit—a 

millimeter or so a day. 

Kim has found that surface tension drives 

the process. Normally, surface tension 

causes water droplets to ball up to minimize 

the air-water interface, he explains. But 

when those droplets meet a surface that has a 

greater attraction for the molecules of water 

than water itself, they will spread out and 

wet it. He found that the awns of Erodium

and of Pelargonium, another group of plants 

with self-burying seeds, consist mostly of 

fi bers of lignin and pectin, both water-loving 

molecules. At times of day when humidity 

is high, the fi bers quickly absorb moisture. 

“The wet tissues swell and become straight 

from [an] initially dry, coiled configura-

tion,” Kim explains. When humidity drops, 

the fi bers dry out, the tissues shrink, and the 

awn coils up again.

Kim mounted seeds from both groups of 

plants onto a force sensor and increased the 

humidity to measure the force they generated 

as they tried to uncoil. He also tested the bury-

ing potential of the force by watching awns 

drive their seeds into “soils” of glass beads 

of different sizes. The force “is just enough 

to dig into the soil,” Kim reported in January. 

It might also be enough to propel a 

microrobot. Today’s microrobots all require 

electrical tethers, because no battery is both 

sufficiently powerful and small enough 

to be carried on board. Eventually Kim 

wants to equip robots with humidity-driven 

“muscles” that won’t require external power. 

“But fi rst we need to know how the biology 

works,” he says. 

A raincoat for a leaf
A floating fern, Salvinia molesta, forms 

meter-thick beds at the surface of ponds and 

slow-moving rivers. Native to South Amer-

ica, it’s become invasive around the world, 

clogging waterways and disrupting aquatic 

ecosystems. But what attracted Wilhelm 

Barthlott to this prolifi c plant was its ability 

to keep submerged leaves coated with a thin 

layer of air. The fi lm of air gives the leaves a 

silvery sheen and enables the plant to carry 

out photosynthesis and gas exchange under-

water. It also makes the fern buoyant, so it 

will quickly bob to the surface if an opening 

appears, fi lling in any gaps before other spe-

cies can get established. 
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Engineers want to create 

similar air layers on the hulls 

of ships to reduce drag and 

fuel consumption. But to date, 

they have not been able to 

generate a layer that lasts. So 

Barthlott, a biologist emeritus 

at the University of Bonn in 

Germany, and his colleagues 

decided to see how Salvinia 

does it. Studying the micro-

scopic structure of the leaf sur-

face, they discovered hundreds 

of regularly spaced clumps of 

2-millimeter-long hairs, four 

per clump. The clumps resem-

ble eggbeaters: The hairs in 

each clump fl are out midway 

up but reconnect at their tips. 

Along most of their length, the 

hairs are coated with hydro-

phobic, or water-repellent, 

wax, while the tips are wax-

less and hydrophilic—they 

attract water. Surface ten-

sion pins the air-water inter-

face to the tips so that the air 

layer resists disruption by tur-

bulence in water. The inter-

face is “a bit like a tent where 

the hairs are the poles,” said 

Matthias Mayser, a biologist 

with an engineering back-

ground at the University of 

Liège in Belgium who worked 

with Barthlott. “The water 

stays on top of the air.”  

The plant also repels rain, 

Mayser explained. “It would 

be impossible to establish an 

air layer upon submergence if 

the room in between the hairs 

was already filled by water 

from rain.” By fi lming drops falling on the 

Salvinia leaf surface, he observed that “the 

[drop’s] surface tension keeps the drop in a 

spherical form and prevents water from pen-

etrating” between the hairs. That keeps the 

leaf’s silvery sheath of air intact. 

Flying low among the lilies
Galerucella nymphaeae, or water lily bee-

tles, spend most of their time munching 

water lily leaves. But as Manu Prakash 

watched them on a Massachusetts pond one 

day, he noticed a strange behavior. Flying 

from leaf to leaf, the beetles skimmed the 

water surface, never lifting off. Prakash, a 

physicist at Stanford University in Califor-

nia, wondered whether surface tension plays 

a role in this peculiar fl ight mode. 

He and his graduate student Haripriya 

Mukundarajan filmed water lily beetles 

as they fl ew and took a close look at their 

anatomy with an electron microscope. They 

saw that each apple seed–sized beetle was 

covered with hairs. Further tests showed 

that the hairs made the insect superhydro-

phobic. Only the claws at the end of each 

leg were hairless and hydrophilic. Prakash 

suspected that the beetle’s body and legs 

would be repelled from the water surface, 

but the claws would tend to stick to the water. 

The fi lm revealed that as the beetle fl ies, 

it drags the claws of four of its six legs in the 

water, raising only the middle two legs. “If 

there was no surface tension, the moment the 

wings generate lift, the beetle would pop off 

the water,” Prakash explained at the meeting. 

But the claws tether the beetle 

to the water, while the rest of 

its body is repelled by the water 

surface. “So the beetle bounces 

up and down,” he said. 

Although erratic, skim-

ming the water is a more effi -

cient way for the beetle to 

travel from leaf to leaf than 

full-fledged flight would be. 

To take off into the air would 

be a waste of time and energy. 

The only downside is that 

if the beetle goes too fast

—it normally flies about 

0.5 meters per second—it 

catches up with the ripples 

it creates as it moves, which 

slows it down. But Prakash 

thinks the beetles, like water 

striders, are a textbook exam-

ple of how evolution has 

put surface tension to work. 

“There’s so much stuff that 

you see when you are sitting 

on a pond.” 

Germs go airborne
Surface tension may keep 

some beetles water-bound, but 

it also helps pathogens take 

fl ight. Each cough or sneeze 

launches bacteria and viruses 

skyward in a cloud of drop-

lets whose sizes are deter-

mined in part by surface ten-

sion, says Lydia Bourouiba. 

Through high-speed video, 

mathematical modeling, and 

lab experiments, this applied 

mathematician from the Mas-

sachusetts Institute of Technol-

ogy in Cambridge is working 

out details of such airborne pathogens with 

an eye toward curbing the spread of disease. 

Some researchers believe respiratory 

viruses generally don’t travel far after a cough 

or sneeze, arguing that they are mostly car-

ried in large droplets that land within a meter 

or two. Others contend that it’s the smaller 

droplets, which are airborne for much lon-

ger, that underlie transmission. But very few 

researchers have studied how pathogens are 

actually transported from place to place, says 

James Hughes, a medical epidemiologist at 

Emory University in Atlanta. “Even the sizes 

of the droplets emitted remain debated,” 

Bourouiba says. Surface tension, by govern-

ing the shapes and sizes of drops and bubbles, 

as well as how quickly they burst, infl uences 

how far they travel. 

Airtight. Hairs that keep water suspended above a layer of air (lower image) help give 
a fl oating fern its silvery sheen. 

Published by AAAS
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By fi lming coughs, sneezes, and bursting 

bubbles and closely examining the cloud of 

droplets emitted, she has characterized their 

sizes and the fl ight distances. She used these 

observations to help come up with a math-

ematical model that assesses how buoyancy 

and momentum interact to determine how 

far the droplet cloud launched by a cough 

or sneeze can travel. The model shows that 

coughing can spread pathogens 200 times 

farther than other models had predicted, she 

reported at the meeting. Smaller droplets 

can waft up to 6 meters.  

Temperature and humidity should also 

infl uence droplets’ lifetimes, and Bourouiba 

says her model can account for their effects 

as well. That could prove useful for under-

standing what environmental conditions 

promote a pathogen’s spread. “Here’s some-

body that comes from a totally different 

background and discipline who 

is applying her expertise and 

know-how to an important pub-

lic health issue,” Hughes says. 

Bourouiba and her col-

leagues have put their approach 

to work to understand the spread 

of Clostridium difficile, which 

can cause severe and persis-

tent diarrhea. The bacterial 

infection affects about a half-

million people a year, particu-

larly in hospitals or long-term 

care facilities. Outbreaks can 

be hard to stop because the bac-

terium produces spores that 

last for months, and hospitals 

f ind it everywhere, including 

suspended in the air. But how 

does it get airborne? High-pressure fl ush 

toilets, Bourouiba reported at the meeting 

and in a paper posted to the arXiv preprint 

server in October.

She mounted a camera to the sides of 

toilet seats; with special lighting, fi lming at 

up to 2000 frames per second, she was able 

to visualize water droplets erupting with 

each fl ush. While a substantial portion of 

the airborne droplets were large enough to 

sink back onto the toilet seat or other nearby 

surfaces, many were so small that they 

remained suspended, she said. As with the 

visualizations of coughs and sneezes, she 

used these observations to develop another 

mathematical model, one that predicts the 

range and spread of droplets spewing from 

the toilet. 

Certain cleaning products actually 

worsen the problem, she says, by reducing 

the surface tension of the water in the toi-

let bowl, which allows more small drop-

lets to escape. “This is important,” she said, 

“because current mitigation strategies in 

hospitals only focus on bleaching surfaces, 

thus effectively ignoring the aerosol prob-

lem.” The modeling may give “us enough 

information to design intervention strate-

gies,” she said, such as increasing surface 

tension with water additives.

Bourouiba and Tristan Gilet, a fluid 

dynamics engineer at the University of 

Liège, are also looking at how the prop-

erties of water can spread plant diseases. 

Agricultural experts have long known that 

plant diseases flourish after rain, among 

them wheat leaf rust, which threatens global 

wheat crops. Bourouiba and Gilet wondered 

whether the raindrops themselves help dis-

perse the pathogens living on leaves. They 

again enlisted high-speed video, studying 

natural and artifi cial leaves with a range of 

sizes and other properties. 

 Because leaves are somewhat hydro-

phobic, an impacting raindrop tends to form 

a discrete puddle instead of a thin fi lm. That 

standing water can absorb pathogens. The 

videos showed that when another raindrop 

lands right next to a puddle, it splashes, 

launching part or all of the puddle from the 

leaf, Gilet reported at the meeting. “The 

second raindrop expels [the fi rst] in a very 

effi cient way.” How far that water travels 

depends on the size and fl exibility, or com-

pliance, of the leaf. Small leaves, like a 

tomato’s, bend and absorb the impact of the 

raindrop, dampening any splash. Big leaves 

resist the impact, so the splash can travel 

much farther, he said.

“The idea of rain generating disease in 

plants is pretty new,” Hu says. “It spreads 

[pathogens] in a way the pathogen couldn’t 

do itself.” The importance of the effect will 

vary depending on the concentration of 

pathogens and the size of the ejected drop. 

But the research suggests that a wider spac-

ing between plants could slow the spread of 

some diseases. 

From insect locomotion to a strategy 

for boosting global crop yields: A sim-

ple physical phenomenon lets us not 

only understand the world of the very small; 

it may also help us cope better with the 

world at large. And that’s what appeals 

to Hu. “I love that when I study surface 

tension dynamics I can draw on ideas 

from many disciplines: mathematics, biol-

ogy, chemistry, physics, computer science, 

and engineering,” he says. “We need all of 

these perspectives to understand the many 

ways surface tension impacts the world.” 

–ELIZABETH PENNISI

Achoo. Following a sneeze, high-speed video and image processing visualized a waterfall of large droplets (left) and a lin-
gering cloud of small droplets (right) that can spread pathogens farther. 

Skimming low. This water lily beetle remains tethered to the water surface as it fl ies to a new leaf.

Published by AAAS
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Conserving Carnivores: 

More than Numbers 
IN THEIR REVIEW “STATUS AND ECOLOGICAL EFFECTS OF THE WORLD’S 
largest carnivores” (10 January, DOI: 10.1126/science.1241484), 

W. J. Ripple et al. assess threats to carnivores and urge that minimum 

population densities be maintained for persistence of large carni-

vores, biodiversity, and ecosystem structure. We argue that carni-

vore conservation is not just a numbers game. Life history strategy 

(including number of offspring, life span, and diet) and behavioral 

ecology (behavior that evolves from ecological pressures) of the 

species in question should also guide management approaches. 

For example, in social species, group survival can be critically 

dependent on maintaining a certain number of individuals within 

the group (1) [to enable cooperative hunting, for example (2)]. 

Consideration of such a threshold, and the risks of falling below it, 

are often absent from carnivore management programs. Yet this factor 

may explain the pattern of higher extinction rates in social carnivores, 

relative to solitary carnivores (3). The important contrast between the 

number of individuals in a population and the number needed to sus-

tain social group persistence could also explain Ripple et al.’s obser-

vation that solitary pumas are more successful than group-living gray 

wolves under similar conditions. Indeed, it is thought that the slowed 

recolonization rates for the gray wolf (Canis lupis) in the U.S. Greater 

Yellowstone ecosystem were due to a lack of mates with which dis-

persing animals could create new breeding units (4). 

Diet plays an important role as well. With the exception of one 

herbivorous panda, only large carnivore species (≥2.4 kg) catego-

rized as strict meat eaters are listed by the International Union for 

the Conservation of Nature (IUCN) as critically endangered, endan-

gered, or threatened (5). In 

contrast, all insectivores are 

classified as least-concern. 

An exclusive meat diet may 

signal particular vulnerabil-

ity to human confl ict, which 

is associated with increased 

likelihood of livestock dep-

redation and/or increased 

human perceptions of risk. 

Infectious disease may also 

present a particular threat to 

social carnivores as a conse-

quence of increased contact 

between individuals, disease 

mortality, and loss of individ-

uals below some critical threshold (6). 

We urge consideration of life history strategy and social behavior 

in the development of carnivore management strategy. 
KATHLEEN A. ALEXANDER* AND CLAIRE E. SANDERSON

Department of Fisheries and Wildlife Conservation, Virginia Tech University, Blacksburg, 
VA 24061, USA and CARACAL, Centre for Conservation of African Resources: Animals, 
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Conserving Carnivores: 

Politics in Play 

IN THEIR REVIEW “STATUS AND ECOLOGICAL 
effects of the world’s largest carnivores” (10 

January, DOI: 10.1126/science.1241484), 

W. J. Ripple et al. propose the creation of 

a Global Large Carnivore Initiative (GLCI) 

endorsed by bold commitments from politi-

cians around the world. However, large car-

nivores deliver political services in addition 

to ecological services, and this complication 

may prevent a GLCI from gaining strong 

political commitment.

Confl icts involving the political response 

to large carnivores raise controversial ques-

tions about land-use and political econo-

mies. The animals serve as a powerful sym-

bol to communicate diffi culties (often those 

that they revealed but did not create) and to 

infl uence policies. Opposing the recovery 

of large carnivores or limiting their popula-

tions has therefore become an inexpensive 

way for politicians to pose as defenders of 

particular interest groups that they might 

otherwise ignore. 

An illustrative example is the decline 

of sheep farming in France. French sheep 

farmers claim that wolf attacks threaten 

their livelihoods (1). However, this story 

overlooks political factors. In 1985, French 

Special Forces sank Greenpeace’s fl agship 

boat in Auckland harbor to prevent protests 

against nuclear tests. As part of the com-

pensation, France agreed to not take mea-

sures that could hinder the import of New 

Zealand lambs into the European Union (2). 

This sudden end to France’s protectionist 

standing has been a tough economic chal-

lenge for French sheep farming. Since the 

wolf naturally came back to France from 

Italy in 1992, some French politicians took 

the opportunity to stand for national sheep 

farming by dramatizing the impact of live-

Published by AAAS
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stock attacks and opposing the wolf return, 

without addressing the ultimate market-

based causes of sheep farming decline. In 

2012, wolf-linked subsidies to sheep farm-

ing amounted to 8.8 € million (3), and data 

now reveal that sheep farming fares better in 

wolf regions (4). 

There are strong political incentives to 

scapegoat large carnivores. We recommend 

developing a better understanding of the 

political ecology of large carnivore conser-

vation.
GUILLAUME CHAPRON1* AND 
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Obscuring Gender Bias 

with “Choice”

B. L. BENDERLY’S SCIENCE CAREERS ARTICLE 
“What is keeping women out of leadership 

jobs in academic medicine?”(7 January, 

http://scim.ag/1hmBHVl) about a recent 

report (1) misrepresents the study’s fi ndings 

and perpetuates gender biases by framing 

women’s second-place standing in academic 

medicine as the result of personal choices 

rather than institutional barriers.

Benderly writes, “Women on medical 

faculties…may prefer teaching and treating 

patients to publishing research papers.” Yet 

the report’s authors clearly caution that their 

methods cannot detect whether personal 

preferences or professional obstacles drive 

women to the “clinician-educator track” 

instead of the “traditional tenure track.” 

Benderly offers a similar caveat, but never-

theless concludes by asking whether wom-

en’s service motivations explain their down-

shift to the clinician-educator track. 

Social psychological research repeatedly 

demonstrates that institutionalized gender 

bias hinders women’s progress in academic 

science (including medicine). In a recent 

experiment, for example, men and women 

science faculty evaluated a job application 

from a woman less favorably than the identi-

cal application from a man (2). 

Studies also reveal how attributing work-

place inequities to women’s preferences dis-

tracts observers from unfair institutional 

practices. One recent article, for instance, 

showed that professional women who 

viewed their move to stay-at-home mother-

hood as a personal choice, as compared to 

new full-time moms who did not view their 

move as a choice, less often cited discrimi-

nation, harassment, and family-unfriendly 

policies as sources of gender inequality (3). 

In this same article, undergraduates who 

incidentally saw a book titled Choosing to 

Leave: Women’s Experiences Away from the 

Workforce more fi rmly believed that gen-

der discrimination is not a problem than did 

undergraduates who saw Women at Home: 

Experiences Away from the Workforce. Other 

studies similarly demonstrate that framing 

unequal outcomes as the result of individ-

ual choices, rather than of institutional or 

societal forces, deadens empathy and delays 

action (4, 5).

To help end gender inequities, all publi-

cations must take greater care when report-

ing about women in science.
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Response
I BELIEVE THAT CONNER ET AL. MISREPRESENT 
my article and misconstrue my intentions 

in writing it. Along with them and Science 

Careers, I strongly deplore and oppose bias 

and discrimination of any kind in science. 

My colleagues and I work assiduously to 

help female (and male) scientists and aspir-

ing scientists advance in the careers of their 

choosing.

In line with that goal, I report on research 

that helps scientists of both genders under-

stand the career opportunities that currently 

exist so that they can make choices that maxi-

mize their chances of fi nding and prospering 

in positions that fi t their values, goals, aspi-

rations, and defi nitions of success. Research 

(1) reveals that scientists value and aspire to 

a wide range of career goals, with some of 

both genders desiring traditional academic 

careers leading to top institutional leadership 

positions and others desiring to pursue differ-

ent career objectives both in and out of aca-

deme. Evidence both formal (2) and anecdotal 

also shows that many young scientists report 

feeling strong pressure from their professors 

and advisers to pursue traditional academic 

careers in preference to other types of work 

that they may prefer. The letter writers’ use of 

the term “downshift” to describe a physician’s 

choice to pursue a career of teaching and clini-

cal practice rather than of academic research 

may in itself exemplify this type of bias.

Contrary to the Letter, I did not con-

clude—in the sense of arriving at a judg-

ment—that “women’s service motivations” 

keep them from traditional tenure-track 

careers. As Conner et al. acknowledge, I, 

like the study’s (3) authors, do not know why 

women chose as they did. I suggested a possi-

ble explanation also mentioned by the authors 

and ended the article with the authors’ own 

statement that the question “deserves further 

analysis.” I do not believe that this misrepre-

sents their work.
BERYL LIEFF BENDERLY

Science Careers Columnist
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          W
omen studying engineering before 
the 1970s were subject to many 
annoying assumptions: They were 

just looking for a husband. Their interest in 
engineering implied they were unattractive 
and unfeminine. They didn’t deserve to take 
up a man’s spot since they would simply get 
married and waste their education. And in 
any case, they wouldn’t be any good at engi-
neering. In Girls Coming to Tech! Amy Sue 
Bix offers a fascinating account of how wom-
en’s enrollment in American undergraduate 
engineering programs gradually rose and of 
the many challenges women encountered as 
students and then professionals.

Historian Bix (Iowa State University) 
begins by recounting how a handful of indi-
vidual women “invaded” the masculine 
world of engineering education in the late 
19th and early 20th centuries. A dramatic 
shift occurred during World War II, when 
labor shortages led to a government-industry-
academia initiative to provide special accel-
erated engineering training programs for 
women. Although most of the graduates left 
technical careers after the war, their success 
at college and work challenged the belief that 
women were not capable of learning techni-
cal material. That success facilitated wom-
en’s participation in regular engineering pro-
grams, but increases in women’s enrollment 
remained low for many years. After peak-
ing at 20.9% in 2002, women’s percentage 
of bachelor degrees from U.S. engineering 
programs has slipped back to 18% to 19%. 
Doubts about whether they belong in engi-
neering still discourage many young women.

Bix provides detailed case studies of three 
high-profi le universities: MIT, Georgia Tech, 
and Caltech. Although MIT has been coed-
ucational since the 1870s, until World War 
II female students seldom composed much 
more than 1% of the student body. Some fac-
ulty, administrators, and male students felt 
that an MIT education was wasted on women. 
With limited housing for women students, 
female applicants were evaluated more selec-
tively than males. This barrier was initially 
addressed in 1960, when alumna Katherine 
McCormick donated $1.5 million to build the 
fi rst on-campus women’s dorm. But housing 
limits remained a de facto quota on the num-

ber of women admitted until 1969. The chief 
proponents of women’s engineering educa-
tion at MIT in the late 1960s and 1970s were 
a few of the fi rst female faculty: Emily Wick, 
Mildred Dresselhaus, Vera Kistiakowsky, and 
Sheila Widnall. Together with female stu-
dents, they worked to change the MIT envi-
ronment, addressing sexual 
harassment and the many neg-
ative comments encountered in 
classroom and labs.

Although a public institu-
tion (unlike MIT and Caltech), 
Georgia Tech was all-male 
until 1952 (with the exception 
of special wartime programs 
for women). Women often 
expressed interest in enrolling 
in Georgia Tech’s regular pro-
grams, because it was the only institution in 
the state offering engineering and architecture 
degrees and was more affordable than out-of-
state schools. After being denied entrance in 
1943, Anne Bonds began attending Alabama 
Polytechnic Institute (now Auburn Univer-
sity) but petitioned the University System 
Board of Regents to make Georgia Tech 
coeducational. Lobbying by the Georgia Fed-
eration of Business and Professional Wom-
en’s Clubs and Blake Van Leer’s arrival as 

president in 1944 started serious discussions 
about the feasibility of coeducation. This sur-
prised most students, who strongly identifi ed 
with the single-sex climate and the masculine 
nature of engineering. Although the 1885 act 
establishing Georgia Tech did not bar female 
students, in 1947 the regents declined a coed-
ucation proposal, citing overcrowding and 
the lack of appropriate facilities (e.g., hous-
ing and bathrooms).

In 1952, the Atlanta Women’s Chamber of 
Commerce urged the regents to end the ban 
on women. This time, the regents referred 

the petition to Van Leer, who 
then surveyed students, fac-
ulty, alumni, and adminis-
trators. The student council 
voted 13 to 9 in favor of admit-
ting women, despite dissent 
from many students who felt 
a vast majority were against 
the change because it would 
result in lowered standards and 
impaired classroom discus-
sions. Administrators, more 

positive, hoped that adding women would 
cushion the steep, post–GI Bill drop in enroll-
ment. After much heated debate, the regents 
agreed to admit females, although with a 
number of caveats. Women could only major 
in programs not available at any other Geor-
gia state university, and no courses were to be 
designed primarily for them.

Caltech’s story has a different twist. 
Founded (1891) as Throop University, a 
coeducational institution for manual train-

ing and basic education from fi fth 
grade through college, it reinvented 
itself several years later as all-male 
Throop College of Technology (with 
a mission of intellectual excellence) 
and then assumed its current name in 
1921. In the 1960s, the undergradu-
ates began lobbying the administra-
tion to admit women, believing that 
this would promote the “human-
ization of students.” Students com-
plained of a sterile curriculum 
and social wasteland that created 
“eunuchs of science.” After a 1967 
national survey of rising sopho-
mores revealed that Caltech students 
were much less happy with campus 
life than those elsewhere, an ad hoc 
faculty committee examined student 
experiences during their first two 
years. The committee soon recom-
mended that Caltech admit female 
undergraduates, arguing that dis-
crimination against women is “mor-
ally unjustifi able.” A student poll in 
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          W
hile in medical school, I made a 

long journey from sunny Califor-

nia to a conference in frigid Mon-

treal. My budget prevented me from attend-

ing the conference’s night on the town event, 

so I opted for a neighborhood bookstore. 

Splurging on a hot chocolate, I settled down 

in the warmest spot in the store to read an arti-

cle in Sky & Telescope magazine about a star 

in Shakespeare’s Hamlet ( 1). Over the years, 

its author, Donald Olson, with colleagues and 

students, has published many Sky & Tele-

scope articles that use astronomy to explore 

mysteries from history, art, and literature. 

Olson (a physicist at Texas State University) 

has now collected these and additional pieces 

in Celestial Sleuth.

The first section of this enjoyable and 

thought-provoking book explores where and 

when artists such as J. M. W. Turner, Claude 

Monet, Vincent van Gogh, and Edvard Munch 

painted some of their classic works. Olson 

discusses how astronomical events played 

crucial roles in battles of the United States 

Revolutionary and Civil Wars and World 

War II. In the section on celestial events that 

may have inspired passages in literature, we 

learn of Geoffrey Chaucer’s astronomical 

prowess. Among the many 

astronomical references 

in James Joyce’s Ulysses, 

Olson discovers an obser-

vation of an astronomical 

phenomenon that would not 

be reported in the scientifi c 

literature for 60 years.

Olson’s methods are often deftly simple: 

e.g., cross-checking historical accounts and 

meteorological reports with recreations of 

the sky around the time under investigation. 

In some cases, Olson and collaborators travel 

to locations they are studying to see the sky 

for themselves. They also use understandings 

of the Moon’s brightness patterns and effects 

on tides to great benefi t.

Shakespeare’s plays include many men-

tions of things astronomical: for example, 

comets, eclipses, conjunctions of planets, 

and that Venus can appear as a morning or 

evening star. And there is that star Bernardo 

sights in the opening scene of Hamlet:

Last night of all,

When yond same star that’s westward 

from the pole

Had made his course t’ illume that part 

of heaven

Where now it burns, Marcellus and 

myself,

The bell then beating one,

Internal evidence in the play 

suggests November as the month. 

Prior suggestions for the iden-

tity of Bernardo’s star include 

stars from the constellations Ursa 

Major, Ursa Minor, Vega, Deneb, 

and Capella. But as Olson and his 

team calculated, none of these 

constellations would appear 

west of the pole at 1 a.m. in the 

November sky of 16th-century 

Denmark. They note that the con-

stellation Cassiopeia is in the right place, but 

none of its stars are particularly bright. How-

ever, a “new star” fi rst observed in Europe in 

November 1572 did appear burning brightly 

in Cassiopeia—supernova 1572A, studied 

most extensively and famously by Danish 

astronomer Tycho Brahe. (Interestingly, the 

names “Rosenkrans” and “Guldensteren”—

Rosencrantz and Guildenstern from the 

play?—appear in a portrait of Tycho sur-

rounded by coats-of-arms of his relatives.) So 

Olson and colleagues conclude that Shake-

speare was keenly interested in the striking 

astrophysical event.

If you love astronomy, art, history, or lit-

erature you will enjoy Celestial Sleuth and 

probably want to give it to teachers, students, 

friends, and family. Further, you may fi nd 

Olson’s ingenious methods seeping into your 

own next experiment or analysis.
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fall 1967 found 79% supported that change, 

and a month later the Faculty Board voted 

50 to 10 to recommend to the administration 

and trustees to “proceed with all deliberate 

speed toward the admission of women under-

graduates.” In fall 1970, 30 women started at 

Caltech as fi rst-year students; 27 completed 

their degrees.

Bix provides detailed descriptions of 

how each of the three institutions gradu-

ally realized that admitting a small num-

ber of female students was not enough to 

ensure that they thrived academically and 

socially. From today’s perspective, it seems 

obvious that immersing young women in an 

intense, stressful curriculum accompanied 

by a deeply masculine culture in which some 

faculty and many students questioned their 

ability and motives—while limited access to 

housing and bathrooms added further incon-

venience and isolation—would prove diffi -

cult for many. MIT, for example, had years 

when only half the female fi rst-year students 

survived to become sophomores. Over time, 

each institution provided more support to 

improve the learning and social environments 

for female undergraduates and made raising 

the number of female engineering students 

to “critical mass” a priority. Today, females 

compose close to 50% of the undergraduates 

at MIT, and a higher percentage of them com-

plete their degree than do males.

Harvey Mudd College has its own story 

of “girls coming to tech.” Founded in 1955 

as the “science and engineering” Claremont 

College, its initial board questioned whether 

it should be coeducational. One trustee asked 

the founding president, Joe Platt, “Who 

would marry a female mathematician?” Joe’s 

answer was “I did!” As a compromise, Mudd 

opened coeducational but with female enroll-

ment capped at 11% to ensure that there was 

no lowering of admission standards. The cap 

wasn’t removed until 1971, when the percent-

age of female students was nearing the limit. 

When I arrived at Mudd in 2006, just under 

a third of our students were female. Today 

about 46%, and more than half (54%) of our 

engineering seniors, are. Just as at other insti-

tutions, this progress was gained through 

great work by faculty, staff, students, alumni, 

and trustees to create a learning community 

where everyone thrives.

As someone who has been the “fi rst female 

to hold my position” for more than 25 years, I 

appreciate the level of care and detail that Bix 

invests in Girls Coming to Tech! Despite the 

topic being an area of intense interest for me, 

I learned a great deal from her account.       

10.1126/science.1252465

10.1126/science.1251167
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www.sciencemag.org    SCIENCE    VOL 343    14 MARCH 2014 1203

POLICYFORUM

           I
n February 2013, Google Flu 

Trends (GFT) made headlines 

but not for a reason that Google 

executives or the creators of the fl u 

tracking system would have hoped. 

Nature reported that GFT was pre-

dicting more than double the pro-

portion of doctor visits for influ-

enza-like illness (ILI) than the Cen-

ters for Disease Control and Preven-

tion (CDC), which bases its esti-

mates on surveillance reports from 

laboratories across the United States 

( 1,  2). This happened despite the fact 

that GFT was built to predict CDC 

reports. Given that GFT is often held 

up as an exemplary use of big data 

( 3,  4), what lessons can we draw 

from this error?

The problems we identify are 

not limited to GFT. Research on 

whether search or social media can 

predict x has become common-

place ( 5– 7) and is often put in sharp contrast 

with traditional methods and hypotheses. 

Although these studies have shown the 

value of these data, we are far from a place 

where they can supplant more traditional 

methods or theories ( 8). We explore two 

issues that contributed to GFT’s mistakes—

big data hubris and algorithm dynamics—

and offer lessons for moving forward in the 

big data age.

Big Data Hubris

“Big data hubris” is the often implicit 

assumption that big data are a substitute 

for, rather than a supplement to, traditional 

data collection and analysis. Elsewhere, we 

have asserted that there are enormous scien-

tifi c possibilities in big data ( 9– 11). How-

ever, quantity of data does not mean that 

one can ignore foundational issues of mea-

surement and construct validity and reli-

ability and dependencies among data (12). 

The core challenge is that most big data that 

have received popular attention are not the 

output of instruments designed to produce 

valid and reliable data amenable for scien-

tifi c analysis.

The initial version of GFT was a par-

ticularly problematic marriage of big and 

small data. Essentially, the methodology 

was to fi nd the best matches among 50 mil-

lion search terms to fit 1152 data points 

( 13). The odds of fi nding search terms that 

match the propensity of the fl u but are struc-

turally unrelated, and so do not predict the 

future, were quite high. GFT developers, 

in fact, report weeding out seasonal search 

terms unrelated to the fl u but strongly corre-

lated to the CDC data, such as those regard-

ing high school basketball ( 13). This should 

have been a warning that the big data were 

overfi tting the small number of cases—a 

standard concern in data analysis. This ad 

hoc method of throwing out peculiar search 

terms failed when GFT completely missed 

the nonseasonal 2009 infl uenza A–H1N1 

pandemic ( 2,  14). In short, the initial ver-

sion of GFT was part flu detector, part 

winter detector. GFT engineers updated 

the algorithm in 2009, and this model has 

run ever since, with a few changes 

announced in October 2013 ( 10, 

 15).

Although not widely reported 

until 2013, the new GFT has been 

persistently overestimating flu 

prevalence for a much longer time. 

GFT also missed by a very large 

margin in the 2011–2012 fl u sea-

son and has missed high for 100 out 

of 108 weeks starting with August 

2011 (see the graph ). These errors 

are not randomly distributed. For 

example, last week’s errors predict 

this week’s errors (temporal auto-

correlation), and the direction and 

magnitude of error varies with the 

time of year (seasonality). These 

patterns mean that GFT overlooks 

considerable information that 

could be extracted by traditional 

statistical methods. 

Even after GFT was updated 

in 2009, the comparative value of the algo-

rithm as a stand-alone fl u monitor is ques-

tionable. A study in 2010 demonstrated that 

GFT accuracy was not much better than 

a fairly simple projection forward using 

already available (typically on a 2-week lag) 

CDC data ( 4). The comparison has become 

even worse since that time, with lagged 

models significantly outperforming GFT 

(see the graph). Even 3-week-old CDC data 

do a better job of projecting current fl u prev-

alence than GFT [see supplementary mate-

rials (SM)].

Considering the large number of 

approaches that provide inference on infl u-

enza activity ( 16– 19), does this mean that 

the current version of GFT is not useful? 

No, greater value can be obtained by com-

bining GFT with other near–real-time 

health data ( 2,  20). For example, by com-

bining GFT and lagged CDC data, as well 

as dynamically recalibrating GFT, we can 

substantially improve on the performance 

of GFT or the CDC alone (see the chart). 

This is no substitute for ongoing evaluation 

and improvement, but, by incorporating this 

information, GFT could have largely healed 

itself and would have likely remained out of 

the headlines.

The Parable of Google Flu: 
Traps in Big Data Analysis

BIG DATA

David Lazer,  1, 2 * Ryan Kennedy,  1, 3, 4 Gary King,  3 Alessandro Vespignani 5,6,3    

Large errors in fl u prediction were largely 

avoidable, which offers lessons for the use 

of big data.
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Algorithm Dynamics

All empirical research stands on a founda-

tion of measurement. Is the instrumentation 

actually capturing the theoretical construct of 

interest? Is measurement stable and compa-

rable across cases and over time? Are mea-

surement errors systematic? At a minimum, 

it is quite likely that GFT was an unstable 

refl ection of the prevalence of the fl u because 

of algorithm dynamics affecting Google’s 

search algorithm. Algorithm dynamics are 

the changes made by engineers to improve 

the commercial service and by consum-

ers in using that service. Several changes in 

Google’s search algorithm and user behav-

ior likely affected GFT’s tracking. The most 

common explanation for GFT’s error is a 

media-stoked panic last fl u season ( 1,  15). 

Although this may have been a factor, it can-

not explain why GFT has been missing high 

by wide margins for more than 2 years. The 

2009 version of GFT has weathered other 

media panics related to the fl u, including the 

2005–2006 influenza A/H5N1 (“bird flu”) 

outbreak and the 2009 A/H1N1 (“swine fl u”) 

pandemic. A more likely culprit is changes 

made by Google’s search algorithm itself.

The Google search algorithm is not a 

static entity—the company is constantly 

testing and improving search. For example, 

the offi cial Google search blog reported 86 

changes in June and July 2012 alone (SM). 

Search patterns are the result of thousands of 

decisions made by the company’s program-

mers in various subunits and by millions of 

consumers worldwide.

There are multiple challenges to replicat-

ing GFT’s original algorithm. GFT has never 

documented the 45 search terms used, and 

the examples that have been released appear 

misleading ( 14) (SM). Google does provide 

a service, Google Correlate, which allows 

the user to identify search data that correlate 

with a given time series; however, it is lim-

ited to national level data, whereas GFT was 

developed using correlations at the regional 

level ( 13). The service also fails to return any 

of the sample search terms reported in GFT-

related publications ( 13,  14).

Nonetheless, using Google Correlate to 

compare correlated search terms for the GFT 

time series to those returned by the CDC’s 

data revealed some interesting differences. In 

particular, searches for treatments for the fl u 

and searches for information on differentiat-

ing the cold from the fl u track closely with 

GFT’s errors (SM). This points to the possi-

bility that the explanation for changes in rela-

tive search behavior is “blue team” dynam-

ics—where the algorithm producing the data 

(and thus user utilization) has been modi-

fi ed by the service provider in accordance 

with their business model. Google reported 

in June 2011 that it had modifi ed its search 

results to provide suggested additional search 

terms and reported again in February 2012 

that it was now returning potential diagnoses 

for searches including physical symptoms 

like “fever” and “cough” ( 21,  22). The for-

mer recommends searching for treatments 

of the fl u in response to general fl u inqui-

ries, and the latter may explain the increase 

in some searches to distinguish the fl u from 

the common cold. We document several other 

changes that may have affected GFT (SM).

In improving its service to customers, 

Google is also changing the data-generating 

process. Modifications to the search algo-

rithm are presumably implemented so as to 

support Google’s business model—for exam-

ple, in part, by providing users useful infor-

mation quickly and, in part, to promote more 

advertising revenue. Recommended searches, 

usually based on what others have searched, 

will increase the relative magnitude of certain 

searches. Because GFT uses the relative prev-

alence of search terms in its model, improve-

ments in the search algorithm can adversely 

affect GFT’s estimates. Oddly, GFT bakes in 

an assumption that relative search volume for 

certain terms is statically related to external 

events, but search behavior is not just exog-

enously determined, it is also endogenously 

cultivated by the service provider.

Blue team issues are not limited to 

Google. Platforms such as Twitter and Face-

book are always being re-engineered, and 

whether studies conducted even a year ago 

on data collected from these platforms can 

be replicated in later or earlier periods is an 

open question.

Although it does not appear to be an issue 

in GFT, scholars should also be aware of the 

potential for “red team” attacks on the sys-

tems we monitor. Red team dynamics occur 

when research subjects (in this case Web 

searchers) attempt to manipulate the data-

generating process to meet their own goals, 

such as economic or political gain. Twitter 

polling is a clear example of these tactics. 

Campaigns and companies, aware that news 

media are monitoring Twitter, have used 

numerous tactics to make sure their candidate 

or product is trending ( 23,  24).

Similar use has been made of Twitter 

and Facebook to spread rumors about stock 

prices and markets. Ironically, the more suc-

cessful we become at monitoring the behav-

ior of people using these open sources of 

information, the more tempting it will be to 

manipulate those signals.
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Transparency, Granularity, and All-Data

The GFT parable is important as a case study 

where we can learn critical lessons as we 

move forward in the age of big data analysis.

Transparency and Replicability. Repli-

cation is a growing concern across the acad-

emy. The supporting materials for the GFT-

related papers did not meet emerging com-

munity standards. Neither were core search 

terms identifi ed nor larger search corpus pro-

vided. It is impossible for Google to make its 

full arsenal of data available to outsiders, nor 

would it be ethically acceptable, given privacy 

issues. However, there is no such constraint 

regarding the derivative, aggregated data. 

Even if one had access to all of Google’s data, 

it would be impossible to replicate the analy-

ses of the original paper from the information 

provided regarding the analysis. Although it is 

laudable that Google developed Google Cor-

relate ostensibly from the concept used for 

GFT, the public technology cannot be utilized 

to replicate their fi ndings. Clicking the link 

titled “match the pattern of actual fl u activity 

(this is how we built Google Flu Trends!)” will 

not, ironically, produce a replication of the 

GFT search terms ( 14). Oddly, the few search 

terms offered in the papers ( 14) do not seem 

to be strongly related with either GFT or the 

CDC data (SM)—we surmise that the authors 

felt an unarticulated need to cloak the actual 

search terms identifi ed.

What is at stake is twofold. First, science 

is a cumulative endeavor, and to stand on the 

shoulders of giants requires that scientists 

be able to continually assess work on which 

they are building ( 25). Second, accumula-

tion of knowledge requires fuel in the form of 

data. There is a network of researchers wait-

ing to improve the value of big data projects 

and to squeeze more actionable information 

out of these types of data. The initial vision 

regarding GFT—that producing a more accu-

rate picture of the current prevalence of con-

tagious diseases might allow for life-saving 

interventions—is fundamentally correct, and 

all analyses suggest that there is indeed valu-

able signal to be extracted.

Google is a business, but it also holds in 

trust data on the desires, thoughts, and the 

connections of humanity. Making money 

“without doing evil” (paraphrasing Google’s 

motto) is not enough when it is feasible to do 

so much good. It is also incumbent upon aca-

demia to build institutional models to facil-

itate collaborations with such big data proj-

ects—something that is too often missing 

now in universities ( 26).

Use Big Data to Understand the Unknown. 

Because a simple lagged model for fl u preva-

lence will perform so well, there is little room 

for improvement on the CDC data for model 

projections [this does not apply to other 

methods to directly measure fl u prevalence, 

e.g., ( 20,  27,  28)]. If you are 90% of the way 

there, at most, you can gain that last 10%. 

What is more valuable is to understand the 

prevalence of fl u at very local levels, which is 

not practical for the CDC to widely produce, 

but which, in principle, more fi nely granular 

measures of GFT could provide. Such a fi nely 

granular view, in turn, would provide power-

ful input into generative models of fl u propa-

gation and more accurate prediction of the fl u 

months ahead of time ( 29– 33).

Study the Algorithm. Twitter, Facebook, 

Google, and the Internet more generally are 

constantly changing because of the actions 

of millions of engineers and consumers. 

Researchers need a better understanding of 

how these changes occur over time. Scien-

tists need to replicate findings using these 

data sources across time and using other data 

sources to ensure that they are observing 

robust patterns and not evanescent trends. For 

example, it is eminently feasible to do con-

trolled experiments with Google, e.g., looking 

at how Google search results will differ based 

on location and past searches ( 34). More gen-

erally, studying the evolution of socio-tech-

nical systems embedded in our societies is 

intrinsically important and worthy of study. 

The algorithms underlying Google, Twitter, 

and Facebook help determine what we fi nd 

out about our health, politics, and friends.

It’s Not Just About Size of the Data. There 

is a tendency for big data research and more 

traditional applied statistics to live in two 

different realms—aware of each other’s 

existence but generally not very trusting of 

each other. Big data offer enormous possi-

bilities for understanding human interac-

tions at a societal scale, with rich spatial and 

temporal dynamics, and for detecting com-

plex interactions and nonlinearities among 

variables. We contend that these are the most 

exciting frontiers in studying human behav-

ior. However, traditional “small data” often 

offer information that is not contained (or 

containable) in big data, and the very factors 

that have enabled big data are enabling more 

traditional data collection. The Internet has 

opened the way for improving standard sur-

veys, experiments, and health reporting 

( 35). Instead of focusing on a “big data rev-

olution,” perhaps it is time we were focused 

on an “all data revolution,” where we recog-

nize that the critical change in the world has 

been innovative analytics, using data from 

all traditional and new sources, and provid-

ing a deeper, clearer understanding of our 

world. 
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Simplicity Amid Complexity

CLIMATE CHANGE

Isaac Held

Despite the complexity of Earth’s climate 
system, the infl uence of human activities 
on climate can be identifi ed and predicted.

        W
e live in interesting times as we 

watch diverse effects of human 

activities on Earth’s climate 

emerge from natural variability. In predict-

ing the outcome of this evolving inadver-

tent experiment, climate science faces many 

challenges, some of which have been out-

lined in this series of Science Perspectives 

( 1– 6 ): reducing the uncertainty in climate 

sensitivity; explaining the recent slowdown 

in the rate of warming and its implications 

for understanding internal variability; uncov-

ering the factors that control how and where 

the land will become drier as it warms; quan-

tifying the cooling due to anthropogenic 

aerosols; explaining the curious evolution 

of atmospheric methane; and predicting 

changes in extreme weather. In 

addition to these challenges, the 

turbulent and chaotic atmospheric 

and oceanic fl ows seemingly limit 

predictability on various time 

scales. Is the climate system just 

too complex for useful prediction?

One response to the claim that 

multidecadal prediction is futile 

is to point to progress on each of 

these challenges ( 1– 6 ). More fun-

damentally, an emphasis on com-

plexity in the climate system must 

be balanced by recognition of 

emergent simplicity. The seasonal 

cycle provides a useful counter-

point. An individual year’s tem-

perature record is a consequence 

of chaotic weather superposed 

on a relatively simple and smooth 

underlying cycle. Watching tem-

peratures change during a few 

weeks in the spring does not affect 

confidence that typical summer tempera-

tures will eventually emerge. Climate mod-

els paint an analogous picture for the evolu-

tion of climate over decades to centuries: a 

superposition of internal variability and an 

externally forced component containing a 

natural part (solar variations and volcanoes) 

and a part due to human activities that, to 

fi rst approximation, is a linear superposition 

of responses to different forcing agents such 

as CO2, methane, and aerosols.

Unlike students of the seasonal 

cycle, students of climate change 

do not have the luxury of study-

ing multiple realizations of their 

experiment, but can only observe 

the initial stages of a single real-

ization. Thus, the attribution prob-

lem—the separation of the forced 

change from internal variability in 

observations and the partitioning 

of this forced component into parts 

due to different agents such as the 

well-mixed greenhouse gases or aerosols—

is a tough challenge. But attribution leads 

directly to prediction of the forced response 

if the case can be made that the response is 

simple enough for past trends to strongly con-

strain future evolution.

Basing decisions on predictions of forced 

climate change is formally analogous to using 

knowledge of the normal climatological sea-

sonal cycle to inform vacation plans, ignoring 

any weather predictions. Of course, we have 

much greater confi dence in our knowledge of 

the climatological seasonal cycle than in pre-

dictions of forced climate change. The chal-

lenge to climate change research is to increase 

the credibility of the forced responses that 

theories and models predict, and to character-

ize internal variability well enough to appre-

ciate which aspects of these forced 

response have already emerged 

from the background of internal 

variability and which are likely to 

emerge in the future. Any skill in 

predicting multidecadal internal 

variability on top of this forced 

response is icing on the cake.

Any strong nonlinearity in the 

forced response or abrupt shifts 

in the climate would provide spe-

cial challenges. For example, 

suppose a model predicts dis-

tinctive atmospheric circulations and feed-

backs to arise in an ice-free Arctic that have 

no close counterpart before that threshold 

is passed ( 7). What will provide credibility 

to a prediction of an abrupt forced 

climate change of this type, or the 

credibility of any prediction P 

that is not backed by attribution of 

recent trends? Paleoclimate recon-

structions should provide some 

guidance and perhaps even close 

analogs. But, ultimately, it may 

just be necessary to rely on under-

standing the underlying physics. 

For example, suppose one can 

argue, based on this understand-

ing, that some other aspect O of 

the climate depends on the same 

processes that come into play in 

the climate change P. If observa-

tions exist to evaluate the simula-

tion of O, the result will be indirect 

evidence for P. This approach is 

being explored in several climate 

change contexts ( 8).

The models used to simulate 

the climate are themselves com-

plex, chaotic dynamical systems. To work 

with them effectively requires not only the 

careful examination of alternative formu-

lations of these comprehensive models but 

also the construction of a hierarchy of models 

in which elements of complexity are added 

sequentially. This approach is similar in spirit 

to that used in biology, where a hierarchy 

of model organisms—from bacteria to fruit 

fl y to zebrafi sh to mouse to chimpanzee—

is used to build an understanding of human 

biology ( 9).

A good example of the use of a hierar-

chy of models is provided by research on the C
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        M
odifi cation of internal adenosines 

in messenger RNA (mRNA) by 

methylation of the N6 position 

(m6A) was fi rst observed almost four decades 

ago. Early work demonstrated that the m6A 

modifi cation was quite common, occurring at 

an estimated frequency of three to fi ve resi-

dues per mRNA. Nevertheless, the function, 

if any, of this modifi cation remained enig-

matic. The cloning in 1997 of a subunit of the 

RNA methylase complex ( 1) was followed 

by a period of fi tful inactivity before the fi eld 

reawakened in 2011 with the discovery of an 

enzyme, FTO (fat mass and obesity-associ-

ated protein), that was shown to catalyze the 

demethylation of internal m6A residues ( 2). 

The existence of a demethylase and the dem-

onstration that m6A levels were raised when 

the enzyme was knocked down strongly 

suggested that at least some m6A modifi ca-

tions were reversible and might be subject 

to dynamic regulation. Since then, a series 

of papers have appeared in rapid succession, 

together providing a wealth of unequivocal 

evidence for m6A function. But these fi ndings 

still have not led to a coherent picture of the 

number and variety of functions of the m6A 

modifi cation.

Two recent RNA “methylome” studies 

( 3,  4) provide a transcriptome-wide map of 

m6A-modifi ed mRNAs. Both report the pres-

ence of m6A in about 7000 mRNAs, indicat-

ing that the modifi cation is fairly promiscu-

ous with regard to mRNA targets. However, 

methylation is highly selective when con-

sidering which specifi c sites are modifi ed. 

Although both studies showed that methyla-

tion sites are largely confi ned to the consen-

sus sequence Pu[G>A]m6AC[A/C/U], only 

about 10% of sites conforming to this con-

sensus are actually modifi ed. Neither study 

was able to determine the stoichiometry of 

any specifi c modifi ed site, nor could clusters 

of modifi ed sites be identifi ed. Both studies 

showed enrichment of modifi cation sites near 

stop codons; however, one study saw enrich-

ment in long internal exons while the other 

saw enrichment in 3′ untranslated regions. 

Additionally, one study found ele-

vated levels of m6A in the brain and 

the other study did not. The rea-

sons for these discrepancies are not 

obvious. Nevertheless, both studies 

found that modifi cation sites were 

well conserved between human 

and mouse transcriptomes—a fi nd-

ing strongly suggestive of biologi-

cal function. Indeed, knockdown of 

the m6A methylase ( 3) resulted in 

large-scale alterations in splicing 

patterns, consistent with a striking 

enrichment of m6A modifi cations 

within alternatively spliced exons 

(see the fi gure), with constitutive 
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effect of the Antarctic ozone hole on the sur-

face westerlies in the Southern Hemisphere. 

Observational studies showed that the west-

erlies shifted poleward by several degrees of 

latitude in recent decades, mainly in the Aus-

tral summer, and made a plausible connection 

to the development of the ozone hole ( 10). 

Comprehensive models provided impor-

tant confi rmation that the ozone hole does 

move the westerlies poleward ( 11). A variety 

of more idealized models are being used to 

explore the pathways through which changes 

in the stratosphere modify the surface winds, 

demonstrating that the poleward shift of the 

westerlies due to cooling of the polar strato-

sphere can be isolated from other parts of the 

climate problem and related to fundamental 

theories of atmospheric dynamics ( 12).

Increasing CO2 concentrations also push 

the mid-latitude surface westerlies poleward 

in climate models, complicating both the 

quantitative attribution of the observed shift 

( 11) and the predictions of how the wester-

lies will evolve in the future as the ozone hole 

heals and greenhouse gases continue to accu-

mulate. However, both comprehensive and 

idealized climate models indicate that the 

effects on the westerlies of greenhouse gases 

and the ozone hole are linearly additive to a 

fi rst approximation. An underlying simplic-

ity in the forced climate change emerges here 

as well, making prediction plausible.

A creative tension between simulation and 

understanding, between accepting complex-

ity and searching for simplicity, is present in 

many challenging scientifi c problems. Cli-

mate science provides an excellent example 

of this tension. The most advanced compre-

hensive climate models effectively represent 

the current ability to simulate the climate sys-

tem, and it is natural and appropriate to take 

the output of those models as the basis for pre-

dicting the future climate. However, it is the 

understanding of these responses—an under-

standing that depends on the presence of an 

emergent simplicity in the forced response—

which provides a level of confi dence that jus-

tifi es advising policy-makers and the public 

to pay heed to these predictions.
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exons being correspondingly underenriched 

( 3). How exactly the depletion of m6A could 

alter splicing patterns is currently unknown.

A provocative study recently reported that 

inhibition of methylation by either a drug or 

knockdown of the m6A methylase perturbed 

the circadian clock ( 5). When methylation 

was reduced by either treatment, the period of 

the clock was lengthened. By contrast, over-

expression of the methylase caused a shorter 

period. Reduction of internal methylation 

resulted in a pronounced delay in export of 

mRNAs from the nucleus and, consequently, 

marked nuclear retention of those mRNAs. A 

second, perhaps related, phenomenon linked 

to inhibition of methylation was the wide-

spread stabilization of mRNAs, in particu-

lar mRNAs encoding proteins known to be 

involved in the circadian clock. This observa-

tion may explain how the clock is perturbed 

when methylation is inhibited, but how speci-

fi city is achieved remains unknown. It is also 

unclear why overexpression of the methylase 

speeds up the clock; the methylation status of 

specifi c mRNAs was not examined.

Whereas these studies focused on the 

effects of inhibiting RNA methylation, 

another report examined the effect of a 

genetic null in an RNA demethylase. FTO, 

the first demethylase discovered, belongs 

to a family of enzymes that catalyze a wide 

range of oxidation reactions ( 2). Systematic 

study of these enzymes revealed that another 

family member, ALKBH5, was also a m6A 

demethylase ( 6). Both FTO and ALKBH5 

are localized to nuclei, and both colocal-

ize with nuclear speckles, sites of concen-

trations of splicing factors. It is tempting to 

speculate that this localization is tied to the 

effects of methylation on splicing. Indeed, 

more than 3000 altered mRNA isoforms were 

observed when ALKBH5 was knocked down 

in tissue culture cells, indicating that splic-

ing was affected. Despite this, mice null for 

ALKBH5 were anatomically normal and 

grew to adulthood. However, male mice lack-

ing the demethylase were sterile, with gene 

expression and splicing massively altered in 

their testes. The sterility phenotype was mani-

fested as a metaphase arrest during spermato-

genesis. The tissue specificity of the phe-

nomenon might be explained by the fact that 

ALKBH5 is more highly expressed in testes 

relative to other tissues, but perhaps the most 

puzzling observation is that deletion of the 

demethylase resulted in only a very modest 

increase in overall levels of m6A in the testis.

The existence of a methylase and at least 

two demethylases coupled with phenotypes 

observed when either activity was altered 

strongly suggested that one or more factors 

recognize m6A. A fi rst step in identifying such 

factors has come from the demonstration that 

an RNA binding protein, YTHDF2, specifi -

cally recognizes m6A-modifi ed RNAs ( 3,  7). 

In vivo cross-linking and immunoprecipita-

tion showed that YTHDF2-bound RNAs were 

highly enriched for mRNAs known to be meth-

ylated ( 7). Moreover, a variety of approaches, 

including ribosome profi ling and immunofl u-

orescence microscopy, provided evidence that 

the binding of YTHDF2 to mRNA resulted 

in relocalization of the mRNA from translat-

ing ribosomes to cytoplasmic foci (P bodies) 

known to be enriched in RNA degradative 

activities. As a consequence, targeted mRNAs 

were destabilized, and the magnitude of desta-

bilization correlated with the number of meth-

ylation sites in the mRNA. Knockdown of 

YTHDF2 led to an increase in mRNA stabil-

ity for targeted transcripts.

Although these studies have provided new 

insight into the distribution and functional 

importance of the m6A modifi cation, several 

fundamental questions remain. Prime among 

these is how specificity of modification is 

achieved. Clearly, the sequence that consti-

tutes the consensus site is not suffi cient on 

its own, nor does secondary structure appear 

to play a role. If methylation is cotranscrip-

tional, it may be possible that chromatin sta-

tus could play a role in site selection. The 

function(s) of m6A in nuclear RNA metabo-

lism are also unclear. Although it is possible 

that nuclear factors recognize the modifi ca-

tion, it seems equally plausible that modifi ca-

tions could function by preventing or altering 

the binding of some proteins. The importance 

or function of modifi cations in the vicinity 

of stop codons remains to be established, as 

does the importance of the FTO demethyl-

ase. Perhaps the most challenging question—

and most diffi cult to answer—is how such a 

widespread modifi cation has apparently quite 

specifi c effects. Are all modifi ed sites equally 

important, or is only a small subset of them 

important? Hopefully, answers to at least 

some of these questions will emerge soon in 

this now fast-moving fi eld. 
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Stirring the Simmering 
“Designer Baby” Pot

GENETICS

Thomas H. Murray1,2

How much discretion should parents be granted in determining what sort of child they have?

          I
n February 2014, the U.S. Food and Drug 

Administration’s (FDA’s) Cellular, Tis-

sue, and Gene Therapies Advisory Com-

mittee met to consider the possibility of future 

clinical trials that would test mitochondrial 

manipulation technologies for two purposes: 

to treat infertility and to prevent the transmis-

sion of mitochondrial disease from women to 

their future children. This meeting focused on 

scientifi c, technological, and clinical issues. 

The FDA acknowledged “ethical and social 

policy issues related to genetic modifi cation 

of eggs and embryos” but chose not to engage 

with them, at least not yet ( 1). Good ethics 

begins with good facts, but the effort by the 

FDA to get the facts straight is just the begin-

ning, not the end, of the conversation we must 

have on the wisdom of mitochondrial manip-

ulation and other reproductive technologies 

that potentially provide parents with more of a 

say about the children they have. Preventing a 

lethal disease is one thing; choosing the traits 

we desire is quite another.

The replacement of defective mitochon-

dria involves placing nuclear DNA from the 

egg of a woman with a mitochondrial defect 

into a donated egg that has had its nuclear 

DNA removed, but contains healthy mito-

chondrial DNA. The egg can then be fertil-

ized by artifi cial insemination. Daughters pro-

duced by this procedure could pass down the 

mitochondrial DNA to future offspring. Up to 

now, the United States has not allowed such 

genetic changes across generations.
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The FDA’s discussion about human test-

ing of this procedure is stirring the pot of 

“designer baby” concerns that was recently 

agitated by the personal genomics and bio-

technology company 23andMe. In Septem-

ber 2013, the company was granted a patent, 

“Gamete donor selection based on genetic 

calculations,” that allows would-be parents 

“to select a donor and view other possible 

phenotype of the hypothetical child resulting 

from the recipient’s and the donor’s gametes, 

such as alcohol fl ush reaction, lactose toler-

ance, muscle performance, and any other 

appropriate phenotype…” ( 2). The company 

sought to reassure critics by stating that 

it was merely protecting intellectual 

property in its Family Traits Inheri-

tance Calculator, described as “an 

engaging way … to see what kind 

of traits your child might inherit 

from you… . The tool offers 

people an enjoyable way to dip 

their toes into genetics” ( 3). 

23andMe disavows any plans 

to offer donor gamete selec-

tion. The company, unwittingly, 

tapped into a simmering contro-

versy over what it means to have 

a child in an era of increasing con-

vergence among genetic, genomic, 

and reproductive technologies.

What makes the fuss stirred up by 

the 23andMe patent distinct from pre-

implantation genetic diagnosis (genetic 

profi ling of embryos prior to implantation) 

and prenatal screening (procedures during 

pregnancy to detect health problems in the 

fetus) is its disconnection from the abortion 

debate. There is no existing embryo or fetus 

here. At stake is not whether to have a child, 

but how much discretion parents should 

exercise in determining what sort of child 

they have.

Of all the possible choices prospective 

parents might make, sex selection for non-

medical purposes has prompted the stron-

gest policy response. It is prohibited in at 

least 36 countries, but not in the United 

States. (Israel bans the practice but makes 

exceptions for mental health or for parents 

with at least four children of the same sex.) 

Persistent passionate confl icts over the legal 

and moral status of embryos and fetuses 

have discouraged American legislators from 

proposing sensible regulation, lest they be 

drawn into the abortion debate. Surprisingly, 

there is no federal law forbidding reproduc-

tive human cloning. Efforts to pass legisla-

tion foundered when opponents insisted that 

cloning for research be likewise prohibited 

out of respect for embryos as persons.

In the absence of federal legislation, pro-

fessional self-regulation has been the princi-

pal policy tool. However, this has led to con-

fl icting guidance that refl ects clashing ethical 

frameworks for thinking about parenthood 

in the genomic era. Take sex selection. The 

American College of Obstetrics and Gyne-

cology’s Committee on Ethics rejected all 

uses of sex selection except for sex-linked 

disorders. Its primary objection was that sex 

selection at any stage—even pre-concep-

tion—reinforces sex discrimination against 

women ( 4). The Ethics Committee of the 

American Society for Reproductive Medi-

cine, by contrast, leaves open the door to sex 

selection for social reasons. It defers to the 

prospective parents: “It would not be unethi-

cal for parents to prefer that their fi rstborn or 

only child be of a particular gender because 

of the different meaning and companionship 

experiences that they expect to have” ( 5). The 

Committee showed similar deference on pre-

implantation genetic diagnosis, stating that 

for adult-onset conditions, its use is “ethi-

cally justifi ed when the condition is serious 

and no safe, effective interventions are avail-

able.” It also concluded that reproductive lib-

erty arguments ethically allow for this test 

for “adult-onset conditions of lesser sever-

ity or penetrance.” It does not address trait 

selection by this diagnosis, but the concept 

of reproductive liberty that suffuses the com-

mittee’s guidelines grants wide discretion to 

parental preferences ( 6).

By contrast, the American Academy 

of Pediatrics and the American College of 

Medical Genetics put children fi rst in their 

report on genetic testing and screening of 

children: “Decisions about whether to offer 

genetic testing and screening should be 

driven by the best interest of the child.” They 

counsel deferring testing for adult-onset con-

ditions unless intervening would benefi t the 

child’s health. They also “strongly” discour-

age direct-to-consumer and home kit genetic 

testing of children ( 7).

The discovery that fetal DNA, likely of 

placental origin, constitutes a substantial 

fraction of the cell-free DNA (cfDNA) 

circulating in the pregnant woman’s 

blood could allow future prospective 

parents another peek into the geno-

types of potential offspring. Unlike 

amniocentesis and chorionic vil-

lus sampling, which are invasive 

procedures that increase the risk 

of spontaneous abortion, fetal 

cfDNA is available from a simple 

venipuncture. Using massively 

parallel sequencing for cfDNA, 

researchers screened a large and 

diverse sample of women for aneu-

ploidy. False positive rates for tri-

somies 21 and 18 were much lower 

than with current screening methods, 

possibly sparing many pregnant women 

from invasive follow-up testing ( 8).

Analysis of cfDNA in maternal circula-

tion for fetal aneuploidy screening is likely 

“the fi rst of major steps toward the eventual 

application of whole fetal genome/whole fetal 

exome sequencing” ( 9). Indeed, it is now pos-

sible, using DNA from both parents (the father 

need only provide saliva) and the fetal cfDNA 

circulating in the mother’s blood, to provide a 

reasonably accurate genome sequence for that 

fetus at 18.5 weeks gestational age. It is antic-

ipated “that noninvasive analysis of inher-

ited variation and de novo mutations in fetal 

genomes will facilitate prenatal diagnosis of 

both recessive and dominant Mendelian dis-

orders” ( 10). A 2006 survey of in vitro fertil-

ization clinics found that 77% of respondents 

foresaw whole-genome embryo screening as 

becoming routine for in vitro fertilization. 

In the same survey, 42% of clinics reported 

doing preimplantation genetic diagnosis for 

other than medical reasons, with nearly half 

(47%) of that group offering it in all circum-

stances ( 11). Little wonder, then, that people 

in other nations that prohibit sex selection for 

social reasons fl ock to the United States.

It is unrealistic to expect the U.S. pol-

icy lacuna over assisted reproductive tech-

nologies to be fi lled any time soon. Regula-C
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tion of preimplantation genetic diagnosis 

remains in a “state of suspended animation” 

( 12). Professional self-regulation likely 

works well when the interested profes-

sions refl ect a well-established public con-

sensus. But when it comes to empowering 

parents to decide what sort of children they 

have beyond questions of serious childhood 

diseases, professional organizations can-

not even agree on the appropriate ethical 

framework. Scholars have articulated alter-

natives: whether parental discretion should 

hold near-absolute sway ( 13); whether a 

child should have the prospect of  “a decent 

chance of a happy life” ( 14); whether the 

welfare of the child-to-be should come fi rst 

( 15); and whether models emphasizing the 

deep interrelationship of parent and child 

should be considered ( 16).

Legislation, regulation, and professional 

guidelines depend on widely shared pub-

lic values for their legitimacy. Technologies 

affecting reproduction have powerful reso-

nance, as the response to the 23andMe pat-

ent confi rms, even as the lives of children and 

their parents are affected far more by eco-

nomic opportunity and security, education, 

and community resources.

Discussion of the ethics of mitochondrial 

manipulation cannot be postponed indefi-

nitely. With little prospect of sensible legisla-

tion in the near term, and confl icting guidance 

from professional organizations, a national 

conversation about current and emerging 

technologies shaping the choices that par-

ents will have is urgent. The UK conducted a 

similar exercise a decade ago that combined 

polling, focus groups, and the Internet ( 17). 

This is a task for the U.S. Presidential Com-

mission for the Study of Bioethical Issues to 

pursue, given that its mission is to ensure that 

scientifi c research, health care delivery, and 

technological innovation are conducted in a 

socially and ethically responsible manner. It 

will not be easy to avoid the quicksand of the 

abortion debate, but it would be a great public 

service to provide a sober assessment of the 

choices that would-be parents increasingly 

face, and to encourage a respectful dialogue 

about the meaning of parenthood and the 

worth of a child so that parents and children 

can fl ourish together.
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        B
atteries keep our devices working 

throughout the day—that is, they have 

a high energy density—but they can 

take hours to recharge when they run down. 

For rapid power delivery and recharging (i.e., 

high power density), electrochemical capaci-

tors known as supercapacitors ( 1) are used. 

One such application is regenerative brak-

ing, used to recover power in cars and electric 

mass transit vehicles that would otherwise 

lose braking energy as heat. However, super-

capacitors have low energy density.

Batteries and supercapacitors both rely 

on electrochemical processes, although sepa-

rate electrochemical mechanisms determine 

their relative energy and power density. Dur-

ing the past 5 to 7 years, the energy storage 

fi eld has witnessed a dramatic expansion in 

research directed at materials that might com-

bine the high energy density of batteries with 

the long cycle life and short charging times 

of supercapacitors ( 2). However, the blurring 

of these two electrochemical approaches can 

cause confusion and may lead to unwarranted 

claims unless careful attention is paid to fun-

damental performance characteristics.

The electrochemical processes occurring 

in batteries and supercapacitors give rise to 

their different charge-storage properties. In 

lithium ion (Li+) batteries, the insertion of Li+ 

that enables redox reactions in bulk electrode 

materials is diffusion-controlled and can be 

slow. Supercapacitor devices, also known as 

electrical double-layer capacitors (EDLCs), 

store charge by adsorption of electrolyte ions 

onto the surface of electrode materials (see 

the fi gure, panels A to D). No redox reactions 

are required, so the response to changes in 

potential without diffusion limitations is rapid 

and leads to high power. However, the charge 

is confi ned to the surface, so the energy den-

sity of EDLCs is less than that of batteries ( 3). 

As shown in the fi gure, panels E to H, super-

capacitors can be distinguished from batter-

ies by both potentiostatic and galvanostatic 

methods. The different methods for achieving 

double-layer capacitance are characterized 

by classic rectangular cyclic voltammograms 

(panel E) and a linear time-dependent change 

in potential at a constant current (panel G). In 

batteries, the cyclic voltammograms are char-

acterized by faradaic redox peaks, often with 

rather large voltage separation (greater than 

0.1 to 0.2 V) between oxidation and reduc-

tion because of phase transitions (panel F) 

( 4). The presence of two phases is indicated 

by the voltage plateau in galvanostatic experi-

ments (panel H).

In the 1970s, Conway and others recog-

nized that reversible redox reactions occur-

ring at or near the surface of an appropri-

ate electrode material lead to EDLC-like 

electrochemical features but the redox pro-

cesses lead to much greater charge storage 
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( 5). This pseudocapacitance represents a sec-

ond mechanism for capacitive energy stor-

age. The most widely known pseudocapaci-

tors are RuO2 and MnO2; recently this list has 

expanded to other oxides, as well as nitrides 

and carbides, as different pseudocapacitance 

mechanisms have been identifi ed ( 6). Pseu-

docapacitive materials hold the promise of 

achieving battery-level energy density com-

bined with the cycle life and power density 

of EDLCs. To avoid further confusion with 

EDLCs, we propose that these materials be 

called oxide supercapacitors (nitride, carbide, 

etc.) to recognize that a substantial fraction 

of the charge storage arises from redox reac-

tions. The use of this terminology requires 

identifying the charge storage mechanism, 

rather than basing the claim on the material 

type alone.

A second feature that blurs the distinction 

between batteries and supercapacitors is how 

their response changes when nanoscale mate-

rials are used. When battery materials are pre-

pared in nanoscale forms, their power density 

increases because of the short transport paths 

for ions and electrons ( 7). However, increased 

power density does not necessarily transform 

nanoscale materials into oxide supercapaci-

tors because their faradaic redox peaks and 

galvanostatic profiles remain battery-like 

(see the fi gure, panels F and H). At smaller 

dimensions (<10 nm), there are indications 

that traditional battery materials exhibit 

capacitor-like properties [e.g., LiCoO2 shown 

in panel H of the fi gure ( 8); V2O5 may behave 

in a similar fashion ( 9)]. “Extrinsic” pseudo-

capacitance can emerge when a battery mate-

rial is engineered at the nanoscale so that a 

large fraction of Li+ storage sites are on the 

surface or near-surface region.

Pronounced redox peaks in the voltam-

metry can be an indication of pseudocapaci-

tance, provided the peak voltage differences 

are small and remain so with increasing sweep 

rate ( 5). The kinetic information obtained 

from sweep voltammetry can also be used. 

For a redox reaction limited by semi-infi nite 

diffusion, the peak current i varies as v1/2; for 

a capacitive process, it varies as v. This rela-

tion is expressed as i = avb ( 10), with the value 

of b providing insight regarding the charge 

storage mechanism. Over a wide range of 

sweep rates v, the well-known battery mate-

rial LiFePO4 has b ≈ 0.5, whereas b ≈ 1.0 for 

the pseudocapacitor material Nb2O5 ( 6,  11). 

In addition to diffusion-controlled behavior, 

low Coulombic effi ciency and sluggish kinet-

ics are indications that the material is not a 

supercapacitor. Thus, an electrode material 

or a device with well-separated redox peaks 

(panel F) and a discharge curve similar to the 

upper curve in panel H should not be consid-

ered a supercapacitor.

There is nothing inappropriate in using 

nanostructured battery materials in symmet-

ric electrochemical cells or combined with 

a capacitive electrode (carbon) to make a 

hybrid energy storage device. However, it is 

misleading to test such a material or device 

at a low rate (for a supercapacitor, at least) 

and claim that it is a “high–

energy density superca-

pacitor.” Additionally, the 

use of low weight load-

ings or thin fi lms of nano-

structured battery materi-

als leads to devices with 

moderate performance 

and limited cycle life ( 12). 

If the materials are to be 

considered for high-power 

devices, they need to be 

evaluated at the rates where 

supercapacitor devices are 

used (e.g., fully recharged 

in 1 min, referred to as a 

rate of 60C).

The prospect of devel-

oping materials with the 

energy density of batteries 

and the power density and 

cycle life of supercapaci-

tors is an exciting direction 

that has yet to be realized. 

Whether to approach these 

goals by increasing the 

power density of battery materials or increas-

ing the energy density of supercapacitors is 

one of the enticing features of the fi eld. How-

ever, there needs to be clarity in the terminol-

ogy used in combination with appropriate 

measurements and analyses. Proper evalua-

tion of new materials and their charge storage 

mechanisms will facilitate progress in this 

important fi eld of electrical energy storage. 
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        O
ne of the major enigmas in hepatitis 

B virus (HBV) infection is the strik-

ing persistence of its episomal DNA 

[covalently closed circular DNA (cccDNA)], 

the viral transcriptional template sequestered 

in the nucleus of infected hepatocytes. Eradi-

cating cccDNA is a requisite for virus elim-

ination and cure, a desirable end point for 

the 400 million people chronically infected 

by HBV worldwide who are at a substan-

tial risk for end-stage liver disease and liver 

cancer. Commonly used therapies suppress 

viral replication, but because they are inef-

fective at targeting the cccDNA pool, they 

often require lifelong administration to pre-

vent viral rebound ( 1). Thus, the development 

of new drugs that effi ciently and specifi cally 

target HBV cccDNA is a priority. On page 

1221 of this issue, Lucifora et al. ( 2) uncover 

a mechanism that destroys cccDNA, which 

can be activated by two different approaches.

Fifteen years ago, a seminal study showed 

that HBV cccDNA could be cleared, with-

out destruction of infected cells, from the 

livers of chimpanzees during acute infec-

tion ( 3). This challenged the prevailing con-

cept that HBV infection was cleared exclu-

sively by cell-mediated cytopathic mecha-

nisms, and suggested the involvement of 

secreted cytokines, such as tumor necrosis 

factor–α (TNF-α) and interferon-γ (IFN-γ). 

Lucifora et al. show that IFN-α, a cytokine 

that has been used for decades to treat HBV 

infection, causes specifi c degradation of the 

nuclear cccDNA without detectable hepato-

toxicity. Furthermore, a similar effect can be 

achieved by activating the lymphotoxin-β 

receptor (LTβR), a receptor engaged by 

members of the TNF cytokine superfamily.

Lucifora et al. found that IFN-α treat-

ment of HBV-infected hepatocytes, or anti-

body-mediated activation of LTβR, resulted 

in extensive nucleotide changes [guanine 

(G) to adenine (A)] in cccDNA, a transition 

that is a hallmark of cytidine deamination. 

Remarkably, this deamination did not 

occur in cellular DNA, indicating that viral 

clearance might involve cccDNA-specifi c 

mechanisms.

That cytidine deamination blocks the 

HBV life cycle is neither new nor unex-

pected for a virus that replicates by reverse 

transcription (HBV replicates through an 

RNA intermediate, which is transcribed into 

complementary DNA using reverse tran-

scriptase). In fact, HBV is inhibited by mem-

bers of a cytidine deaminase family called 

apolipoprotein B mRNA editing enzyme, 

catalytic polypeptide-like 3 (APOBEC3). 

Initial studies suggested inhibitory mecha-

nisms other than extensive genome editing 

( 4). However, subsequent reports supported 

a role for APOBEC3-mediated hypermu-

tation in the anti-HBV effect ( 5) and even 

suggested IFN-α as a stimulator of APO-

BEC3 expression in primary human hepa-

tocytes ( 6). Lucifora et al. show that IFN-α 

or LTβR agonists trigger the expression of 

APOBEC3A or APOBEC3B, respectively, 

resulting in selective deamination and deg-

radation of cccDNA. This effect is specifi c, 

because the HIV protein Vif, which blocks 

the action of all APOBEC3 proteins except 

for APOBEC3B, prevented the nucleotide 

changes in cccDNA induced by IFN-α and 

cccDNA degradation. This was not observed 
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for changes in cccDNA induced by LTβR. 

Depletion of either APOBEC3A or APO-

BEC3B from infected liver cells abolished 

cccDNA degradation elicited by IFN-α or 

LTβR, respectively.

How might APOBEC3 enzymes selec-

tively target cccDNA? Lucifora et al. impli-

cate the HBV core protein, which binds to 

both cccDNA and APOBEC3A, thereby 

bringing them into close contact to promote 

cccDNA deamination and degradation (see 

the fi gure). Host genomic DNA, as well as 

HBV DNA that has integrated into the host 

genome, are spared.

What do these new findings mean for 

understanding HBV infection and improv-

ing treatment? In terms of resolution of 

infection, moderate cccDNA deamination 

occurred even without IFN-α, providing a 

possible explanation for the low frequency 

of spontaneous clearance seen in infected 

patients (2% of patients per year) ( 7). Still, 

the reason for the disappointing response to 

IFN-α–based HBV therapy remains unclear. 

The high concentrations of IFN-α used by 

Lucifora et al. to achieve maximal cccDNA 

degradation might suggest that clinically 

acceptable concentrations are not suffi cient. 

Alternatively, the fi nding that the expression 

of APOBEC3A is only transient after IFN-α 

treatment in patients underscores the fact 

that hepatocytes rapidly become refractory 

to the cytokine ( 8). To explain the unexpected 

effect of APOBEC3 on double-stranded 

DNA, rather than on single-stranded DNA, 

the authors posit that transcription of viral 

RNA generates single-stranded HBV DNA 

that is accessible to APOBEC3 action. In 

this scenario, the repressive effect of IFN-α 

on HBV transcription ( 9) could antagonize 

APOBEC3-mediated cccDNA deamina-

tion and effi cient elimination. Lucifora et 

al. also show that addition of potent nucleo-

side or nucleotide analogs that suppress viral 

replication enhance the effect of IFN-α on 

cccDNA. However, this does not mesh with 

the disappointing, albeit limited, clinical 

trial results obtained thus far ( 10). It may 

be that preexisting cccDNA is more resis-

tant to that action of APOBEC compared to 

cccDNA that is newly generated by reverse 

transcription. Alternatively, the extent of 

deamination in response to IFN-α may be 

insufficient to irreversibly damage every 

molecule of cccDNA. However, combining 

newer analogs with IFNs that do not elicit a 

refractory state (8), or with LTβR agonists, 

may be worth testing.

Nonetheless, there is much about the 

IFN-α/LTβR-APOBEC3 mechanism that 

is mysterious. The amount of APOBEC3A 

or APOBEC3B expression (at the transcript 

level) did not always positively correlate 

with cccDNA degradation. It is also unclear 

why deaminated cccDNA is degraded rather 

than repaired. In addition, hepatocytes lack-

ing an APOBEC3B allele associated with 

more frequent HBV persistence ( 11) did not 

show markedly diminished cccDNA degra-

dation in response to LTβR agonists. How-

ever, these in vitro results were obtained 

with hepatocytes derived from a limited 

number of donors.

The findings of Lucifora et al. add to 

other studies showing that IFN-α acts 

on multiple levels of the HBV life cycle. 

Further defining the precise mechanisms 

of the anti-HBV effect of IFN-α and other 

cytokines on cccDNA degradation may 

open up potential new avenues for more 

effective HBV elimination. LTβR agonists, 

if proven safe, could be an alternative to 

IFN-α treatment, with enhanced cure rates. 

Human studies are needed, but one hopes 

that we may be getting closer to making the 

notion of “once HBV, always HBV” a van-

ishing memory. 
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Society, Where None Intrudes

ECOLOGY

H. Charles J. Godfray

A fi eld study reveals an intricate tropical 

community of plants, herbivores, and 

parasitoids.

        E
xplaining the diversity and structure 

of networks of interacting species is 

one of the main challenges in mod-

ern ecology. Even building the food webs 

needed to understand how these networks 

are structured can be a massive undertaking, 

especially in the tropics, where diversity is 

highest and understanding of the taxonomy 

of the species involved is often poor. How-

ever, progress has been made with commu-

nities of plant-eating insects and the special-

ized insects that feed on them, in particular 

parasitic wasps. On page 1240 of this issue, 

Condon et al. ( 1) combine fi eld ecology and 

molecular biology to describe the structure 

of a self-contained community of tropical 

plant-eating fl ies and the wasps that attack 

them. The results reveal an unexpectedly 

intricate community structure.

The number of insect herbivore species 

on Earth is not known, but conservative esti-

mates are in the millions, with peak diver-

sity in the tropics ( 2). Lepidoptera (butter-

fl ies and moths) and beetles are the most 

common types of plant-eating insects; sev-

eral groups of true fl ies have also evolved 

herbivory. Nearly all of these species are 

attacked by parasitic wasps, which typically 

lay their eggs in or on their host’s body. The 

developing wasp larva requires just a single 

host (which it invariably kills) for its full 

development. Parasitic wasps and ecologi-

cally similar insects are often called para-

sitoids, because their life history is interme-

diate between predators and true parasites. 

Because parasitoids take some time to kill 

their hosts, it is much easier to construct 

plant-host-parasitoid food webs than is the 

case for predators, which must be observed 

in the act of killing and eating the prey to 

establish a trophic link. Thus, some of the 

best examples of large tropical food webs 

resolved at the species level involve this type 

of interaction ( 3– 5).

One of the major structuring forces 

in community ecology is competition for 

resources: The more distinct resources—

such as host-plant species—exist, the more 

species of consumers can coexist. But very 

often, a single host-plant species supports 
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many species of specialist insect herbi-

vores. Of course, different species may spe-

cialize by feeding on different plant organs, 

or the different species may feed on the 

plants at nonoverlapping times of year, but 

even taking this into account, there appear 

to be more consumers than distinct resource 

niches ( 6).

But communities can also be structured 

by the actions of higher trophic levels—

for example, the diseases, parasitoids, and 

predators that afflict plant-eating insects. 

Just as two consumer species cannot coex-

ist in the long term on the same resource, 

with the less efficient competitor going 

extinct, so a natural enemy that attacks two 

species will drive the less resilient to extinc-

tion. Similarly, just as species are predicted 

to evolve to use unexploited resources, they 

are also expected to evolve into “enemy-free 

space”—ecological niches with few preda-

tors and parasitoids ( 7). This type of inter-

action between species mediated by shared 

natural enemies has been termed “appar-

ent competition” ( 8) because its effects on 

community structure are similar to those of 

traditional resource competition. Experi-

ments have shown that apparent competition 

occurs in insect food webs, including in the 

tropics ( 9).

Condon et al. studied a type of fly 

(belonging to the family Tephritidae) whose 

larvae feed on the succulent parts of the 

fl owers of climbing squashes (cucurbits). 

At their study site in Peru, two species of 

squash grew together; each had morphologi-

cally distinct male and female fl owers. The 

fl y larvae are attacked by tiny wasps, a few 

millimeters in length, that lay their eggs in 

young larvae. The eggs hatch and the wasp 

larvae remain in a state of suspended devel-

opment until their hosts become full grown, 

when they resume growth and kill them. 

During the developmental hiatus, the host 

can fi ght back by mounting an immunologi-

cal defense that, if successful, kills the inter-

nal parasitoid.

The first surprise about this commu-

nity was how many species were involved 

and how specialized they were. The authors 

reared 14 fl y species, all in the same genus. 

Most species of fl y specialized on only one 

of the four resource types—either a male 

or female fl ower of the two species. Up to 

11 species shared a single resource type. A 

clue to how these species can coexist is pro-

vided by the 18 species of parasitoid wasps 

that were reared. They include two species 

that attack a broad range of hosts, but also a 

group of closely related species—all belong-

ing to the same genus—that have very nar-

row host ranges. These wasps were each 

restricted to develop in a single fl y species, 

even when several host types were present. 

Such patterns are exactly what one expects if 

resource competition and apparent competi-

tion are structuring the community.

Until recently, it has only been possible 

to record the parasitoids that have over-

come host defenses, not those that have 

succumbed to, or have been outcompeted 

by, other parasitoid species. Using modern 

molecular techniques, it is now possible to 

detect the traces of unsuccessful parasitoid 

attacks, allowing interaction webs rather 

than trophic webs to be constructed ( 10). 

Condon et al. do this for the fi rst time in 

a large tropical community. They fi nd that 

although most parasitoid species only suc-

cessfully develop in one host species, the 

searching females lay eggs in other spe-

cies that feed on the same resource type but 

are able to successfully defend themselves 

against the parasitoid. This host specifi c-

ity is again consistent with structuring by 

apparent competition, but it remains unclear 

why females lay eggs in the wrong host. 

Possibly, they cannot tell hosts apart; alter-

natively, laying eggs in the wrong host may 

be worthwhile because the opportunity cost 

of wasting an egg is low or because the off-

spring may survive in rare cases.

Condon et al. provide a wonderful exam-

ple of a “society, where none intrudes.” The 

web of interactions they reveal is complex 

and raises fascinating hypotheses about 

how different species infl uence each other’s 

dynamics, both directly and indirectly. These 

ideas need to be tested experimentally, and 

this system, compared to most other tropi-

cal communities, may be relatively easy to 

manipulate in the fi eld. 
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Flies of the genus Blepharoneura
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Flowers of Gurania spinulosa

Intricate web. At their study site, Condon et al. collected 3636 fl owers from two species of squash. A total of 
1106 fl ies and 163 parasitoid wasps emerged from the fl owers. In the resulting food web, the three trophic 
levels are represented by rows of balls. Within each trophic level, the size of the balls and thickness of the 
links are proportional to the abundance of species and the strength of feeding links, respectively. Most wasp 
species can only develop in a single fl y host species.
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Introduction: Bacteria and archaea defend themselves against invasive 
DNA using adaptive immune systems comprising CRISPR (clustered regu-
larly interspaced short palindromic repeats) loci and CRISPR-associated 
(Cas) genes. In association with Cas proteins, small CRISPR RNAs (crRNAs) 
guide the detection and cleavage of complementary DNA sequences. Type 
II CRISPR systems employ the RNA-guided endonuclease Cas9 to recognize 
and cleave double-stranded DNA (dsDNA) targets using conserved RuvC and 
HNH nuclease domains. Cas9-mediated cleavage is strictly dependent on the 
presence of a protospacer adjacent motif (PAM) in the target DNA. Recently, 
the biochemical properties of Cas9–guide RNA complexes have been har-
nessed for various genetic engineering applications and RNA-guided tran-
scriptional control. Despite these ongoing successes, the structural basis for 
guide RNA recognition and DNA targeting by Cas9 is still unknown.

Rationale: To compare the architectures and domain organization of 
diverse Cas9 proteins, the atomic structures of Cas9 from Streptococcus 

pyogenes (SpyCas) and Actinomyces naeslundii (AnaCas9) were deter-
mined by x-ray crystallography. Crosslinking of target DNA containing 
5-bromodeoxyuridines was conducted to identify PAM-interacting regions 
in SpyCas9. To test functional interactions with nucleic acid ligands, 
structure-based mutant SpyCas9 proteins were assayed for endonuclease 
activity with radiolabeled oligonucleotide dsDNA targets, and target DNA 
binding was monitored by electrophoretic mobility shift assays. To com-
pare conformations of Cas9 in different states of nucleic acid binding, 
three-dimensional reconstructions of apo-SpyCas9, SpyCas9:RNA, and 
SpyCas9:RNA:DNA were obtained by negative-stain single-particle elec-
tron microscopy. Guide RNA and target DNA positions were determined 

with streptavidin labeling. Exonuclease protection assays were carried out 
to determine the extent of Cas9–target DNA interactions.

Results: The 2.6 Å–resolution structure of apo-SpyCas9 reveals a bilobed 
architecture comprising a nuclease domain lobe and an α-helical lobe. 
Both lobes contain conserved clefts that may function in nucleic acid bind-
ing. Photocrosslinking experiments show that the PAM in target DNA is 
engaged by two tryptophan-containing fl exible loops, and mutations of 
both loops impair target DNA binding and cleavage. The 2.2 Å–resolution 
crystal structure of AnaCas9 reveals the conserved structural core shared 
by all Cas9 enzyme subtypes, and both SpyCas9 and AnaCas9 adopt auto-
inhibited conformations in their apo forms. The electron microscopic (EM)  
reconstructions of SpyCas9:RNA and SpyCas9:RNA:DNA complexes reveal 
that guide RNA binding results in a conformational rearrangement and 
formation of a central channel for target DNA binding. Site-specifi c label-
ing of guide RNA and target DNA defi ne the orientations of nucleic acids 
in the target-bound complex.

Conclusion: The SpyCas9 and AnaCas9 structures defi ne the molecular 
architecture of the Cas9 enzyme family in which a conserved structural 
core encompasses the two nuclease domains responsible for DNA cleavage, 
while structurally divergent regions, including the PAM recognition loops, 
are likely responsible for distinct guide RNA and PAM specifi cities. Cas9 
enzymes adopt a catalytically inactive conformation in the apo state, neces-
sitating structural activation for DNA recognition and cleavage. Our EM 
analysis shows that by triggering a conformational rearrangement in Cas9, 
the guide RNA acts as a critical determinant of target DNA binding. 
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Structures of a family of genome-editing 

enzymes reveal how they target and 

cleave DNA.

Structures of Cas9 endonucleases reveal 

RNA-mediated conformational activation. 
(A) Crystal structures of S. pyogenes (SpyCas9) 
and A. naeslundii (AnaCas9) Cas9 proteins. (B) 
Left: Negative-stain EM reconstructions of apo-
SpyCas9 (top) and SpyCas9-RNA-target DNA com-
plex (bottom) show that nucleic acid binding 
causes a reorientation of the nuclease (blue) and 
α-helical (gray) lobes in SpyCas9. Right: Cartoon 
representations of the structures. tracrRNA, trans-
activating crRNA.
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Structures of Cas9 Endonucleases
Reveal RNA-Mediated
Conformational Activation
Martin Jinek,1*† Fuguo Jiang,2* David W. Taylor,3,4* Samuel H. Sternberg,5*
Emine Kaya,2 Enbo Ma,2 Carolin Anders,1 Michael Hauer,2‡ Kaihong Zhou,3

Steven Lin,2,3 Matias Kaplan,3§ Anthony T. Iavarone,4 Emmanuelle Charpentier,6,7,8

Eva Nogales,2,3,4,9† Jennifer A. Doudna2,3,4,5,10†

Type II CRISPR (clustered regularly interspaced short palindromic repeats)–Cas (CRISPR-associated)
systems use an RNA-guided DNA endonuclease, Cas9, to generate double-strand breaks in
invasive DNA during an adaptive bacterial immune response. Cas9 has been harnessed as a
powerful tool for genome editing and gene regulation in many eukaryotic organisms. We report
2.6 and 2.2 angstrom resolution crystal structures of two major Cas9 enzyme subtypes, revealing
the structural core shared by all Cas9 family members. The architectures of Cas9 enzymes define
nucleic acid binding clefts, and single-particle electron microscopy reconstructions show that the
two structural lobes harboring these clefts undergo guide RNA–induced reorientation to form a
central channel where DNA substrates are bound. The observation that extensive structural
rearrangements occur before target DNA duplex binding implicates guide RNA loading as a key
step in Cas9 activation.

Bacteria and archaea target invasive DNA
using RNA-guided adaptive immune sys-
tems encoded by CRISPR (clustered regu-

larly interspaced short palindromic repeats)–Cas
(CRISPR-associated) genomic loci (1–4). After
integration of short fragments of invader-derived
DNA into a CRISPR array within the host chromo-
some (5), enzymatic processing of CRISPR tran-
scripts producesmature CRISPRRNAs (crRNAs)
that direct Cas protein–mediated targeting ofDNA
bearing complementary sequences (protospacers)
to foreign nucleic acids (6). Although type I and
III CRISPR-Cas systems rely onmultiprotein com-
plexes for crRNA-guidedDNA targeting (1, 4, 7),
type II systems use a single RNA-guided endo-
nuclease, Cas9, that requires both amature crRNA
and a trans-activating crRNA (tracrRNA) for tar-

get DNA recognition and cleavage (8, 9). Both
a seed sequence in the crRNA and conserved
protospacer adjacent motif (PAM) sequence in
the target are crucial for Cas9-mediated cleavage
(8, 10).

Cas9 proteins are abundant across the bacte-
rial kingdom, but vary widely in both sequence
and size. All known Cas9 enzymes contain an
HNH domain that cleaves the DNA strand com-
plementary to the guide RNA sequence (target
strand), and a RuvC nuclease domain required
for cleaving the noncomplementary strand (non-
target strand), yielding double-strandDNAbreaks
(DSBs) (8, 10). In addition, Cas9 enzymes con-
tain a highly conserved arginine-rich (Arg-rich) re-
gion previously suggested to mediate nucleic acid
binding (11). On the basis of CRISPR-Cas locus
architecture and protein sequence phylogeny, Cas9
genes cluster into three subfamilies: types II-A,
II-B, and II-C (12, 13). Cas9 proteins found in
II-A and II-C subfamilies typically contain ~1400
and ~1100 amino acids, respectively.

The ability to program Cas9 for DNA cleav-
age at specific sites defined by guide RNAs has
led to its adoption as a versatile platform for ge-
nome engineering (14). When directed to target
loci in eukaryotes by either dual crRNA:tracrRNA
guides or chimeric single-guide RNAs, Cas9 gen-
erates site-specific DSBs that are repaired either
by nonhomologous end joining or by homologous
recombination (15–17), which can be exploited to
modify genomic sequences in the vicinity of the
Cas9-generated DSBs. Furthermore, catalytically
inactive Cas9 alone or fused to transcriptional ac-
tivation or repression domains can be used to
control transcription at sites defined by guideRNAs
(18–20). Both type II-A and type II-C Cas9 pro-

teins have been used in eukaryotic genome edit-
ing (21, 22). Smaller Cas9 proteins, encoded by
more compact genes, are potentially advantageous
for cellular delivery using vectors that have lim-
ited size such as adeno-associated virus and
lentivirus.

Here, we present the crystal structures of Cas9
enzymes from the two major enzyme subclasses
(type II-A and type II-C). Both structures reveal
the fundamental RNA-guided DNA endonuclease
architecture, the locations of both active sites, and
the likely nucleic acid binding clefts. Biochem-
ical experiments show that PAMrecognition occurs
through a composite binding site that is disor-
dered in the absence of guide RNA and substrate
interactions. Single-particle electron microscopy
(EM) structures show that guide RNA loading trig-
gers a conformational change in Cas9 for produc-
tiveDNA surveillance. Together, these data provide
insights into the function, regulation, and evolu-
tion of the Cas9 enzyme family.

Streptococcus pyogenes Cas9 Structure
Reveals a Two-Lobed Architecture
with Adjacent Active Sites
Streptococcus pyogenes Cas9 (SpyCas9) is a pro-
totypical type II-A Cas9 protein consisting of
well-conserved RuvC and HNH domains, and
flanking regions lacking apparent sequence sim-
ilarity to known protein structures (Fig. 1A).
As the first biochemically characterized Cas9,
SpyCas9 is used in most of the current CRISPR-
based genetic engineering methodologies (14).
To obtain structural insights into the architecture
of SpyCas9, we determined the 2.6-Å resolution
crystal structure of the enzyme (Table 1). The
structure reveals that SpyCas9 is a crescent-
shaped molecule with approximate dimensions
of 100 Å × 100 Å × 50 Å (Fig. 1B and fig. S1).
The enzyme adopts a distinct bilobed architec-
ture comprising the nuclease domains and the
C-terminal domain in one lobe (the nuclease lobe),
and a large a-helical domain in the other. The
RuvC domain forms the structural core of the
nuclease lobe, a six-stranded b sheet surrounded
by four a helices, with all three conserved motifs
contributing catalytic residues to the active site
(fig. S1). The HNH and RuvC domains are jux-
taposed in the SpyCas9 structure, with their ac-
tive sites located ~25 Å apart. The HNH domain
active site is poorly ordered in apo-SpyCas9 crys-
tals, suggesting that the active site may undergo
conformational ordering upon nucleic acid bind-
ing. The C-terminal region of SpyCas9 contains a
b-b-a-b Greek key domain that bears structural
similarity to a domain found in topoisomerase II
(23) (hereafter referred to as the Topo-homology
domain, residues 1136Spy to 1200Spy). A mixed
a/b region (C-terminal domain, residues 1201Spy

to 1363Spy) forms a protrusion on the nuclease
domain lobe. The structural halves of SpyCas9 are
connected by two linking segments, one formed
by the Arg-rich region (residues 59Spy to 76Spy)
and the other by a disordered linker comprising
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residues 714Spy to 717Spy (Fig. 1B). The total sur-
face area buried between the two structural lobes
in SpyCas9 is 1034 Å2.

SpyCas9 Contains Two Putative Nucleic Acid
Binding Grooves
SpyCas9 contains two prominent clefts on one
face of the molecule: a deep and narrow groove
located within the nuclease lobe and a somewhat
wider groove within the a-helical lobe (Fig. 1C).
The nuclease lobe cleft is about 40 Å long, 15 to
20 Å wide, and 15 Å deep, with the RuvC active
site located at its bottom. The C-terminal domain
forms one side of the cleft, whereas the HNH
domain and a protrusion of the a-helical lobe form
the other. The concave surface of the a-helical
lobe creates a wider, shallower groove that ex-
tends over almost its entire length (Fig. 1C). The
groove is more than 25 Å across at its widest
point, which would be sufficient to accommodate
an RNA-RNA or DNA-RNA duplex. Its surface
is highly positively charged (Fig. 1D), especial-
ly at the Arg-rich segment comprising R69Spy,
R70Spy, R71Spy, R75Spy, and K76Spy. Multiple sul-
fate or tungstate ions are bound to the a-helical
lobe in the SpyCas9 crystals (fig. S2), hinting at a
possible role in nucleic acid binding. Amino acid
residues located in both the nuclease and a-helical
lobe clefts are highly conserved within type II-A
Cas9 proteins (Fig. 1E), suggesting that both clefts
play important functional roles. Because the RuvC
domain mediates cleavage of the nontarget DNA
strand (8, 10), the nuclease domain cleft likely binds
the displaced nontarget strand. Conversely, the
a-helical lobe, which contains theArg-rich segment,
might be involved in binding the crRNA:tracrRNA
guide RNA and/or the crRNA–target DNA hetero-
duplex. This would be consistent with the obser-
vation that a mutation in the Arg-rich region in
Francisella novicida Cas9 leads to loss of RNA-
guided targeting in vivo (11).

PAM Recognition by SpyCas9 Involves
Two Tryptophan-Containing Flexible Loops
SpyCas9 recognizes a 5′-NGG-3′ PAM sequence
located 3 base pairs (bp) to the 3′ side of the
cleavage site on the noncomplementary DNA
strand, whereas other Cas9 orthologs have differ-
ent PAM requirements (8, 10, 22, 24–27). To gain
insight into PAM binding by SpyCas9, we super-
imposed the SpyCas9 RuvC nuclease domain
structure with that of the RuvC Holliday junction
resolvase–substrate complex (28) (fig. S3A), which
enabled us to model the likely trajectory of the
nontarget DNA strand in the SpyCas9 holoenzyme
(Fig. 2A and fig. S3, B and C). The DNA strand
is located along the length of the nuclease lobe
cleft in an orientation that would position the 3′
end of the DNA, and hence the PAM, at the junc-
tion of the two lobes, in the vicinity of theArg-rich
segment and theTopo-homology domain (Fig. 2B).

To directly identify regions of Cas9 involved
in PAM binding, we reconstituted catalytically
inactive SpyCas9 (D10A/H840A)with a crRNA:
tracrRNA guide RNA and bound it to DNA tar-

gets carrying a photoactivatable 5-bromo-2′-
deoxyuridine (BrdU) nucleotide adjacent to ei-
ther end of the GG PAM motif on the nontarget

strand (Fig. 2C). After ultraviolet (UV) irradia-
tion and trypsin digestion, covalent peptide-DNA
cross-links were detected (Fig. 2C and fig. S4). A
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Fig. 1. Crystal structure of SpyCas9 reveals an open bilobed architecture and nucleic acid
binding clefts. (A) Cartoon schematic of the polypeptide sequence and domain organization for the type
II-A Cas9 protein from S. pyogenes (SpyCas9). Cas9 is predicted to contain a single HNH nuclease domain
and a single RuvC nuclease domain. The RuvC domain is made up of three discontinuous segments
(RuvC-I to RuvC-III), with the a-helical lobe inserted between the first and the second segments, and the
HNH domain inserted between the second and the third segments. Arg, arginine-rich region; Topo, Topo-
homology domain; CTD, C-terminal domain. (B) Orthogonal views of the overall structure of SpyCas9
shown in ribbon representation. Individual Cas9 domains are colored according to the scheme in (A).
SpyCas9 consists of a nuclease domain lobe and an a-helical lobe. Disordered segments of the
polypeptide chain are denoted with dotted lines. (C) Surface representation of SpyCas9 depicting the two
nucleic acid binding clefts on the molecular surface. (D) Surface electrostatic potential map of SpyCas9
colored from −10 kT/e (red) to +10 kT/e (blue) (61). (E) Surface representation of SpyCas9 colored
according to evolutionary conservation. The representation was generated using the ConSurf server (62)
based on the multiple sequence alignment of type II-A Cas9 proteins shown in fig. S1. A disordered
segment (residues 571Spy to 586Spy, indicated with a black dashed line) covers the apparently conserved
patch on the reverse convex surface of SpyCas9.
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DNA substrate containing BrdU on the target
strand opposite the PAM failed to produce a cross-
link (fig. S4). After nuclease and phosphatase diges-
tion of cross-linked DNA, nano–high-performance
liquid chromatography (HPLC) tandem mass
spectrometry (MS/MS) was performed to identi-
fy tryptic peptides containing covalent dU or p-dU
adducts (Fig. 2C and figs. S5 and S6). The nu-
cleotide immediately 5′ to the GG motif cross-
linked to residue W476Spy, whereas the residue
immediately 3′ to the motif cross-linked to res-
idueW1126Spy (figs. S5 and S6). Both tryptophans
are located in disordered regions of SpyCas9
located ~30 Å apart. W476Spy resides in a 53–
amino acid loop at the edge of the a-helical lobe
underneath theArg-rich region,whereasW1126Spy

is located in a 33–amino acid loop connecting
the RuvC and Topo-homology domains (Fig. 2B).
These tryptophan residues are conserved among
type II-A Cas9 proteins that use the same NGG
PAM to cleave target DNA in vitro (8, 27), but
are absent from type II-C Cas9 proteins, which
are known to recognize different PAMs (22, 25–27)

(figs. S1 and S7). The type II-B Cas9 protein
fromF. novicida, whose PAMwas recently shown
to be 5′-NG-3′, contains a tryptophan (W501Fno) at
the position corresponding to W476Spy, but lacks
an aromatic residue equivalent toW1126Spy (27).

To test the roles of both loops in DNA target
recognition and cleavage, we made triple alanine
substitutions of residues 475Spy to 477Spy (P-W-N)
and 1125Spy to 1127Spy (D-W-D) and performed
cleavage assayswith double-strandedDNA (dsDNA)
targets (Fig. 2D and fig. S8). SpyCas9 mutated in
residues 1125Spy to 1127Spy showedwild-type cleav-
age activity, whereas mutations in residues 475Spy

to 477Spy caused a subtle, but reproducible, de-
crease in activity (fig. S9). Remarkably, mutating
both loops simultaneously almost completely abol-
ished SpyCas9 activity, indicating that at least
one tryptophan-containing segment is necessary
to promote DNA cleavage (Fig. 2D and fig. S10).
The distance of both tryptophan residues from
either nuclease domain argues against their direct
catalytic role in DNA cleavage, instead suggest-
ing that the residues are involved in PAM rec-

ognition. Consistent with this, DNA binding assays
showed that each triple-mutant protein is moder-
ately defective in DNA binding, whereas the dual
triple-mutant protein has markedly reduced DNA
binding affinity (fig. S11).

Actinomyces naeslundii Cas9 Structure
Reveals the Architecture of a Smaller
Cas9 Variant
Although most genome engineering methodolo-
gies currently use SpyCas9, there is considerable
interest in exploitingmore compact Cas9 enzymes
for such applications (21, 22). To understand how
the large and small Cas9 variants are related and
how they carry out similar catalytic functions, we
determined the 2.2-Å resolution crystal structure
of the type II-C Cas9 enzyme from Actinomyces
naeslundii (AnaCas9) (Table 2). AnaCas9 also
folds into a bilobed structure with approximate
dimensions of 105 Å × 80 Å × 55 Å. The RuvC
and HNH nuclease domains, a Topo-homology
domain, and the C-terminal domain form an ex-
tended nuclease lobe with the RuvC domain

Table 1. X-ray data collection, refinement, and model statistics for SpyCas9.

Data set Native MnCl2 soak SeMet Sodium tungstate CoCl2 soak Er(III) acetate soak Thimerosal soak

X-ray source SLS PXI SLS PXIII ALS 8.2.2 SLS PXI SLS PXIII ALS 8.2.2 SLS PXIII
Space group P21212 P21212 P21212 P21212 P21212 P21212 P21212
Cell dimensions

a, b, c (Å) 159.8, 209.6,
91.3

159.8, 209.3,
91.0

158.9, 201.1,
89.7

160.0, 209.5,
90.5

161.3, 210.9,
91.0

159.5, 209.2,
90.9

159.5, 209.1,
90.5

a, b, g (°) 90.0, 90.0,
90.0

90.0, 90.0,
90.0

90.0, 90.0,
90.0

90.0, 90.0,
90.0

90.0, 90.0,
90.0

90.0, 90.0,
90.0

90.0, 90.0,
90.0

Wavelength (Å) 1.00000 1.00000 0.979168 1.2149 1.58955 1.475991 1.00392
Resolution (Å)* 127.07–2.62

(2.69–2.62)
47.48–3.10
(3.18–3.10)

87.64–4.20
(4.31–4.20)

49.77–3.90
(4.00–3.90)

47.9–3.60
(3.69–3.60)

87.45–3.30
(3.39–3.30)

47.38–3.59
(3.69–3.59)

Rsym (%)* 4.7 (63.6) 9.6 (94.0) 15.2 (71.4) 12.2 (87.0) 8.6 (76.3) 6.7 (39.7) 19.4 (78.8)
I/sI* 13.02 (1.94) 19.1 (2.3) 9.7 (2.9) 17.3 (4.1) 14.2 (3.0) 10.4 (2.1) 10.4 (2.5)
Completeness (%)* 98.2 (98.5) 100.0 (100.0) 99.9 (99.8) 99.9 (99.9) 100.0 (100.0) 98.4 (99.4) 99.4 (92.8)
Redundancy* 2.3 (2.3) 7.1 (7.3) 6.0 (6.0) 14.0 (14.1) 7.1 (7.0) 2.1 (2.1) 7.0 (5.9)
Refinement

Resolution (Å) 47.52–2.62 47.53–3.09
No. of reflections 92,408 56,200
Rwork/Rfree 0.253/0.286 0.252/0.278

No. of atoms
Protein 18,892 18,862
Ion 26 43
Water 203 0

B-factors
Mean 62.6 62.3
Protein 62.8 62.2
Ion 68.8 79.1
Water 45.8 91.8

Root mean square deviation
Bond lengths (Å) 0.005 0.004
Bond angles (°) 0.95 0.74

Ramachandran plot
% Favored 96.2 97.6
% Allowed 3.8 2.4
% Outliers 0.0 0.0

MolProbity
Clashscore 10.3 8.2

*Values in parentheses denote highest-resolution shell.
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located at its center (Fig. 3, A and B). Similar to
SpyCas9, the RuvC and HNH domains comprise
a compact catalytic core, with the two active sites
positioned ~30 Å apart. In contrast to SpyCas9,
an additional domain (residues 822Ana to 924Ana,
hereafter referred to as the b-hairpin domain) is
found between the RuvC and Topo-homology
domains, and adopts a novel fold composed pri-
marily of three antiparallel b-hairpins. As in
SpyCas9, the polypeptide sequence found be-
tween the RuvC-I and RuvC-II motifs forms an
a-helical lobe. However, the AnaCas9 a-helical
lobe is much smaller, and its orientation relative
to the nuclease lobe is different (Fig. 3C and fig.
S12, A to C). Comparison of the helical lobes in
AnaCas9 and SpyCas9 reveals that regions 95Ana

to 251Ana and 77Spy to 447Spy are highly diver-

gent and do not align in sequence and structure
(fig. S7). Moreover, the 95Ana to 251Ana region is
poorly ordered (fig. S13A), and only parts of it
could be modeled. By contrast, residues 252Ana

to 468Ana and 502Spy to 713Spy, which share ~32%
sequence identity, superimpose well with a root
mean square deviation of ~3.6 Å over 149 Ca
atoms (Fig. 3C and fig. S12, A to H). Intriguing-
ly, the position and orientation of this portion of
the a-helical domain with respect to the RuvC
domain in the AnaCas9 and SpyCas9 structures
are substantially different, with a large displace-
ment of ~70 Å toward the RuvC domain and an
about 35° rotation about the junction between
two domains in AnaCas9 (fig. S12C).

The higher resolution of the AnaCas9 struc-
ture provides insights into active-site chemistries

for both nuclease domains. The well-defined
AnaCas9 HNH domain contains a two-stranded
antiparallel b sheet flanked by two a helices on
each side, as well as a nonconserved noncatalytic
zinc binding site (Fig. 3C and fig. S13B). The
HNH active site reveals D581Ana and N606Ana

coordinating a hydratedmagnesium ion that would
be involved in binding the scissile phosphate in
the target DNA strand (Fig. 3D), and the general
base residueH582Ana (corresponding to H840Spy)
involved in deprotonating the attacking water
nucleophile, in agreement with a one–metal ion
catalytic mechanism for the endonucleases con-
taining the bba metal motif (29). In the RuvC
domain, twoMn2+ ions, spaced 3.8 Å apart and
coordinated by the invariant residues D17Ana,
E505Ana, H736Ana, and D739Ana, are consistent
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Fig. 2. Cross-linking identifies a PAM binding region adjacent to the
active-site cleft. (A) Model of noncomplementary DNA strand bound to the
RuvC domain based on a superposition with the DNA-bound complex of
Thermus thermophilus RuvC Holliday junction resolvase [Protein Data Bank
(PDB) entry 4LD0]. The modeled DNA strand contains three nucleotides up-
stream and three nucleotides downstream of the scissile phosphate. Divalent
ions in the RuvC active site are depicted as pink spheres. (B) Zoomed-in view
of the RuvC cleft showing the modeled nontarget DNA strand (stick format,
scissile phosphate indicated with yellow arrowhead) and the predicted path
of the downstream (3′) sequence containing the PAM (orange ball and

string). Disordered loops identified by cross-linking are denoted with dashed
lines. (C) Cartoon (left) showing the design and workflow of cross-linking
experiments with DNA substrates containing BrdU nucleotides for LC-MS/MS
analysis. The guide/target sequence is depicted in red, and the PAM is high-
lighted in yellow. The denaturing polyacrylamide gel (right) demonstrates
the generation of covalent peptide-DNA adducts with catalytically inactive
SpyCas9 (dCas9) after UV irradiation and trypsin digestion. (D) DNA cleavage
activity assays with SpyCas9 constructs containing mutations in residues iden-
tified by cross-linking and LC-MS/MS experiments. The asterisk denotes trim-
ming of the nontarget strand.
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with a two–metal ion mechanism, as observed
in other nucleases containing the ribonuclease
(RNase) H fold (Fig. 3E) (30, 31).

A Common Cas9 Functional Core Suggests
Structural Plasticity that Supports
RNA-Guided DNA Cleavage
Comparison of the SpyCas9 and AnaCas9 struc-
tures reveals a conserved functional core consist-
ing of the RuvC and HNH domains, the Arg-rich
region, and the Topo-homology domain, with di-
vergent C-terminal and a-helical domains (Fig.
3F). In both SpyCas9 and AnaCas9, the Arg-rich
region connects the nuclease and helical lobes of
the proteins. The central position of the Arg-rich
segment and its proximity to the PAM binding
loops in SpyCas9 suggest that this region may be
involved in guide RNA and/or target DNA bind-
ing and could function as a hinge to enable con-
formational rearrangements in the enzyme.

Although the helical lobes of SpyCas9 and
AnaCas9 share a common region (residues 252Ana

to 468Ana versus 502Spy to 713Spy), the orienta-
tion of this region relative to the nuclease lobe

varies in the two structures (Fig. 3F). Differences
between SpyCas9 and AnaCas9 thus illustrate
the structural divergence likely responsible for
the diversity of guide RNA structures and PAM
specificities within the Cas9 superfamily. The
PAM-interacting regions identified in SpyCas9
are located in loops that are highly variable within
Cas9 enzymes (12, 13). In AnaCas9, the b-hairpin
domain (residues 822Ana to 924Ana) is inserted at
a position corresponding to one of the SpyCas9
PAM loops (1102Spy to 1136Spy), suggesting that
AnaCas9 uses a distinct mechanism of PAM rec-
ognition (Fig. 3C and fig. S7). The b-hairpin do-
main is not conserved in all type II-C Cas9
proteins (figs. S7 and S14), further underscor-
ing the notion that the sequence- and structure-
divergent regions of Cas9 proteins may have co-
evolved with specific guide RNA structures and
PAM sequences (13, 27).

SpyCas9 and AnaCas9 Adopt Autoinhibited
Conformations in the Apo State
Target DNA cleavage by Cas9 RuvC and HNH
domains is thought to occur upon base pairing

between the crRNA guide and the target DNA
(8, 10, 32). Although SpyCas9 andAnaCas9 adopt
distinct conformations in their helical lobes, the
relative orientations of the RuvC and HNH ac-
tive sites within the nuclease lobes are very sim-
ilar (Fig. 3C and fig. S12). In both structures, the
HNH active site faces outwards, away from the
putative nucleic acid binding clefts (Figs. 1B and
4B). Structural superpositions with the DNA-
bound complex of theHNHhoming endonuclease
I-HmuI (33) suggest that this orientation is un-
likely to be compatible with target DNA binding
and cleavage (Fig. 4A). In SpyCas9, the HNH
domain active site is blocked by a b-hairpin formed
by residues 1049Spy to 1059Spy of the RuvC do-
main. The RNA-DNA heteroduplex would addi-
tionally clash sterically with the C-terminal domain
(Fig. 4, A and B). In AnaCas9, the bound crRNA–
target DNAheteroduplex would converselymake
few contacts with the protein outside of the HNH
domain in the absence of HNH domain reorien-
tation (Fig. 4A, right panel). The finding that two
highly divergent Cas9 orthologs exhibit similar
inactive states suggests that this may be a general
property of Cas9 enzymes and not a consequence
of crystallization. It is also consistent with the
observation that Cas9 enzymes are inactive as
nucleases in the absence of bound guide RNAs
(8, 9). Together, these observations suggest that
the enzymes undergo a conformational rearrange-
ment upon guideRNAand/or targetDNAbinding.

RNA Loading Rearranges the Two Lobes of
SpyCas9 to Form a Central Channel
To visualize conformational states adopted by
Cas9 upon guide RNA and target DNA binding,
we determined the molecular architectures of
SpyCas9 without guide RNA (apo-SpyCas9), in
complex with crRNA:tracrRNA (SpyCas9:RNA),
and bound to target DNA (SpyCas9:RNA:DNA)
using negative-stain EM. Rawmicrographs of the
~160-kD apo-SpyCas9 enzyme show monodis-
perse, globular particles with approximate dimen-
sions of 120 Å × 140 Å, and two-dimensional
(2D) reference-free class averages reveal that the
enzyme has a two-lobed morphology in agree-
ment with the crystal structure (fig. S15). We
used the random conical tilt (RCT) method (34)
to obtain an initial, ab initio 3D model of the com-
plex (fig. S15). Using multiple refinement proce-
dures (see Materials and Methods), we arrived at
a final reconstruction of apo-SpyCas9 at ~19-Å
resolution [using the 0.5 Fourier shell correlation
(FSC) criterion] that reveals a clam-shaped mor-
phology with one large, globular lobe connected
to a smaller lobe (Fig. 5A). Using Situs (35), we
were able to computationally dock the a-helical
and nuclease domain lobes of the SpyCas9 crys-
tal structure as rigid bodies into the larger and
smaller lobes, with cross-correlation coefficients
(CCCs) of 0.74 and 0.66, respectively (fig. S16
and table S1). To further support our lobe assign-
ment, we generated a 3D reconstruction of Cas9
containing an N-terminal maltose-binding protein
(N-MBP) fusion directly upstream of the RuvC-I

Table 2. X-ray data collection, refinement, and model statistics for AnaCas9.

Data set SeMet Native Mn soak

X-ray source ALS 8.3.1 ALS 8.3.1 ALS 8.2.2
Space group P1 21 1 P1 21 1 P1 21 1
Cell dimensions

a, b, c (Å) 74.58, 133.09, 80.17 75.415, 133.025, 80.69 74.61, 132.56, 80.04
a, b, g (°) 90.00, 95.79, 90.00 90, 96.22, 90 90, 95.38, 90

Wavelength (Å) 0.978 1.116 1.000
Resolution (Å)* 79.76–3.19 (3.37–3.19) 80.2–2.2 (2.32–2.2) 79.69–2.80 (2.95–2.80)
Rmerge (%)* 0.124 (0.428) 0.096 (0.795) 0.090 (0.628)
Rpim

† 0.05 (0.176) 0.029 (0.322) 0.05 (0.358)
I/sI* 11.9 (4.6) 14.89 (2.24) 10.86 (2.27)
Completeness (%)* 99.9 (99.7) 98.0 (86.8) 99.98 (100.00)
Redundancy* 7.9 (7.8) 8.6 (5.8) 4.0 (4.0)
Refinement

Resolution (Å) 68.0–2.2 68.3–2.8 (2.9–2.8)
No. of reflections 78,398 38,217
Rwork/Rfree 0.1867/0.2281 0.1941/0.2310

No. of atoms
Protein 7693 6888
Ligands 24 27
Water 348 4

B-factors
Mean 57.9 67.3
Protein 58.6 67.3
Ion 52.2 64.9
Water 42.01 42.7

Root mean square deviations
Bond lengths (Å) 0.009 0.005
Bond angles (°) 1.22 0.84

Ramachandran plot
% Favored 94.00 95.00
% Allowed 5.80 4.77
% Outliers 0.20 0.23

MolProbity
Clashscore 9.8 6.2

*Values in parentheses denote highest-resolution shell. †Rpim = precision-indicating (multiplicity-weighted) Rmerge.
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motif; N-MBP–Cas9 retains full DNA cleavage
activity (fig. S16). By 3D difference mapping, the
additional density observed in this reconstruction
was found to localize to the smaller lobe contain-
ing the RuvC nuclease domain (fig. S16).

We next prepared ribonucleoprotein complexes
containing catalytically inactive D10A/H840A-
SpyCas9 mutant, full-length crRNA:tracrRNA
(SpyCas9:RNA), and bound these complexes to a
55-bp dsDNA substrate at substrate concentrations
expected to saturate Cas9, given an equilibrium
dissociation constant of ~4nM(fig. S17).Reference-
free 2D class averages of the DNA-bound com-
plex (SpyCas9:RNA:DNA) hinted at a large-scale
conformational change, with both lobes separating
from one another into discrete structural units
(fig. S17). Using the apo-SpyCas9 structure low-
pass filtered to 60 Å as a starting model, we ob-
tained a 3D reconstruction of SpyCas9:RNA:DNA
at ~19 Å resolution (using the 0.5 FSC criterion)
that further revealed a substantial reorganization
of the major lobes (Fig. 5B). An independently
determined ab initio 3D structure using the RCT
method (34) yielded similar results (fig. S17). The
shape of the larger lobe remains relatively un-
changed from that in apo-Cas9 (CCC of 0.78),
but the smaller lobe rotates by ~100° with respect
to its position in the apo structure (Fig. 5B). An
alternativemodel, assuming opposite handedness,
also shows a large conformational change rela-
tive to the apo-Cas9 structure (fig. S18). A recon-
struction of SpyCas9:RNA:DNA using the N-MBP
fusion (fig. S17) confirmed that the nuclease
domain–containing lobe is rearrangedwith respect
to the a-helical lobe in this complex. In this re-
arrangement, the nuclease domain lobe closes
over the putative nucleic acid binding cleft on the
a-helical lobe, forming a central channel with a
width of ~25Å that spans the length of both lobes
(fig. S16). Because nucleic acids cannot be visual-
ized directly in EMstructures of negatively stained
complexes, this channel could be occupied by
RNA and/or DNA.

We next wondered whether guide RNA alone
induces the observed conformational rearrange-
ments in SpyCas9, or whether both RNA and
DNA are required for this structural change. To
distinguish between these possibilities, we ex-
amined the architecture of SpyCas9:RNA in the
absence of a bound target DNA molecule. Strik-
ingly, reference-free 2D class averages of the
SpyCas9:RNA showed a clear central channel
similar to SpyCas9:RNA:DNA (fig. S19). Using
the 3D reconstruction of SpyCas9:RNA:DNA
low-pass filtered to 60 Å as a starting model,
we obtained a reconstruction of SpyCas9:RNA
at ~21-Å resolution (using the 0.5 FSC criterion),
which reveals a conformation similar to that of
the DNA-bound complex (CCC of 0.89 with
DNA-bound versus 0.81 with apo), with a cen-
tral channel extending between the two lobes
(Fig. 5C and fig. S19). Both the SpyCas9:RNA
and SpyCas9:RNA:DNA complexes were more
resistant to limited proteolysis by trypsin than apo-
SpyCas9 and displayed similar digestion patterns,
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Fig. 3. Crystal structure of AnaCas9 defines the conserved structural core of Cas9 enzymes.
(A) Cartoon schematic of the polypeptide sequence and domain organization for the type II-C Cas9 protein
from A. naeslundii (AnaCas9). (B) Overall structure of AnaCas9 shown in ribbon representation. Individual
Cas9 domains are colored according to the scheme in (A). A disordered segment connecting a RuvC motif
and Arg-rich region is denoted with a dashed line. The disordered region in the helical lobe is denoted
with a dotted line box. A green sphere denotes a bound zinc ion in the HNH domain. (C) Superposition of
AnaCas9 [colored as in (A)] with SpyCas9 (colored light orange). (D) Close-up view of the active site of
AnaCas9 HNH domain (yellow) superimposed with the structure of I-HmuI–DNA complex (PDB entry
1U3E). The DNA cleavage product in the I-HmuI–DNA complex is colored orange, and I-HmuI and its
bound Mn2+ ion are colored gray. (E) Close-up view of the AnaCas9 RuvC active site (marine, bound Mn2+

ions shown as purple spheres) overlaid with the structure of RNase H and its bound Mn2+ ions (gray)
complexed with a DNA-RNA duplex (orange) (PDB entry 3O3H). (F) Surface representations of SpyCas9
(left panel) and AnaCas9 (right panel) with conserved RuvC, HNH, Arg-rich, Topo-homology, and the
conserved cores of the C-terminal domains, colored as in Fig. 1A. The structurally preserved portion of the
a-helical lobe is colored green. The nonconserved regions of each protein are colored in gray.
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in agreement with these nucleic acid–bound com-
plexes occupying a similar structural state (fig. S20).
Although the smaller lobe appears to undergo an
additional ~50° rotation along an axis perpen-
dicular to the channel in the DNA-bound complex
compared to SpyCas9:RNA, the same ~100° ro-
tation around the channel is observed in both
structures. Thus, loading of crRNA and tracrRNA
alone is sufficient to convert the endonuclease into
an active conformation for target surveillance.

The Central Channel in SpyCas9 Accommodates
Bound Target DNA and Guide RNAs
On the basis of the dimensions of the channel and
the requirement for SpyCas9:RNA to recognize
~23 bp of its DNA substrate, we hypothesized
that target DNA spans the central channel. To test
this, we reconstituted SpyCas9:RNA:DNA com-
plexes using DNA substrates containing 3′-biotin
modifications (table S2) to visualize the duplex
ends via streptavidin labeling. Negative-stain EM
analysis of samples labeled at either the PAM-
distal (non-PAM) end or both ends showed ad-
ditional circular density below, or both above and
below the complex, respectively, along the cen-
tral channel positioned between the two struc-
tural lobes (Fig. 6, A and B). These data support
the conclusion that the major lobes of SpyCas9
enclose the target DNA, positioning the RNA-
DNA heteroduplex along the central channel with
the PAM oriented near the top. The additional
streptavidin densities in the double-end labeled
class averages are not completely parallel with the
channel and instead wrap around the nuclease
lobe (Fig. 6B), consistent with some degree of

bending of the target DNA. Finally, we determined
the orientation of RNA within SpyCas9:RNA
complexes using streptavidin labeling of crRNA
and tracrRNAcontaining biotin at their 3′ termini,
after ensuring that SpyCas9 retains full activity
with these modified RNAs (fig. S21). Using the
same 2D and 3D difference mapping approach,
we pinpointed the 3′ end of the crRNA to the top
of the channel (Fig. 6C), whereas the 3′ end of
the tracrRNA is extended roughly perpendicular
to the central channel from the side of the nu-
clease domain lobe (Fig. 6D). The finding that
the 3′ end of the crRNA localizes to a similar
position above the channel as the PAM-proximal
side of the target suggests that the crRNA-DNA
heteroduplex may be oriented roughly in paral-
lel with the crRNA:tracrRNA duplex.

The channel between the lobes of SpyCas9:
RNA:DNA can easily accommodate ~25 bp of a
modeled A-form helix (Fig. 7A). Corroborating
this, exonuclease III footprinting experiments in-
dicated that Cas9 protects a ~26-bp segment of
the target DNA (Fig. 7B). Additionally, P1 nu-
clease mapping experiments reveal that the dis-
placed nontarget strand is susceptible to hydrolysis
toward the 5′ end of the protospacer, whereas the
target strand that hybridizes to crRNA is pro-
tected along nearly its entire length. These results
are consistent with the formation of an R-loop
structure (Fig. 7B), as observed for other CRISPR-
Cas targeting complexes (36).

Discussion
The crystal structures of type II-A and II-C Cas9
proteins described here highlight the features in

Cas9 enzymes that support their function as RNA-
guided endonucleases. Cas9 enzymes adopt a
bilobed architecture composed of a nuclease lobe
containing juxtaposed RuvC and HNH nuclease
domains and a variable a-helical lobe likely to be
involved in nucleic acid binding. The identifica-
tion of variable regions appended to a conserved
Cas9 structural core provides a rationale for the
diversity of crRNA:tracrRNA guide structures rec-
ognized by Cas9 enzymes and outlines a frame-
work for protein engineering approaches aimed
at altering catalytic function, guideRNAspecificity,
or PAM requirements.

Cross-linking experiments conducted in this
study suggest that two unstructured tryptophan-
containing loops in SpyCas9 contact the PAM
in the target-bound complex. The location of the
PAMbinding loops suggests that Cas9 interrogates
DNA using flexible regions that may form an
ordered binding site upon engaging target DNA.
It is tempting to speculate that the two tryptophan
residues in SpyCas9 mediate base-stacking inter-
actions with the GG dinucleotide PAM. Alterna-
tively, the tryptophan residues could be involved
in extrahelical base extrusion of the PAM motif,
in a manner similar to the mechanisms of numer-
ousDNAmodification and repair enzymes (37–40).
It is also possible that the tryptophan residues are
not directly involved in PAMbinding, but instead
reside near the PAM binding pocket in the en-
zyme. We note, however, that the involvement of
aromatic loop regions in SpyCas9 is highly rem-
iniscent of the mechanism used by the Cascade
complex in type I CRISPR-Cas systems (41). The
lack of conservation of the PAM binding region
in type II-C Cas9 enzymes is consistent with
different PAM specificities observed for these
endonucleases and points to distinct mechanisms
of PAM recognition across the Cas9 enzyme
family.

Single-molecule and biochemical experiments
underscore the singular importance of PAMbind-
ing in both DNA interrogation and cleavage by
Cas9 (42). The observed prevalence of PAM
mutation as a mechanism of viral escape from
CRISPR/Cas9 targeting (43, 44) has presumably
spurred the evolution of Cas9 proteins with a
variety of PAM specificities. It will be interesting
to elucidate how PAM binding couples to Cas9
activation across the Cas9 superfamily, which has
important implications for the use of these enzymes
in genome engineering applications.

Both SpyCas9 and AnaCas9 structures sup-
port the conclusion that Cas9 enzymes maintain
an autoinhibited conformation in the absence of
nucleic acid ligands that requires restructuring upon
guide RNA and target DNA binding. Consistent
with this finding, EM reconstructions of SpyCas9–
nucleic acid complexes show that the two lobes
of the protein reorient substantially upon guide
RNA association. On the basis of these observa-
tions, we propose a model for Cas9 function in
whichRNA loading drives structural rearrangements
of the enzyme to enable productive encounters with
target DNA (Fig. 8). Binding of crRNA:tracrRNA

A

B

SpyCas9 AnaCas9

N863

H840

D839

180o

Fig. 4. Both SpyCas9 and AnaCas9 adopt au-
toinhibited conformations in the apo state.
(A) Models of substrate binding by the HNH do-
mains in SpyCas9 (left) and AnaCas9 (right), based
on the superposition of the Cas9 structures with
the product-bound complex of the homing endo-
nuclease I-HmuI (PDB entry 1U3E). A 17-bp B-form
DNA duplex that covers 3-bp 5′ and 14-bp 3′ of the
scissile phosphate is shown. The Cas9 proteins are
shown in the same orientation, based on superpo-
sition of the respective HNH domains. The HNH
domains are depicted in yellow, the RuvC domains
are depicted in blue, and residues 1049Spy to
1059Spy of the RuvC domain are shown in black.

(B) Zoomed-in view of the HNH domain (yellow) active site in SpyCas9 occluded by the 1049Spy to 1059Spy

b-hairpin (black).
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to Cas9 causes a substantial rotation of the small
nuclease lobe relative to the larger lobe. This
RNA-induced conformational change could oc-
cur either through direct interactions between the
RNA and both lobes, or indirectly through allo-
steric effects. This reorganization may position
the two major catalytic centers of the enzyme on
opposite sides of the central channel, where the
two separated strands are threaded into either
active site.

Although types I and III CRISPR-Cas RNA-
guided surveillance complexes form helical archi-
tectures that wrap around the crRNA (45–48),
Cas9 instead forms a central channel. The helical
morphology in these other systems may have
evolved to accommodate the topological require-
ments of a longer crRNA-DNA heteroduplex, and
the open helical arrangement exhibited by the
type I multisubunit Cascade complex likely facil-
itates recruitment of the trans-acting Cas3 nu-
clease for target cleavage (49). In contrast, Cas9
functions alone to both bind and cleave the DNA
target, which could be facilitated by sequestering
the substrate within the interior surface of the
channel formed by both lobes. Although we do
not observe extensive connecting density between
the two lobes, we hypothesize that only one face

will enable dsDNA to enter the central channel
during 3D target search. Although further experi-
ments will be necessary to elucidate the precise
search and recognition mechanisms used by Cas9,
our structural analysis shows that RNA loading
serves as a key conformational switch in the
activation and regulation of Cas9 enzymes.

Materials and Methods

Full details of experimental procedures are pro-
vided in the supplementary materials. SpyCas9
and its point mutants were expressed in Esch-
erichia coli Rosetta 2 strain and purified essen-
tially as described (8). SpyCas9 crystals were
grown using the hanging drop vapor diffusion
method from 0.1 M tris-Cl (pH 8.5), 0.2 to 0.3 M
Li2SO4, and 14 to 15% (w/v) PEG 3350 (poly-
ethylene glycol, molecular weight 3350) at 20°C.
Diffraction data were measured at beamlines 8.2.1
and 8.2.2 of theAdvancedLight Source (Lawrence
Berkeley National Laboratory), and at beamlines
PXI and PXIII of the Swiss Light Source (Paul
Scherrer Institut) and processed using XDS (50).
Phasing was performed with crystals of selenome-
thionine (SeMet)–substituted SpyCas9 and native
Cas9 crystals soaked individually with 10 mM

Na2WO4, 10 mM CoCl2, 1 mM thimerosal, and
1 mM Er(III) acetate. Phases were calculated
using autoSHARP (51) and improved by density
modification using Resolve (52). The atomic
model was built in Coot (53) and refined using
phenix.refine (54).

A. naeslundii Cas9 (AnaCas9) was expressed
in E. coli Rosetta 2 (DE3) as a fusion protein con-
taining an N-terminal His10 tag followed by MBP
and a TEV (tobacco etch virus) protease cleavage
site. The protein was purified by Ni-NTA (nickel–
nitrilotriacetic acid) and heparin affinity chroma-
tography, followed by a gel filtration step. Crystals
of native and SeMet-substituted AnaCas9 were
grown from 10% (w/v) PEG 8000, 0.25 M cal-
cium acetate, 50 mM magnesium acetate, and
5 mM spermidine. Native and SeMet single-
wavelength anomalous diffraction (SAD) data
sets were collected at beamline 8.3.1 of the Ad-
vanced Light Source, processed using Mosflm
(55), and scaled in Scala (56). Phases were cal-
culated in Solve/Resolve (52), and the atomicmodel
was built in Coot and refined in Refmac (57) and
phenix.refine (54).

For biochemical assays, crRNAs were syn-
thesized by Integrated DNA Technologies, and
tracrRNA was prepared by in vitro transcription
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Fig. 5. RNA loading positions the two major lobes of SpyCas9
around a central channel. (A to C) Single-particle EM reconstructions of
negatively stained apo-SpyCas9 (A), SpyCas9:RNA:DNA (B), and SpyCas9:RNA
(C) at 19-, 19-, and 21-Å resolution (using the 0.5 FSC criterion), respec-
tively. Cartoon representations of the structures are shown (left). The struc-
tures are aligned on the basis of the optimal CCCs between the independent

a-helical lobes (gray). The smaller RuvC lobe (blue) in SpyCas9:RNA:DNA
and SpyCas9:RNA rotates by ~100° [arrow in (B)] with respect to this lobe in
the apo-Cas9 structure (transparent mesh) to form a central channel (black
dashed line). There is a ~50° rotation [arrow in (C)] of the smaller lobe
of SpyCas9:RNA along an axis perpendicular to this channel relative to
SpyCas9:RNA:DNA.
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as described (8). The sequences of RNA and
DNA reagents used in this study are listed in
table S2. Cleavage reactions were performed
at room temperature in reaction buffer [20 mM
tris-Cl (pH 7.5), 100 mMKCl, 5 mMMgCl2, 5%
glycerol, 1 mMdithiothreitol] using 1 nM radio-
labeled dsDNA substrates and 1 nM or 10 nM
Cas9:crRNA:tracrRNA. Cleavage products were
resolved by 10% denaturing (7 M urea) PAGE
and visualized by phosphorimaging. Cross-linked
peptide-DNA heteroconjugates were obtained
by incubating 200 pmol of catalytically inactive
(D10A/H840A)Cas9with crRNA:tracrRNAguide
and 10-fold molar excess of BrdU containing
dsDNA substrate for 30 min at room temperature,
followed by irradiation with UV light (308 nm)
for 30 min. S1 nuclease and phosphatase–treated
tryptic digests were analyzed using a Dionex
UltiMate3000 RSLCnano liquid chromatograph
connected in-line with an LTQOrbitrap XLmass
spectrometer equipped with a nanoelectrospray
ionization source (Thermo Fisher Scientific).

For negative-stain EM, apo-SpyCas9, SpyCas9:
RNA, and SpyCas9:RNA:DNA complexes were
reconstituted in reaction buffer, diluted to a con-
centration of ~25 to 60 nM, applied to glow-
discharged 400-mesh continuous carbon grids,
and stained with 2% (w/v) uranyl acetate solu-
tion. Data were acquired using a Tecnai F20 Twin
transmission electron microscope operated at
120 keV at a nominal magnification of either
×80,000 (1.45Å at the specimen level) or ×100,000
(1.08 Å at the specimen level) using low-dose
exposures (~20 e− Å−2) with a randomly set de-
focus ranging from −0.5 to −1.3 mm. A total of
300 to 400 images of each Cas9 sample were
automatically recorded on a Gatan 4k × 4k CCD
(charge-coupled device) camera using the MSI-
Raster application within the automated macro-
molecular microscopy software Leginon (58).
Particles were preprocessed in Appion (45) be-
fore projection matching refinement with libraries
from EMAN2 and SPARX (59, 60) using RCT
reconstructions (34) as initial models.
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Ligand-Controlled C(sp3)–H Arylation
and Olefination in Synthesis
of Unnatural Chiral a–Amino Acids
Jian He,* Suhua Li,* Youqian Deng, Haiyan Fu, Brian N. Laforteza, Jillian E. Spangler,
Anna Homs, Jin-Quan Yu†

The use of ligands to tune the reactivity and selectivity of transition metal catalysts for C(sp3)–H
bond functionalization is a central challenge in synthetic organic chemistry. Herein, we report a
rare example of catalyst-controlled C(sp3)–H arylation using pyridine and quinoline derivatives:
The former promotes exclusive monoarylation, whereas the latter activates the catalyst further
to achieve diarylation. Successive application of these ligands enables the sequential diarylation
of a methyl group in an alanine derivative with two different aryl iodides, affording a wide
range of b-Ar-b-Ar′-a–amino acids with excellent levels of diastereoselectivity (diastereomeric
ratio > 20:1). Both configurations of the b-chiral center can be accessed by choosing the order
in which the aryl groups are installed. The use of a quinoline derivative as a ligand also enables
C(sp3)–H olefination of a protected alanine.

Over the past decade, substantial pro-
gress has been achieved in the palladium-
catalyzed activation of the inert b-C(sp3)–H

bonds of aliphatic carboxylic acid derivatives
using chiral oxazolines (1), the 8-aminoquinoline
auxiliary (2, 3), and a variety of weakly coordi-
nating amide directing groups (4, 5). In partic-
ular, the synthesis of unnatural amino acids via
the direct b-functionalization of a–amino acids
has been an area of extensive research since a
seminal report by Reddy et al. (6). We envi-
sioned that a sequential diarylation of alanine
with two different aryl iodides could potentially
provide an efficient route for the preparation of
b-Ar-b-Ar′-a–amino acids containing a b-chiral
center (Fig. 1). Although the more strongly co-
ordinating 8-aminoquinoline auxiliary developed
by Zaitsev et al. (2) is a powerful directing group
for the b-arylation of alanine, this auxiliary pro-
vides predominantly b,b-homo-diarylated products,
which prevents the sequential installation of two
different aryl groups. It is possible to use a spe-
cifically designed 2-methylthioaniline auxiliary
to achieve monoarylation of alanine in mod-
erate yield and then use a different auxiliary to
perform the secondary C(sp3)–H arylation with
a distinct aryl iodide (Fig. 1A) (7). However,
this hypothetical route has not yet been used
for preparing b-Ar-b-Ar′-a–amino acids be-
cause the removal and installation of the second
auxiliary would add three synthetic steps to the
sequence. In addition, the basic reaction condi-
tions used in the first arylation step partially
racemize the amino acid to 90% enantiomeric
excess (7).

We reasoned that a ligand-controlled strat-
egy could provide an ideal solution for the syn-
thesis of b-Ar-b-Ar′-a–amino acids. Specifically,
we envisioned the application of two different
ligands: one that would selectively promote pri-
mary b-C(sp3)–Harylation [without further arylat-
ing the remaining, now secondary, b-C(sp3)–H
bonds] and another that would enable further
secondary b-C(sp3)–H arylation, thereby intro-
ducing both aryl substituents successively onto
a single substrate in one pot (Fig. 1B). This re-

action sequence provides an alternative syn-
thetic disconnection to the existing asymmetric
hydrogenation method for the synthesis of chi-
ral b-Ar-b-Ar′-a–amino acids (Fig. 1C) (8–11).
Fundamentally, the development of appropriate
ligands to confer selectivity for primary or sec-
ondary b-C(sp3)–H bonds on a weakly coordi-
nating substrate can greatly improve C(sp3)–H
activation reactions (12–20).

Herein, we report the discovery that a pyridine-
based ligand promotes monoarylation of pri-
mary b-C(sp3)–H bonds exclusively and that a
second, quinoline-based ligand enables intro-
duction of a distinct aryl group via subsequent
secondary b-C(sp3)–H activation in one pot.
The reactions proceed with excellent levels of
diastereoselectivity with respect to the starting
configuration at the a carbon (Fig. 1B). As such,
both configurations at the new b-stereogenic cen-
ter can be constructed by simply choosing the
order of aryl group installation. We further demon-
strate that the use of the quinoline-based ligand
enables the C(sp3)–H olefination of an alanine-
derived substrate to afford olefin-substituted chiral
a–amino acids.

A Ligand for Monoarylation
Our first challenge in the development of a ver-
satile method for the preparation of stereo-defined
b-Ar-b-Ar′-a–amino acids from alanine (Fig. 1B)
was to achieve selective monoarylation of pri-
mary C(sp3)–H bonds without further arylating
the secondary C(sp3)–H bonds. Our group has
recently focused on the development of sim-
ple auxiliaries, such as N-methoxyamides and

RESEARCHARTICLES

The Scripps Research Institute, 10550 North Torrey Pines
Road, La Jolla, CA 92037, USA.

*These authors contributed equally to this work.
†Corresponding author. E-mail: yu200@scripps.edu

Fig. 1. Methods for synthesizing chiral b-Ar-b-Ar′-a–amino acids. (A) C(sp3)–H activation using
substrate-bound auxiliaries to govern selectivity. NPG, protected amino groups; COX, amides; Me, methyl.
(B) C(sp3)–H activation using catalyst-bound ligands to govern selectivity. (C) Asymmetric hydrogenation.
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perfluorinated arylamides, to direct a wide range
of C(sp3)–H activation reactions by weak coor-
dination to palladium catalysts (4, 5). However,
to date we have found that these auxiliaries
are incompatible with the functionalization of
the C(sp3)–H bonds of a–amino acids (4, 5).
We recently demonstrated that the use of an
alkoxypyridine ligand can match the weak co-
ordination of the amide auxiliary (CONHArF)
and facilitate secondary C(sp3)–H activation
(albeit, with only simple aliphatic amides) (21),
indicating that pyridine-based ligands are ca-
pable of lowering the transition state energy of
C(sp3)–H activation. This finding prompted us
to test a diverse array of monodentate pyridine-
derived ligands for their ability to selectively pro-

mote primaryC(sp3)–Hactivation, thereby allowing
for highly monoselective arylation of alanine-
derived amide 1.

To obtain preliminary information regarding
the reactivity of the CONHArF amide auxiliary
with amino acid substrates, we initiated our ex-
perimental efforts by studying C(sp3)–H arylation
of 1 under a variety of different reaction con-
ditions in the absence of an ancillary ligand.
Through extensive screening, we found that the
use of 20 mol % trifluoroacetic acid (TFA) pre-
vented substrate decomposition, which had been
observed with 1 under previously developed
basic conditions (21). Under the best conditions
from this initial screen, monoarylated product
2 could be obtained in 47% yield, along with

full recovery of the remaining starting material
(Fig. 2A). Additional attempts to fine-tune var-
ious reaction parameters, including increasing
the catalyst loading to 30 mol %, failed to improve
the reaction conversion. The low conversion was
found to result primarily from product inhibition
(see supplementary materials: table S2, entry 16).
Alternative aryl iodide coupling partners reacted
in even lower yields (Fig. 2A, 2m to 2p). These
findings point to the need for the identification of
a ligand that will promote the activation of pri-
mary b-C(sp3)–H bonds exclusively but not the
secondary b-C(sp3)–H bonds in the product. Hence,
a library of pyridine ligands was tested for their
efficiency of promoting monoarylation in the pres-
ence of TFA. Pyridine and 4-dimethylaminopyridine
(L1 and L2) are highly selective for monoaryla-
tion, but neither enhances conversion substantial-
ly relative to the ligand-free catalyst. In contrast,
we found that 2,6-dimethoxypyridine, acridine,
2,6-lutidine, and 2-picoline (L4 to L7) promote
substantially higher conversion, though the use
of L4 to L6 leads to appreciable quantities of
the undesired diarylated product 3 as well. The
2-picoline ligand (L7) seems to possess an op-
timal balance of steric and electronic properties
to provide 2 in high yield with an excellent level
of selectivity for monoarylation [nuclear mag-
netic resonance (NMR) yield of 94%]. The mono-
arylation reaction also proceeded in the presence
of 5 mol % of Pd(TFA)2 and 10 mol % of L7 to
give the desired product 2 in 79% yield (table
S2, entry 4).

The applicability of this ligand-controlled mono-
arylation protocol in the preparation of diverse
chiral b-Ar-b-Ar′-a–amino acids is shown in Fig.
2A: Phenylalanine derivatives with electron-rich
or electron-poor groups in the ortho, meta, or
para positions can be synthesized in high yields.
This reaction is tolerant of halide substituents and
a wide range of polar functional groups. Arylation
with 4-methylthiophenyl iodide also proceeds to
give the arylated product (2p) in a synthetically
useful yield, indicating that the pyridine ligand
is able to out-compete the methylthio group
for coordination at Pd(II). The reaction of 1 with
2-iodonaphthalene to give 2q is particularly
useful, as the resulting product could be applied
to synthesis of bioactive peptides that block cell
cycle progression in HeLa cells (22). Arylation
with disubstituted aryl iodides is also efficient,
giving 2r to 2t in >85% yields.

When conducted at 100°C, these reactions
are typically complete within 20 hours, and no
racemization of the a-chiral center is observed.
Subsequent removal of the auxiliary can be ac-
complished under mild conditions without loss
of enantiomeric purity (Fig. 2B), and the mono-
arylated products are readily converted to the cor-
responding N-fluorenylmethyloxycarbonyl–protected
unnatural amino acids following literature proce-
dures (see supplementary materials). The auxilia-
ry 2,3,5,6-tetrafluoro-4-(trifluoromethyl)aniline is
readily prepared from octafluorotoluene ($0.47/g)
on a 100-g scale or purchased directly fromAldrich.

Fig. 2. Palladium-catalyzed arylation of primary C(sp3)–H bonds. (A) Ligand-promoted mono-
arylation of auxiliary-substituted alanine. Phth, phthalimido; DCE, 1,2-dichloroethane (B) Removal of amide
auxiliary and determination of enantiomeric purity of N-Phth–protected chiral a–amino acid. Ac, acetyl; RT,
room temperature; ee, enantiomeric excess; HPLC, high-performance liquid chromatography.
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Due to these practical advantages, we have pre-
pared a variety of monoarylated alanines on a
10-mmol scale to facilitate peptide drug discovery
in collaboration with Bristol-Myers Squibb (2c to
2e, 2g, 2h, 2j, 2l, and 2r).

A Ligand for Diarylation
We next sought to identify a second ligand that
could promote the subsequent arylation of the
secondary b-C(sp3)–H bonds. As previously men-
tioned, our recently disclosed procedure for the
ligand-promoted arylation of secondary C(sp3)–H
bonds under basic reaction conditions (21) is
not compatible with amino acid substrates. How-
ever, the formation of minor amounts of the
diarylated product 3 from amide 1 with ligand
L4 (13% yield, Fig. 2A) suggested that these
new conditions could be effective for secondary
b-C(sp3)–H bond arylation with an appropriate
ligand. We were pleased to find that the arylation
of phenylalanine-derived amide 2, in the presence
of ligand L4, afforded the desired product 3 in
47% yield. The modest success of this ligand and
our previously reported 2-alkoxylquinoline ligand
L9 (21) led us to explore a variety of electron-rich
2-alkoxylpyridine and 2-alkoxylquinoline ligands
for this secondary C(sp3)–H bond arylation.

A substantial improvement in reaction effi-
ciency using ligand L8 or L9 suggested that the
2-substituted quinoline motif possesses favor-
able steric and electronic properties that promote
C(sp3)–H activation. Next, we examined the im-
pact of further increasing the electron-donating
ability of the alkoxyl group by synthesizing
the tricyclic ligand L10, in which the confor-
mation of the lone pairs on the oxygen atom is
rigidified to favor p-conjugation with the pyr-
idine ring. The use of this new ligand led to a
dramatic improvement in reaction efficiency,
affording product 3 in 92% yield (90% iso-
lated yield). Further modifications of L10 to
weaken or strengthen the coordinating ability
of the quinoline led to a decrease in product
yield (L11 and L12).

Under these optimized reaction conditions,
phenylalanine-derived amide 2 can be arylated
with a broad range of electron-rich and electron-
poor aryl iodides in high yields (Fig. 3A). De-
spite the known steric hindrance associated with
the arylation of secondary C(sp3)–H bonds (3j),
ortho-substituted aryl iodides are also compatible
with this reaction. To demonstrate the general-
ity of this ligand effect for secondary C(sp3)–H
activation, we also performed the arylation of
four representative open-chain and cyclic alkyl
amino acids. Amide substrates derived from
lysine, L-2-aminobutyric acid, 1-aminocyclobutane-
1-carboxylic acid, and 1-aminocyclopropane-1-
carboxylic acid were successfully arylated using
ligand L10 to give the corresponding b-alkyl-b-
aryl-a–amino acid derivatives in good to excel-
lent yields (Fig. 3B). These arylation reactions all
proceeded with high levels of diastereoselectivity.
These aliphatic secondary C(sp3)–H bonds are
less reactive than benzylic C(sp3)–H bonds, and

the use of ligand L10 is crucial to achieve this
reactivity.

One-Pot Diarylation
Ligands L7 and L10, which enable the arylation
of primary and secondary b-C(sp3)–H bonds,
respectively, can be employed for the sequential
one-pot incorporation of two distinct aryl groups
onto the b carbon of alanine-derivative 1 (Fig. 4).
Thus, after the completion of the monoarylation
of 1 with an aryl iodide using L7, we can add
L10 and a second aryl iodide to provide a b-Ar-
b-Ar′-a–amino acid. The aryl iodide (1.5 equiv-
alents) used in the first step is mostly incorporated
into the product, with small amount being con-

verted to the biaryl (23). The remaining aryl iodide
is outcompeted by a large excess of the second
aryl iodide (3 equivalents), thus avoiding par-
ticipation in a second arylation event. This one-
pot procedure is successfully applied with both
electron-rich and electron-deficient aryl iodides
to prepare a variety of diarylated amino acids
(7a to 7f) in good yields with excellent levels
of diastereoselectivity (24). By simply switch-
ing the order of the addition of the two different
aryl iodides, the inverse configuration at the
b-stereogenic center can be obtained, as shown
with 7e and 7f (absolute configuration of 7f was
confirmed by x-ray crystallography). When the
sequential hetero-diarylation of 1 was conducted

Fig. 3. Palladium-catalyzed arylation of secondary C(sp3)–H bonds. (A) Ligand-promoted
arylation of phenylalanine-derived substrate. d.r., diastereomeric ratio. (B) Arylation of alkyl amino
acid derivatives. R, alkyl.
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in one pot on a 5-mmol scale (2.2 g), the de-
sired product 7b was isolated in 60% yield.

The superior reactivity of ligand L10 prompted
us to revisit previously unsuccessful arylation
with heteroaryl iodides. Although secondary
C(sp3)–H arylation of 2 with heteroaryl iodides
proved inefficient, primary C(sp3)–H arylation of
1 with pyridyl, indolyl, and thiophenyl iodides

afforded synthetically useful yields (Fig. 5A).
These heteroaryl-containing unnatural amino acids
are especially desirable for developing peptide
drug molecules.

Olefination with Ligand L10
We also examined the feasibility of using ligand
L10 to effect the olefination of alanine-derived

substrate 1, and we observed efficient reactivity
under slightly modified reaction conditions. The
subsequent lactamization in situ also ensured the
monoselectivity of the reaction. With the use of
established procedures, lactam 8 is converted to
N-Boc–protected product 10 (Fig. 5B). Further
improvement of this olefination reaction could
lead to a useful method for the preparation of
b-olefinated a–amino acids that is complementary
to the asymmetric hydrogenation route (25). The
olefinated product 10 can be subjected to cross
metathesis to afford olefinated products 11 and 12
with high levels of E/Z selectivity or hydro-
genated to provide the corresponding alkylated
product 13 (Fig. 5C).

Mechanistic Studies
Whereas C(sp3)–H arylation with aryl iodides
likely proceeds via a Pd(II)/Pd(IV) catalytic cy-
cle, olefination probably proceeds via a Pd(II)/
Pd(0) redox manifold. The considerable ligand
effect observed in these distinct reaction path-
ways implicates the intimate involvement of
the ligand in the C(sp3)–H cleavage step as the
common step. This is further substantiated by
the intramolecular kinetic isotope effect ob-
served in the arylation reaction, which showed
a noticeable and consistent dependence on the
ligand (without ligand, intramolecular isotope
effect value kH/kD = 6.0; with L7, kH/kD = 8.1;
with L10, kH/kD = 10.7; see supplementary
materials).

To obtain further insights into the coordi-
nation of the substrate and ligands at the Pd(II)
centers, we have successfully characterized the
C–H insertion intermediates (intermediate A and
intermediate B), formed via primary and second-
ary C(sp3)–H activation, respectively (Fig. 6A). The
formationof theseC(sp3)–Hinsertion intermediates

Fig. 5. Further applications of Pd catalysis with L10. (A) Ligand-enabled
C(sp3)–H arylation with heteroaryl iodides. (B) C(sp3)–H olefination of alanine
derivatives. DCM, dichloromethane; Et, ethyl; Boc, tert-butoxycarbonyl; HMDS,
hexamethyldisilazide. (C) Unnatural a–amino acid elaboration.

Fig. 4. Synthesis of b-Ar-b-Ar′-a–amino acids via sequential C(sp3)–H arylations in one pot.
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in the absence of aryl iodides is consistent with
the Pd(II)/Pd(IV) pathway in which Pd(II) cleaves
the C–H bond first and subsequently undergoes
oxidative additionwith an aryl iodide (26).Wehave
found that intermediate A reacts with iodobenzene
stoichiometrically to provide 2 (see supplementary
materials). However, the addition of TFA is re-
quired for this transformation, presumably to facil-
itate the dissociation of one of the pyridine ligands.
These intermediates are viable precatalysts for pri-
mary and secondary C(sp3)–H arylation, respec-
tively (Fig. 6B). These rare and valuable C(sp3)–H
insertion intermediates provide a promising plat-
form for further kinetic and computational study
of elementary steps in a well-defined manner.

References and Notes
1. R. Giri, X. Chen, J.-Q. Yu, Angew. Chem. Int. Ed. 44,

2112–2115 (2005).
2. V. G. Zaitsev, D. Shabashov, O. Daugulis, J. Am. Chem.

Soc. 127, 13154–13155 (2005).
3. S.-Y. Zhang, Q. Li, G. He, W. A. Nack, G. Chen,

J. Am. Chem. Soc. 135, 12135–12141 (2013).
4. D.-H. Wang, M. Wasa, R. Giri, J.-Q. Yu, J. Am. Chem. Soc.

130, 7190–7191 (2008).
5. M. Wasa, K. M. Engle, J.-Q. Yu, J. Am. Chem. Soc. 131,

9886–9887 (2009).
6. B. V. S. Reddy, L. R. Reddy, E. J. Corey, Org. Lett. 8,

3391–3394 (2006).

7. L. D. Tran, O. Daugulis, Angew. Chem. Int. Ed. 51,
5188–5191 (2012).

8. P. M. T. Ferreira, L. S. Monteiro, G. Pereira, Eur. J.
Org. Chem. 2008, 4676–4683 (2008).

9. R. Noyori, H. Takaya, Acc. Chem. Res. 23, 345–350
(1990).

10. W. Tang, X. Zhang, Chem. Rev. 103, 3029–3070
(2003).

11. S. J. Roseblade, A. Pfaltz, Acc. Chem. Res. 40,
1402–1411 (2007).

12. N. Rodríguez, J. A. Romero-Revilla, M. Á. Fernández-Ibáñez,
J. C. Carretero, Chem. Sci. 4, 175–179 (2013).

13. R. Shang, L. Ilies, A. Matsumoto, E. Nakamura, J. Am.
Chem. Soc. 135, 6030–6032 (2013).

14. E. M. Simmons, J. F. Hartwig, Nature 483, 70–73 (2012).
15. W. R. Gutekunst, P. S. Baran, J. Am. Chem. Soc. 133,

19076–19079 (2011).
16. N. Hasegawa, V. Charra, S. Inoue, Y. Fukumoto, N. Chatani,

J. Am. Chem. Soc. 133, 8070–8073 (2011).
17. O. Baudoin, Chem. Soc. Rev. 40, 4902–4911 (2011).
18. T. W. Lyons, M. S. Sanford, Chem. Rev. 110, 1147–1169

(2010).
19. R. Jazzar, J. Hitce, A. Renaudat, J. Sofack-Kreutzer,

O. Baudoin, Chemistry 16, 2654–2672 (2010).
20. M. Wasa, K. M. Engle, J.-Q. Yu, Isr. J. Chem. 50, 605–616

(2010).
21. M. Wasa et al., J. Am. Chem. Soc. 134, 18570–18572

(2012).
22. D. Wildemann et al., J. Med. Chem. 49, 2147–2150 (2006).
23. L. Wang, W. Lu, Org. Lett. 11, 1079–1082 (2009).
24. Small amounts of unreacted monoarylated products

(15 to 25%) from the first step are also isolated as a
by-product of this transformation.

25. M. J. Burk, J. G. Allen, W. F. Kiesman, J. Am. Chem. Soc.
120, 657–663 (1998).

26. X. Chen, K. M. Engle, D.-H. Wang, J.-Q. Yu,
Angew. Chem. Int. Ed. 48, 5094–5115 (2009).

Acknowledgments: We gratefully acknowledge The Scripps
Research Institute, the NIH (National Institute of
General Medical Sciences, grant 2R01GM084019),
and Bristol-Myers Squibb for financial support. H.F. is
a visiting scholar sponsored by Sichuan University.
J.H. developed C(sp3)–H arylation and olefination and
conducted most of the experiments; S.L. synthesized
quinoline ligands; Y.D., H.F., B.N.L., and J.E.S. performed
large-scale reactions; A.H. obtained the crystal structures
shown in Fig. 6; and J.-Q.Y. directed the project. Metrical
parameters for the structures of 7f, intermediate A,
and intermediate B are available free of charge from
the Cambridge Crystallographic Data Centre under
reference numbers CCDC-985675, -985676, and
-985677, respectively. A provisional patent application
has been filed and is available under patent application
no. U.S. 61/946165.

Supplementary Materials
www.sciencemag.org/content/343/6176/1216/suppl/DC1
Supplementary Text
Figs. S1 to S3
Tables S1 to S6
NMR Spectra
References (27–31)

2 December 2013; accepted 19 February 2014
10.1126/science.1249198

Fig. 6. Mechanistic studies. (A) Synthesis and crystallography of primary and secondary C(sp3)–H activation intermediates. Oak Ridge thermal
ellipsoid plots (30% probability ellipsoids) of intermediate A and intermediate B are shown. (B) Catalytic reactivity of intermediates in C(sp3)–H
arylation reactions.

14 MARCH 2014 VOL 343 SCIENCE www.sciencemag.org1220

RESEARCH ARTICLES



Specific and Nonhepatotoxic
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Virus cccDNA
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Current antiviral agents can control but not eliminate hepatitis B virus (HBV), because HBV establishes
a stable nuclear covalently closed circular DNA (cccDNA). Interferon-a treatment can clear HBV but
is limited by systemic side effects. We describe how interferon-a can induce specific degradation of
the nuclear viral DNA without hepatotoxicity and propose lymphotoxin-b receptor activation as a
therapeutic alternative. Interferon-a and lymphotoxin-b receptor activation up-regulated APOBEC3A
and APOBEC3B cytidine deaminases, respectively, in HBV-infected cells, primary hepatocytes, and
human liver needle biopsies. HBV core protein mediated the interaction with nuclear cccDNA, resulting
in cytidine deamination, apurinic/apyrimidinic site formation, and finally cccDNA degradation that
prevented HBV reactivation. Genomic DNA was not affected. Thus, inducing nuclear deaminases—for
example, by lymphotoxin-b receptor activation—allows the development of new therapeutics that,
in combination with existing antivirals, may cure hepatitis B.

Hepatitis B virus (HBV) infection remains
a major public health threat, with more
than 350 million humans chronically in-

fected worldwide at risk of developing end-stage
liver disease and hepatocellular carcinoma. Each
year, more than 600,000 people die from the con-
sequences of chronic HBV infection. A prophy-
lactic vaccine has been available for hepatitis B
for almost 30 years, but the overall number of
chronic infections remains high.

HBV is a small, enveloped DNA virus repli-
cating via an RNA intermediate. The encapsidated
viral genome consists of a 3.2-kb partially double-
stranded relaxed circular DNA (rcDNA) mol-
ecule. The virus has optimized its life cycle for

long-term persistence in the liver (1). Upon trans-
location to the nucleus, the rcDNA genome is
converted into a covalently closed circular DNA
(cccDNA), which serves as the template for
viral transcription and secures HBV persistence.
Nucleoside or nucleotide analogs are efficient an-
tivirals but only control and do not cure HBV in-
fection owing to the persistence of HBV cccDNA.
Therefore, long-term treatment is required, which
is expensive and may lead to concomitant resist-
ance (2). Interferon (IFN)–a is licensed for hepa-
titis B therapy, and treatment with this cytokine
can result in virus clearance in a proportion of
patients; however, its efficacy is limited and
high doses are not tolerated (3). Thus, efficient
and nontoxic elimination of cccDNA in hepato-
cytes is a major goal of HBV research.

Using animal models, it has been shown that
HBV replication—in particular, the cccDNA con-
tent of the liver—can be affected by noncytopathic
mechanisms involving cytokines such as interfer-
ons and tumor necrosis factor (TNF), which in-
fluence RNA and capsid stability (4–7). Here, we
describe an antiviral mechanism that interferes with
cccDNA stability and is distinct from influences
of antiviral cytokines on cccDNA activity (8).

High-Dose IFN-a Leads to cccDNA
Degradation in HBV-Infected Hepatocytes
IFN-a is known to exert transcriptional, post-
transcriptional, and epigenetic antiviral effects on
HBV (8–12). To study the effect of IFN-a on
HBV cccDNA, we used HBV-infected, differen-
tiated HepaRG (dHepaRG) cells and primary
human hepatocytes (PHHs). These are human
cell types susceptible to HBV infection (13, 14)
and responsive to IFN-a treatment in vitro (fig.
S1A). IFN-a treatment did not lead to detectable

hepatotoxicity, even at very high doses (fig. S1B).
Treating dHepaRG cells with IFN-a (500 or
1000 IU/ml) controlled HBV-DNA synthesis as
efficiently as the nucleoside analog lamivudine
(LAM) at 0.5 mM (5 times the median effective
concentration, EC50). IFN-a, however, unlike
LAM, also significantly reduced expression of
HBV-RNA and hepatitis B surface (HBsAg) and
e (HBeAg) antigens (Fig. 1A and fig. S1C).

In patients, interruption of LAM treatment
results in a rebound of HBVreplication (2). Using
IFN-a, we observed only a partial rebound, or
none at all, in HBV-infected dHepaRG cells after
treatment cessation (Fig. 1A). Because dHepaRG
cells do not allow virus spread, reduction of
HBeAg and the lack of rebound indicated an ef-
fect of IFN-a on the established HBV cccDNA
transcription template separate from the known
antiviral effects on viral replication (14). By
cccDNA-specific quantitative polymerase chain
reaction (qPCR), we determined an 80% re-
duction of cccDNA after 10 days of treatment
(Fig. 1B). Reduction of cccDNAwas confirmed
by Southern blot analysis (fig. S1D) and was
dose-dependent (fig. S1E). cccDNA reduction
could be induced at any time point (Fig. 1C) and
persisted over time (Fig. 1, A and C). The effect
was corroborated inHBV-infected PHHs (Fig. 1D).
In contrast to IFN-a, LAM and the even more
potent nucleoside analog entecavir (ETV) at very
high doses (0.5 mM; 1000 times EC50) only in-
hibited reverse transcription, and thus HBV
replication, but not viral persistence (Fig. 1E).
Pretreatment with ETV did not enhance the effect
of IFN-a (Fig. 1F), indicating that IFN-a induces
the decay of established HBV cccDNA. Because
the doses of IFN-a used to achieve this effect were
high, we screened for other cytokines showing sim-
ilar antiviral effects at moderate doses.

LTbR Activation Controls HBV and Leads to
cccDNA Degradation in HBV-Infected Cells
IFN-g and TNF-a are known to control HBVin a
noncytopathic fashion (4, 7) but cannot be used
as therapeutics because they cause severe side
effects. We tested the effect of lymphotoxin (LT)
b receptor (LTbR) activation as an alternative
therapeutic option. The TNF superfamily mem-
bers LTa, LTb, and CD258 are the physiological
ligands for LTbR and activate either inflammatory
or anti-inflammatory pathways or induce apoptosis
(15). Like hepatocytes (16), dHepaRG (14) and
HepG2-H1.3 cells permit HBV replication (17)
and express LTbR (fig. S2, A and B). To activate
LTbR, we used a superagonistic tetravalent bi-
specific antibody (BS1) and a bivalent anti-LTbR
monoclonal antibody (CBE11) (18, 19). As ex-
pected, LTbRagonists activated canonical (20) and
noncanonical nuclear factor kB (NF-kB) path-
ways to trigger p100 cleavage (fig. S2C), RelA
phosphorylation (fig. S2D), nuclear RelB and
RelA translocation (fig. S2, E and F), and up-
regulation of known target genes (fig. S2G) with-
out causing any detectable hepatocytotoxicity
(fig. S2H).
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To test the effect of LTbR activation on HBV
infection, we treated dHepaRG cells with BS1
for 12 days starting 24 hours before HBV in-
fection. LTbR activation decreased levels of
all HBV markers, including cccDNA, by ~90%
without toxicity (Fig. 2A). The antiviral effect
was highly potent, with an EC50 of ~0.01 mg/ml
(fig. S3A). Inhibition of apoptosis did not alter
antiviral activity (fig. S4). Neither IFN-b nor
representative IFN-stimulated genes were up-
regulated upon BS1 treatment (fig. S2G), and
antiviral activity was independent of IFN induc-
tion (fig. S5).

In vivo, activation of the murine LTbR by
systemic application of an agonistic antibody
(ACH6) induced RelA and RelB nuclear trans-

location in hepatocytes of HBV-transgenic mice
(fig. S6A) and reduced HBV viremia (fig. S6B),
HBV RNA (fig. S6C), and HBV core (HBc) pro-
tein expression in the liver (fig. S6, D and E). Nei-
ther signs of hepatocyte apoptosis (fig. S6F) nor
elevation of aminotransferases (ALT) (fig. S6G,
right panel) were observed, indicating good in vivo
tolerability of LTbR activation. Because HBV-
transgenic mice do not establish HBV cccDNA,
this indicated additional antiviral effects of LTbR
activation on HBV RNA transcription or stability.
Accordingly, discontinuation of LTbR activation
induced an immediate, strong rebound of HBV
replication (fig. S6G).

To investigatewhether LTbRactivationwould
affect established HBV cccDNA in the context

of a persistent infection and prevent HBV reac-
tivation, we treated dHepaRG cells with LTbR
agonists BS1 or CBE11 when a stable, nuclear
cccDNApool had established. All HBVmarkers,
including HBV cccDNA, were reduced upon
LTbR activation in HBV-infected dHepaRG cells
(Fig. 2, B and C, and fig. S3) as well as in stably
transfected HepG2-H1.3 cells containing high
levels of cccDNA(Fig. 2C). InHBV-infectedPHHs,
LTbR agonization reducedHBVcccDNA,HBeAg
secretion, and—most effectively—HBV-DNA rep-
lication (Fig. 2D). cccDNA degradation wasmore
effective (up to 95%) when treatment was pro-
longed (fig. S3, C and D). Treatment interruption
for 10 days was almost as efficient as continuous
treatment (fig. S3C), indicating that LTbR agonists

Fig. 1.Degradationof cccDNA
inIFN-a–treatedHepaRGcells
and primary human hepato-
cytes. (A, B, C, E, and F) HBV-
infected dHepaRG cells were
treated with IFN-a at day 10
post-infection (dpi). Different reg-
imens of treatment were applied
as indicated. (D) HBV-infected
PHHs were treated with IFN-a
at dpi 3 for 13 days. Levels of
HBeAg, total intracellular DNA,
and cccDNA are given relative to
mock-treated cells. LAM, lamivudine;
ETV, entecavir. Data aremeans T
SD of replicates from indepen-
dent experiments andwere ana-
lyzed by t test. *P < 0.05, **P <
0.01, ***P < 0.001.

14 MARCH 2014 VOL 343 SCIENCE www.sciencemag.org1222

RESEARCH ARTICLES



induce a persistent antiviral effect. In contrast to
LAM treatment, no rebound of HBV replication
was observed when BS1 treatment stopped (Fig.
2E). Hence, LTbR activation not only suppressed
HBV replication but also caused nuclear cccDNA
degradation, which is needed to achieve virus
elimination.

LTbR Activation and IFN-a Treatment Induce
Deamination and Apurinic/Apyrimidinic (AP)
Site Formation in cccDNA
To investigate whether cccDNA degradation
upon LTbR activation or IFN-a treatment was a
result of DNA damage, we examined cccDNA
deamination by differential DNA denaturation
PCR (3D-PCR) (21). Lower denaturing temper-
atures were sufficient for cccDNA amplification
from HBV-infected dHepaRG cells and for PHHs
treated with IFN-a or BS1, compared with de-
naturing temperatures needed to amplify cccDNA
from untreated, LAM-treated, or ETV-treated cells
(Fig. 3A and fig. S7, C and D). Using a cocktail
of recombinant proteins containing all enzymes
necessary for DNA repair, we could reverse the
denaturation of cccDNA (Fig. 3A, lower panels).
The fact that the denaturation temperatures of
mock-, LAM-, and ETV-treated cells also shifted

indicated that this modification of HBV cccDNA
existed evenwithout exposure to exogenous drugs.
Deamination of cccDNA (Fig. 3A, right panel)
and a drop in cccDNA levels after treatment with
CBE11 (table S1)were confirmed in vivo in human
liver chimeric uPA-SCIDmice infected with HBV.
Sequencing analyses showed that G→A transi-
tions occurred under treatment (Fig. 3B and fig.
S7, A and B), indicating deamination of cytidines
to uridine in the HBV cccDNA minus strand. At
lower denaturation temperatures, G→A transi-
tions becamemore obvious (Fig. 3C and fig. S7A).
These data showed that both LTbR activation and
IFN-a treatment led to cccDNA deamination in
vitro and in vivo, and help to explain the G→A
hypermutation observed in patient samples (21).

Neither deamination normutations of genomic
DNAwere observed by 3D-PCR (fig. S8A) or by
deep sequencing of selected housekeeping genes
or of IFN and LTbR target genes (fig. S8B). This
finding indicated that DNA modifications were
specifically targeted to viral cccDNA.

After cytidine deamination, DNAglycosylases
recognize the damaged DNA and cleave N-
glycosidic bonds to release the base and create an
accessible apurinic/apyrimidinic site (AP site)
that can then be cleaved by endonucleases (22).

These AP sites can be repaired, can lead to mu-
tations uponDNA replication, or can induce DNA
degradation (23). We quantified AP sites created
by LTbR activation or IFN-a treatment. However,
no increase of AP sites in total DNA extracts from
dHepaRG cells or PHHs treated with IFN-a or
LTbR agonists (fig. S8C) was found, indicating
again that our treatments did not lead to detect-
able damage in genomic DNA. Because AP sites
in the small (3.2 kb) cccDNA are very likely to be
missed by this analysis, we digested total DNA
extracts with anAP endonuclease (APE1) and then
amplified cccDNA by qPCR. APE digestion fur-
ther decreased cccDNA extracted from dHepaRG
cells and PHHs treated with IFN-a or LTbR ago-
nists but not with LAM (Fig. 3D). Taken together,
our data indicate that both LTbR activation and
IFN-a treatment induced deamination and AP site
formation inHBVcccDNA, leading to its degrada-
tion, but did not affect genomic DNA.

LTbR Activation and IFN-a Treatment
Up-Regulate Expression of Nuclear
APOBEC3 Deaminases
IFN-a is known to induce several cytidine de-
aminases (23, 24). We performed genome-wide
expression profiling of HBV-infected dHepaRG

Fig. 2. LTbR activation inhib-
its HBV infection and leads to
cccDNAdegradationinHepaRG
cells and PHHs. (A and B) HBV-
infected dHepaRG cells were
treated with BS1, CBE11, human
immunoglobulin (hu-IgG) control,
or lamivudine (LAM). Treatment
started 24 hours before infection
for 12 days (A) or at 18 dpi for
10 days (B). Levels of the indi-
cated HBV markers as well as cell
viability are given relative to un-
treated controls (mock). (C) cccDNA
levels were analyzed after 14 days
of BS1 treatment by Southern blot
in HBV-infected dHepaRG and
HBV-replicating HepG2-H1.3 cells.
Supercoiled cccDNA bands were
identified by their expected size
and linearization upon Eco RI di-
gestion (3.2 kb). (D) PHHs were
infected withHBV and treatedwith
BS1 at 7 dpi for 10 days. Levels
of the indicated HBVmarkers were
compared to untreated PHHs of
the same donor (donor 3) (mock).
(E) HBV-infected dHepaRG cells
were treated with BS1, hu-IgG
control, or LAM. Intracellular HBV-
DNA was analyzed 8 and 14 days
after treatment cessation. Data are
means T SD of replicates from
independent experiments and
were analyzed by t test. *P< 0.05,
**P < 0.01, ***P < 0.001.
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cells after LTbR activation (fig. S9A) and clas-
sified regulated genes according to their activity
and properties (fig. S9B). The gene encoding
APOBEC3B (A3B) was identified as the most
up-regulated genewith nucleic acid–binding prop-
erties (fig. S9C).

Analysis of all APOBEC3 family members
showed that LTbR activation leads to strong up-

regulation of A3B, and to a lesser extent A3G, in
HBV-infected dHepaRG cells and PHHs and af-
ter systemic application in human liver chimeric
uPA-SCIDmice (fig. S10A). A3B expression was
induced by LTbR activation in a dose-dependent
manner, and expression levels steadily increased
during continuous treatment (fig. S11), correlating
with a concomitant increase in treatment efficacy

over time (fig. S3C). Treatment of PHHs isolated
from different donors with the LTbR agonist BS1
resulted in cccDNA degradation at different lev-
els (Fig. 3E and fig. S10B), which could be ex-
plained neither by the difference in the level of
A3B up-regulation (Fig. 3E) nor by detection of
a previously described (25) genomic deletion
of the A3B allele, which seems to correlate with

Fig. 3. Deamination and AP site
formation in cccDNA upon IFN-a
treatment and LTbR activation.
(A) dHepaRG cells (left) and PHHs
(center) were infected with HBV and
treated with IFN-a, BS1, or LAM. Hu-
man chimeric uPA-SCID mice were
treated with CBE11 or hu-IgG control
(right panel). 3D-PCR analyses were per-
formed on cccDNA left either untreated
(upper panels) or treated with PreCR Re-
pair Mix (New England Biolabs) (lower
panels). (B andC) 3D-PCR products from
HBV-infected dHepaRG cells treated as
indicated (IFN-a, BS1, or mock) were
cloned and sequenced, and mutations
were analyzed. (D) Total DNA extracts
from HBV-infected cells treated as indi-
cated were digested with APE1, and
cccDNA content was compared to that of
mock-treated cells. In (B), (C), and (D),
data are means T SD of biological tripli-
cates from two independent experiments
and were analyzed by t test. (E) PHHs
were infected with HBV and treated
with BS1 or IFN-a at 7 dpi for 10 days.
Levels of the indicated cccDNA as well as
A3A and A3B mRNA expression were
compared to untreated PHHs (mock) of
the same donor. *P < 0.05, **P < 0.01,
***P < 0.001.
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HBV persistence in infected patients (fig. S10,
B and C).

In contrast to LTbRactivation, IFN-a treatment
induced mainly A3A expression, as well as A3F
and A3G expression, in HBV-infected dHepaRG
cells and PHHs (fig. S12A) and A3D expression
in isolated PHHs. By systemic IFN treatment of
chimpanzees (26), A3Awas strongly up-regulated
in liver needle biopsies (fig. S12B). Activation of
A3A, A3F, and A3G after IFN-a treatment was
dose- and time-dependent and decreased after an
initial peak despite continuous treatment, indicat-
ing that cells become refractory to IFN-a (fig. S13).
In patients treated with subcutaneous pegylated
IFN-a, needle biopsies obtained at different time
points confirmed a rapid, strong up-regulation of
A3A (and, to a lesser extent, A3G) in the liver,
peaking at 16 hours after treatment (fig. S12C).
Expression levels declined after this time point
and remained low until day 6 after treatment, con-
firming a fast but transient induction of A3A by
IFN-a treatment. The findings that IFN-a in-
duced a transient A3A induction and that cells

rapidly became refractory to IFN-a may account
for the limited effect of IFN-a treatment in HBV-
infected patients (3).

APOBEC3A or APOBEC3B Activity Is Essential
to Induce cccDNA Degradation
Among the APOBEC3 family members up-
regulated in our experiments, only A3A andA3B
located to the nucleus (fig. S14), where they can
gain access to cccDNA. To verify that they are
indeed responsible for the induction of cccDNA
degradation, we overexpressed the HIV-Vif pro-
tein [known to promote the degradation of all
APOBEC3 proteins except A3B (27, 28)] in
dHepaRG cells in a tetracycline-regulated fash-
ion. Expression of HIV-Vif reduced A3A, A3F,
and A3G expression (fig. S15A), reverted IFN-
a–induced cccDNA deamination, and prevented
cccDNA degradation induced by IFN-a treatment
(Fig. 4A). However, expression of HIV-Vif did
not alter A3B levels (fig. S15B) and had no im-
pact on cccDNA degradation by LTbR activation
(fig. S15C). To specifically address the role of

A3A or A3B in cccDNA degradation, we further
knocked down A3A and A3B in dHepaRG cells
under IFN-a or LTbR agonist treatment, respec-
tively, and observed reduced cccDNA deamina-
tion (Fig. 4, B and C, left panels). Both A3A and
A3B knockdown completely reverted cccDNA
degradation but could not rescue the additional
effect of IFN-a or LTbR activation on HBV rep-
lication (Fig. 4, B and C, right panels).

To confirm the impact of A3A and A3B on
cccDNAdeamination, we overexpressed A3A and
A3B, respectively, in HBV-replicating HepG2-H1.3
cells (Fig. 4, D and E). Cytidine deamination of
nuclear cccDNA by A3A and A3B is in accord-
ancewith other studies showing that both localize
to the nucleus (29) and may be involved in the
elimination of foreign DNA (23).

APOBEC3A Interacts with HBV Core Protein
and Binds to cccDNA
APOBECs have evolved to restrict retroviral rep-
lication (30) as well as DNA transfer into cells.
They are able to clear foreign nuclearDNA (23, 31),

Fig. 4. Analysis of cccDNA deamination and deg-
radation. (A to C) cccDNA denaturation was analyzed
by 3D-PCR (left panels); levels of HBeAg, total intra-
cellular DNA, and cccDNA are given relative to mock-
treated cells (right panels). (A) dHepaRG-tA-Vif cells
were treated with IFN-a for 10 days with and without
doxycycline (dox)–induced HIV-Vif expression. HBV-
infected dHepaRG cells were treated with IFN-a (B) or
BS1 (C) transfected with siRNA against A3A or A3B,
respectively, or sequence-nonspecific siRNA (sicontrol).
Data are means T SD of independent replicates or ex-
periments and were analyzed by t test. *P < 0.05, **P <
0.01, ***P < 0.001. (D and E) cccDNA denaturation anal-
ysis by 3D-PCR in HepG2-H1.3 cells overexpressing A3A
(D) or A3B (E) from lentiviral vector plasmid pLenti6.3 or
pTR600, respectively, for 5 days.

www.sciencemag.org SCIENCE VOL 343 14 MARCH 2014 1225

RESEARCH ARTICLES



but it remains unclear how HBV cccDNA was
recognized and whether it was specifically tar-
geted in our experiments. To assess specificity,
we generated cell lines replicating a mammalian
replicon plasmid pEpi containing a linear HBV
1.3× overlength sequence. From the linear HBV
genome, HBV replication was initiated and, in
addition to the pEpi-H1.3 replicon, HBV cccDNA
was established in the nucleus. Treatment with
either IFN-a or the LTbR agonist BS1 inhibited
HBV replication and resulted in deamination and
degradation of HBV cccDNA, but not of theHBV
sequence–containing replicon (fig. S16). This re-
sult indicated that the deamination and subsequent
degradation induced by both treatments is HBV
cccDNA–specific.

HBV core protein associates with A3G (32)
and HBV cccDNA (33) and was thus a candidate
to mediate the targeting of A3 deaminases to
HBV cccDNA. Confocal microscopy indicated a
colocalization of A3A and A3B with the HBV
core in different cell lines and PHHs (Fig. 5 and
fig. S17). Chromatin immunoprecipitation (ChIP)
experiments using stably (fig. S18A) or transient-
ly transfectedHepG2-H1.3 cells or HBV-infected
and IFN-a treated dHepaRG cells showed that
HBV core protein and A3A both bind to the
cccDNAminichromosome (Fig. 6A). Supporting
the possibility that a guardian protein prevents
A3A direct binding to DNA (34), we could not
detect A3A binding to genomic DNA (fig. S18B)
even in the presence of the HBV core, which has
been reported to also bind to cellular DNA (35).

HBV core protein coimmunoprecipitated A3A
in HepG2-H1.3 cells and transfected HuH7 cells,
indicating physical interaction with A3A (fig. S19).
Proximity ligation assay (PLA) (Fig. 6B and fig.
S20) and fluorescence resonance energy transfer
(FRET) analysis (Fig. 6C) confirmed that the HBV
core expressed after HBV infection directly inter-
acted with A3A induced by IFN-a. By deletion
analysis, we determined that the central region of
HBc (amino acids 77 to 149) is involved in the
interaction with A3A (Fig. 6C and fig. S21).

These data suggest that A3A may be targeted
to cccDNAby interaction with the HBV core. No
such targeting to genomic DNA has been de-
scribed so far. Because APOBEC3 deaminases
are thought to act on single-stranded DNA (36),
one possibility is thatA3AandA3Bact on cccDNA
when it is transiently rendered into single-stranded
form by RNA polymerase II before transcription
initiation.

We therefore suggest the followingmechanism
of APOBEC-dependent degradation of HBV
cccDNA (Fig. 6D). High-dose IFN-a treatment or
LTbR activation up-regulate the expression of
A3A and A3B, respectively, which subsequently
colocalize or directly interact with HBV core in
infected hepatocytes and then translocate to the
nucleus, where they are brought into close con-
tactwith cccDNAby theHBVcore. TheAPOBECs
can now deaminate cccDNA that is transiently
rendered single-stranded during transcription.
Uracils in HBV cccDNA are recognized and ex-

cised by cellular DNA glycosylases, leading to
the formation of AP sites, which are then recog-
nized by cellular AP endonucleases (23), leading
in turn to cccDNA digestion. Why cccDNA is
degraded instead of being repaired by the cellular
DNArepairmachinery has remained elusive.Using
a mixture of various enzymes, we were able to
repair deaminated cccDNA in tubo (Fig. 3A);
this suggests the induction of an additional factor
promotingDNAdegradation or an impaired func-
tion of the repair machinery, rather than a lack of
recognition by the repair machinery. Thus, we
can only speculate that either (i) the number of
AP sites introduced after treatment is too high
and exceeds the capacity of the cellular repair ma-
chinery, or (ii) IFN-a treatment or LTbR activa-
tion [or even HBV itself (37)] modulates the
repair machinery. This may shift the equilibrium
from cccDNA repair (38) to degradation.

Ideally, a cure for HBV infection needs to elim-
inate cccDNA. Therefore, cytokines or cytokine
receptor agonists that can trigger HBV cccDNA
deamination and its degradation are interesting
antiviral candidates. Antivirals that induce A3A
and/or A3B activity should be combined with
nucleoside or nucleotide analogs to avoid the
replenishment of nuclear cccDNA after degrada-
tion. LTbR agonists were active at low doses, and
we did not observe any toxicity in vitro or in vivo,
nor did we detect any modification of genomic
DNA. Constitutive overexpression of LTa/b for
more than 1 year has been associated with inflam-
matory liver disease and hepatocellular carcinoma
(16). As antivirals, however, LTbR agonists would
be used for only a limited period of time, mini-
mizing the risk of side effects. Moreover, LTbR
activation has already been explored as a cancer
treatment (18).

Fig. 5. Colocalization of A3A and A3B with HBV core protein (HBc). (A) HuH7 cells were co-
transfected with an HBV 1.1× overlength genome and A3A-Flag– or A3B-Flag–expressing plasmids and
stained using 4´,6-diamidino-2-phenylindole (DAPI) and antibodies to HBc and Flag. (B) HBV-infected
dHepaRG cells and PHHs were treated with IFN-a at 7 dpi for 3 days. A3A and HBc were analyzed by
immunofluorescence staining. Right panels indicate Z stacks taken at the dotted lines.
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A recent study has shown a higher frequency
of an A3B deletion allele in persistent HBV
carriers and hepatocellular carcinoma patients
relative to healthy controls (25). This finding was
further supported by the moderate deamination
of cccDNA even in the absence of treatment, and
by the observation that knockdown of A3B in the
absence of any treatment increased cccDNA lev-
els. Although deregulated expression of A3A and
A3B has been shown to correlate with genomic
DNA mutations (39, 40), we did not detect any
alterations of genomic DNA using analyses of AP
sites, 3D-PCR analysis, and deep sequencing of
a set of human genes.

Our data indicate that cccDNA degradation is
possible and can be induced without side effects
on the infected host cell. An important task will
be the testing of combinations of nucleoside or
nucleotide analogs with novel antiviral strategies

[e.g., LTbR agonists or adoptive T cell therapy
(41)] to activate A3A or A3B to cure hepatitis B.
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Free-Standing Single-Atom-Thick
Iron Membranes Suspended in
Graphene Pores
Jiong Zhao,1,3 Qingming Deng,2 Alicja Bachmatiuk,1,3,4 Gorantla Sandeep,1 Alexey Popov,2

Jürgen Eckert,1,5 Mark H. Rümmeli3,6*

The excess of surface dangling bonds makes the formation of free-standing two-dimensional (2D)
metals unstable and hence difficult to achieve. To date, only a few reports have demonstrated
2D metal formation over substrates. Here, we show a free-standing crystalline single-atom-thick
layer of iron (Fe) using in situ low-voltage aberration-corrected transmission electron microscopy
and supporting image simulations. First-principles calculations confirm enhanced magnetic
properties for single-atom-thick 2D Fe membranes. This work could pave the way for new
2D structures to be formed in graphene membranes.

The success and promise of atomically thin
carbon–namely, graphene (1)–has triggered
enormous enthusiasm for the study of oth-

er two-dimensional (2D) materials such as hBN,
MoS2, and MoSe2 (2, 3). These 2D films are
able to be reduced to atomically thin layers while
still maintaining mechanical integrity, because
they are layered structures where the bonding

within a layer is covalent whereas the interlayer
bonding occurs through weak van der Waals in-
teractions, thus allowing individual layers to be
easily separated.With bulk metals, at first glance,
the nature of metallic bonding and their 3D struc-
ture prohibit them from existing as a monoatomic
layer. The only reports for atomically thin me-
tallic layers, thus far, are heteroepitaxial struc-
tures in which the metal atoms bond with the
underlying substrates (4, 5). On the other hand,
because of nondirectional metallic bonding and
the excellent plasticity ofmetals, at the nanoscale,
one can build few-atom or even single-atom
bridges (6, 7). Many single atomic metallic layers
(e.g., Fe, Co, and Mn) are attractive due to their
inherent magnetic properties. For the case of 2D
Femonolayers, themagnetic moment is expected
to be 3.1 mB, which is markedly higher than its
bulk counterpart (2.2 mB), and, in addition, 2D Fe
should have a large perpendicularmagnetic anisot-

ropy (8). Hence, 2D magnets could be promis-
ing for magnetic recording media. Most of what
is known about 2D magnets is based on theoret-
ical investigations. These studies point to their
magnetic properties being highly sensitive to their
structure (9). Face-centered cubic (FCC) Fe and
body-centered cubic (BCC) Fe ultrathin films
have been grown on Cu,W, SiC,MgO, and other
surfaces (9–13). However, these structures inter-
act with the underlying substrate. Free-standing
2Dmetal films do not suffer from substrate-based
influences, thus preserving coordination and
electron confinement.

Experimental and theoretical works have fo-
cused on the interactions between graphene and
single metal atoms (including Fe atoms) (14–16)
or clusters (17). We show that porous graphene
under electron-beam irradiation can be extended
to enable Fe atoms and clusters to entirely seal
small perforations in graphene and form a single
atomic crystalline Fe layer.

In our in situ investigation, a low-voltage
spherical aberration-corrected transmission elec-
tron microscopy (LVACTEM) operating with an
acceleration voltage of 80 kVwas employed (18).
The graphene samples were grown by chemical
vapor deposition (CVD) over Ni/Mo substrates
(19). The as-produced monolayer graphene was
then transferred on to standard lacey carbon (TEM)
grids using an FeCl3 etching solution to detach
the graphene (20). The transferred samples typically
consist of large areas of monolayer graphene in
which some regions contain remnant material
from the transfer process, including remnant Fe
species from decomposed FeCl3 (20). Under
close inspection, pure Fe can be found as small
nanocrystals forming on the surface of the
graphene, as single atoms or small clusters at the
edge of pores in clean graphene, or as 2D crys-
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talline membranes suspended across perforations
in the graphene. Typical examples are provided
in Fig. 1. In the case of nanocrystalline structures
forming on the surface of the graphene (Fig. 1, B
and C), the measured lattice constants obtained
from the Fourier domain from numerous micro-
graphs indicates that they are either BCC or hex-
agonal close-packed (HCP) Fe structures. These
structures match image simulations of BCC and
HCP Fe nanocrystals as, for example, shown in
the insets of Fig. 1, B and C, in which both the
stick-and-ball models and image simulations are
provided. In general, the Fe nanocrystals contain
200 to 1000 Fe atoms. Local electron energy-loss
spectroscopy (EELS) spectra highlight the pres-
ence of pure Fe clusters (figs. S1 and S2). De-
tailed investigations at the local scale exclude

other possible compounds—e.g., carbides and
oxides—and confirm the presence of pure Fe
nanostructures. Representative studies are pro-
vided in figs. S3 to S6.

In the case of individual Fe atoms or few-
atom clusters, they tend to get trapped in small
vacancies and pores in the graphene and are
easily visible due to their high contrast relative
to the graphene lattice. Typical examples are pro-
vided in Fig. 1D (Fe cluster in a pore) and Fig. 1E
(individual atoms trapped at pore edges). Typi-
cally, these atoms are mobile around the edges
when irradiated with electrons. These observa-
tions have been reported by others (14), so we do
not elaborate further.What we do focus on here is
the ability of larger numbers of Fe atoms to get
trapped within a pore and form an ordered 2D

crystalline lattice. Examples of such 2D Fe crys-
talline structures can easily be seen in Fig. 1, F
andG,where the high-contrast Fe atoms fill a pore
with the atoms arranging themselves, for the most
part, in an ordered manner. The lattice constant
for the observed nanocrystals is 2.65 T 0.05 Å,
which is appreciably larger than that for the
(200) Miller-index plane distance for the FCC
phase or the (110) plane distance for BCC Fe.

Figure 2A shows a higher-magnification TEM
micrograph of one of these Fe membranes sus-
pended in a graphene pore. Figure 2B shows the
corresponding micrograph after Fourier trans-
form filtering (to reduce noise), and Fig. 2C
shows an image simulation of a 2D Femembrane
suspended in graphene. Initial visual inspection
shows strong similarities. Figure 2D shows the

Fig. 1. LVACTEM images of graphene perforations and various Fe
clusters. (A) Graphene perforations (highlighted). (B) BCC Fe nanocrystal,
with atomic structure and image simulation as an inset. (C) HCP Fe nano-
crystal, which has a step on it. The atomic structure and an image simulation

are provided in the inset. (D) A several-atom cluster embedded in graphene.
(E) Many individual Fe atoms residing on the edges of graphene. (F and G)
Two typical monoatomic Fe layers suspended in a perforation in graphene.
Scale bars, 1 nm.

Fig. 2. Characterization
of monoatomic Fe layer.
(A) LVACTEM micrograph of
a monoatomic Fe layer with
the square unit cell. The in-
set highlights the interatomic
spacing of the square unit
cell. (B) Smoothed image of
(A). (C) Image simulation of
a monoatomic Fe layer. (D)
Fast Fourier transform of the
structure in (A) that shows
the lattice relationship be-
tween the graphene (red) and
the monoatomic Fe layer
(white). (E) Normalized in-
tensity profiles from the im-
age simulation (black line)
and experimental image (red
line), corresponding tomarked
profiles in red dashed lines
in (B) and (C). The intensity profiles match, confirming that the Fe membrane is a single atom thick. (F) Atomic structure of a suspended mono/atomic Fe layer in
a graphene pore. All scale bars, 0.6 nm.
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Fourier transform of Fig. 2A. The inner reflexes
correspond to the (100) plane of Fe. The outer
reflexes arise from the (1-100) plane of graphene.
In addition, the (110) plane for Fe almost over-
laps the (1-100) graphene planes. This indicates
preferential alignment of the Fe(110) plane with
the graphene (1-100) plane. This preferential align-
ment was observed for all the examined struc-
tures. We also compared the relative intensity
variation between the graphene basal plane and
the Fe structure filling the pore for both the ex-
perimentally obtained micrographs and the im-
age simulations. An example is provided in Fig.
2E. The two profiles match each other extremely
well. The image simulation is formed from a
single atomic layer of Fe atoms (Fig. 2F) and so
confirms that the suspended Fe structure we mea-
sure experimentally is a single-atom-thick Fe layer
with a square lattice (see fig. S7 for more detail
on thickness determination). EELS studies show
only Fe peaks and no carbon or oxygen signa-
tures, confirming that the monolayer membranes
are made only of Fe.

To better comprehend thesemonolayer Fe struc-
tures,we conducted density functional theory (DFT)
calculations based on the generalized gradient ap-
proximation with the Perdew-Burke-Ernzerhof

function (21). The calculations show that the
in-plane square lattice of monolayer Fe is en-
ergetically favored over the other possible 2D con-
figurations, including tetragonal, hexagonal, and
so forth. The calculations suggest the most stable
lattice constant for monolayer Fe is ~2.35 Å,
which is smaller than our experimental value of
2.65 T 0.05 Å; however, the calculated energy
difference between 2.35Å and 2.65Å is not large
(0.2 eV per atom) (table S1). In addition, some
physical aspects not considered in the calcula-
tions could lead to a larger lattice constant. For
example, the effect of spin-orbit coupling and
perpendicular magnetic anisotropy in atomically
thin films will lead to energy variations. More im-
portant, strain due to lattice alignment and mis-
match between graphene and 2D monolayer Fe
cannot be ignored, particularly because our cal-
culations show that the in-plane Young’s mod-
ulus of monolayer iron is ~160 GPa, which is an
order of magnitude smaller than that of graphene
(1 TPa). Figures S8 to S11 and their accompany-
ing discussion in the supplementary materials
illustrate the effect of strain on the lattice spacing.
Moreover, the phonons in monolayer Fe will
differ from bulk 3D Fe (22) because the fraction
of anharmonic vibrations increases with the re-

duction of thin-film thickness, which leads to a
larger thermal expansion. To investigate this, an
additional self-consistent lattice dynamics calcu-
lation or ab initio molecular dynamics calculation
would be required (23).

One can get a sense of local strain effects by
first looking at the interface between iron atoms
attached to different graphene edges. Two pos-
sible binding configurations are possible between
Fe atoms and graphene, namely, binding to the
basal plane or at an open end or edge. In practice,
binding at the basal plane is relatively common,
whereas metallic atom binding at the open edges
is rare even though such binding has been theo-
retically proposed (24). In our observations, the
Fe atoms always bind at open graphene edges—
for example, at the edges of a pore as shown in
Fig. 3, A to C. We also study such Fe atom
attachments using first-principle DFT calcula-
tions. Because the most stable edge terminations
for graphene are the armchair and zigzag con-
figurations (25), we investigated six possible con-
figurations for single Fe atoms at armchair or
zigzag edges, including an arrangement in which
Fe atoms replace the first two rows of carbon
atoms at an open edge (Fig. 3, D to I). The bond-
ing energies of the Fe atoms for these config-

Fig. 3. The interface between amonoatomic Fe layer and graphene and
local strain mapping. (A) LVACTEM image of the Z1 configuration as il-
lustrated in (D). The insets show the highlighted edge structure, with carbon
(black) atoms and Fe (orange) atoms highlighted. (B and C) LVACTEM images of
the Z2 and A1 configurations [(E) and (F), respectively]. The insets show the
highlighted edge structure with carbon (black) atoms and Fe (orange) atoms
highlighted. Scale bars in (A) to (C), 1 nm. (D to I) First-principle calculation
results showing top and cross-section views of different single-Fe atoms binding
to different graphene-edge configurations. The insets for (D) to (F) show the

corresponding image simulations from the stick-and-ball structure provided in
themain panels. (J andK) The Fe(110) with armchair edge visible in a LVACTEM
image and first-principle-calculated configuration, respectively. Scale bar in (J),
0.5 nm. (L) Schematic diagram showing the relationship between the (100) and
(110) Fe edges and the zigzag (Z) and armchair (A) edges from graphene. (M to
P) Calculated local von Mises-strain-invariant plots of two single-atom Fe layers.
The atom positions are taken from the micrographs provided in Fig. 1, F and G;
(M) and (O) provide the hydrostatic strain plots, and (N) and (P) show the shear
strain plots. The color of each atom refers to the values in the vertical scale bar.
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urations are provided in table S2. Despite the
bonding energies not being at a minimum in the
substitution configuration in which an Fe atom
replaces a single carbon atom in a hexagonal ring
(configurations Z1, Z2, and A1 in Fig. 3, D to F,
respectively), as compared to configurations Z3,
A2, and A3 (Fig. 3, G to I, respectively), they are
favored because upon removal of an Fe atom, an
incomplete hexagon structure is left, which is en-
ergetically unfavorable (as compared to zigzag or
armchair terminations). Thus, the reaction barrier
for the removal of substitution Fe atoms is high.
Indeed, this is what we observe experimentally,
where for the most part, Fe atoms are imaged as
substituting a C atom in a benzene ring at the
edge of graphene, as shown in Fig. 3, A to C. For
comparison, image simulations based on the struc-
tures used for the first-principles calculations are
provided as insets in Fig. 3, D to F.

Although substitution configurations are more
stable, the formation of an Fe monoatomic layer
occurs with a continuous placement of Fe atoms
along the edges that are not always set in a sub-
stitution configuration. For example, linking con-
figurations such as Z3 (Fig. 3G) andA2 (Fig. 3H)
are also found, as can be seen in Fig. 3J. The
linking formation shown in Fig. 3I is rarely ob-
served; this is due to its reduced bonding energy.
Linking formations are observed in monolayer
Fe-graphene junctions, as illustrated in Fig. 3J;

the corresponding calculated structure is also
given (Fig. 3K).

Another aspect to consider at the Femembrane-
graphene interface is the preferential alignment of
Fe atoms. For example, considering the graphene
zigzag and armchair edges and the lattice con-
stant for monolayer Fe, the best lattice match is
twice the Fe(110) plane distance (1.9 Å) with an
armchair edge (2.1 Å). This configuration pro-
vides the lowest mismatch strain and interfacial
energy and is an alignment configuration that we
observe in our experiments, as can be seen in the
diffraction information shown in Fig. 2D. How-
ever, if an Fe(110) plane to armchair configu-
ration exists, then the only other match is for the
Fe(110) plane to align with a zigzag edge (Fig.
3L). In effect, in a membrane interface, mis-
matches lead to distortions at the interface (within
15°). The interfacial distortions can be seen more
clearly on local strain maps, as illustrated in Fig. 3,
M to P. The atomistic positions are obtained by
the Gaussian fitting of atom locations taken from
experimental micrographs. The local 2D atomis-
tic strains are then calculated (26). The shear strain
components and hydrostatic strain components
are provided in Fig. 3, M and O, and Fig. 3, N
and P, respectively, for two actual images (Fig. 1,
G and F, respectively). Examination of the strain
maps show lower shear at the center of an Fe mem-
brane than at the edges. This is concomitant with

the hydrostatic strain, which appears homogeneous
at the center of the membrane. (See the supple-
mentary materials for further discussion.)

We now turn to the formation and stability of
single-atom-thick Fe membranes while under elec-
tron irradiation. Typically, Fe atoms on the sur-
face of the graphene are mobile while exposed to
electron irradiation. If they encounter a small hole
(a few nm wide), the atoms collect and rearrange
themselves within it to form a monolayer crys-
talline Fe membrane. The formation process
usually occurs in a matter of seconds. Figure 4A
shows a hole in the graphenewith a number of Fe
atoms perched by an edge. After 3 s of electron
irradiation (1 pA/nm2), the Fe atoms have moved
into the hole and arranged themselves neatly into
a crystalline 2D Femembrane (Fig. 4B). (Amore
detailed set of images and the formation of a
suspended Femonolayer by etching the graphene
beneath can be found in figs. S12 to S14.) Once a
suspended Femembrane has formed in a graphene
pore, it is relatively stable in that it can sustain
electron irradiation for several minutes, after
which it starts to collapse (Fig. 4, C to J). Closer
examination shows that the Fe monolayer edge
disconnects first from a zigzag edge, whereas Fe
(110) membrane-armchair interfaces tend to re-
main stable for far longer before forming an amor-
phous particle (see circled regions in Fig. 4, E and
F). This is in agreement with our analysis above,
in which armchair interfaces are shown to be the
most stable configurations.

We also studied the diameter-stability depen-
dence. By investigating the energy difference,
DE, between a suspended Fe monolayer and a
nanoparticle using the equivalent number of Fe
atoms, one can estimate the largest stable Fe
membrane that can form. DE is given by

∆E = EFe-C + EMLFe-EFe (1)

where EFe-C is the binding energy between the Fe
membrane and graphene interface, EMLFe is the
total energy of the Fe monolayer, and EFe is the
total energy of the Fe nanoparticle, including
the surface energy. Neglecting the effects of
lattice instabilities and using energy values de-
termined in our previous DFT calculations, we
find the largest stable membrane to be ~12 atoms
wide (fig. S15) or 3 by 3 nm2. This is in excel-
lent agreement with our experimental observa-
tion, in which the largest observed diameters are
~10 atoms.

Finally, we examined the band structure of a
freestanding monolayer Fe membrane through
spin-polarized DFT calculations using the exper-
imentally derived lattice constant (2.65 Å) and
compare it to the (calculated) band structure of
bulk BCCFe. Some obvious differences between
the two can be seen, as shown in fig. S16. By
comparing the partial density of states, one can
see that for the spin-up (majority) orbitals, the
dz

2 orbital for 2D Fe is appreciably smaller than
for bulk BCC Fe. This is primarily due to the
2D nature of the Fe membrane, because the dz

2

Fig. 4. The formation and collapse of a suspended single-atom Fe layer under electron
irradiation. (A) An Fe cluster at the edge of a graphene pore (highlighted). (B) After 3 s, the Fe atoms
move in to the perforation and form a single-atom Fe membrane sealing the entire graphene pore. (C to J)
Continued electron irradiation leads to the collapse of the 2D Fe membrane. The Fe(110)–armchair
graphene interfaces are the most stable and are highlighted in (E) and (F). All scale bars, 1 nm.
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orbital is out of plane whereas the dxy orbital is in
plane. The first-principles calculations show a con-
siderably enhanced magnetic moment for single-
atom-thick Femembranes (3.08 mB) as compared
with bulk BCC Fe (2.1 mB), in good agreement
with previously calculated values (8). The total
magnetic moment is slightly decreased by the
Fe-C boundary effect but is still much larger the
bulk value (fig. S17).

In summary, the existence of free-standing
monoatomic suspended Fe membranes is dem-
onstrated. These 2D Fe nanomembranes are di-
rectly imaged and are shown to have a square
lattice with a 2.65 Å lattice constant at room tem-
perature. These studies provide valuable data for
further more accurate and in-depth theoretical in-
vestigations. The potential of perforated graphene
as a support for 2D membranes is shown, and
one can anticipate new 2D structures from a va-
riety of elements to emerge.
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Main-Group Compounds Selectively
Oxidize Mixtures of Methane, Ethane,
and Propane to Alcohol Esters
Brian G. Hashiguchi,1* Michael M. Konnick,1 Steven M. Bischof,1 Samantha J. Gustafson,2

Deepa Devarajan,2 Niles Gunsalus,1 Daniel H. Ess,2* Roy A. Periana1*

Much of the recent research on homogeneous alkane oxidation has focused on the use of
transition metal catalysts. Here, we report that the electrophilic main-group cations thallium(III)
and lead(IV) stoichiometrically oxidize methane, ethane, and propane, separately or as a one-pot
mixture, to corresponding alcohol esters in trifluoroacetic acid solvent. Esters of methanol, ethanol,
ethylene glycol, isopropanol, and propylene glycol are obtained with greater than 95% selectivity
in concentrations up to 1.48 molar within 3 hours at 180°C. Experiment and theory support a
mechanism involving electrophilic carbon-hydrogen bond activation to generate metal alkyl
intermediates. We posit that the comparatively high reactivity of these d10 main-group cations
relative to transition metals stems from facile alkane coordination at vacant sites, enabled by
the overall lability of the ligand sphere and the absence of ligand field stabilization energies in
systems with filled d-orbitals.

Theworld is undergoing a revolution in raw
hydrocarbon feedstock supply with the dis-
covery of increasingly abundant sources

of natural gas in shale and offshore gas fields (1).
Although natural gas is primarily methane, natu-
ral gas—particularly from shale—also has sub-
stantial amounts of ethane and propane (2). The
conversion of methane, as well as these higher
alkanes in natural gas, into liquid fuels and com-
modity chemicals such as methanol, ethylene, etha-

nol, ethylene glycol, isopropanol, and propylene
glycol at lower costs than the current multistep,
capital-intensive processes could reduce emissions
and our dependence on petroleum, as well as in-
crease the value of natural gas.

An important approach that has emerged in
the past few decades is the design of molecular
(homogeneous) catalysts for the oxidative func-
tionalization of alkanes based on the CH acti-
vation reaction. This involves selective reaction
of an M-X catalyst with a hydrocarbon CH bond
(R-H) under relatively mild conditions without
the involvement of radicals in order to generate a
M-R intermediate that is converted to the desired
R-X product with regeneration of M-X (Eq. 1).
There has been considerable effort in this area of

research with homogeneous (3–23) as well as
heterogeneous catalysts (24–26), and substantial
progress has been made in recent years. Most of
the work on the homogeneous systems have been
primarily based on transition metals (with un-
filled d-shells, d<10) such as Pt (3, 4, 16), Pd
(14, 17–19, 23), Rh (20–22), and Ir (7–10). In
contrast, relatively few studies have been directed
toward the classic main-group elements with a
filled d-shell (d10). In 1993, we reported an ex-
ample of a main-group metal cation, HgII, in the
superacid concentrated H2SO4 for direct conver-
sion of methane to methanol esters (15). In spite
of the simplicity of the HgII system, it was not
further developed because of lack of reaction
in more practical, weaker acid media such as
CF3CO2H (TFAH),CH3CO2H (HOAc), or aqueous
acids with which product separation could be prac-
tical. Another key issue was that the reactions of
ethane and propane were unselective with the
HgII system. We originally proposed an electro-
philic CH activation mechanism for the HgII sys-
tem. However, later work by Sen, based on the
observation of products resulting fromC-C cleav-
age reactions with higher alkanes, suggested that
Hg(II) in superacid media was sufficiently oxi-
dizing to initiate free-radical reactions (5)

M-X +R-H→M-R→M-X+R-X (1)

This possibility for unselective radical reactions
with higher alkaneswas also considered byMoiseev
and co-workers in the early 1990s on the reaction
of alkanes in TFAH with strongly oxidizing salts
that were known to be effective for oxidizing hy-
drocarbons through free-radical mechanisms
(27, 28). The initial report showed high yield and
selectivity for the stoichiometric reactions of
CoIII withmethane toMe-TFA (27). Carrying out
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the reactionwith CoII in the presence ofO2 showed
a turn over number (TON) of ~4 for Me-TFA,
along with comparable amounts of CO2 generated
through solvent decarboxylation. Along with CoIV

peroxo species, both radical and nonradicalmecha-
nisms were considered. In a later report that fo-
cused on the reactions of ethane and propane, the
authors proposed a free-radical mechanism to ac-
count for the extensive C-C cleavage and over-
oxidation reactions with these higher alkanes. In
addition to transition metal salts, there was one
table entry in (28) on the reaction of methane
with stoichiometric amounts of a main-group d10

cation, PbIV, that generated Me-TFA in ~10%
yield. The higher alkanes were not examined in
that initial work, and there are no follow-up re-

ports by Moiseev, suggesting that PbIV operated
by a different mechanism from the radical reac-
tions proposed for CoIII. In our own work on
HgII, the main-group d10 cation, TlIII, was also
found to be active for methane oxidation to
the ester. However, this was only examined in
superacid media and only with methane. We did
not further examine on the TlIII or PbIV systems in
TFAH or with higher alkanes. The primary basis
for this was the recognition that both TlIII with a
standard reduction potential (Eo) of 1.2 V and
PbIV (Eo = 1.5 V) are stronger oxidants than is
HgII (Eo = 0.9V) (29). Consequently, on the basis
of the general considerations at that time we
considered that these main-group cations would
be more likely than would HgII to initiate un-

selective radical reaction with the higher alkanes.
To our knowledge, since those early publications
in the 1990s there are no reported, deliberate
studies of reactions of higher alkanes with those
or other strongly oxidizingmain-group electrophiles.

Our later work with PtII also led to models
that directed our efforts away from these main-
group systems. In 1998, we reported that the
well-defined transition metal complex [h-2-(2,2′-
bipyrimidyl)]platinum(II), (bpym)PtIIX2 when
dissolved in superacid solvents such as concen-
trated H2SO4 (16) was an effective catalyst for
the functionalization of methane to ~1 M pro-
tonated methanol and bisulfate ester. However—
along with the high cost of Pt, as was the case for
HgII—this system was inactive in more practical,

Fig. 1. Conceptual energy diagrams illustrating the relative rates of the two key steps in the overall CH activation
of alkanes (R-H) by M-X metal complexes. The rate-limiting step in the red diagram is alkane coordination. This step is
net stabilized by increasing the electrophilicity of M-X. In the blue diagram, the rate-limiting step is CH bond cleavage. This

transition state is net stabilized by increasing the M-X electrophilicity. (Inset) The predicted trends in overall rate of CH activation with increasing elec-
trophilicity of M-X for these cases are shown color-coordinated.

Table 1. Reaction of oxidants with methane, ethane, and/or propane.
Standard conditions were 0.25M Tl(TFA)3 or Pb(TFA)4 in 2ml TFAH, gas pressure
(MeH=3.44MPag, EtH= 3.44MPag, or PrH=0.861MPag), 180°C for 3 hours.

Conc (M), (moles oxidant)/(liters solvent added); product selectivity, [individual
liquid product]/[total liquid products] × 100; yield based on 1H-NMR, [oxidant]/
[total liquid products] × 100; and [product], (moles product)/(liters solvent added).

Entry Oxidant Conc (M) Solvent Hydrocarbon Products (% of total products) Yield ([product])

1 Tl(TFA)3 0.250 HTFA MeH MeTFA (100%) 74% (0.19 M)
2* Tl(TFA)3 2 HTFA MeH MeTFA (100%) 55% (1.1 M)
3 Tl(TFA)3 0.250 HTFA EtH EtTFA (67%), EG(TFA)2 (33%) 75% (0.16 M)
4 Tl(TFA)3 3 HTFA EtH EtTFA (64%), EG(TFA)2 (36%) 60% (1.48 M)
5 Tl(TFA)3 0.250 HTFA PrH iPrTFA (77%), PG(TFA)2 (23%) >95% (>0.22 M)
6 Tl(TFA)3 0.250 HTFA 100(MeH):

8(EtH):1(PrH)†
MeTFA (9%), EtTFA (21%),

EG(TFA)2 (11%), iPrTFA (10%), PG(TFA)2 (19%)
82% (0.11 M)

7‡ Tl(TFA)3 0.250 HTFA/H2O EtH EtTFA (68%), EG(TFA)2 (32%) 73% (0.16 M)
8§ Tl(TFA)3 0.250 HTFA EtH EtTFA (66%), EG(TFA)2 (34%) 76% (0.16 M)
9∥ Tl(TFA)3 0.250 HTFA EtH EtTFA (65%), EG(TFA)2 (35%) 30% (0.06 M)
10 Tl(TFA)3 0.250 MSA EtH EtX (47%), EG(X)2 (53%)¶ 93% (0.18 M)
11 Tl(OAc)3 0.250 HOAc EtH EtOAc (2%), EG(OAc)2 (98%) 43% (0.06 M)
12 Pb(TFA)4 0.250 HTFA MeH MeTFA (100%) 76% (0.19 M)
13 Pb(TFA)4 0.250 HTFA EtH EtTFA (70%), EG(TFA)2 (30%) 90% (0.2 M)
14∥ Pb(TFA)4 0.250 HTFA EtH EtTFA (68%), EG(TFA)2 (32%) 75% (0.18 M)
15 Hg(TFA)2 0.250 HTFA EtH N/A 0% (0.0 M)
*Pressure, 5.52 MPag; and temperature (T) = 190°C. †Total pressure, 3.44 MPag. ‡Run with 2 M H2O present. §Run with 100 kPa O2 present. ∥Reactions were run at 150°C.
¶Products were a mixture of EtTFA, Et(MSA), EG(TFA)2, and EG(MSA)2.
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weaker acids as well as unselective for reaction
with higher alkanes. Studies suggested that this
system operated by means of electrophilic CH
activation and that the lack of reaction in weaker
non-superacid solvents resulted from effectively
complete inhibition of the CH activation step
in these media (30). As shown conceptually in
Fig. 1, electrophilic CH activation by M-X tran-
sition metal complexes are typically considered
to proceed through two general steps, involving
(i) alkane R-H coordination to M-X to gener-
ate [M(R-H)]+ + X– followed by (ii) CH bond
cleavage to generate M-R. Studies show that
CH activation by the (bpym)Pt system operates
as described with the red diagram in Fig. 1, in
which R-H coordination is rate limiting, and in-
hibition in moving from superacid to weaker
acid solvents results from stronger coordination
of the more nucleophilic anions, X–, present in
weaker acid solvents to the electrophilic metal
center. This results in net stabilization of the
M-X resting state and increases the barrier to
R-H coordination and CH activation.

At the time of these discoveries, we erroneous-
ly considered that all electrophilic CH activation
systems would operate as in the model shown
in red in Fig. 1. Consequently, we assumed that
stabilization of the resting state also accounted for
the inhibition of HgII in weaker, non-superacid
media as well as the counterintuitive observations,
in both the (bypm)Pt and Shilov PtCl systems,
that the higher oxidation state PtIV is effectively
inactive, whereas lower-oxidation-state PtII exhib-
its high rates of electrophilic CH activation. For
systems operating as described with the red en-
ergy diagram in Fig. 1, it could be expected that
the relative rate of CH activation would decrease
with increasing electrophilicity (Fig. 1, inset, red
arrow). Between this resting-state stabilization
model and concerns of possible radical reactions,
our studies were directed away from TlIII, PbIV,
and other main group cations that were more
strongly oxidizing and electrophilic than are PtII

(Eo = ~0.8 V) (29) and HgII for functionalization
of higher alkanes in more practical, weaker acid
media.

Contrary to those predictions, we now find
that TlIII(TFA)3 and Pb

IV(TFA)4 can rapidly func-
tionalize methane, ethane, and propane separately
or as mixtures, in high selectivity and concentra-
tions to the corresponding trifluoroacetate esters
ofmethanol (MeTFA), ethanol (EtTFA), ethylene
glycol [EG(TFA)2], isopropanol (iPrTFA), and
1,2-propylene glycol [PG(TFA)2] (Table 1, en-
tries 1 to 6, 8, 9, and 12 to 15). We focused pri-
marily on TFAH as the reaction medium but also
observed efficient reactivity in other non-superacidic
solvents, such as methane sulfonic acid (MSA)
(Table 1, entry 10), HOAc (Table 1, entry 11),
and TFAH/H2O mixtures (Table 1, entry 7). In
contrast to the reported reactions with (bpym)PtII

or HgII in superacid media, no evidence for C-C
cleavage or other side products were observed
with the higher alkanes, ethane and propane. In
spite of the original concerns of radical reactions

and inhibition of CH activation in non-super acid
media, we nonetheless believe it is plausible to
rationalize the reactions of these nontransition
metal, main-group d10 cations with alkanes by
means of a general reactionmechanism involving
electrophilic CH activation and M-R functional-
ization, which have primarily been associated
with transition metals.

Some of the earliest studies on ligand inter-
action with metal cations show that the rates of
ligand exchange for the third row, main-group,
d10 strong electrophiles such as HgII and TlIII are
~1019 faster than for the transition metal d<10

cations such as IrIII or PtIV. (31) These extraordi-
nary differences in rate are conceptually attributed
to lack of ligand field stabilization energies
(LFSE) for cations with filled d-orbitals and strong
LFSE for cations with unfilled d-orbitals. On the
basis of these enormous differences in exchange
rates, it is plausible that the rate of alkane coor-
dination for main-group d10 electrophiles could
be fast and that CH bond cleavage could be com-
paratively slow and rate limiting (Fig. 1, blue
lines) for the overall CH activation process. It is
also plausible that with this switch in the rate-
limiting step, increasing electrophilicity could
result in a net lowering of the transition state for
CH bond cleavage. This can be explained by hard
soft acid base (HSAB) theory, in which an in-
crease in the M-C bond strength would be ex-
pected with increasing electrophilicity of these
soft polarizable, third-row d10 electrophiles (32).
As shown in Fig. 1, these considerations lead to
the prediction that the rate of electrophilic CH
activation (Fig. 1, inset, blue arrow) with these
main-group d10 cations could increase with in-

creasing electrophilicity (assuming that alkane co-
ordination continues to be fast). This is opposite
to the trend in our earlier model (Fig. 1, inset, red
arrow). Counterintuitively, this new model sug-
gests that the lack of reaction of HgII in weaker
acid media was because its electrophilicity was
too low rather than too high. These considera-
tions led us to more closely examine the reaction
mechanism of the TlIII-mediated alkane oxidation.

The crude mixtures from the reactions of TlIII

with the alkane in TFAH are homogeneous and
effectively colorless. The 1H–nuclear magnetic res-
onance (NMR) spectra of the crude reaction
mixtures in TFAH from separate reactions of
3.44 MPag of methane and ethane, and 0.861
MPag of propane with Tl(TFA)3 in CF3CO2H
solvent at 180°C for 3 hours are shown in Fig. 2,
A to C. A coaxial insert was used as an external
standard. The TFA-ester of methanol (MeTFA)
and the corresponding esters of ethanol (EtTFA)
and ethylene glycol [EG(TFA)2] are the only
products observed (within a 1% detection thresh-
old) from methane and ethane, respectively. The
reactionwith propane (Table 1, entry 5) is also very
efficient and only generates the corresponding
esters of isopropanol (iPrTFA) and 1,2-propylene
glycol [PG(TFA)2]. Reactions conducted with
100% 13C-labeled methane (13CH4) and ethane
(13C2H6) unambiguously confirmed that the esters
are formed from the corresponding alkanes.
Exclusively 13C-labeled products were observed
in the liquid phase, and only traces of 13CO2were
detected in the gas phase. No products from C-C
cleavage or other side reactions were observed in
the liquid phases. Consistent with this high se-
lectivity, control studies showed that the ester

Fig. 2. Stacked 1H-NMR (400 MHz) spectra of the crude reaction mixtures in TFAH after TlIII–
mediated oxidation of alkanes. The alkanes were, respectively, (A) methane, (B) ethane, (C) propane,
and (D) a mixture of methane, ethane, and propane in a ratio typical in natural gas. The products are the
alcohol esters of trifluoroacetic acid.
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products are unreactive toward Tl(TFA)3 when
the hydrocarbon gas is replaced with argon under
otherwise identical conditions. Assuming a detec-
tion limit of ~1% and a 5 mM methane concen-
tration in the liquid phase, the parent alkanes
appear to be at least 100 times more reactive than
are the alcohol ester products. Because the TFA
group is electron-withdrawing relative to aH atom,
this is consistent with an electrophilic reaction with
the CH bonds in which positive charge is de-
veloped on the carbon during CH cleavage.

Consistent with the 1:1 metal:alkane stoichi-
ometry shown in Eq. 2, analysis of a crude reac-
tion mixture with ethane by means of Tl-NMR
before and after a reaction shows unreacted TlIII

aswell as TlI (fig. S7). Increasingly abundant shale
gas contains, in addition to methane, substantial
amounts of ethane and propane. To examinewheth-
er these alkanes could be functionalized without
separation in a one-pot procedure, we prepared
and examined the reaction of a mixture of meth-
ane, ethane, and propane in a 100:8:1 ratio typical
in natural gas. As can be seen from 1H and 13C-
NMR analysis of the crude reaction mixture in
TFAH (Fig. 2D), each alkane is converted to the
corresponding alcohol esters, in high selectivity
in a molar ratio ofMeTFA:[EtTFA + EG(TFA)2]:
[iPrTFA + PG(TFA)2] of ~1:3:3. When normal-
ized for the number of hydrogens in each of the
alkanes, the relative reactivity of the CH bonds in
methane, ethane, and propane is ~1:25:150. This
trend is also consistent with an electrophilic re-
action with the CH bonds that would be expected

to proceed in the order of CH4 < CH3-CH3 <
CH3CH2CH3 as H-atoms on CH4 are replaced by
more electron-donating CH3 groups

R-H+TlIII(TFA)3→TlI(TFA)+TFAH+R-TFA (2)

As discussed above, a prediction of the blue re-
action model in Fig. 1 is that in contrast to our
earlier model for electrophilic CH activation, the
rates of alkane functionalization should increase
with increasing electrophilicity. Indeed, under iden-
tical conditions—in the absence of mass trans-
fer limitations and at shorter reaction times so
as to minimize conversion of the salts—the total
yield of EtTFA and EG(TFA)2 from Hg(TFA)2,
TlIII(TFA)3, and Pb

IV(TFA)4 was 0, 30, and 75%,
respectively (Table 1, entries 14, 9, and 13, re-
spectively). In (27), the one data entry on the
reaction of PbIV with methane in TFAH shows
~10%methanol ester yield. Compared with our
result of 74% yield with TlIII(TFA)3 (Table 1,
entry 1), this would conflict with our model be-
cause it would suggest that TlIII is more reactive
than PbIV is. However, we find that the yield
from the reaction of methane with Pb(TFA)4 is
reproducibly, considerably higher (>70 versus
10%) (Table 1, entry 12). At this time, we do
not understand the basis for this difference. Our
results qualitatively show that the relative rates
of reactivity of these electrophiles with ethane
in TFAH is HgII (inactive) << TlIII < PbIV. If the
trend holds through this third-row d10 series, it
is possible that BiV could be very reactive with

alkanes. BiV(TFA)5 as well as Au
I(TFA) are un-

known, and efforts are underway to synthesize
and study these species.

These observations support a proposed elec-
trophilic CH activation/M-R functionalization
mechanism. However, given the general consid-
eration that strongly oxidizing species can gen-
erate free-radical reactions with alkanes, we were
prompted to carry out furthermechanistic studies.
Varying the alkane pressure shows a first-order
rate dependence [observed rate constant (kobs) =
2.6 × 10−6 T 1.3 × 10−7 s−1MPa−1] on alkane (fig.
S7). Some key characteristics of free-radical
reactions can be, but not always, poor reproduc-
ibility and changes in reaction rate and product
selectivity in the presence of radical traps, such as
O2 (28). To examine these possibilities, we
studied the kinetics for the reaction of Tl(TFA)3
with a 33-fold excess of ethane in TFAH. The
reaction exhibits highly reproducible, clean, first-
order (in TlIII) kinetics (kobs = 9.0 × 10−5 T 4.5 ×
10−6 s−1 MPa−1) for the generation of the TFA
esters of EtTFA and EG(TFA)2, with no induc-
tion period (fig. S9). The rate of formation of
EtTFA is higher than EG(TFA)3, but as can be
seen in fig. S9, the ratio of [EtTFA] to [EG(TFA)2]
is constant as the reaction proceeds. This would
suggest that these materials are generated in par-
allel rather than sequentially [EtH to EtTFA to
EG(TFA)2] as might be expected. Consistent with
this control, experiments show that conversion of
EtTFA to EG(TFA)2 is slow in the presence of
Tl(TFA)3. In contrast, ethylene is found to rap-
idly convert to EG(TFA)2 in the presence of
Tl(TFA)3. This could suggest that ethylene is the
precursor to EG(TFA)2 and is generated in par-
allel with EtTFA (schemeS2). These resultswould
suggest a common intermediate—plausibly, a
TlIII-Et species—for the parallel formation of both
products (Fig. 3, scheme S2, and fig. S9). Carry-
ing out the reaction in the presence of added O2

(a well-known radical trap that is stable under
these reaction conditions) had no effect on the
reaction rate or selectivity (Table 1, entry 8). These
results—along with the high reaction selectivity
and lack of any C-C cleavage products in the re-
action of ethane and propane with Tl(TFA)3—
strongly argue against a free-radical mechanism.

To further investigate the possibility of a CH
activation/M-R functionalization mechanism, we
carried out the reaction of methane with Tl(TFA)3
in deuterated trifluoroacetic acid (DTFA). Only
CH3TFA was generated in this reaction, and no
CH3D was observed. This result would be con-
sistent with a reaction mechanism in which CH
activation step is rate-limiting and irreversible,
whereas functionalization of the putative TlIII-
CH3 intermediate to the alcohol ester is fast. Con-
sistent with assignment of CH bond cleavage as
the rate-limiting step, the intramolecular kinetic
isotope effect (KIE) based on reactions with H3C-
CD3wasmeasured to be 3.4. Avery small KIE or
no KIE would be expected if alkane coordination
or M-R functionalization were rate-limiting. The
expected putative (TFA)2Tl

III-Me intermediate is
Fig. 3. M06/6-31+G(d,p)[LANL2DZ] DFT-calculated CH activation and M-R functionalization
pathways in TFAH solvent.
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unknown and likely unstable. However, the di-
methyl species (TFA)Tl(CH3)2 is stable in TFAH
at room temperature. Because this class of organo-
metallic compounds are well known to undergo
rapid alkyl transfer, we examined the reaction
of (TFA)Tl(CH3)2 with Tl(TFA)3 as a means of
generating (TFA)2Tl

III-Me in situ. Upon addition
of Tl(TFA)3 at room temperature to a solution
of (TFA)Tl(CH3)2 in TFAH, within minutes two
equivalents of MeTFAwere cleanly generated in
quantitative yield relative to (TFA)Tl(CH3)2 based
on the stoichiometry shown in Eq. 3. Analysis of
the crude reaction mixture by means of 1H-NMR
immediately upon mixing showed a new, broad,
transient Me-species that could be the (TFA)2Tl
(CH3) intermediate. Consistent with the lack of
H/D exchange in reactions of CH4 with Tl(TFA)3
in DTFA [which we attributed to irreversible for-
mation of the putative (TFA)2Tl

III-Me interme-
diate from CH activation], no CH4 is generated
from these functionalization reactions of (TFA)Tl
(CH3)2 with Tl(TFA)3 in TFAH. These results are
also consistent with reports that treatment of
(OAc)2TlMe with HOAc generates MeOAc (33)

ðTFAÞTlIIIðCH3Þ2 þ TlIIIðTFAÞ3→TFAH

2MeTFAþ 2TlIðTFAÞ ð3Þ
We have also usedM06 density functional theory
(DFT) calculations to examine possible mecha-
nisms and the energy landscape for ethane CH
functionalization, as well as to postulate a mech-
anism that accounts for the parallel formation of
EtTFA and EG(TFA)2. Calculation details can be
found in the supplementary materials. To begin,
we examined whether it is plausible that Tl(TFA)3
can induce functionalization of ethane by a radical
or one-electron oxidation pathway. Radical chain
mechanisms beginning with a reactive (TFA)2Tl•/
CF3COO•radical pair were ruled out because
Tl-O bond homolysis requires 52.3 kcal mol–1 of
free energy. Additionally, one-electron oxidation
and Tl-mediated hydrogen atom abstraction were
also ruled out because these pathways require
greater than 75 kcal mol–1. Instead, our calcula-
tions suggest that the most viable pathway for
ethane CH functionalization is CH activation by
means of electrophilic substitution (Fig. 3A). Cal-
culations also suggest an identical mechanism for
methane (supplementary materials).

In the ground state for Tl(O,O-TFA)3, both
oxygen atoms of the three TFA anions coordinate
to the Tl center in an octahedral-like geometry, and
one oxygen atom in each coordinated TFA is more
tightly bound than the other. Ethane coordination
requires dissociation of one oxygen atom in a O,O-
TFA anion ligand to generate an open coordi-
nation site, to give (O,O-TFA)2(O-TFA)Tl(C2H6).
As anticipated from the conceptual model shown
in Fig. 1 (blue energy diagram), ethane coor-
dination requires a free energy change (DG) of
22.1 kcalmol–1, in part because the d10main group
metal lacks LFSE. This ethane coordination en-
ergy in non-superacid solvent is much lower than

the >35 kcal mol–1 value found for alkane coor-
dination in superacid solvent with the d8 (bpym)
PtII system that has LFSE. Subsequent CH bond
cleavage from (O,O-TFA)2(O-TFA)Tl(C2H6)
by means of an electrophilic substitution transition-
state free energy change DG‡ = 34.2 kcal mol–1 to
generate (O,O-TFA)2(TFAH)Tl-Et is consistent
with the rates of reactions observed andwith rate-
limiting CH bond cleavage. Consistent with the
experimentally measured KIE of 3.4, in this CH
bond cleavage transition state there is consid-
erable Tl-C bond formation and C-H bond
stretching. Calculation of the KIE based on this
transition state gave a value of 4.7. One prediction
based on Fig. 1 is that PbIV should bemore reactive
than TlIII is. Indeed, calculation of the electrophilic
substitution transition state for Pb(O,O-TFA)4
with ethane gave a lower DG‡ of 29.2 kcal mol–1

(supplementary materials).
The thermodynamics for the CH activation

step suggests that the Tl-Et species is more stable
than are the Tl(TFA)3 and ethane species (DG =
–3.1 kcal mol–1). Thus, a Tl-Et species such as
(O,O-TFA)2(TFAH)Tl-Et might be observable.
However, calculations predict that Tl-Et func-
tionalization has a much lower barrier than that
of CH activation, and therefore, functionaliza-
tion of the Tl-Et species is muchmore rapid than
the CH activation reaction. This explains the lack
of H/D exchange when the reactions are run in
deuterated TFAD as well as the quantitative yield
of MeTFAwithout any CH4 formation from the
reaction of (TFA)TlMe2 with Tl(TFA)3 in TFAH.
Calculations suggest that there is parallel forma-
tion of EtTFA and EG(TFA)2 from the Tl-Et in-
termediate. The two most plausible pathways for
functionalization are shown in Fig. 3B. The SN2
pathway forms EtTFA, whereas the E2 pathway
forms ethylene. Control experiments show that
although EtTFA conversion is slow, ethylene rap-
idly converts to EG(TFA)2 in the presence of Tl
(TFA)3 (scheme S2). Thus, this E2 pathway leads
to EG(TFA)2. The calculations suggest that al-
though the SN2 and E2 pathways are competitive,
there is a preference for the SN2 pathway. This is
consistent with experiments showing parallel
but higher rates of formation of EtTFA relative
to EG(TFA)2.

Consistent with the proposed electrophilic CH
activation mechanism and the experimental ob-
servations that MeTFA is less reactive than CH4,
the calculated DG‡ for CH activation of MeTFA
is ~9 kcal mol–1 higher than the DG‡ for CH ac-
tivation of CH4 (supplementary materials). Cal-
culations also reveal that the presence of the TFA
electron-withdrawing group increases the acti-
vation barrier for CH activation of the methyl
group of EtTFA to 40.4 kcal mol−1. This sug-
gests that the TFA group imparts a strong
electron-withdrawing influence even two carbon
atoms away. This result is consistent with the ob-
served slow conversion of EtTFA to EG(TFA)2.
The electrophilic mechanism is also consistent
with higher reactivity of ethane versus methane be-
cause methyl groups are electron-donating groups

(calculations are available in the supplementary
materials).

Experiment and theory taken together strong-
ly support the proposed mechanism for alkane
functionalization involving slow, irreversible elec-
trophilic CH activation of alkanes with third-row,
main-group cations, MnX to generate Mn-R in-
termediates, followed by fast M-R functionaliza-
tion to generate MeX and Mn–2. In the 1970 to
1980s, patented technologies were developed to
reoxidize TlI to TlIII by using O2 in connection
with TlIII–mediated oxidation of olefins to glycols in
HOAc (34–36). Applying this reoxidation tech-
nology to reactions of other main-group d10 cat-
ions, MnX—with alkanes, either in two separate
stoichiometric reactions or, ideally, with MnX as
a catalyst—could lead to practical processes for
the selective hydroxylation of alkanes to alcohols
by using air or other oxidants, such as H2O2. The
absence of claims for reaction of ethane or other
alkanes in these patented olefin oxidation tech-
nologies is most likely due to early beliefs that
alkanes were inert to these main-group cations.
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Changes in Seismic Anisotropy
Shed Light on the Nature
of the Gutenberg Discontinuity
Caroline Beghein,1* Kaiqing Yuan,1 Nicholas Schmerr,2 Zheng Xing1

The boundary between the lithosphere and asthenosphere is associated with a platewide
high–seismic velocity “lid” overlying lowered velocities, consistent with thermal models. Seismic
body waves also intermittently detect a sharp velocity reduction at similar depths, the Gutenberg
(G) discontinuity, which cannot be explained by temperature alone. We compared an anisotropic
tomography model with detections of the G to evaluate their context and relation to the
lithosphere-asthenosphere boundary (LAB). We find that the G is primarily associated with vertical
changes in azimuthal anisotropy and lies above a thermally controlled LAB, implying that the
two are not equivalent interfaces. The origin of the G is a result of frozen-in lithospheric structures,
regional compositional variations of the mantle, or dynamically perturbed LAB.

Plate tectonic theory describes a strong
and rigid lithospheric “lid” that trans-
lates coherently atop a weaker and more

deformable convecting asthenosphere. Deter-
mining the depth and pervasiveness of the in-
terface between these two layers, known as the
lithosphere-asthenosphere boundary (LAB), is
key for understanding the formation, evolution,
and thermochemical properties of plates and as-
sociated tectonics. The exact compositional and
thermal mechanisms that control this rheological
division remain enigmatic, but seismological
imaging of anisotropy—the directional depen-
dence of seismic wave velocity—across the upper
mantle provides an essential tool for interrogat-
ing the transition in material properties across
the LAB.

Seismological interrogations of the oceanic
upper mantle beneath the Pacific Ocean find evi-
dence for a sharp drop in seismic velocity, known
as the Gutenberg (G) discontinuity (1), at 40-
to 100-km depth. The depth of the G roughly
coincides with the top of a low-velocity zone
(LVZ) and may be the seismological expression
of the LAB. However, correlating G depth with
plate age and distance to mid-ocean ridges has
not produced a unifying interpretation of the
relationship between the G and the LAB (2–6).
This has led to several alternative hypotheses for

the origin of the G, including partial melt lenses
in the asthenosphere (3), hydrogen depletion
of olivine from decompression melting beneath
mid-oceanic ridges (7, 8), frequency-dependent
attenuation effects reducing the shear modulus
in the presence of mantle hydration (9), and dy-
namical melt-producing processes to explain
the strong regional variations in G reflectivity
from SS precursor data (5, 10).

To improve our understanding of how iso-
tropic and anisotropic velocity models relate
to the observations of seismic discontinuities,
we modeled the three-dimensional isotropic and
anisotropic structure of the upper mantle beneath
the Pacific Basin (Fig. 1) using a global data set
of surface wave phase velocity maps (11, 12).
The dispersive properties of surface waves make
them ideal to put depth constraints on seismic
anisotropy and velocity, and the use of higher-
mode surface waves to model azimuthal anisot-
ropy provides sensitivity throughout the upper
mantle (fig. S1). The detection of changes in
seismic anisotropy has been successfully used to
identify layering in the mantle, variations in LAB
depth beneath continents and oceans (13, 14),
and chemical stratification within the lithosphere
under the North American craton (14). Here we
focus on anisotropy under the Pacific Plate, which
is well sampled by surface waves and therefore
constitutes a natural laboratory to constrain the
evolution and cooling history of the oceanic lith-
osphere. The surface wave anisotropy results are
compared to a large data set of high-frequency SS
precursors that highlight the G (5).

Our models show a stratified upper mantle
under the Pacific Ocean and a correlation be-
tween the boundaries of these layers and the lo-
cation of observed seismic discontinuities (Fig. 2).
The top layer (layer 1) is defined by a poor align-
ment between VSV fast axes direction and the
absolute plate motion (APM) (15), and the un-
derlying layer (layer 2) by a better alignment
with the APM. Layer 1 is also characterized by
high seismic velocities away from ocean ridges
[4 to 5% with respect to our reference model (16)],
and its thickness increases with crustal age, sim-
ilar to past surface wave studies (13, 17–19).
Furthermore, layer 1 is associated with 1 to 2%
radial anisotropy with VSV > VSH, and azimuthal
anisotropy amplitudes of 1 to 2%. This fast VSV
direction roughly follows the orientation of ocean
floor fracture zones at 50-km depth near ridges,
around 80-km depth for ocean ages between 80
and 120 million years ago (Ma), and at 100-km
depth under old oceanic plates (Fig. 1). Ocean
floor fracture zones are temporally stable fea-
tures that record plate motion path and can thus
be used as proxy for the paleospreading direc-
tions. Layer 2 has lower S-wave velocity (–5%
relative perturbations), strong radial anisotropy
(5%) with VSH > VSV, and 3% azimuthal anisot-
ropy with, by definition, fast axes subparallel
to the APM (<30° deviation from APM).

On the basis of the above seismological ob-
servations, we define the LAB in our models as
the dipping interface between these two layers.
The strong anisotropy of layer 2 suggests align-
ment of olivine fast axes with mantle flow di-
rection associated with plate motion that can
occur in the deformable asthenosphere by dis-
location creep (20) or diffusion creep (21). Olivine
lattice-preferred orientation (LPO) formed by
mantle flow–induced shear strain in the dislo-
cation creep regime is consistent with a low-
viscosity asthenosphere (22) and a flow channel
coincident with a low-velocity zone (23). The
thickness of our tomographically defined layer
1 increases with plate age, following the 900°
to 1100°C isotherms in a half-space cooling
(HSC) model (black lines, Fig. 2). Combined
with elevated seismic velocities, layer 1 is there-
fore consistent with cold lithosphere that has a
thermally controlled thickness and implies that
the LAB is a temperature-related phenomenon.
Furthermore, the alignment of the VSV fast axes
with the fossil spreading direction in layer 1 is
consistent with LPO and the frozen-in record
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of past deformation in that layer for ages up to
80 Ma (13, 19, 21). For older ages, the fast axes
align with the sea-floor fracture zones below
50- to 80-km depth, but they do not align with
either the APM or the fossil spreading directions
at shallower depths, implying that another mech-
anism is required to explain the observations in
this depth and age range. The depth of the change
in radial anisotropy from VSV > VSH to VSH > VSV
does not display any age dependence (Fig. 2E),
similar to previous observations (18); however,
synthetic tests and calculation of the resolution
matrix revealed that the vertical resolution of radial
anisotropy models is poor (figs. S3 and S5).

Of particular interest are the vertical changes
in the fast direction of azimuthal anisotropy de-
tected by surface waves beneath the Pacific that
overlap with the location of SS precursor detec-
tions (5) of seismic discontinuities (Fig. 2). For
younger crustal ages (<30 Ma), detections of the
G reside at 50- to 55-km depth, falling above
the weaker gradient in azimuthal anisotropy fast
axes orientation arising from nearly parallel APM
and fossil spreading directions. We caution that
resolving the details of the G at depths of <50 km
is challenging for the SS precursor technique,
owing to the masking of shallower complexities
by the large negative sidelobe of SS (4). In ad-
dition, ridges are relatively narrow structures
compared to the long-wavelength SS Fresnel
zone (>1000 km) and aliasing of small-scale
structure may occur across the ridge axis. None-
theless, G detections near the ridges fall with-
in layer 2. For crustal ages between 30 and
100 Ma, G detections coincide with both the
depth of a strong change in azimuthal anisot-
ropy and fast axes directions (Fig. 2, A and C),
and lying near the base of layer 1 (55 to 70 km).
Beneath 100- to 130-Ma crust, the G detections
are still associated with the strong gradient in
azimuthal anisotropy fast axes direction, pri-
marily falling beneath Hawaii at 75- to 80-km
depth, and are confined to the interior of layer 1.
The G is poorly resolved beneath regions of crust
older than 130 Ma; these regions are under-
sampled by the SS precursors, with only a few
sporadic detections of reflectors beneath the oldest
portions of the oceanic plate (24). Thus, the G is
associated with vertical changes in mantle azi-
muthal anisotropy.

For a discontinuity arising from anisotropy,
the detection of the interface is dependent on
the relative orientations of the overlying and un-
derlying fabrics, combined with the strength of
the anisotropy in each layer and the azimuthal
sampling provided by source-receiver paths. As
discussed in (24), layered changes in azimuthal
anisotropy give rise to SS precursor underside
reflections of varying amplitude and sign, de-
pending on the relative orientation of anisotropy
within each layer. Despite limitations in the reso-
lution near ridges and a lack of data sampling
beneath older crust, where observed, the detec-
tions of the G reflector are tied to vertical changes
in mantle anisotropy at a roughly constant depth

(Fig. 2), thus requiring a compositional or dy-
namical component for the origin of the G over
purely thermal mechanisms.

Partial melt in the LVZ can help explain ob-
servations of increased shear velocity contrast,
attenuation (10), and mantle conductivity (25).
Where the G roughly coincides with the top of
layer 2, partial melt also offers a possible ex-
planation for observations of layered anisot-
ropy (3). Partial melt will introduce azimuthal

anisotropy when mantle flow in layer 2 en-
trains and segregates a small fraction of melt
into en echelon tilted layers (26), with fast axes
aligned perpendicular to mantle flow (Fig. 3A).
The presence of such a feature would result in
the formation of the G at the solidus/melt inter-
face or where there is a change in mantle per-
meability (5). In this model of the G, partial
melt must be long-lived and/or dynamically re-
newed to sustain such structures, and thus sheared
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Fig. 1. Lateral variations in wave velocity and anisotropy at different depths. Mantle S-wave
velocity anomalies (A to C) are given with respect to the radially anisotropic Preliminary Reference
Earth Model, PREM (16). Azimuthal anisotropy is plotted on top of the velocity model with black bars
representing the fast VSV direction. Yellow arrows represent the APM obtained from no-net-rotation
reference frame model NNR-NUVEL 1A (15), and thin white lines denote ocean floor fracture zones
(27). Thick white contour lines denote ocean floor ages at 40-Ma intervals. They are annotated in (D
to F), which display our radial anisotropy model. Other depths are shown in fig. S26. Considering the
estimated lateral resolution of the data used, we do not resolve variations in VS or x much smaller
than 1600 km (and 5000 km for azimuthal anisotropy).
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melt layers would be expected to produce per-
sistent azimuthal anisotropy in the vicinity and
downstream of sustained mantle upwellings (24),
or in the regions of melting produced by small-
scale convection. This interpretation is consistent
with the observed strong azimuthal anisotropy
and well-defined G detections near Hawaii, a
long-lived mantle upwelling.

Alternatively, variable hydration with depth
offers a subsolidus mechanism for producing an-
isotropy [e.g., (7, 9), Fig. 3B], although not nec-
essarily in exclusion of tilted melt layers. The
presence of 100- to 300-ppm (parts per million)
H2O reduces the viscosity of olivine and mod-

ifies the mineral’s anisotropic properties (8),
readily producing fabrics at higher hydration
states and elevated temperature. Dehydration
of the mantle underlying the mid-ocean ridge
generates a chemically depleted, viscous layer
of 50- to 80-km thickness (7) that subsequently
becomes overprinted by lowered temperatures
as the plate cools and migrates away from the
spreading center. This will produce alignment
of the olivine SV fast axes with the paleo-
spreading direction at the ridge, occurring pri-
marily in the underlying hydrated, and more
deformable, layer 2, producing an anisotropic
discontinuity at the base of the dehydrated

layer. As the lid cools and thickens, this align-
ment would be frozen and preserved into the
part of the lithosphere (layer 1) that lies below
the chemical depletion boundary, whereas flow
in the warmer underlying asthenosphere (layer
2) would align with present-day APM and po-
tentially deviate from flow at the ridge. This
interpretation accounts for the anisotropy of
layer 2 and for the frozen-in anisotropy ob-
served below the G in layer 1. In this scenario,
both the asthenosphere and the part of the
lithosphere located below the G are hydrated,
but thermal effects dominate the nature of the
lid and underlying LVZ.

Fig. 2. Anisotropy and
velocitymodels asa func-
tion of oceanic crust age.
Plate-averaged (A) azimu-
thal anisotropy amplitude,
(B) angular difference be-
tween VSV fast axes and
APM directions (15), (C)
vertical gradient of fast
SV axes orientation, (D)
S-wave velocity, and (E)
radial anisotropy as a func-
tion of ocean sea-floor age
beneath the Pacific. The
black lines represent HSC
models (28), assuming
Tm= 1350°C for theman-
tle temperature and k =
10−6 m2 s−1 for the ther-
mal diffusivity. Gray dashed
lines are for plate models
(29). The temperature in-
terval is 100°C starting
at 900°C for the shallow-
est isotherm. Thewhite cir-
cles and their standard
deviations correspond to
SS precursor detections of
the G (5). Other symbols
correspond to other high-
frequency analyses of seis-
mic discontinuities from
other groups forwhom ref-
erences can be found in
the caption of fig. S10.
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Lethal Interactions Between Parasites
and Prey Increase Niche Diversity
in a Tropical Community
Marty A. Condon,1* Sonja J. Scheffer,2 Matthew L. Lewis,2 Robert Wharton,3

Dean C. Adams,4,5 Andrew A. Forbes6

Ecological specialization should minimize niche overlap, yet herbivorous neotropical flies (Blepharoneura)
and their lethal parasitic wasps (parasitoids) exhibit both extreme specialization and apparent niche
overlap in host plants. From just two plant species at one site in Peru, we collected 3636 flowers yielding
1478 fly pupae representing 14 Blepharoneura fly species, 18 parasitoid species (14 Bellopius species),
and parasitoid-host associations, all discovered through analysis of molecular data. Multiple sympatric
species specialize on the same sex flowers of the same fly host-plant species—which suggests extreme
niche overlap; however, niche partitioning was exposed by interactions between wasps and flies. Most
Bellopius species emerged as adults from only one fly species, yet evidence from pupae (preadult
emergence samples) show that most Bellopius also attacked additional fly species but never emerged as
adults from those flies.

Plant and insect diversity both peak in the
tropics (1) where insect diversity is strong-
ly associated with plant diversity (2, 3) and

extreme specialization (4). Ecological specializa-
tion is often considered a driver of diversification,
with increasing specialization reducing niche over-

lap and promoting speciation (5, 6). Diversifica-
tion of herbivorous insects, arguably the most
diverse group of organisms on Earth (7), is often
explained by “arms race” or “escape and radiate”
hypotheses involving specialized interactions ei-
ther between two trophic levels—host plants and
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melt that is entrained into mantle flow and compacts at the base of the lith-
osphere from a solidus-induced change in permeability (10). The G coincides with
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directions are parallel, the G would not be detected. (B) The G as a chemical
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present-day APM in the hydrated, warm asthenosphere. In this scenario, G can
be both coincident with and above the thermally defined LAB and is detected by
the SS precursors where the anisotropy contrast between the two layers is large.
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specialized herbivores (8), or among three trophic
levels—plants, herbivores, and their specialized
enemies (9–11). Tritrophic studies emphasize shifts
to new host plants as a mechanism that can cause
cascading patterns of diversification. Specifically,
shifts to new “enemy-free” host plants allow her-
bivores to escape enemies like parasitoids (lethal
parasitic wasps) that often use plant-related cues to
find insect hosts (11); in turn, selection favors par-
asitoids that can respond to new plant-related cues
to track their prey (10, 11). Thesemodels emphasize
the lethality of parasitoids; however, parasitoids can
also be killed by their hosts (12–14). We suggest
that such “inhospitable” (lethal) hosts may help ex-
plain high levels of diversity in some communities.

Specificity to host plants is thought to be a
predictor of herbivorous insect diversity (2, 4);
however, diversity of some highly specialized her-
bivorous insect groups far exceeds predictions
based purely on host plants’ taxonomic diver-

sity and architectural complexity. For example,
all species in the species-rich neotropical tephritid
genusBlepharoneura feed on plants in the family
Cucurbitaceae (cucurbits). Unlike most plants,
all cucurbits have unisexual flowers, and many
cucurbit species are sexually dimorphic: plants
bearing female flowers differ architecturally from
plants bearing male flowers. Cucurbit flowers are
hosts to many species of Blepharoneura that
feed specifically on particular sex flowers of sin-
gle species of plants (15). To our surprise, we find
multiple sympatric cryptic Blepharoneura species
feeding specifically on exactly the same tissues—
the succulent fused sepals (calyces)—of the same
sex flowers of the same plant species. This pattern
suggests extreme niche overlap among specialists—
at least in the “plant-defined dimensions” of their
niches (15); however, niches can be defined by
multiple dimensions representing all environmental
factors that affect fitness of individuals (16)—
including predators and parasites. Species sharing
exactly the same food resources may not share the
same enemies.

Parasitoids represent an important third trophic
level inBlepharoneura communities, as inmost other

communities of herbivorous insects (9–11, 17). Par-
asitoids lay their eggs inside immatureBlepharoneura
(eggs or larvae) hidden within flower tissues. The
parasitized fly is not killed immediately but con-
tinues to feed on plant host material until larval
development is complete and the fly forms a pu-
parium by hardening its larval exoskeleton. The
immature parasitoid feeds on the immature fly
and completes metamorphosis within the fly pu-
parium. When the wasp reaches adulthood, it
emerges from the puparium, leaving behind ma-
terial (“postemergence puparium”) containing both
the wasp and host-fly DNA.

To reveal patterns of fly and parasitoid diver-
sity, niche overlap, and tritrophic interactions, we
collected 3636 flowers representing four host-plant
niches: male flowers and female flowers of two
species of cucurbit vines (Gurania acuminata and
G. spinulosa) growing along or near the perimeter
of a 1-km-long airstrip at Los Amigos Biological
Station in Madre de Dios, Peru, in October 2008
(18). Fewer than half of the flowers were infested
by flies (Fig. 1). From those flowers, we obtained
1478 fly puparia. We used a traditional approach
to individually rear 1085 puparia (18): we waited

 Plant species

 acuminata   spinulosa

Male Flowers

Female Flowers

Attacked by wasps

Fly species

N

Not attacked

Fly species� host plants

Fly species attacked by wasps

sp1     sp2      sp3     sp4     sp8     sp10  sp11  sp12   sp21  sp28   sp30  sp44  nsp1  nsp2     

 17   112   210  116    70    48    22    36     58   121   141    1    151     3      

Fig. 2. Gurania host plants (top) used by each of 14 fly (Blepharoneura) species and percentage
of each fly species attacked bywasps (bottom). Samples (N) include pre- and postemergence flies. Fly
species were color-coded as in Figs. 3 and 4, and figs. S1 to S8.
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Fig. 1. PercentageofGurania flowers infested
by immature Blepharoneura flies (left) and sur-
vivorship of flies (right) revealing many unin-
fested flowers and parasitoid-free flies. Fly only:
adult flies and preemergence puparia without wasps.
Parasitoid wasp: adult wasps and preemergence
puparia containing wasps. Dead/decayed puparia:
unknown cause of death. Flowers: f, female; m, male,
GA, Gurania acuminata, GS, G. spinulosa.
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for adults (either a single fly or a single wasp) to
emerge from each puparium. We preserved those
adults and associated postemergence puparia
in ethanol. Instead of rearing the remaining 393
puparia to adulthood, we used ethanol to kill and
preserve newly formed puparia (“preemergence”)
shortly after pupariation, before adult fly or wasp
emergence.

To identify fly species, we usedmitochondrial
cytochrome oxidase I (mtCOI) sequences (18)
previously corroborated by nuclear data (15). To
identify parasitoid species, we sorted wasps into
morphospecies, analyzed sequences of mtCOI
and nuclear genes 28S and ef1-a, and genotyped
a panel of 155 amplified fragment length poly-
morphism (AFLP) loci (18). To determine the host
(fly) species killed by each wasp, we extracted
DNA from the postemergence puparium of each
adult wasp and used fly-specific primers to pref-
erentially amplify fly mitochondrial DNA (mtDNA)
(18). Postemergence wasp-fly associations repre-
sent successful (lethal to flies) host use by wasps.
We also used preemergence puparia to assess
wasp-fly associations. We extracted preemergence
puparial DNA and used taxon-specific mtCOI
primers to independently amplify fly mtCOI (al-
ways present) and wasp mtCOI (if present). Pre-
emergence wasp-fly data include associations
that would have been successful (lethal to flies)
as well as “inhospitable” associations that would
not have been successful (lethal to wasps). Com-
parison of post-and preemergence wasp-fly asso-
ciations can expose virulence at two trophic levels:
wasps lethal to flies, and flies inhospitable (lethal)
to wasps.

We found extraordinary diversity. In just these
two plant species at this single site in Peru, we
found 14 fly species (all Blepharoneura) and 18
parasitoid species (18) (figs. S1 to S7). Most par-
asitoids were braconid wasps in the subfamily
Opiinae (17 species): 14 Bellopius species (n =
199 individuals), two Thiemanastrepha species
(n = 50), and one Utetes species (n = 2). We also
reared a figitid wasp species (n = 62) (18). The
level of parasitism of each fly species ranged from
zero (Blepharoneura sp1) (Fig. 2) to ~50% (sp21
and sp28) (Fig. 2). Although wasp abundance was
correlated with host-fly abundance (r = 0.58) (fig.
S8a), the relative proportion of each fly species
that was parasitized was independent of fly abun-
dance (r = –0.05) (fig. S8b).

Multiple species occupied each of the four
host-plant resources (two flower sexes of each of
two host-plant species). For example, nine fly
species and 12 parasitoid species were discovered
in male flowers of G. spinulosa (Figs. 2 and 3).
Most fly species in this system are extreme spe-
cialists: 11 of 14 fly species feed primarily (≥ 90%
of individuals) on a single tissue of a single host-
plant species (Fig. 2 and fig. S1). Most parasitoid
species are evenmore specific to the host plants of
their fly hosts: All but 1 of the 11 species of
Bellopius represented by more than one specimen
exhibited complete (100%) fidelity to a single plant-
host species and to a single flower sex (Fig. 3).

Bellopius wasps also discriminate among fly
species sharing identical plant resources. As many
as 11 Blepharoneura fly species infest a single
plant resource (Fig. 2) and would be available to
parasitoids visiting that plant resource, yet adult
Bellopius parasitoids revealed a pattern of extreme
specialization. Ten of the 11 species of Bellopius
represented by more than one adult emerged from
its “own” single species of Blepharoneura (Fig.
3), which revealed a high level of niche partition-
ing (not niche overlap) among wasps that success-
fully kill flies. Similarly, mortality suffered by each
fly species was usually caused by a single species
ofBellopius. Of the 10 fly species killed byBellopius,
7 were killed by a single species (Figs. 3 and 4).
Such diversity and specificity is especially remark-
able because the two vine species grew very close
together—often intertwined. Single individual plants
served as hosts to as many as six species of flies
(table S9), yet all but one species of Bellopius
(a member of poorly definedBellopius group E1c)
(fig. S7 and table S10) visiting those plants suc-
cessfully parasitized only one species of fly. Such
extreme specialization reveals a clear pattern of

niche partitioning among the parasitoids, which
in turn adds unique dimensions (defined by spe-
cific parasitoids) to each fly species’ niche (Fig. 4).

A different pattern, however, emerges from
analysis of preemergence puparia (Fig. 3). Of the
11 species ofBellopius detected within more than
one preemergence fly puparium, 8 species were
found in puparia of more than one species of
Blepharoneura. The difference between the pre-
and postemergence samples is biologically inform-
ative (table S8) (Fisher’s exact test, P = 0.0075;
confirmed by permutation test, P = 0.0001) (fig.
S10): Preemergence puparia show that eight spe-
cies of Bellopius oviposited into more than one
species of fly, but reared samples show that adults
of each species of Bellopius (all but species L)
emerged from just a single species ofBlepharoneura.

Comparison of pre- and postemergence sam-
ples suggests that each fly species can defend
itself (perhaps immunologically) against most spe-
cies of Bellopius. Offspring of wasps that oviposit
into the “wrong” fly are dead offspring (our records
show no adults emerging from those fly species)
(Fig. 3); thus, selection favors extremely specialized

Fig. 3. Parasitoid (wasp) and host-fly
associations revealed by adult wasps
and preemergence puparia. Colors in pie
charts represent fly species. Flower icons
represent plant hosts of flies.
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host choice by the wasps. Comparison of pre- and
postemergence samples also reveals that wasps
only oviposit into the “wrong” fly species when
their primary host is found on the same flowering
branch (table S9) (Fisher’s exact test, P = 0.0155),
which implies that wasps can identify that their
host fly is present on a plant but can less accu-
rately discriminate among individual larvae feed-
ing within flowers.

The Bellopius pattern contrasts sharply with
patterns of specificity shown by other parasitoids
reared from Blepharoneura. For example, the two
species of Thiemanastrepha reared from these

Blepharoneura are generalists and attack 10 spe-
cies of flies in all four plant-defined niches (Fig. 3);
at least seven species ofBlepharoneura arevulnerable
to the most abundant species of Thiemanastrepha
(Fig. 3). The single figitid species (Tropideucoila
blepharoneurae) found in this study also attacked
10 different fly species (Fig. 3).

Insects have a well-developed immune sys-
tem, and the defenses of larval flies against their
internal parasitoids are particularly well-studied
(12–14). Blepharoneura flies’ defenses against
Bellopius parasitoids represent a “hidden” niche
dimension revealed through analysis of preemer-

gence puparia (Figs. 3 and 4). In this tropical sys-
tem, specialized parasitoids’ offspring die in the
“wrong” species of fly. Thus, selection favors para-
sitoids able to discriminate among multiple sym-
patric species of flies infesting the same host plants.
Fidelity to host-plant parts and host-plant species
increases Bellopius parasitoids’ chances of detect-
ing the “correct” host-fly species, but such fidelity
also provides opportunities for flies to escape (Fig.
4): Flies on alternate host-plant parts (or alternate
host-plant species) escape detection by their spe-
cialized lethal parasitoid(s), which oviposit primar-
ily into a particular part and species of plant (Figs.
3 and 4). Yet, in this system, “escape” is not the
only defense against parasitoids: Inhospitable flies
are lethal to parasitoids.

Instead of representing an example of extreme
niche overlap (15), this highly diverse commu-
nity of 14 fly species and 14 Bellopius parasitoid
species, all occupying flowers of just two species
of plants, represents a community with nonover-
lapping niches—each distinguished by lethal in-
teractions between parasitoids and vulnerable flies
and between parasitoids and inhospitable (lethal)
flies (Figs. 3 and 4). Highly specific virulence
(lethality) in both parasitoids and their prey adds
a previously hidden but highly dynamic dimen-
sion to analyses of tritrophic interactions, which
typically focus on unidirectional cascading pat-
terns of escape via shifts in host plant use (10, 11, 17).
Discovery of such insect parasitoid-prey interac-
tions in complex communities of cryptic species
depends onmolecularmethods to exposemorpho-
logically cryptic species and reveal interactions
(15, 19, 20). Future studies using molecular genetic
methods to identify species in other communities
throughout the Neotropics are likely to reveal a
geographic mosaic (21) of highly diverse and
dynamic interactions driven by “escape and radi-
ate”mechanisms not only at the level of host plant
use, but also at the level of virulent interactions.
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Structure of Human RNase L Reveals
the Basis for Regulated RNA Decay in
the IFN Response
Yuchen Han,* Jesse Donovan,* Sneha Rath,* Gena Whitney, Alisha Chitrakar, Alexei Korennykh†

One of the hallmark mechanisms activated by type I interferons (IFNs) in human tissues involves
cleavage of intracellular RNA by the kinase homology endoribonuclease RNase L. We report
2.8 and 2.1 angstrom crystal structures of human RNase L in complexes with synthetic and natural
ligands and a fragment of an RNA substrate. RNase L forms a crossed homodimer stabilized by
ankyrin (ANK) and kinase homology (KH) domains, which positions two kinase extension
nuclease (KEN) domains for asymmetric RNA recognition. One KEN protomer recognizes an identity
nucleotide (U), whereas the other protomer cleaves RNA between nucleotides +1 and +2.
The coordinated action of the ANK, KH, and KEN domains thereby provides regulated,
sequence-specific cleavage of viral and host RNA targets by RNase L.

Cells of higher vertebrates respond to path-
ogens and damage by releasing interferons
(IFNs), which activate protective programs

in surrounding cells. One of the ubiquitous pro-
tective programs in mammalian tissues involves
cleavage of intracellular RNA by a protein kinase
family receptor, RNase L (1). RNase L is a latent
endoribonuclease encoded by the hereditary pros-
tate cancer 1 (HPC1) locus and activated by the sec-
ond messenger, 2-5A (2′,5′-linked oligoadenylates
of variable length) (1). In human cells, 2-5As are
synthesized by IFN-induced 2-5A synthetases,
which serve as sensors of pathogen- and damage-
associated double-stranded RNA (dsRNA) (2, 3).
The activation of RNase L thus depends on the
action of IFNs and accumulation of dsRNA.

Here, we report two crystal structures of
human RNase L (table S1). These structures
and complementary functional studies reveal
the mechanism of 2-5A sensing and RNA cleav-
age by RNase L and suggest that a similar mech-
anism of RNA cleavage operates during regulated
Ire1-dependent decay (RIDD) (4). We obtained
diffracting crystals of nearly full-length human
RNase L using cocrystallization with 2-5A, nu-
cleotides, and an RNA 18-nucleotide oligomer
5′-GGCUUUUGACCUUUAUGC-3′ (RNA18).

Cocrystallization with RNA18 was enabled by
the use of a catalytically inactive RNase L mutant
H672N. The final construct includes residues 21
to 719. Aversion of this construct with awild-type
(WT) active site is catalytically active in solution.

We determined structures of two RNase L
complexes, which crystallized in different space
groups (table S1). Both complexes reveal the
same crossed homodimer that buries >8000Å2 of
surface area (Fig. 1A). Previous solution studies
indicated that RNase L can form dimers and
higher-order oligomers (5).Modeling based on the
oligomer of Ire1 (6) predicts that the homodimers
of RNase L could form a similar assembly. The
kinase homology (KH) domain of RNase L has a
typical protein kinase fold with two globular
lobes (Fig. 1B). Adenosine diphosphate (ADP)
and b,g-methyleneadenosine triphosphate are
bound to the KH domain in the same conforma-
tion as ADP in the catalytically active protein
kinase Ire1 (fig. S1, A to C). Nonhydrolyzable
nucleotides and ATP exhibit the same effect on
RNase L (fig. S1D), indicating that ATP hydrol-
ysis is not involved in RNase L regulation, as
suggested previously (7).

The KH domain lacks the conserved DFG
motif found in most protein kinases and con-
tains the DFD sequence, resembling protein ki-
nases Mnk1/2 (8). RNase L does not carry out
autophosphorylation (7), but it remains unknown
whether RNase L phosphorylates nonself targets.
To examine this possibility, we assayed phospho-

rylation of a nonspecific substrate, myelin basic
protein (MBP), using Ire1 as a control kinase.
Ire1 phosphorylatedMBP, whereas RNase Lwas
inactive (fig. S1E), supporting the current consen-
sus that RNase L is a pseudokinase. The activa-
tion loop of RNase L contains only 13 amino acid
residues and is among the shortest in the human
protein kinome (fig. S3). The interlobe hinge and
the ATP pocket contact a unique helix from the
ankyrin (ANK)/KH linker (Fig. 1B and fig. S2).
These attributes of the KH domain likely reflect
adaptation to autophosphorylation-independent
control as a homodimerization scaffold.

Previous structural studies identified two dif-
ferent 2-5A binding sites in the ANK domain (5, 9).
The crystal structure of the entire RNase L now
reveals an unanticipated third site in the N lobe of
the KH domain (Fig. 1A and fig. S4, A to C). The
ANK and KH domains create a composite pock-
et for 2-5A binding, which exposes the 2′-end to
solvent to accommodate long 2-5A molecules
and anchors the 5′-end in the ANK domain (fig.
S5A). Although RNase L can recognize 5′-p and
5′-ppp groups, at saturating concentrations 2-5pA3

activates RNase L stronger than 2-5pppA3 (fig.
S5, B and C). The ANK/ANK homodimer binds
2-5A in a configuration that displays the phos-
phate p1 for recognition by the KH domain (fig.
S6). Mutagenesis of the KH/2-5A interface con-
firms that the N lobe is functionally involved
in 2-5A sensing (fig. S4D). The ANK domain con-
tains a characteristic helix aI, which docks to
the KH domain in trans upon homodimeriza-
tion (fig. S7). The aI/N-lobe interaction and an
ANK/N-lobe contact mediated by the residue
R238 also facilitate RNase L activation by 2-5A
(fig. S4, C and D).

The KH/KH and kinase extension nuclease
(KEN)/KEN interfaces resemble those in Ire1
(10). Mutagenesis confirmed that both interfaces
are important for 2-5A–dependent RNase L ac-
tivation (Fig. 2A) and dimerization (fig. S8). The
KEN residues involved in catalysis in Ire1 (10, 11)
are structurally invariant in RNase L (Fig. 2B),
indicating that these enzymes share the same cat-
alytic mechanism. However, the KEN domains
contain different a-helix/loop elements (HLE) (6),
implicated in RNA specificity (10). To examine
the HLE function, we shortened this element in
RNase L (DHLE). The DHLEmutant still cleaved
RNA but exhibited a decreased rate and a greater
preference for single-stranded RNA (ssRNA)
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versus stem loops (Fig. 2C). A chimeric RNase L
with the HLE sequence from Ire1 (HLE swap)
retained the preference for ssRNA (Fig. 2C), re-
vealing that the HLE of Ire1 is insufficient for di-
recting RNase L to stem loops. Thus, the HLE
does not determine the substrate specificity of
RNase L (and, by extension, of Ire1) and only
facilitates RNA cleavage.

Both complexes of RNase L described here
were obtained with an RNA bound in the active
site. Two sugar-phosphate groups and one py-
rimidine nucleobase are resolved in complex II
(fig. S9 and table S1). We modeled uridine based
on the preference of RNase L for AU-rich sites
(12) and biochemical studies of RNA substrates
described below. The U residue blocks access of
the nearest catalytic histidine H672 to the phos-
phodiester backbone. Thus, RNA cleavage should
be carried out by the symmetry-related histidine
H672 provided by homodimerization (Fig. 3A).
Distance constraints suggest that cleavage occurs
between the nucleotides +1 and +2 relative to the
U residue.

To test this model, we employed an in trans
complementation assay using a mixture of WT
and catalytically inactive RNase L (H672N). The
H672N mutation eliminates the proton transfer
but preserves the H-bonding and space-filling
character of histidine. Thus, the H672N mutant
should interact with RNA analogous to the WT
protein but without cleaving the RNA. The in trans
complementation assay was performed by adding
increasing concentrations of the H672Nmutant
to a fixed and limiting concentration of WT
RNase L (2 nM). TheH672Nmutant was a potent
in trans activator forWTRNase L, whereas double
H672N mutant was inactive (Fig. 3B). Thus, a
single H672 residue per a KEN/KEN dimer is
necessary and sufficient for RNA cleavage. The
biochemical and structural data converge on a
single mechanism of RNA cleavage by RNase L
that involves recognition of a U residue by one
KEN protomer and catalytic RNA scission by the
second KEN protomer. The size of the nucleotide-
bindingpocket inRNaseLcanexplain thepreference
for a pyrimidine, whereas U/C discrimination

apparently results from H bonding with H672
(fig. S10).

In contrast to other endoribonucleases, such as
RNase A and RNase T1, RNase L does not cleave
ssRNA randomly. Only a single site is cleaved in
5′-CCCCCCCCCCCUU^UCCCCCCC-3′ ssRNA
(RNA21) (^ denotes the cleavage site) (13). RNase
L has been described as an enzyme that cleaves
RNA at dinucleotides UU and UA (12), as well
as after dinucleotides UN (14). Our structural
analysis suggests that RNase L recognizes the
pattern UN^N, supporting cleavage 3′ of UN
sequences. To verify this assignment, we synthe-
sized a series of model RNA substrates. RNase L
cleaved these substrates according to the UN^N
rule (Fig. 3C). We next designed substrates DI
and DII, which use a different RNA backbone
and contain the AU, UA and UN^N sequences
in mutually exclusive positions. RNase L cleaved
these substrates also according to the UN^N pat-
tern (Fig. 3D). The UN^N rule extends to the
biological targets of RNase L. Cleavage of 28S
rRNAwithin the L1 protuberance occurs at UG^C,

Fig. 1. Structure of human RNase L•2-5pA3•ADP•RNA18 quaternary
complex. (A) Crossed homodimer of RNase L. Different protomers are shown
as molecular surface and ribbon, respectively. The structured linker connecting
the ANK and the KH domains is colored gold. Schematic topology of the RNase
L homodimer is shown on the right. (B) Structure of the KH domain. The ATP

pocket is flanked by the structured linker (left). The activation loop is short and
lacks phosphorylation sites (right). Single-letter abbreviations for the amino
acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His;
I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val;
W, Trp; and Y, Tyr.
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CU^G, and UC^G sites (15) (Fig. 4A), which do
not contain the UU/UA dinucleotides convention-
ally ascribed to RNase L targets (12). However,
two of them match the UN^N pattern. Cleavage
of hepatitis C virus RNA (12) occurs markedly
at the UN^N sequences (Fig. 4A).

To confirm that key functional residues iden-
tified by our structural and biochemical analyses
are important in vivo, we tested the activity of
several RNase L mutants in human cells using
28S rRNA cleavage readout (12). RNase L mu-
tants R163A (aI clamp), R412A (KH/KH inter-
face), R427A (recognition of 2-5A), and H672N
(RNA cleavage) were tested and displayed re-

duced activity compared with WT RNase L.
Western blotting confirmed that all mutants were
expressed similarly (Fig. 4B).

The mechanism of RNA cleavage by RNase
L identified here has implications for understand-
ing RNA decay by a related receptor, Ire1. In ad-
dition to cleaving canonical RNA stem loops
within Hac1/XBP1 mRNA, Ire1 has a broader
second set of RNA targets, which are cleaved
during RIDD (4). Our review of these targets re-
vealed a surprising agreement between the re-
cently mapped RIDD cleavage sites and the
consensus UN^N established for RNase L. This
is observed with Angptl3 mRNA (16), Cyp1

mRNAs (17), and pre-mir-17microRNA (18), all
of which are cleaved at UG^C sites. Moreover,
Ire1 in fission yeast, which lacks the Hac1 gene,
cleaves mRNA at sites NNUG^CNN (19) that
match both the UN^N pattern and the UG^C
pattern in RIDD substrates. Thus, structural sim-
ilarity between RNase L and Ire1 results in a
functional similarity, which hitherto escaped
notice.

To examine this functional relationship, we
tested cleavage of UN^N motifs by Ire1. Ire1 did
not cleave UU^U, UU^A, and UA^A sequences,
exhibiting a mutually exclusive specificity with
RNase L (fig. S11). However, Ire1 and RNase L

Fig. 2. KH and KEN homo-
dimers. (A) Symmetrical salt
bridges stabilize the interfaces
between the KH (1364 Å2) and
RNase (943 Å2) domains. Mu-
tations of these salt bridges
impair RNase L activity. (B) Com-
parison of KENdomains in RNase
L and Ire1. Key active-site res-
idues are indicated. (C) Effect
of HLE mutagenesis on cleav-
age of ssRNA and RNA hairpins
derived fromhumanXBP1mRNA.
WC indicates the number of
Watson-Crick base pairs in the
hairpin stem. Ire1KR32 is yeast
Ire1 kinase/RNase. Reactions con-
tained 100 nM Ire1KR32 and
5 nM RNase L. Error bars show
mean T SE.
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both cleaved the UG^C sequence (DIII) (Fig. 4C)
and were sensitive to a U→A mutation (DIV).
Ire1 was still able to cleave the G^C site in
substrate DIV, indicating that the catalytic KEN
protomer of Ire1 provides G^C recognition. To-
gether, our experiments and the studies of RIDD

and fission yeast suggest that RNA decay by
RNase L and RIDD use related mechanisms of
RNA cleavage (fig. S12).

RNase L is expressed in most human tissues,
which imposes the requirement for a delicate
regulation of this protein to prevent uncontrolled

RNA cleavage, growth inhibition, and apoptosis.
Here, we describe the mechanism of this regu-
lation. Our findings further the understanding of
the IFN response and RIDD and provide a struc-
tural basis for designing synthetic 2-5A analogs
as molecular probes and modulators of IFN

Fig. 3. RNA sequence recognition by RNase L. (A) Structure of RNA bound to the KEN homodimer. Arrows show the RNA trace. RNA cleavage is predicted at
UN^N sites. (B) In trans activation of WT RNase L by the catalytically inactive RNase L mutant H672N. (C) RNase L cleavage of substrates I to VII. (D) RNase L
cleavage of substrates DI and DII.
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action and adjuvants for treating infections and
inflammatory diseases.

Note added in proof: After this manuscript was
submitted, groups of F. Sicheri and R. Silverman
published a structural analysis of porcine RNase L.
This work reports a similar crossed homodimer
but observes different KEN/KEN interactions (20)
due to a conformational difference presumably
caused by RNA binding.
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Fig. 4. Cleavage of biological targets. (A) Site selection by RNase L in
mammalian ribosomes and hepatitis C virus RNA. (B) Total RNA from HeLa
cells cotransfected with plasmids encoding RNase L mutants or not encoding a
protein (–), and 2-5A. Protein expression levels were analyzed by Western blot

(WB). The bar graph shows compiled data from in vitro assays in Fig. 2A and
fig. S4D. (C) Cleavage of substrates DIII and DIV by RNase L and Ire1KR32. Bar
charts show quantification of cleavage. Error bars show mean T SE of a single-
exponential fitting (RNase L) and two time courses (Ire1KR32).
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Selective Methylation of Histone H3
Variant H3.1 Regulates
Heterochromatin Replication
Yannick Jacob,1* Elisa Bergamin,2* Mark T. A. Donoghue,1 Vanessa Mongeon,2 Chantal LeBlanc,1

Philipp Voigt,3 Charles J. Underwood,1 Joseph S. Brunzelle,4 Scott D. Michaels,5 Danny Reinberg,3

Jean-François Couture,2† Robert A. Martienssen1,6†

Histone variants have been proposed to act as determinants for posttranslational modifications
with widespread regulatory functions. We identify a histone-modifying enzyme that selectively
methylates the replication-dependent histone H3 variant H3.1. The crystal structure of the SET
domain of the histone H3 lysine-27 (H3K27) methyltransferase ARABIDOPSIS TRITHORAX-RELATED
PROTEIN 5 (ATXR5) in complex with a H3.1 peptide shows that ATXR5 contains a bipartite catalytic
domain that specifically “reads” alanine-31 of H3.1. Variation at position 31 between H3.1 and
replication-independent H3.3 is conserved in plants and animals, and threonine-31 in H3.3 is
responsible for inhibiting the activity of ATXR5 and its paralog, ATXR6. Our results suggest a simple
model for the mitotic inheritance of the heterochromatic mark H3K27me1 and the protection of
H3.3-enriched genes against heterochromatization during DNA replication.

During the S phase of the cell cycle, pat-
terns of histone posttranslational mod-
ifications (PTMs) must be reestablished

after passage of the replication fork to restore the
correct epigenetic status to each region of the ge-
nome (1). Because many different chromatin states
are encountered during replication, the deposition
of histone PTMs on newly replicated chromatin
must be precisely regulated.

The histone H3 Lys27 (H3K27) methyltrans-
ferasesARABIDOPSISTRITHORAX-RELATED
PROTEIN 5 (ATXR5) and ATXR6 (ATXR5/6)
are thought to maintain the heterochromatic mark
H3K27me1 duringDNA replication in plants (2).
In atxr5 atxr6 double mutants, H3K27me1 levels
are reduced, heterochromatin is decondensed, some
repetitive sequences are transcribed, and hetero-
chromatic overreplication is observed (3–5). In
both animals and plants, chromatin restoration
after DNA replication depends on the histone
chaperone CAF-1 and involves deposition of the
S-phase–expressed histone H3 variant H3.1 (6, 7).
In contrast, histone H3.3 is inserted by other his-
tone chaperones, mainly during transcription, and
acts as a replacement histone (7–11). Canonical
histone H3.1 and histone H3.3 are >96% iden-

tical in most eukaryotes (12) and differ only by
four and five residues in flowering plants and
mammals, respectively (Fig. 1A). H3.1 and H3.3
variants have been shown to contain different
histone PTMs, but the mechanisms involved in
H3 variant–specific marking are not known
(12). It is possible that sequence variation be-
tween the variants could directly affect their PTMs
(13, 14).

One of the conserved differences between
H3.1 and H3.3 is at position 31, with alanine
(H3.1), threonine (H3.3 Arabidopsis), or serine
(H3.3 human) (Fig. 1A). Because residue 31 of
histone H3 is close to the modifiable and func-
tionally important residue K27 (Lys27), we hy-
pothesized that H3 variants could selectively
regulate methylation at K27. To test this, we per-
formed histone lysine methyltransferase (HKM)
assays using methyltransferases from Arabidopsis
thaliana and recombinant chromatin containing
either plant histone H3.1 or plant histone H3.3.
Our results show that the H3K27 methyltrans-
ferases ATXR5/6 have much higher activity on
nucleosomes containingH3.1 thanH3.3 (Fig. 1B).
Furthermore, steady-state kinetic analysis of ATXR5
confirms that the enzyme exhibits strong prefer-
ence toward theH3.1 variant (Fig. 1C). This ability
to favorH3.1 nucleosomes overH3.3 nucleosomes
as substrates was not observed for two polycomb
repressive complex 2 (PRC2) complexes [MEDEA
(MEA) and CURLY LEAF (CLF)], which also
methylate K27, or the H3K9 methyltransferases
KRYPTONITE (KYP)/SU(VAR)3-9 HOMOLOG
4 (SUVH4) and SUVH5 (Fig. 1B). We tested
whether Ala31 of H3.1 is required for H3K27meth-
ylation by ATXR5/6. When using H3.3 nucleo-
somes with Thr31 replaced with alanine (T31A),
we observed levels of H3K27 methylation sim-
ilar to levels obtained when H3.1 nucleosomes
are used (Fig. 1D). Taken together, these results
demonstrate that ATXR5/6 selectively methylate
the replication-dependent variant H3.1 in vitro

and that Thr31 in H3.3 is responsible for inhib-
iting the activity of ATXR5/6.

To gain a better understanding of howATXR5/6
specifically methylate H3.1, we solved the crys-
tal structure of an ATXR5-H3.1 complex. We
focused on the C-terminal half of ATXR5, which
contains the catalytic SET domain preceded by
a conserved sequence (hereafter named nSET)
of unknown function (fig. S1). The structure of
the ATXR5 homolog from the plant Ricinus
communis [RcATXR5 amino acids 158 to 374] in
complex with a histone H3.1 peptide (amino acids
18 to 36, strictly conserved between A. thaliana
and R. communis) and the product cofactor
S-adenosylhomocysteine (AdoHcy) was solved
at 2.1 Å resolution (fig. S2 and table S1). Col-
lectively, the structure shows that the SET do-
main comprises two short a helices (a5 and a6)
and 10 b strands (b1 to b10), all forming twisted
antiparallel b sheets (Fig. 2A). The nSET region
folds as four consecutive a helices (a1 to a4)
interspersed by loops that pack onto the SET
domain. The H3.1 peptide binds in a tight bind-
ing cleft in an L-shaped conformation and en-
gages in several hydrogen bonds and hydrophobic
contacts (see supplementary text) with RcATXR5
(Fig. 2, A and B). A simulated annealing Fo – Fc
omit map revealed electron density for residues
24 to 36 of histone H3.1 (Fig. 2C). A compara-
tive analysis of the ATXR5/H3.1 complex reveals
structural divergence in the histone-binding mode
(fig. S3 and supplementary text).

The ternary structure shows that both SET
and nSETof RcATXR5 are involved in selective
H3.1 binding. The residues E212 andM216 (E,
Glu; M, Met) of the a3-a4 loop (L1) of nSET,
along with R334 (R, Arg) in the SET domain,
form a shallow binding pocket (referred to as
selectivity pocket) accommodating the small
side chain of H3.1 Ala31 (Fig. 3A). Accordingly,
E212, M216, and R334 are strictly conserved in
ATXR5/6 homologs from mosses to flowering
plants (fig. S1). The side chain of Ala31 makes
hydrophobic and van derWaals contacts with the
side chains ofM216 andR334, and the guanidium
group of R334 engages in two short hydrogen
bonds with the carboxylate group of E212, which
likely rigidify the specificity pocket. Consistent
with our HKM assays (Fig. 1D), we found that
replacingAla31with Thr31 generates van derWaals
clashes between the Thr31 Cg methyl group and
the side chain of R334 (fig. S4). In addition, amino
acid substitutions at E212 and R334 (A. thaliana
ATXR6 residues E186 and R309) drastically re-
ducedmethylation on nucleosomes (Fig. 3B), sug-
gesting that residues forming the specificity pocket
are important for conferring specificity and high
affinity binding to H3.1.

Another unique structural feature of ATXR5/6
likely contributes to the selective methylation of
histone H3.1. A loop (L3) comprising residues
G363, Y364 (Y, Tyr), E365, and E367 folds back
on top of H3.1, shielding the peptide from the
solvent in a “safety belt” conformation (Figs. 2,
A and B, and 3A). Y364 makes hydrophobic
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contact with Pro30, while the carboxylate group
of E365 engages in hydrogen bonds with the
guanidium group of Arg26 and the hydroxyl group
of T289. Together, these residues help bind the
peptide tightly to the histone H3.1 binding cleft.
The role of the L3 loop is likely twofold: (i)
locking the peptide in a conformation that forces
the side chain of Ala31 into the specificity pocket
and (ii) packing the structurally constrained res-
idue Pro30 onto the peptide-binding pocket of
RcATXR5. This hypothesis is supported by our
HKM assays showing that substitution of Y364
(A. thalianaATXR6Y339) by an alanine residue
reduces the specificity of the enzymes for H3.1
by threefold (Fig. 3B).

In Arabidopsis, H3K27me1 is enriched on
H3.1 (fig. S5) (15, 16), and more than 80% of

H3.1 was found to be methylated at K27 bymass
spectrometry (17). To validate that Thr31 in his-
tone H3.3 directly interferes with the activity of
ATXR5/6 in vivo, we generated transgenic Ara-
bidopsis plants expressing the tandem histone
H3.1 genesHTR9 andHTR13 as wild-type (WT)
proteins (H3.1) or with an alanine-to-threonine
replacement at position 31 (H3.1 A31T). The trans-
genes were expressed in H3.1 quadruple mutants
(A. thaliana contains five H3.1 genes). We quan-
tified by chromatin immunoprecipitation (ChIP)
the levels of H3K27me1 at genomic regions en-
riched in H3.1 (fig. S6) and that have been shown
to be dependent onATXR5/6 for H3K27me1 (4),
because plant PRC2 complexes also have the
ability to monomethylate H3K27 (fig. S7).When
wemeasured H3K27me1 levels in the two sets of

transgenic plants, we observed lower levels of the
epigenetic mark in plants expressing H3.1 A31T
compared toWT (Col), but not in plants express-
ing H3.1 (Fig. 4A and fig. S8). As in atxr5 atxr6
double mutants, silencing of Athila open reading
frame 1 [also known as transcriptionally silent
information (TSI)] was lost in transgenic plants
expressing H3.1 A31T (Fig. 4B).

Reactivation of TSI and other heterochro-
matic defects has also been observed when the
histone chaperoneCAF-1 ismutated inArabidopsis
(Fig. 4B) (18–22). Depletion of CAF-1 in mam-
malian cell lines leads to H3.1 replacement with
H3.3 (23). Consistently, Arabidopsis CAF-1 mu-
tants show higher expression of H3.3 genes (18).
On the basis of our finding that ATXR5/6 spe-
cifically methylate H3.1, we hypothesized that

Fig. 1. ATXR5 and ATXR6 selectively
methylate H3.1. (A) Alignment of the
canonical variants H3.1 and H3.3 from
A. thaliana (At) and human (Hs). Identities
are dark-shaded. Single-letter abbreviations
for the amino acid residues are as follows:
C, Cys; D, Asp; F, Phe; G, Gly; H, His; I, Ile;
L, Leu; N, Asn; P, Pro; Q, Gln; S, Ser; V, Val;
and W, Trp. (B) In vitro HKM assay using
recombinant chromatin containing plant
H3.1 or H3.3 as substrates and various
histone methyltransferases from A. thaliana.
(C) Michaelis-Menten plot of initial velocity
versus peptide substrate concentration. The
rate of catalysis (kcat) and Michaelis-Menten
constant (Km) values for the H3.1 and H3.3
peptides are shown as inset. Error bars rep-

resent the standard deviations of three independent experiments, each performed in triplicates with three different batches of RcATXR5. (D) In vitro HKM assays
using recombinant chromatin containing plant H3.1, H3.3, or H3.3 T31A.
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Fig. 2. ATXR5/6 contain a bipartite catalytic domain composed of nSET
and SET. (A) Ribbon representation of the RcATXR5-H3.1-AdoHcy ternary com-
plex in which nSET and SET are highlighted in gray and green, respectively.
Carbon atoms of H3.1 and product cofactor are colored in orange and magenta,
respectively. (B) Zoomed view of the peptide binding cleft of RcATXR5. Three-
letter code refers to H3.1 residues. Carbon atoms of residues found in the L1, L2,
and L3 loops are rendered in yellow, beige, and purple, respectively. The carbon
atoms of other residues interacting with H3.1 are highlighted in green. Carbon
atoms of H3.1 residues are colored in orange, whereas oxygen and nitrogen atoms
are highlighted in red and blue. Hydrogen bonds and water molecules are illus-
trated as red dashed lines and red spheres, respectively. (C) Simulated annealing
Fo – Fc omit map (green) contoured at 2s. The H3.1 peptide is rendered as in (A).

Fig. 3. The selectivity pocket
and safety belt of ATXR5/6-type
H3K27 methyltransferases are
responsible forH3.1preference
over H3.3. (A) The structure of
the ATXR5-H3.1-SAH complex in
electrostatic potential surface rep-
resentation, with the selectivity
pocket and safety belt highlighted.
Positive and negative potentials are
in blue and red, respectively. Inlet
figure shows a zoomed view of the
residues forming the surface of the
selectivity pocket (three-letter code
refers to histone H3.1 residues).
Hydrogenbondsare shownasdashed
red lines. (B) In vitro HKM assay
using recombinant chromatin con-
taining plant H3.1 or H3.3 as sub-
strates and WT or point mutants of
ATXR6 from A. thaliana. The en-
zymatic activity indicated for each
reaction is relative to the activity
of ATXR6 (WT) onH3.1 nucleosomes.
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the heterochromatic defects of CAF-1 mutants in
Arabidopsis could be due, at least in part, to de-
pletion of K27me1 when H3.3 replaces H3.1.
Our results show that H3K27me1 levels are in-
deed lower in fasciata2 ( fas2 encodes a subunit
of CAF-1) mutants compared with Col, and this
is not caused by defects in nucleosome density
or antibody preference for H3.1K27me1 over
H3.3K27me1 (figs. S9 and S10).

One of the phenotypes associated with re-
duced levels of H3K27me1 in atxr5 atxr6 double
mutants is overreplication of heterochromatic
DNA (4). Lower levels of H3K27me1 in fas2
mutants or our transgenic lines expressing H3.1

A31T is not accompanied by a similar defect in
heterochromatic DNA replication (Fig. 4C and
figs. S11 and S12) (19, 24–26). This suggests a
model in which unmethylated H3 having alanine
at position 31 (i.e., H3.1K27me0) allows for het-
erochromatic overreplication to occur. One pre-
diction from this model is that heterochromatic
overreplication should be suppressed in a fas2mu-
tant background, because H3.1K27me0 would
now be replaced by H3.3K27me0. As predicted,
the phenotype is strongly suppressed in atxr5
atxr6 fas2 triple mutants (Fig. 4C). This model
also provides an explanation for the partial sup-
pression of the heterochromatic overreplication

phenotype of atxr5 atxr6 by mutations af-
fecting DNAmethylation (5). H3.3 is known to
replace H3.1 at transcribed genes in plants and
animals (7–9, 11, 15, 16). Because loss of DNA
methylation leads to the transcriptional activation
of normally silent loci (27), DNA methylation
mutants (similar to fas2 mutants) would replace
H3.1 with H3.3 in heterochromatin. Accordingly,
suppression of overreplication is strongest in the
DNA methylation mutants that have the greatest
effect on transcriptional reactivation (5). Taken
together, our results suggest a model in which
H3.1K27me0 is the stimulus for heterochromatic
overreplication.

Fig. 4. Thr31 of H3.3 inhibits the ac-
tivity of ATXR5/6 in vivo. (A) ChIP as-
says for H3K27me1 (top) and H3 (bottom)
at TSI in transgenic T4 (homozygous) lines
expressing H3.1 or H3.1 A31T. The aver-
age and standard deviation of three in-
dependent experiments are presented. ChIP
for H3 serves as a control for nucleosome
density. No Ab, no antibody control. (B) Re-
verse transcription quantitative polymerase
chain reaction expression analysis of the
TSI repeat (Athila transposon) in Col, atxr5
atxr6, fas2, and independent transgenic
lines (first generation, T1) expressing either
WT plant H3.1 or the mutant H3.1 A31T.
(C) Flow cytometry profiles of Col, atxr5

atxr6, fas2, and fas2 atxr5 atxr6 leaf nuclei. The numbers below the peaks indicate the endoreduplication (ploidy) levels of the nuclei. The numbers above the 8C and
16C peaks correspond to the robust CV values [propidium iodide (PI) units that enclose the central 68% of nuclei] for those peaks. High robust CV values at 8C and
16C peaks characterize heterochromatic over-replication (4). (D) Model for the role of ATXR5/6 during DNA replication in plants. Me, methyl group.
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Overall, this study demonstrates how histone
variants can determine epigenetic states through
direct modulation of chromatin-modifying en-
zyme activity. Further, the ability of ATXR5/6 to
discriminate between the variants H3.3 and H3.1
provides a mechanism for the mitotic inheritance
and genome-wide distribution of H3K27me1 in
plants. According to this model, ATXR5/6 are
recruited to the replication fork during S phase
through their interactionwith PROLIFERATING
CELLNUCLEARANTIGEN (PCNA) (2), where
they specifically monomethylate K27 at newly
incorporated, CAF-1–dependent H3.1 to rapidly
restore this epigenetic mark (Fig. 4D) and pre-
vent overreplication. This model does not rule
out the possibility that some H3.1 might escape
DNA replication–coupled K27 monomethylation
(fig. S5). The inability of ATXR5/6 to methyl-
ate H3.3 may contribute to the protection of
transcriptionally active, H3.3-enriched regions
against H3K27me1 and repression during DNA
replication.
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Vertebrate Limb Bud Formation
Is Initiated by Localized
Epithelial-to-Mesenchymal Transition
Jerome Gros* and Clifford J. Tabin†

Vertebrate limbs first emerge as small buds at specific locations along the trunk. Although a fair
amount is known about the molecular regulation of limb initiation and outgrowth, the cellular
events underlying these processes have remained less clear. We show that the mesenchymal limb
progenitors arise through localized epithelial-to-mesenchymal transition (EMT) of the coelomic
epithelium specifically within the presumptive limb fields. This EMT is regulated at least in part
by Tbx5 and Fgf10, two genes known to control limb initiation. This work shows that limb buds
initiate earlier than previously thought, as a result of localized EMT rather than differential
proliferation rates.

In1971, Searls and Janners found that, at early
limb stages (Hamburger-Hamilton stage 17 to
18 in the chick), there is a substantial decrease

in proliferation of the flank mesoderm, whereas
higher rates are maintained within the emerging
vertebrate limb buds. Accordingly, they proposed

that localized regulation of proliferation at spe-
cific levels along the body axis is responsible
for limb initiation (1). However, the cellular
properties of the somatopleural lateral plate
cells that give rise to the limb bud have not
been identified.

During gastrulation, themesodermal germ layer
is formed through the generation of mesenchy-
mal cells from the epithelial epiblast. However,
shortly after gastrulation a reepithelization occurs
such that essentially the entire embryo is epithelial,
as defined by apical (F-actin) and basal (laminin)
epithelial markers: Not only are the ectoderm,
neural tube, and endoderm epithelial, but also the

notochord, the somites, the intermediate meso-
derm and the lateral plate mesoderm (i.e.,
splanchnopleural and somatopleural mesoderm,
Fig. 1, A and D). At stage 13 in the chick, before
any signs of limb bud formation, the somatopleure
displays epithelial rather thanmesenchymal char-
acteristics. Molecular characterization revealed
that, at this stage, F-actin and N-cadherin, as well
as b-catenin and atypical protein kinase C (aPKC),
localize at the apical end of somatopleure cells
(Fig. 1,AandD, and fig. S1,A andD).On the other
hand, vimentin is localized at the basal end of
somatopleural cells, and laminin is deposited only
on the basal side (Fig. 1, A and D, and fig. S1A),
demonstrating that at early stages the somatopleure
is a single cell layer and highly polarized, pseudo-
stratified columnar epithelium. These observations
differ from the previous assumption that limbs
originate from a preexisting mesenchymal pop-
ulation. Forelimb budmesenchyme first becomes
apparent at stage 14 to 15, whereas the more
posterior hindlimb mesenchyme can be first
observed only at stage 15 to 16, as revealed by
enrichment of vimentin expression and a con-
comitant loss of polarized localization ofN-cadherin,
b-catenin, F-actin, and aPKCwithin somatopleural
cells and basement membrane of laminin break-
down (Fig. 1, B and E, and fig. S1, B, C, E, and
F). Furthermore, mesenchyme in the trunk region
is only seen at stage 17, long after forelimb and
hindlimb mesenchymes have emerged (Fig. 1, C
and F, and fig. S2), and thus out of order relative
to the general rostral-caudal wave of development

Department of Genetics, Harvard Medical School, 77 Avenue
Louis Pasteur, Boston, MA 02115, USA.

*Present address: Department of Developmental and Stem
Cell Biology, Institut Pasteur, 25, 28 rue du Docteur Roux,
75724 Paris, Cedex 15, France.
†Corresponding author. E-mail: tabin@genetics.med.harvard.
edu

www.sciencemag.org SCIENCE VOL 343 14 MARCH 2014 1253

REPORTS



along the body axis, indicating specific regulation
is involved in this timing. Similar results were
found for the mouse (fig. S3).

Because the somatopleural lateral plate meso-
derm of the limb field starts out as an epithelium
and ultimately generates limb bud mesenchyme,
one would expect that this occurs through an
epithelial-mesenchymal transition (EMT) process.
To directly demonstrate this, we performed lineage
analysis with an electroporated green fluores-
cent protein (GFP) reporter in chick embryos.We
found that, 3 hours after electroporation, eachGFP
electroporated cell exhibited a bottlelike epithe-
lial shape (Fig. 1G and fig. S4A) and localized
expression of apical N-cadherin, b-catenin, aPKC,
and basal vimentin (fig. S4, D, E, H, I, L, M, P,
and Q). After 12 and 24 hours, although some
GFP-labeled cells could still be seen in an epi-
thelial state, the vast majority of GFP-labeled cells
had left the epithelium and displayed mesenchy-
mal characteristics (Fig. 1, H and I, and fig. S4, B,
C, F, G, J, K, N, O, R, and S), demonstrating that

most if not all all mesenchymal cells of the limb
bud originate from the epithelial somatopleure
(Fig. 1I).

Although EMT is delayed in the trunk relative
to the limb-forming regions, ultimately it is nec-
essary to generate the ventral dermis of the body
wall. Therefore, we quantified the extent of EMT
process occurring in each of these regions. To this
end, we electroporated the somatopleure of both
the forelimb and the trunk level of stage-13 chick
embryos and quantified the number of GFP-
positive cells in the epithelial and mesenchymal
state. We found that the somatopleure at the
forelimb level generates 5.5 times more mesen-
chymal than epithelial cells, whereas at the trunk
level the number ofmesenchymal cells that emerge
from the somatopleure is nearly equal to the num-
ber of epithelial cells (Fig. 1J). These quantifica-
tions show that a precocious and sustained EMT
process generates the limb primordium, as op-
posed to the trunk region in which a delayed and
less-efficient EMT generates only the minimal

amount ofmesenchymal cells that will eventually
contribute to the dermis of the trunk (2).

Limb bud initiation has previously been de-
scribed to be the consequence of differential pro-
liferation between limb and trunk regions starting
at stage 17 (1). However, our data indicated that
EMT, resulting in localized production of limb
mesenchyme, begins before proliferation starts.
Therefore, we decided to revisit the timing of pro-
liferative changes in the lateral plate mesoderm
using more modern approaches: automated cell
counting of proliferative cells labeled by using
5-bromo-2´-deoxyuridine (BrdU) as opposed to
manual counting of tritiated thymidine–labeled
cells in the Searls and Janners study. Our study
confirmed that proliferation starts to decrease at
about stage 17 to 18 in the trunk and that it re-
mains sustained at a high level in the limb region
(Fig. 1K). However, at stage 15 to 16, as mesen-
chyme is being generated, proliferation is uniform
throughout the lateral plate mesoderm, including
both the trunk and limb-forming fields (Fig. 1K).

Fig. 1. Limb progenitors arise from EMT of the
epithelial somatopleure. (A to C) Transverse sec-
tions of stage-13 (A), -15 (B), and -19 (C) chick
embryos at the forelimb level. Sections were stained
with DAPI (4´,6-diamidino-2-phenylindole, blue),
F-actin (red), and antibody against laminin (anti-
laminin, green). (D to F) Higher magnifications of

(A) to (C); arrows point at laminin basement membrane breakdown. (G to I) Transverse sections of chick embryos electroporated at stage 13 and harvested
after 3, 12, and 24 hours. Sections were stained with phalloidin (red) and with anti-GFP (green). (J) Proportion of cells in epithelial or mesenchymal state at
forelimb and trunk levels (n = 3723 cells, five embryos; Mann-Whitney U test ***P = 2.4 × 10−9). (K) Percentage of proliferating cells (BrdU+/DAPI+) in the
somatopleure of chick embryos at stages 15 to 18 at the level of the forelimb (blue), trunk (red), and hindlimb (green) (n = 5 embryos for each stage; over
250,000 cells were counted in total; Mann-Whitney U test; n.s, nonsignificant P > 0.05; ***P < 10−7). The timing of EMT in relation to proliferation is
represented in yellow. Errors bars indicate SEM. Scale bars represent 10 mm in (D) to (F) and 50 mm elsewhere. nt, neural tube; no, notochord; en, endoderm;
so, somite; im, intermediate mesoderm; ec, ectoderm; spp, splanchnopleure; sp, somatopleure.
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Fig. 3. Tbx5/FGF10 participates in the regulation
of the EMT of the somatopleure. (A) FGF10/GFP-
electroporated chick embryos showing ectopic swell-
ings (red arrowheads). (B and C) Transverse section
of FGF10/GFP electroporated embryo; (C) is a higher
magnification of (B). (D) Proportion of cells in mesen-
chymal or epithelial state [n = 1912 (FGF10/GFP), three
embryos; Mann-Whitney U test ***P < 0.0001; n.s, non-
significant, P = 0.38]. (E, H, and K) Transverse sections
of mouse embryos at the forelimb level stained with
DAPI (blue), b-catenin (green), and aPKC (red) antibody.
(F, I, and L) Higher magnifications of boxed areas in (E),
(H), and (K). (G, J, and M) Transverse sections stained
with DAPI (blue) and anti-laminin (green) focusing on
the somatopleure epithelium and basement membrane
stabilization (arrowheads). (N) Proportion of cells in mes-
enchymal or epithelial state [n = 2962 (WT), 10,894
(Tbx5−/−), and 3115 (FGF10−/−) cells, three embryos for
each genotype; Mann-Whitney U test ***P < 0.0001].
Scale bars represent 50 mm in (B), (C), (E), (H), and (K)
and 10 mm in (F), (I), (L), (G), (J), and (M). Coe, coelomic
cavity; asterisks, separation between epithelium and
mesenchyme.

Fig. 2. EMT of the somatopleure is a necessary step
in limb bud initiation. (A and E) Dorsal views of stage-
21 chick embryos 36 hours after electroporation of GFP
or GFP/RhoA. (B to D and F to H) Transverse sections of
chick embryos electroporated with GFP or GFP/RhoA at
the forelimb level and stained with phalloidin (red), GFP
(green), and anti-laminin (blue). (J to L) Higher magnifi-
cation of (F) to (L); note the overstabilization of F-actin
(arrows) and the presence of large aggregates of laminin
(arrowheads). (I) Cartoon representing the extent of
RhoA/GFP electroporation as shown in (E) and high-
lighting the absence of limb formation in the RhoA-
electroporated region, red arrow. Scale bars, 10 mm
in ( J) to (L) and 50 mm elsewhere.
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Together with the lineage analysis, these observa-
tions strongly suggest that the limb bud initiates
earlier than stage 17 to 18, through EMTand inde-
pendent of proliferation rate changes. When the
limb bud mesenchyme is generated, it induces a
source of fibroblast growth factor (Fgf ) activity in
the overlying ectoderm, the apical ectoderm ridge,
which serves to maintain the limb’s high level of
proliferation (3). This does not occur in the trunk
region, which we hypothesize is the reason for
its relative decrease in mitotic activity as mesen-
chyme is generated. We suggest that the differ-
ence in proliferation of trunk versus limb bud
mesenchyme is a result of limb bud initiation, as
opposed to being a cause of it.

To verify that EMT of the somatopleure rep-
resents a necessary step of limb initiation, we
blocked EMT in the presumptive limb region by
RhoA overexpression, which abrogates EMT by
inducing strong interaction of cells with extra-
cellular matrix components (4). We electroporated
RhoAwithGFPwithin the epithelial somatopleure.
In control embryos electroporatedwithGFP alone,
limb buds formed normally (Fig. 2A), the base-
ment membrane of laminin broke down, and cells
underwent EMT (Fig. 2, B to D). In contrast,
coelectroporation of RhoAwith GFP completely
abrogated limb formation (Fig. 2, E and I).
Sections revealed that RhoA electroporated cells
were stuck in the epithelial somatopleure and
failed to undergo proper EMT (Fig. 2, F to H).
These cells were attached to aggregates of laminin
(Fig. 2, K and L) and did not exhibit enrichment in
vimentin staining (fig. S5, G to L). We found that
RhoA-overexpressing cells overexpressed F-actin,
maintained adherens junction as revealed by
N-cadherin and b-catenin stainings (fig. S5, A
to L), and failed to relocalize aPKC from their
apical cortex to the cytoplasm (fig. S5, A to F) as
observed in control GFP-electroporated cells
(fig. S4, N, O, R, and S). RhoA overexpression
did not lead to dramatic reduction of prolifera-
tion (fig. S6, A to C) or increase in apoptosis in
the electroporated cells (fig. S6, D to G), con-
firming that RhoA acts to prevent epithelial-
to-mesenchymal cell state change. Thus as a
consequence of this failure to undergo EMT, the
electroporated cells did not participate in the ini-
tiation and formation of the limb primordium.

To understand how EMT is regulated in this
context, we explored the possibility that Snail1,
a transcription factor upstream of EMT in other
contexts (5), plays a similar role here, but (per-
haps because of redundancy) we failed to find
such a connection. We therefore turned to factors
known to be involved in establishing the forma-
tion of a limb bud. Ectopic Fgf protein, applied
up to stage 17, is sufficient to induce the forma-
tion of an entire additional limb from trunk tissue
(6). To test whether Fgf10 promotes limb forma-
tion by inducing EMT, we coelectroporated Fgf10
and GFP into the trunk somatopleure of stage-13
to -14 chick embryos. As expected, 36 hours after
electroporation Fgf10 induced swelling of the
trunk, indicating ectopic limb initiation (Fig. 3A,

red arrowheads). Sectioning through the electro-
porated region showed that most of the GFP-
positive cells had left the epithelium and had
acquired amesenchymal phenotype (81%, Fig. 3,
B to D), showing that indeed EMT had taken
place. The trunk is only competent to form an
ectopic limb up to stage 16 to 17 (7, 8). This was
previously interpreted as the time at which the
trunk mesenchyme becomes determined and is
no longer capable of being redirected to a limb
fate. However, our data show that this is precisely
the time at which the trunk mesenchyme is first
generated. Thus, we would reinterpret those re-
sults as indicating that ectopic Fgf activity can
induce limb bud formation from epithelial trunk
somatopleure cells but not from mesenchymal
cells of the same rostrocaudal level.

Targeted mutation of Fgf10 and Tbx5 in mice
have demonstrated that these genes are necessary
to initiate limb bud formation (9–12). Transverse
sections of embryonic day 9.5Fgf10−/− andTbx5−/−

embryos confirmed that neither Tbx5 nor Fgf10
mutant embryos exhibit swellings characteristic
of limb bud initiation (Fig. 3, E, H, and K). Both
FGF10 and Tbx5 mutant embryos showed the
presence of mesenchyme in the forelimb region;
however, the proportion of mesenchymal cells
compared to the proportion of epithelial cells was
significantly lower than that of a wild-type (WT)
sibling embryo (Fig. 3N), with a stronger pheno-
type observed in Tbx5−/− embryos (only 12% of
cells were epithelial inWTembryos, whereas 21%
and 51% were epithelial in Fgf10- and Tbx5-
deficient embryos, respectively). In Tbx5 mutant
embryos, the epithelium appeared separated from
the mesenchyme (Fig. 3K, asterisks). aPKC and
b-catenin staining revealed hyperplasia of the
somatopleure epithelium, in support of failure of
these cells to undergo EMT (Fig. 3, K and L).

Last, in Fgf10−/− as well as in Tbx5−/− embryos,
the basement membrane of laminin did not pro-
perly break down and appeared overstabilized, as
opposed toWTembryos (Fig. 3, F, G, I, J, L, and
M). Taken together, these data show that Tbx5
and Fgf10 act on the somatopleure epithelium to
regulate, at least partially, the early induction of
EMT in the limb fields, the process that is at the
heart of limb bud initiation.
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The stum Gene Is Essential
for Mechanical Sensing
in Proprioceptive Neurons
Bela S. Desai, Abhishek Chadha, Boaz Cook*

Animal locomotion depends on proprioceptive feedback, which is generated by mechanosensory
neurons. We performed a genetic screen for impaired walking in Drosophila and isolated a
gene, stumble (stum). The Stum protein has orthologs in animals ranging from nematodes to
mammals and is predicted to contain two transmembrane domains. Expression of the mouse
orthologs of stum in mutant flies rescued their phenotype, which demonstrates functional
conservation. Dendrites of stum-expressing neurons in legs were stretched by both flexion and
extension of corresponding joints. Joint angles that induced dendritic stretching also elicited
elevation of cellular Ca2+ levels—not seen in stum mutants. Thus, we have identified an
evolutionarily conserved gene, stum, which is required for transduction of mechanical stimuli in
a specific subpopulation of Drosophila proprioceptive neurons that sense joint angles.

Animal locomotion is achieved by coor-
dination of motor activity according to
proprioceptive mechanosensory inputs.

In Drosophila, mechanosensation is mediated
either by ciliated or multidendritic receptor neu-
rons. Multidendritic neurons can respond to direct
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application of mechanical force to their mem-
branes (1, 2). It is less clear, however, how multi-
dendritic mechanosensory neurons can be tuned
to one mechanical modality, such as joint angle,
and disregard other mechanical stimuli that may
originate from external impacts or changes in
the shape of muscles during contraction. In order
to identify genes involved in proprioceptive sen-
sation, we screened for uncoordination in a col-

lection of ethyl methanesulfonate–mutagenized
Drosophila lines (3). Lines that exhibited walk-
ing impairments were selected, and the phenotype
severity was quantified by measuring climb-
ing speed. We identified three lines, 204, 922,
and 4487, that showed lack of coordination in
homozygous flies and did not complement one
another (Fig. 1A), which suggested that they
represent alleles of the same gene. Two of the
lines, 204 and 4487, showed severe uncoordina-
tion, and the phenotype in 922 was mild (Fig.
1A). Deficiency mapping pointed to a gene,
CG30263 (Fig. 1B), predicted to encode a large

protein with 1870 or 1959 amino acids (depend-
ing on the splice variant). Because the mutants
had a walking impairment phenotype, we named
this gene stumble (stum). The stum ortholog in hu-
mans isC1orf95, and it was categorized as a mem-
ber of the SPEC3 family (UNIPROT, INTERPRO),
with unknown function. We sequenced the stum
gene in the three mutant lines and found that
stum204, stum4487, and stum922 had stop codons at
amino acid positions 171, 202, and 1081, respec-
tively (Fig. 1C).

We generated transgenic flies that express
stum cDNA in neurons and found that the stum
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The Scripps Research Institute, La Jolla, CA 92037, USA.

*Corresponding author. E-mail: bcook@scripps.edu

Fig. 2. Expression of stum in legs. (A) Brightfield image of a mesothoracic (middle) leg (anterior
view, D, dorsal; V, ventral; L, lateral; M, medial). (B) GFP fluorescence showing stum-positive neurons.
(i), (ii), and (iii) are high-magnification views of the corresponding regions in (B). Arrowhead, cell
body; short arrow, dendritic tip; and long arrow, side branch.

Fig. 1. The stum gene underlies walking uncoordination. (A) Climbing speed of
Drosophila with homozygous stum alleles and transheterozygote lines. Flies having
three alleles were significantly slower than controls (P < 0.01). Complementation tests
showed that stum922 heterozygotes were not different from stum922 homozygotes, yet they
are significantly different from homozygous stum204 and stum4487 (P < 0.05). (B) Sche-
matic representation of the stum gene in the 57F8 region of chromosome 2R. The dashed
line designated stum-Gal4 represents the regulatory genomic region of the gene. The
dashed line that encompasses the coding region (green bars) illustrates the genomic
arrangement of splice variant RB. (C) Schematic representation of the Stum protein in
Drosophila and mouse. Red bars designate mutations in the three stum alleles. Green
bars show the position of predicted transmembrane domains. aa, amino acids. (D) Expres-
sion of stum rescues the climbing phenotype of the homozygous stum mutant. For both
fly and mouse rescues, the flies that had both the driver (elav-Gal4) and the cDNA were
significantly faster than the controls having only one of the transgenes (P < 0.01). For
(A) and (D), significance was determined using a Mann-Whitney nonparametric test and
was adjusted by Bonferroni correction for multiple comparisons. Error bars represent
SEM, n > 8 for each data point in (A) and (D).
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phenotype was partially rescued (Fig. 1D), which
indicated that the mutations in stum were under-
lying the uncoordination phenotype. We noted that
the mouse ortholog of stum (National Center for
Biotechnology Information, the U.S. National Insti-
tutes ofHealth, reference sequence:NP_001074696.1),
which is only 141 amino acids long and shares 33%
sequence identity withDrosophila stum, was also
able to substantially rescue the uncoordination
phenotype (Fig. 1D). Therefore, the function of
stum appears to be conserved between distant
animal species.Moreover, the rescue of the pheno-
type with such a short form of stum suggests that
the C-terminal region of the fly protein constitutes
the functional core.

Proprioceptive defects in adult flies have
been attributed to malfunction of type I (ciliated)
mechanoreceptor neurons (4–6). To test whether
such defects also underlie the phenotype in the
stum mutant, we performed electrophysiolog-
ical recordings of mechanical responses from
the ciliated mechanoreceptor neuron of the an-
terior notopleural bristle (6). Type I neurons of
stum mutants were indistinguishable from con-
trols (fig. S1). Therefore, unlike known proprio-
ception mutants, the phenotype in stum mutants
does not arise from a general defect in type I
mechanoreceptor neurons. To identify which cells
give rise to the phenotype, we used the genomic
regulatory region of stum to drive a CD8 fused
to green fluorescent protein (CD8GFP) reporter
[stum-Gal4 driving the upstream activation se-
quence (UAS)–CD8GFP]. We found that stum
expression in the legs was localized to three
labeled neurons: one at the femur-tibia joint, the
second at the tibia-tarsus joint, and the third
spanning the second tarsal segment (Fig. 2). The
cell bodies of these stum-expressing neurons were
located near the distal end of each leg segment,
and their dendrites terminated at the correspond-
ing joints (Fig. 2).

To study whether there are stum-expressing
cells within the ventral nerve cord (VNC), we
examined it in flies that express CD8GFP using
stum-Gal4. We found that the only fluorescent
signal in the VNC originated from the axons of
the leg neurons (fig. S2). The axons terminated
within the neuropil that corresponds to each par-
ticular leg, branching into a bowl shape (fig.
S2). This pattern is typical of neurons that take
part in proprioception, such as the hair plate
neurons (7–9). Therefore, the stum-expressing
cells in the Drosophila body have characteristics
of proprioceptive neurons that sense a property
of specific joints.

We performed confocal imaging of the den-
dritic region of stum-expressing neurons and
found that, close to its tip, the dendrite branches
toward the lateral aspect of the joint, and this side
branch terminates at a short distance from the
cuticle (Fig. 2). The tips of dendrite were not as-
sociated with a cuticular structure or a scolopale.
These structural features are typical features of
type II (multidendritic) neurons (10) but are in-
compatible with type I mechanoreceptor neu-

rons that terminate with a ciliary structure. Thus,
stum uncoordination mutations affect type II
mechanoreceptor neurons. Furthermore, the en-
tire dendritic terminal of these neurons was lo-
cated in a region that is devoid of musculature
(fig. S3), which suggests that they do not sense the
mechanical properties of muscles. Taken together,
these data suggest that stum-expressing neurons
sense a mechanical property of the joint.

To test whether stum-positive neurons en-
code joint angles, we performed high-resolution
imaging of the tibia-tarsus joint area at different
angles. At each angle of the joint, we measured
the total length of the sensory dendrite and its
side branch. We found that the total dendrite
length had a minimum typically at 130° to 170°,
and it increased when the joint was shifted to
either more obtuse or more acute angles (Fig. 3).
These morphological changes indicate that these
neurons are mechanically affected by the po-
sition of the joint. Because the tip of the side
branch is stationary, it is likely that the change
in total length results from the coupling of the
tip of the main dendrite to the motion of the
distal joint segment. The position of the den-

drite and the susceptibility of its morphology to
joint angle suggest that the role of stum-positive
neurons is to sense and encode the angle of
the joint.

We measured Ca2+ fluorescence while forcing
the tibia-tarsus joint to different angles and found
that the Ca2+ fluorescence in stum-expressing
neurons correlated with the angle of the joint
(Fig. 4). As in the morphological changes, the re-
sponses correlated with joint angle in a U-shaped
manner, where both acute and obtuse angles in-
duced increasing Ca2+ elevations. These results
indicate that the stum-positive neurons encode
proprioceptive information about the angle of
joints. It is noteworthy that a similar U-shaped
encoding of joint angles was also described in
receptor neurons of mammalian joints (11), which
suggests that sensing the deviations from a neu-
tral joint range is universally critical for motor
function.

The walking impairment in the stum mutant
fly suggests that the gene is necessary for gen-
erating the proper proprioceptive responses in
stum-expressing neurons. To test whether the
stum mutations affect coupling between joint

Fig. 3. Dendrite stretching of stum-
expressing neurons. (A) Fluores-
cence of stum-driven CD8GFP at the
tibia-tarsus joint. Dotted lines connect
the medial and lateral ends of the
tibia. Note that, at both flexion (60°)
and extension (220°), the tip of the
dendrite (arrow) is distal to its posi-
tion at the neutral angle (150°). (B
and C) Summary of dendritic length
changes at different joint angles. The
genotype of control flies was w;stum-
Gal4;UAS-CD8GFP and the genotype
of tested stum mutants was w;stum204,
stum-Gal4;UAS-CD8GFP. The length
change ratio (Dl/l) was determined
by dividing the dendritic length at a
given angle by the length at the base-
line (120° to 140°). Error bars repre-
sent standard errors, n < 6 for each
data point. Data were transformed
by using a square root transformation
and tested for normality using the
D’Agostino and Pearson omnibus nor-
mality test. *P < 0.05, **P < 0.01,
***P < 0.001, one-way analysis of
variance (ANOVA) with post hoc
Bonferroni multiple comparison test.
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angles and dendritic stretching, we quantified
the stretching in mutant flies that have stum-
expressing neurons labeled with CD8GFP. We
found that, in the stum mutant, the dendritic
stretching in response to joint angles was com-
parable to that of control flies (Fig. 3). Thus,
stum is not required for the mechanical coupling
between joint angles and stretching of the sen-
sory dendrites.

Although the dendritic stretching was not
significantly affected in the stum mutant, we
found that the Ca2+ responses to both acute and
obtuse joint angles were abolished in the mutant
(Fig. 4). Therefore, we conclude that stum is
essential for transducing dendrite stretching into
cellular responses.

We examined the morphology of stum-
expressing neurons and found that, although
axons (fig. S2) and cell bodies (fig. S4) of stum
mutants were indistinguishable from controls,
the sensory dendrite in mutants exhibited ab-
normalities (fig. S4). Most notably, in some of
the stum-expressing neurons the tip of the den-
drite was overgrown and extended into the distal
segment of the joint (fig. S4). Thus, the absence of
stum leads to a morphological defect, possibly
because of the lack of mechanical responsive-
ness. The occasional morphological differences
may account for the slight difference in the
stretching profile between control and mutant
dendrites (Fig. 3, B and C). The fraction of
neurons demonstrating the abnormal morphol-
ogy in the mutant increased from the day of
eclosion to the following day (fig. S4C). As the
addition of morphological changes takes place
after eclosion, it is possible that stum-dependent

activity is essential for late shape determina-
tion that can take place in adult multidendritic
neurons (12).

We generated transgenic flies that express a
GFP fused with the N terminus of Stum under
UAS regulation (UAS-GFP-Stum). We found
that the Stum fusion protein was specifically lo-
calized to the distal part of the sensory dendrite,
although it did not accumulate substantially in
any other part of the cell (fig. S5). The fluores-
cent signal started at the region of bifurcation
and extended to both distal tips of the dendrite
(fig. S5). This specific localization suggests that
Stum functions in the part of the dendrite that
senses stretching.

Taken together, stum expression in mechano-
sensory neurons, Stum localization to the sen-
sory dendrite, and the abolition of responses to
stretching in the stum mutant suggest that stum
has an essential role in mediating mechanical
sensing in receptor neurons. Because the Stum
protein in most species is very small and because
Drosophila stum is expressed in limited popula-
tions of receptor neurons, we propose that stum
is not the mechanically activated channel. Rather,
stum may serve as an accessory module that is
essential for the proper localization or function
of the transduction channels.

The stretch-receptor neurons that express stum
present an elegant engineering solution for gen-
erating specificity to the modality of mechanical
stimulus. The distal part of their dendrite bifur-
cates into two branches whose tips are anchored
to parts of the joint that shift their relative posi-
tions. Sensing the stretching only between the two
dendritic tips may tune the nerve responses to

joint motions and filter out the effect of irrelevant
mechanical impacts. This specificity enables the
sensory neuron to relay reliable proprioceptive
information to the central nervous system.
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Fig. 4. Responses of stum-expressing neurons. (A) Fluorescence of stum-
driven calcium indicator GCaMP at the tibia-tarsus joint. Two joint angles
are presented (the region of the dashed box in the schematic drawing below),
and the contour of the neuron is highlighted with a dashed yellow line. Arrows
show the side branch of the dendrite, and the arrowheads indicate the location
of the cell body. Fluorescence is represented by an arbitrary scale that in-
creases from green to red. Note that at 220° the dendrite is stretched distally,
which results in an increase of fluorescent area over the dendrite and elevated
fluorescence in the cell body (red signal). (B) A summary of fluorescence levels
of the cell body at different joint angles. The genotype of control flies was w;

stum-Gal4;UAS-GCaMP3, and the genotype of tested stum mutants was w;stum204,stum-Gal4;UAS-GCaMP3. The DF/F was determined by dividing the
fluorescence value at a given angle by the fluorescence at the preceding baseline (120° to 150°). Error bars represent standard errors, n > 6 for each data
point. Baseline and response fluorescence levels were compared pairwise for each data point. *P < 0.05, **P < 0.01, Wilcoxon signed-rank test.
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Complement Is Activated
by IgG Hexamers Assembled
at the Cell Surface
Christoph A. Diebolder,1,2* Frank J. Beurskens,3* Rob N. de Jong,3 Roman I. Koning,2
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Complement activation by antibodies bound to pathogens, tumors, and self antigens is a
critical feature of natural immune defense, a number of disease processes, and immunotherapies.
How antibodies activate the complement cascade, however, is poorly understood. We found
that specific noncovalent interactions between Fc segments of immunoglobulin G (IgG)
antibodies resulted in the formation of ordered antibody hexamers after antigen binding on
cells. These hexamers recruited and activated C1, the first component of complement,
thereby triggering the complement cascade. The interactions between neighboring Fc segments
could be manipulated to block, reconstitute, and enhance complement activation and
killing of target cells, using all four human IgG subclasses. We offer a general model for
understanding antibody-mediated complement activation and the design of antibody
therapeutics with enhanced efficacy.

Complement activation by antibodies ini-
tiates immune protection through the gen-
eration of an array of biologically active

products including opsonins, anaphylatoxins,
chemotactic agents, and membrane attack com-
plexes (1, 2). The classical pathway of complement
is triggered when antigen-bound immunoglob-
ulin M (IgM) or IgG antibody molecules bind
C1, which consists of the multimeric pattern rec-
ognition molecule C1q and a heterotetramer of
the proteases C1r and C1s (3, 4). C1q binds a
single IgG Fc segment with very low affinity (dis-
sociation constant Kd ≈ 10−4 M) (5, 6), and phys-
iological C1 binding thus requires an increase
in the apparent binding constant—for instance,
through antigen-driven antibody clustering, which

allows multivalent C1q binding (7). The molec-
ular events governing complement activation, in-
cluding the C1-antibody stoichiometry required
for optimal activation, remain poorly understood
(3, 8–13). Here, we set out to characterize and
visualize the first steps in complement activation
by IgG at the molecular level.

In the structure of human anti–HIV-1 gp120
antibody IgG1-b12 at 2.7 Å resolution [Protein
Data Bank (PDB) entry 1HZH] (14, 15), the IgG
Fc segments are arranged in a hexameric ring
(Fig. 1A). A similar crystal packing is found for
human antibody 2G12 (16). The spatial ori-
entation of Lys322 (Fig. 1A), a critical residue in
the C1q binding site on IgG, suggested a com-
patibility of the hexamer with the arrangement
of the six antibody-binding headpieces in C1q.
We hypothesized that IgG antibodies activate
complement-dependent cytotoxicity (CDC) via
ordered clustering into hexamers through spe-
cific noncovalent Fc interactions. To investigate
this hypothesis, we used a peptide that has been
shown to bind residues in the observed Fc-Fc inter-
face (17) (Fig. 1B). The peptide inhibited CDC
of human B cell lymphomas by CD20 antibody
IgG1-7D8 and CD38 antibody IgG1-005 (Fig. 1C),
both of which potently induce CDC by the clas-
sical pathway (18, 19). Next, we generated interface
mutations designed to weaken Fc-Fc interactions.
We confirmed that antigen binding and C1q bind-
ing to randomly immobilized IgG1 (fig. S1) were
mostly unaffected by the mutations. In contrast,
the apparent avidity of C1q for cell-bound IgG1-
7D8 mutated at positions Ile253, His433, or Asn434

decreased by as much as a factor of 20 (Fig. 1D,
fig. S2A, and table S1); this resulted in reduced
complement activation and CDC, consistent with
other mutations in the Fc-Fc interface (Fig. 1E, fig.

S2A, and table S2). Modeling suggested that
Lys439 and Ser440 could be manipulated to test
Fc-Fc interactions in a gain-of-function experi-
ment (fig. S2B). In isolation, charge repulsion in
mutants K439E (Lys439 → Glu) and S440K
(Ser440 → Lys) indeed inhibited CDC; this in-
hibition could be overcome with double mutants
or mixtures containing both mutants that neutral-
ized this repulsion (Fig. 1, F and G, and tables S1
and S2).

We also identified mutations that resulted
in significantly enhanced CDC, as exemplified
by E345R (Glu345 → Arg), which increased
C1q avidity to opsonized cells by a factor of ~5
and CDC by a factor of ~10 when introduced
into CD20 antibody IgG1-7D8 (Fig. 2A and
tables S1 and S2) (20). Similarly, the E345R
substitution increased CDC of CD38 antibody
IgG1-005 (Fig. 2B) as well as of its IgG2, IgG3,
and IgG4 isotype variants (Fig. 2C). A triple
mutant, IgG1-005-RGY, combining E345R with
two additional enhancing mutations [E430G
(Glu430→Gly) and S440Y (Ser440→ Tyr)] read-
ily formed hexamers in solution. The presence
of monomeric and hexameric species of IgG1-
005-RGY, presumably in equilibrium, was dem-
onstrated by native mass spectrometry (Fig. 3A
and table S3), high-performance size exclusion
chromatography (HP-SEC) combined with multi-
angle static light scattering (MALS) (Fig. 3B),
and negative-stain electron tomography (ET)
(Fig. 3, C to F). Solution-phase hexamers of
IgG1-005-RGY directly activated complement
when added to human serum, as shown by the
generation of C4d (Fig. 2D). This was also ob-
served for IgG1-7D8-RGY, a triple mutant of the
CD20 antibody. Together, these findings directly
link a biophysically characterized noncovalent
IgG1 hexamer with classical pathway comple-
ment activation. Finally, IgG1-005-RGY showed
a further potency increase when bound to cells,
as shown by stronger CDC at low concentrations
relative to the single mutant (Fig. 2E), whichmay
be explained by preformed hexamers or enhanced
Fc-Fc–mediated assembly on the cell surface.

To image C1 binding to antigen-bound IgG on
a membrane, we performed cryo–electron tomo-
graphy (cryo-ET) using dinitrophenyl (DNP)–
labeled liposomes (20). In the cryo-ET recon-
structions, antibodies on the liposome surface
assembled in single-layer patches with maximum
density at a distance of 11 nm from the membrane
(fig. S3, A and E) (20). Addition of purified C1
protein, C4-depleted serum, or normal human
serum resulted in C1 binding on top of the anti-
body layer (fig. S3, F to H). Cryo-ET tomograms
of 107 particles representing antibody-C1 com-
plexes were averaged (fig. S4), resulting in an
electron density map at low (>6 nm) resolution.
The map showed a lower platform at 11 nm (co-
inciding with the maximum density observed on
liposomes with antibody alone), a second plat-
form at 20 nm, and a stalk on top of the upper
platform (Fig. 4A). Horizontal sections through
the tomogram average indicated that the lower
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platform was composed of a continuous disk with
six poorly resolved densities protruding toward
the membrane and four discernible densities on
top, arranged as an incomplete hexagon (Fig. 4, B
to E). We generated a model of the C1-antibody
complex by docking the 1HZH crystal packing
[adapted by Fab rotation (fig. S5)] into the lower
platform and manually fitting C1q headpieces
(Fig. 4F and fig. S6) (20). The four densities on top
of the lower platform suggested incomplete
(4:6) C1q headpiece binding to the antibody
hexamer (Fig. 4C) and may reflect flexibility and
dynamics of the C1q-IgG interactions.

The model suggested that one Fab arm of each
antibody in the hexamer bound the membrane-
associated antigen while the other Fab arm was
positioned at the height of the platform (Fig. 4F).
To test the concept that complement activation

might only require monovalent binding, we gen-
erated functionally monovalent bispecific anti-
bodies (20, 21) that contained one specific and one
innocuous Fab arm (i.e., IgG1-7D8/b12 and
IgG1-2F8/b12, monovalently binding CD20 and
EGFR, respectively). Both antibodies induced
efficient CDC of relevant target cells (Fig. 4,
G and H), which for the bispecific antibody
2F8/b12 was strongly enhanced relative to the
parental 2F8 antibody. Thus, for this antibody-
antigen pair, monovalent binding is better able
than (high-affinity) bivalent binding to accom-
modate the Fc-Fc hexamerization required for
efficient CDC.

The hexameric IgG-C1 binding model (Fig. 4,
A and F, and fig. S6) revealed geometrical re-
straints that could explain the strong antigen
and epitope dependency of complement activa-

tion. Potent complement activation by mono-
clonal antibodies is restricted to certain antigens
and epitopes (12, 19, 22), presumably because
antigen size, density, and fluidity may affect ac-
tivation (18, 22–26) and because IgG orientation
resulting from epitope geometry imposes addi-
tional structural constraints (12, 19, 22, 25, 27).
Polyclonal antibodies appear to be less sensitive
than monoclonal antibodies to such constraints
(24, 28, 29), potentially because binding of anti-
bodies to a variety of antigens or epitopes facil-
itates clustering of Fc segments, thereby allowing
efficient Fc-Fc assembly. Monovalent binding of
IgG molecules in the platform is consistent with
earlier observations (30) and could be envisaged
to provide more degrees of freedom for the Fc
segments, allowing their optimal positioning for
C1q recruitment.
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Fig. 1. C1q binding and complement activation by antibody hexamers. (A) IgG hexamer crystal
packing of IgG1-b12 (1HZH). The dashed enclosure indicates a single IgG molecule. The C1q binding residue
Lys322, located in the CH2 domain, is indicated in red. (B) Surface map depicting the Fc-Fc interface. Residues
interacting with the Fc-binding peptide DCAWHLGELVWCT are indicated in blue. (C) The Fc-binding peptide
inhibits CDC mediated by IgG1-7D8 (Raji cells) and IgG1-005 (Daudi cells). Data are average values T SD
(N = 3); one-way analysis of variance followed by Dunnett’s multiple comparison post hoc test: *P < 0.05,
***P < 0.001. (D) C1q binding to CD20+ Raji cells opsonized with wild-type or mutated CD20 antibody IgG1-
7D8. FITC, fluorescein isothiocyanate; MESF, molecules of equivalent soluble fluorochrome. A representative
example is shown (N = 3). (E) CDC of Raji cells opsonized with wild-type and mutated IgG1-7D8. A represent-
ative example is shown (N = 3). The absence of CDC without added C1q indicates classical pathway activation.
(F and G) CDC of K439E and S440K, abrogated in single point mutants, is restored in an IgG1-7D8 double
mutant [(F), Raji cells] and by mixing single mutants of IgG1-7D8 (F) or IgG1-005 [(G), Daudi cells]. Rep-
resentative examples are shown (N = 3). Amino acid abbreviations: A, Ala; C, Cys; D, Asp; E, Glu; G, Gly; H, His;
I, Ile; K, Lys; L, Leu; N, Asn; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr.
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Our model is in agreement with an evolu-
tionary relationship between IgM and IgG in
triggering complement (11). IgM normally exists
in a polymeric state, in which C1q binding sites

are sequestered and only become exposed when
antigen is bound (6, 31), whereas IgG normally
exists in a monomeric state in which C1q binding
sites are exposed but affinity is too low to allow

adequate C1 binding. In our model, sequential
antigen and Fc-Fc binding by IgG leads to the
formation of hexamers that bind C1q with high
avidity and activate complement. The model
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Fig. 2. Increased CDC by enhanced hexamer formation. (A and B)
Increased CDC of Daudi cells by IgG1-7D8-E345R (A) and IgG1-005-
E345R (B) relative to wild-type antibodies. Representative examples
are shown (N = 4). (C) E345R mutants of IgG1-005 isotype variants
induce CDC of Daudi cells more potently than wild-type (WT) IgG2, IgG3,
and IgG4; IgGs were tested at 10 mg/ml. Data are average values T SD
(N = 3); two-sided unpaired t test with Welch’s correction: n.s., not
significant; **P < 0.01, ***P < 0.001. (D) IgG1-005-RGY induced C4d
generation in normal human serum. Data are average values T SD
(N = 3). Two-sided unpaired t test with Welch’s correction; *P < 0.05.
Heat-aggregated IgG (HAG) was used as a positive control. (E) IgG1-
005-RGY showed enhanced CDC activity of Ramos cells relative to
wild-type IgG1-005 and IgG1-005-E345R. A representative example is
shown (N = 3).

Fig. 3. Solution-phase hex-
amers formed by triple
mutant IgG1-005-RGY. (A)
Native mass spectrometry of
IgG1-005 indicating a molec-
ular weight (MW) of 147,405
daltons and IgG1-005-RGY
showing MWs of a monomer
(148,537 daltons) and a hex-
amer (890,327 daltons) (table
S3). The hexameric state was
confirmed in experiments using
different conditions (N = 6);
m/z, mass/charge ratio. (B)
Overlay of HP-SEC–MALS pro-
files [absorbance at 280 nm
(A280), black, left axis; MW,
green, right axis] of IgG1-005
(top) and IgG1-005-RGY (bot-
tom) shows that ~79% IgG1-
005-RGY eluted as hexamer
and ~21%asmonomer, where-
as >99% of IgG1-005 eluted
as monomer. A representative
example is shown (N = 3).
(C to F) ET of negatively stained
IgG1-005-RGY. (C) ET overview
image showing a monomer
(small circle) and a hexamer
(large circle). (D) Represent-
ative hexamer with colored Fab pairs. (E) ET average of 200 subtomograms at a resolution of 2.9 nm. (F) Surface rendering of a symmetrized Fc ring with
docked 1HZH hexamer.
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is nonetheless compatible with observations that
smaller IgG complexes may suffice to initiate
some complement activation (8, 32). However,
low-avidity C1q binding will result in only mod-
est complement activity (27), whereas the IgG
hexamer will bind C1q most avidly, thus ensuring
optimal complement activation when required.

The observation that IgG hexamerization
after antigen binding leads to effective comple-
ment activation could be exploited by increasing
Fc-Fc contact formation. Because the E345R mu-
tation bestowed complement-activating capability
on all human IgG subclasses, IgG hexamerization
may be a general concept applicable to the en-
gineering of therapeutic antibodies with enhanced
activity.

References and Notes
1. D. Ricklin, G. Hajishengallis, K. Yang, J. D. Lambris,

Nat. Immunol. 11, 785–797 (2010).
2. J. R. Dunkelberger, W. C. Song, Cell Res. 20, 34–50

(2010).
3. C. Gaboriaud et al., Trends Immunol. 25, 368–373

(2004).
4. U. Kishore, K. B. Reid, Immunopharmacology 49,

159–170 (2000).
5. N. C. Hughes-Jones, B. Gardner, Mol. Immunol. 16,

697–701 (1979).
6. A. Feinstein, N. Richardson, M. J. Taussig, Immunol.

Today 7, 169–174 (1986).
7. D. R. Burton, Mol. Immunol. 22, 161–206 (1985).
8. T. Borsos, H. J. Rapp, Science 150, 505–506 (1965).

9. W. F. Rosse, J. Clin. Invest. 50, 727–733 (1971).
10. J. J. Thompson, L. G. Hoffman, Immunochemistry 11,

537–541 (1974).
11. D. R. Burton, Immunol. Today 7, 165–167 (1986).
12. C. I. Bindon, G. Hale, H. Waldmann, Eur. J. Immunol. 18,

1507–1514 (1988).
13. D. R. Burton, Trends Biochem. Sci. 15, 64–69

(1990).
14. E. O. Saphire, P. W. H. I. Parren, C. F. Barbas 3rd,

D. R. Burton, I. A. Wilson, Acta Crystallogr. D 57,
168–171 (2001).

15. E. O. Saphire et al., Science 293, 1155–1159
(2001).

16. Y. Wu et al., Cell Rep. 5, 1443–1455 (2013).
17. W. L. DeLano, M. H. Ultsch, A. M. de Vos, J. A. Wells,

Science 287, 1279–1283 (2000).
18. J. L. Teeling et al., Blood 104, 1793–1800

(2004).
19. M. de Weers et al., J. Immunol. 186, 1840–1848

(2011).
20. See supplementary materials on Science Online.
21. A. F. Labrijn et al., Proc. Natl. Acad. Sci. U.S.A. 110,

5145–5150 (2013).
22. M. S. Cragg et al., Blood 101, 1045–1052 (2003).
23. J. W. Parce, D. Kelley, K. Heinzelmann, Biochim. Biophys.

Acta 736, 92–98 (1983).
24. N. C. Hughes-Jones, B. D. Gorick, J. C. Howard, A. Feinstein,

Eur. J. Immunol. 15, 976–980 (1985).
25. J. L. Teeling et al., J. Immunol. 177, 362–371

(2006).
26. M. Q. Xia, G. Hale, H. Waldmann, Mol. Immunol. 30,

1089–1096 (1993).
27. A. W. Pawluczkowycz et al., J. Immunol. 183, 749–758

(2009).
28. M. Dechant et al., Cancer Res. 68, 4998–5003

(2008).
29. F. Kushihata, J. Watanabe, A. Mulder, F. Claas, J. C. Scornik,

Transplantation 78, 995–1001 (2004).

30. H. F. Watts, V. A. Anderson, V. M. Cole, G. T. Stevenson,
Mol. Immunol. 22, 803–810 (1985).

31. D. M. Czajkowsky, Z. Shao, Proc. Natl. Acad. Sci. U.S.A.
106, 14960–14965 (2009).

32. W. F. Rosse, H. J. Rapp, T. Borsos, J. Immunol. 98,
1190–1195 (1967).

Acknowledgments: We thank M. Daha for purified C1,
and F. G. A. Faas and W. Vossenaar-Horstman for technical
support. Supported in part by European Research Council
advanced grant 233229; Cyttron II (Life Sciences Health
framework FES0908); the Netherlands Centre for Electron
Nanoscopy (NeCEN), Leiden; the Netherlands Organization
for Scientific Research (NWO 175.010.2009.001); and the
European Regional Development Fund of the European
Commission (21Z.014). D.R.B. is supported by National
Institute of Allergy and Infectious Diseases (NIAID) grant
AI055332. I.A.W. is supported by NIAID grant AI084817.
The data presented are tabulated in the main paper and in
the supplementary materials. The ET data presented are
archived at EMDataBank, entries EMD-2506, EMD-2507,
and EMD-2554. F.J.B., R.N.d.J., K.S., M.V., J.G.J.v.d.W., J.S.,
and P.W.H.I.P. are Genmab employees and own Genmab
warrants and/or stock. M.A.L., R.P.T., S.R., and A.J.R.H. received
Genmab funding. F.J.B., R.N.d.J., J.S., and P.W.H.I.P. are
inventors on Genmab patent applications related to technology
to enhance complement activation.

Supplementary Materials
www.sciencemag.org/content/343/6176/1260/suppl/DC1
Materials and Methods
Supplementary Text
Figs. S1 to S6
Tables S1 to S3
References (33–62)

25 November 2013; accepted 6 February 2014
10.1126/science.1248943

C

1

2
3

4

G

H

Fc

Fab

Fab

C1q headpiece

0

20

40

60

80

100
IgG1-7D8
IgG1-b12
7D8/b12

IgG1-2F8
IgG1-b12
2F8/b12

0

20

40

60

80

100

A 33 nm

20 nm

11 nm

10 nm F

%
 ly

si
s

%
 ly

si
s

Antibody concentration (µg/mL)

Antibody concentration (µg/mL)

10-2 100 10210-4

10-2 100 10210-4

B

C
D
E

D

1

2
3

4

6

5

E

1

2 3

4

6
5

Fig. 4. Visualization of antibody-C1 complexes on
antigen-coated liposomes. (A) Subtomogram aver-
age of antibody-C1 at >6 nm resolution shown as an
isosurface. Heights indicate distances to the membrane
center. (B) Vertical section through cryo-ET average. White
arrows indicate the positions of sections shown in (C)
to (E). (C) Top horizontal section showing four putative
C1q globular headpieces. (D) Center section showing a
dense hexagonal platform. (E) Bottom section showing
six putative antigen-binding Fab arms. (F) Side view
of the IgG1-b12–based hexamer model placed into the
six-fold symmetrized density of the lower cryo-ET platform
(top) and hexamer model with docked C1q headpieces
(bottom). (G) CDC of CD20+ Raji cells by (functionally
monovalent) bispecific antibody IgG1-7D8/b12. A repre-
sentative example is shown (N = 3). (H) CDC of EGFR+

A431 cells by (functionally monovalent) bispecific anti-
body IgG1-2F8/b12. A representative example is shown
(N = 4). IgG1-b12 against HIV-1 gp120 contributed the
innocuous Fab arm.
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Dlk1 Promotes a Fast Motor Neuron
Biophysical Signature Required for
Peak Force Execution
Daniel Müller,1 Pitchaiah Cherukuri,1 Kristine Henningfeld,2,3 Chor Hoon Poh,1 Lars Wittler,4

Phillip Grote,4 Oliver Schlüter,5 Jennifer Schmidt,6 Jorge Laborda,7 Steven R. Bauer,8

Robert M. Brownstone,9 Till Marquardt1,3*

Motor neurons, which relay neural commands to drive skeletal muscle movements, encompass
types ranging from “slow” to “fast,” whose biophysical properties govern the timing, gradation,
and amplitude of muscle force. Here we identify the noncanonical Notch ligand Delta-like
homolog 1 (Dlk1) as a determinant of motor neuron functional diversification. Dlk1, expressed by
~30% of motor neurons, is necessary and sufficient to promote a fast biophysical signature in
the mouse and chick. Dlk1 suppresses Notch signaling and activates expression of the K+ channel
subunit Kcng4 to modulate delayed-rectifier currents. Dlk1 inactivation comprehensively shifts
motor neurons toward slow biophysical and transcriptome signatures, while abolishing peak
force outputs. Our findings provide insights into the development of motor neuron functional
diversity and its contribution to the execution of movements.

Slow or fast motor neurons respectively
synapse with type I muscle fibers respon-
sible for fatigue-resistant low-force con-

tractions or fatigable type IIb muscle fibers eliciting
brief high-force outputs (fig. S1A) (1–3). The
biophysical properties of thesemotor neuron types
are exquisitely matched to the muscle fiber con-
tractile properties (1, 4–9). For instance, slow
motor neurons, which possess low activation thresh-
olds and long afterhyperpolarizations, can sustain
long periods of low-frequency firing (1, 4–9). Fast
motor neurons, in contrast, are larger, exhibit high
activation thresholds with shorter afterhyperpolar-
izations, and can fire in high-frequency bursts
(1, 4–9). Motor neurons with properties falling
between these two extremes (which we call
intermediate motor neurons) innervate muscle
fibers with similarly intermediate characteristics
(3–6, 9). We identified molecular markers for
these motor neuron types and studied how motor
neuron functional diversity is established.

We exploited the distinct fiber type composi-
tion of soleus, tibialis anterior, and quadriceps
muscles in the early postnatal mouse hindlimb (fig.

S1B) to retrogradely label, isolate, and obtain
transcriptome profiles of motor pools enriched
in motor neurons developing into either slow/
intermediate or fast types (fig. S1, C to O). One
of the genes associated with a fast motor pool
profile encoded Dlk1 (fig. S1P), a type I trans-
membrane protein related to the Notch ligand
Delta, which functions in adipogenesis, postnatal
myogenesis, and adult neurogenesis (10–12).
Dlk1 was selectively expressed by large a motor
neurons, but not smaller a motor neurons or g
motor neurons, throughout the spinal cord (Fig. 1,
A to E, and fig. S2, A to F). Moreover, motor
pools innervating predominantly fast or slow/
intermediate muscles respectively exhibited either
high or low proportions of Dlk1+ motor neurons
(Fig. 1, F to H, and fig. S2, C and D), together
indicating selective expression of Dlk1 by fast
motor neurons (fig. S2G).

To test whether Dlk1 would be involved in
motor neuron functional diversification, we per-
formed whole-cell patch clamp recordings of

late-gestation chick motor neurons engineered to
stably express excess Dlk1 or control fluorescent
protein (fig. S3). Excess Dlk1 shifted biophysical
properties toward a profile typical of fast motor
neurons (Fig. 2, A and B, and fig. S4, A to E),
including elevated firing thresholds and frequen-
cies and reduced afterhyperpolarization and firing
periods (Fig. 2C and fig. S4, F to I).

We next analyzed motor neuron biophysical
properties in acute spinal cord preparations of
mice with the Dlk1 gene knocked out (Dlk1KO)
(fig. S5A).Motor neurons inDlk1KOmice showed
a shift in biophysical properties opposite to those
driven by excess Dlk1 in the chick (Fig. 2C and
fig. S5, B to F). In normal mice, the proportion of
Dlk1+ motor neurons (34%) matched the propor-
tion of motor neurons with a fast signature (30 to
32%) (Fig. 2, D and E, and fig. S6, A and B). In
Dlk1KOmice, a similar proportion (30%) of motor
neurons shifted to lower firing thresholds (Fig. 2D
and fig. S6, E to G) and slow/intermediate bio-
physical signatures, resulting in an almost com-
plete lack of motor neurons with a fast signature
(Fig. 2F and fig. S6, C and D). Together, these
data indicated that Dlk1 is both sufficient and nec-
essary for promoting a fast biophysical signature
in motor neurons.

To test how a shift away from fast toward slow/
intermediate motor neuron properties would affect
neuromuscular function, we analyzed the gait of
mice selectively lacking Dlk1 in the motor neu-
ron lineage (Dlk1CKO) (fig. S7, A to D). Neither
Dlk1CKO nor Dlk1KO mice showed measurable
alterations in gait kinematics, posture, cutaneous
sensation, rotarod test, or water maze performance
(Fig. 3B and fig. S7, E to N). However, Dlk1CKO

mice were deficient in braking and, to a lesser
extent, propulsion velocities (Fig. 3A and fig. S7O),
suggesting an inability to elicit the high forces
needed in the extensor phase of the gait cycle (13).
Consistently, Dlk1CKO mice showed abnormally
lowmaximal limb force generation (Fig. 3C). Loss
of a fast motor neuron biophysical signature in
these mice thus resulted in deficient peak force
outputs.
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Fig. 1. Dlk1 is expressed by fast
motorneurons. (A to C) Dlk1 expres-
sion in subsets of motor neurons co-
labeled by green fluorescent protein
(GFP) inapostnatalday (P10)Hb9::eGFP
transgenicmouseatbrachial (A), thoracic
(B), and lumbar (C) levels (scale bar,
150 mm). (D) Motor neuron (MN) size
distribution in P10mouse spinal cord:
Dlk1 expression by the largest amotor
neuron (NeuN+ Hb9+) size classes [n =
450 motor neurons, three P10 mice;
error bars indicate the standard error
of themean (SEM)]. (E) Dlk1 expression
by a subset ofNeuN+amotor neurons,
but not NeuN- putative g motor neu-
rons (open arrowhead) at P10. Scale
bar, 10 mm. (F to H) High abundance
of Dlk1+motor neurons in rectus femoris (F), tibialis anterior (G), but not soleus (H) motor pools colabeled
by cholera toxin B (CTB) (scale bar, 20 mm).
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Through transcriptome profiling (fig. S8, A to
C) we found that the shift of biophysical sig-
natures in Dlk1-deficient motor neurons was ac-
companied by a shift in the expression of genes
related to motor neuron type (Fig. 4A) but not of
genes linked to generic or positional motor neu-
ron identities (fig. S8, D and E), nor did we ob-

serve altered abundance of g motor neurons (fig.
S8, G to I). 58% of genes normally expressed by
predominantly fast tibialis anterior and quadri-
ceps motor pools were down-regulated, whereas
genes normally expressed by the slow/intermediate
soleus pool were up-regulated in the fast pools
(Fig. 4A and fig. S8C).

A Dlk1-dependent gene normally associated
with a fast motor pool transcriptome signature
was Kcng4 (Fig. 4B and fig. S9, A to D), encoding
a b subunit of delayed-rectifier K+ channels (14).
Because these channels help tune neuronal firing
properties (15) and are expressed by early postnatal
mouse motor neurons (16), we asked whether
Kcng4 could influence motor neuron properties.
Similar to Dlk1, excess Kcng4 promoted eleva-
tion of rheobase and firing frequency, while short-
ening repetitive firing periods (Fig. 4C and fig. S9,
E to H). However, unlike Dlk1, excess Kcng4 did
not shift other motor neuron properties (Fig. 4D

Fig. 2. Dlk1 is sufficient and necessary to promote a fast biophysical signature in motor
neurons. (A and B) Biophysical signatures of control (GFP-transfected) (A) and Dlk1-transfected (B)
embryonic day E12 to 15 chick motor neurons, based on rheobase (RB) against input resistance (IR) (4):
Dlk1 promotes a shift toward a fast signature. Pie charts show the proportions of motor neurons inside the
“fast quadrant” (arbitrarily delineated in red). (C) Black bars show that excess Dlk1 promotes a shift toward
a fast biophysical signature: RBhigh, IRlow, firing frequency (FF)high, and afterhyperpolarization half-decay
time (AHPdT)short (n= 21 control, 16Dlk1motor neurons). Red bars indicate a converse shift toward a slow
biophysical signature in Dlk1KO (Dlk1−/−) as compared to control (Dlk1+/+) mice: RBlow, IRhigh, FFlow,
AHPdTlong (n = 37 control, 21 Dlk1KO motor neurons; tables S3 to S5). (D) Percentage of Dlk1+ motor
neurons in P10 mice (34 T 4% SEM, 340 motor neurons, three P10 mice). A similar percentage (30%) of
Dlk1KO motor neurons were prematurely recruited to repetitive firing. (E to F) Biophysical signatures of
control (E) and Dlk1KOmotor neurons (F) (boxed quadrant, pie charts: subpopulation with a fast signature):
loss of motor neurons with a fast signature inDlk1KOmice (F). Paired two-tailed t-test in (C). *P<0.05), **P<
0.01, ***P < 0.001. Error bars indicate SEM.

Fig. 3. Reduced peak force generation upon
motor neuron–specific Dlk1 elimination. (A
and B) Gait analysis during brief running tasks
at 10, 20, 30, and 40 cm/s. (A) Reduced decel-
eration rates [maximal change of paw area (dA)
over time (dT)] during the extensor phase of the
gait cycle in Dlk1CKO (Dlk1fx/fx; Olig2Cre) as compared
to control (Dlk1fx/fx) mice (n = 11, 9 control Dlk1CKO

mice, an average of three runs per condition). (B)
Indistinguishable adaptation of stride frequency to
increased running speeds by control and Dlk1CKO

mice. (C) Reduced maximal limb force generation
in Dlk1CKO mice (n = 11, 9 control Dlk1CKO mice).
Paired two-tailed t test was used in (A) to (C). *P <
0.05, **P < 0.01. Error bars indicate SEM.

Fig. 4. Dlk1 is required for motor neuron type–specific gene expres-
sion, including the neural activity modulator Kcng4. (A) Motor pool
transcriptome signatures (heatmaps) showing the loss of fast [quadriceps (QC)
and tibialis anterior (TA)] signatures and a shift toward a slow/intermediate
[soleus (SL)] signature in Dlk1KO mouse QC/TA pools (n = 4 mice per pool,
cutoff ≥1.5 fold, P < 0.05). (B) Loss of differential Kcng4 expression between
TA/SL pools in P4 Dlk1KO mouse. (C) Excess Kcng4 (n = 16 motor neurons)
partially recapitulates the promotion of fast properties by Dlk1 (n = 16motor
neurons) in chickmotor neurons. Noncleavable Dlk1NC (n= 10motor neurons),
but not extracellular Dlk1ES (n = 14 motor neurons) nor Dll1 (n = 17 motor
neurons), recapitulates Dlk1 activity. Excess Dlk1 had no effect on adjacent
nontransfected motor neurons (Dlk1ADJ, n = 26 motor neurons). Notch1 in-
tracellular segment (NICD) abolishes Dlk1 effects on motor neuron properties
(n = 10 motor neurons) (tables S6 and S7). (D) Dlk1 abolishes induction of
the UAS::luciferase reporter by Notch1:Gal4 in Xenopus embryos. Luciferase
normalized to constitutive Renilla fluorescence (n = 3 samples per condition in
three experiments). Analysis of variance (ANOVA) was used in (A) and two-tailed
t test in (B) to (D). *P< 0.05, **P< 0.01, ***P< 0.001. Error bars indicate SEM.
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and fig. S9I). Thus, some but not all biophysical
properties driven by Dlk1 are mediated by the
secondary actor Kcng4.

The Dlk1 isoforms expressed in the mouse
spinal cord can give rise to membrane-tethered
or cleaved extracellular proteins (fig. S10, A and
B) (11, 12). We therefore forcedly expressed a
noncleavable form of Dlk1 (Dlk1NC) or the ex-
tracellular segment of Dlk1 (Dlk1ES) (fig. S10B)
in chickmotor neurons.We observed that Dlk1NC,
but not Dlk1ES, promoted fast properties (Fig. 4C).
We further observed that only motor neurons
forcedly expressing Dlk1, but not adjacent non-
transfected motor neurons (fig. S10C), exhibited
altered properties (Fig. 4C), together suggesting
that Dlk1 operates cell-autonomously to promote
a fast biophysical signature.

In preadipocytes, Dlk1 actions involve the in-
hibition of Notch signaling (17). Indeed, our ex-
pression ofDlk1 completely abolished the induction
of a reporter for Notch activation in Xenopus em-
bryos (Fig. 4D and fig. S10D). Moreover, forced
expression of the canonical Notch activator Delta-
like 1 (18) did not recapitulate the effects of ex-
cess Dlk1 on chick motor neuron properties (Fig.
4C). Furthermore, cotransfection of constitutively
active Notch1 abolished the ability of excess Dlk1
to alter motor neuron properties (Fig. 4B), sug-
gesting that Dlk1 action in motor neurons relies
on Notch inhibition. Because Notch signaling is
generally involved in cell fate decisions (18), it is
likely that Dlk1 action involves additional path-
ways to promote fast motor neuron identity.

Here we have shown that Dlk1 is both neces-
sary and sufficient for determining fast motor
neurons and their corresponding biophysical
signature in the mouse and chick (fig. S10E).
Dlk1 implements expression of motor neuron
type–specific genes such as Kcng4, which mod-
ulates a subset of neural activity parameters. The
result is a biophysical signature in motor neurons
that supports peak neuromuscular outputs. The
strategy by which expression of a neural activity
modulator is confined to a subset of neurons may

similarly drive functional diversity elsewhere in
the developing nervous system.

The overall lack of topographic organization
for slow or fast motor neurons suggests that
motor neuron type is acquired independently of
the mechanisms that, before muscle innervation,
determine motor neuron positional (column or
pool) identities (19, 20). We still do not know
when subsets of motor neurons acquire type-
specific biophysical signatures, to what extent
motor neuron functional diversification involves
signals from muscle (21), how motor neuron and
muscle fiber types are matched (22–24), or what
causes the differential vulnerability of motor neu-
ron types to disease or aging (25). However,
57 years after the characterization of fast and
slowmotor neurons (1), we can now have insight
into the molecular mechanisms that control their
development and function.
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tissues of all types. About five years ago, 

Minger and his colleagues began to ex-

ploit those characteristics to develop new 

assays for drug toxicity. ìWeíve taken hu-

man embryonic stem cells and converted 

them into large populations of adult hu-

man cardiomyocytes that in our hands 

and the hands of our customers are ex-

tremely predictive,î says Minger, adding 

that ìat least retrospectively, we can show 

toxicity in compounds that have had to be 

withdrawn by the [U.S.] Food and Drug 

Administration that never had a hint of 

toxicity [in traditional assays].î Several 

pharmaceutical companies are now using 

GEís cardiomyocyte assay, called Cytiva, 

to test drugs in development.

Other companies are also developing 

stem cell-based assays for cardiac toxic-

ity. Cellular Dynamics in Madison, 

Wisconsin, for example, offers a com-

peting line of cardiomyocytes, called 

iCell, derived from induced pluripotent 

stem (iPS) cells. Unlike embryonic stem 

cells, iPS cells come from adult volun-

teers. A combination of growth factors 

reprograms the adult cells into an em-

bryonic-like state, from which they can 

be directed to differentiate into all major 

tissue types.

For researchers who want to develop 

their own stem cell assays, reagent choic-

es abound. General lab supply companies 

now offer culture media for stem cells, 

and specialty firms such as Cellectis in 

Paris, France and Stem Cell Technolo-

gies in Vancouver, British Columbia 

also cater to the field. Whichever path 

they choose, assay developers must ad-

dress several problems to 

GenomicsóApril 11

MicroscopyóMay 2

Big DataóJune 13
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ìWe use a stem 

cell assay to 

help us identify 

those compounds 

that are clearly 

toxic and clearly 

donít need to go 

forward.î 

  ó Robert Chapin 
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P
harmaceutical researchers live with a recurring nightmare. Af-

ter spending years and billions of dollars developing a new drug, 

carefully shepherding it through preclinical and clinical trials, 

and finally receiving government approval to deliver it to patients, the 

compound suddenly starts hurting some of the people it was supposed 

to help. The promise of a new therapy collapses instantly into a morass 

of lost research investments and litigation.

ìIf you look back over the last 10 to 12 years, this is happening contin-

uously, every year there are several drugs that go all the way [to market] 

and then have to be withdrawn or have their use significantly curtailed,î 

says Stephen Minger, chief scientist for life sciences at GE Healthcare 

in Cardiff, United Kingdom.

The problem stems from the limitations of toxicology assays. In the 

standard drug approval process, researchers test a drugís toxicity in ani-

mals and relatively small numbers of people. Animal models donít rep-

resent human physiology accurately, and clinical trials seldom include a 

large enough population to identify rare idiosyncratic effects.

The ideal solution would be to grow realistic human tissues and organs 

in the lab, mimicking the physiology of a large population of patients 

without the cost and ethical baggage of massive clinical trials. Armed 

with the latest technologies for culturing embryonic and adult-derived 

human stem cells, toxicologists and cell biologists are now starting to 

do exactly that.

HEART LINES

Traditionally, toxicologists have tested compounds in immortalized cell 

lines and primary tissue cultures. Immortalized lines are effectively 

lab-adapted tumors that bear only a passing resemblance to cells in the 

body. Primary cultures represent a tissueís normal physiology more re-

alistically, but donít live long enough for extended experiments.

Stem cells combine the best traits of both types of cultures, as they 

can be grown continuously and induced to differentiate into realistic 
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Toxicity assays based on embryonic and adult stem cells could soon 

replace unreliable cellular and animal testing, helping toxicologists 

detect which drugs might be dangerous long before they reach the market.

By Alan Dove

Patient in a Dish: 
Toxicologists Embrace 
Stem Cells

A model of human skin 

derived from induced 

pluripotent stem cells 

by researchers in the 

SCR&Tox program.
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lucky and we run an unknown compound through the assay and it 

comes out very clean, then itís easy to give that one a nice bill of health,î 

says Chapin. 

Such extreme results are the exception rather than the rule. More of-

ten, the investigators find that new compounds exhibit some toxicity at 

some doses. ìIn practice we wind up making judgment calls and talking 

about probabilities,î Chapin explains. 

The short track record and probabilistic results of stem cell assays 

have slowed their adoption. ìI would say thereís been quite a bit of re-

sistance within the pharma community to [stem cell-based assays], be-

cause theyíre uncertain what [the technology] is telling them,î says GEís 

Minger. For example, he adds, ìif you see a compound thatís toxic on 

our [Cytiva] cells thatís not toxic on all the other standard tests, what 

do you believe?î

Early proponents of stem cell assays are confident those concerns will 

erode as more data come in. Researchers may also be swayed by the 

unique capabilities of stem cell assays, such as more direct tests of hu-

man developmental toxicity. ìIím hoping that from the developmental 

toxicity side there will be assays developed that are predictive using 

human embryonic stem cells, and weíll be able to decide whether those 

have any more or less value than the animal [systems] that we use,î 

says Stedman.

TEAM EFFORTS

Using stem cells to replace animal testing is also a popular idea in Eu-

rope. In 2011, the European Commission and a consortium of cosmet-

ics manufacturers jointly funded the Safety Evaluation Ultimately Re-

placing Animal Testing (SEURAT) program, which encompasses several 

large projects aimed at developing alternative safety tests for cosmetics 

and other chemicals. Meanwhile, European authorities began restrict-

ing animal testing, culminating in a full Europe-wide ban on the sale of 

animal-tested cosmetics in March of 2013.

Within the SEURAT cluster, the Stem Cells for Relevant, Efficient, 

and Normalized Toxicology (SCR&Tox) project focuses entirely on 

developing stem cell-based assays for toxicity in five types of tissues: 

heart, liver, muscle, skin, and nerves. Though cosmetics companies 

fund SEURAT, pharmaceutical researchers will likely find many of 

SCR&Toxís assays useful as well. ìThe objective of the SEURAT cluster 

is to replace in vivo repeated dose toxicity testing,î says Vania Rosas, 

project manager for SCR&Tox. C
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produce useful toxicology tools. While many of the protocols to dif-

ferentiate stem cells into particular tissues seem straightforward, the 

resulting cells are often in an im-mature state and mixed with partially 

differentiated progenitor cells.

Assays for pharmaceutical research also have to be consistent, which 

is a major challenge in the stem cell field. ìA lot of the reagents that we 

use for the production of [stem] cells ... are notoriously variable,î says 

Minger. To address that, his team broke down the process of cardio-

myocyte differentiation into discrete steps, then isolated and controlled 

as many variables as possible. The result is a production line that con-

sistently produces cultures where at least 50% of the cells are mature 

cardiomyocytes.       

DRUGS AND DEVELOPMENT

Generating fully mature adult cells will likely remain a major chal-

lenge, given the inherent biology of stem cells. ìStem cells ... are really 

designed to do a good job of getting the fetus set up and structuring 

the body for its initial stab at life,î says Robert Chapin, senior research 

fellow at Pfizer in Groton, Connecticut. However, the immaturity of 

stem cell-derived tissues is more a feature than a bug for Chapin and his 

colleagues, who study developmental toxicity.

Indeed, stem cell systems should be nearly ideal for determining 

whether a compound will be toxic to a developing fetus, especially if 

researchers can recapitulate the biology of multiple tissues in a sin-

gle culture. ìOne of the [goals] is getting multiple cell types derived 

from stem cells together [in] 3-D cultures, because these cells donít 

operate in isolation,î says Donald Stedman, senior principal scientist 

at Pfizer.

Pfizer now incorporates its own murine stem cell-based assay into its 

drug development pipeline to test for developmental toxicity. Regula-

tory agencies rely heavily on mouse and rabbit preclinical data to predict 

drugsí developmental effects in humans, rather than insist on clinical 

trials in pregnant women. A drug that is toxic to mouse embryos wonít 

get approved for use in pregnancy, so companies want to weed out com-

pounds likely to fail in mice.

To validate the assay, Chapinís team tested over 90 compounds that 

had been studied previously in animals, and found nearly perfect agree-

ment between the stem cell assay and real developmental toxicity re-

sults. ìWe use a stem cell assay to help us identify those compounds 

that are clearly toxic and clearly donít need to go forward, and if weíre 

ìWeíve taken human embryonic stem cells 

and converted them into large populations 

of adult human cardiomyocytes that in our 

hands and the hands of our customers are 

extremely predictive.î                     

            óStephen Minger

Embryonic Stem Cell-Derived Cardiomyocytes
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To do that, SCR&Tox researchers have been working on differentiat-

ing iPS cells into the five mature tissue types the project studies. Rosas 

says theyíve confronted many of the same problems other investigators 

have had, especially the tendency of stem cells to retain immature char-

acteristics even after differentiation. Nonetheless, SCR&Tox-developed 

assays will soon find their way into industry laboratories for testing and 

validation, and Rosas hopes regulatory agencies will begin accepting 

stem cell-based toxicity data for cosmetics within a few years. 

Another large European research project, StemBANCC, is also 

working to improve the use of stem cells in toxicology assays. While 

SCR&Tox researchers are developing general-purpose toxicology as-

says based on iPS cells derived from healthy volunteers, StemBANCC 

scientists are focusing on iPS cells derived from 500 patients with vari-

ous diseases. These disease-specific cells will form the basis for a new 

generation of drug development assays, including toxicological tests. 

ìThe generation of induced pluripotent cells is just a technical goal. 

More important [is] to then differentiate them into a cell type that is 

relevant for a disease ... and then try to understand the disease in a dish,î 

says Martin Graf, head of the stem cell platform at Hoffmann-La 

Roche in Basel, Switzerland and one of the leaders of the StemBANCC 

project.

Besides cell samples, StemBANCC will also collect detailed clinical 

data from the patients. ìOne of the big things about this project is the 

depth of the clinical phenotyping that weíre going to be doing on these 

patients, I think the real value of the cell lines subsequently is having 

that phenotyping information,î says Zameel Cader, academic director 

of StemBANCC and a professor of clinical neurosciences at Nuffield 

College in Oxford, United Kingdom. Besides a diagnosis and history, 

each StemBANCC line will come with extensive data from diagnostic 

tests characterizing the patientís disease progression, treatments, and 

drug reactions.

Ultimately, the project seeks to give pharmaceutical researchers 

realistic laboratory models of individual patients, yielding more reliable 

predictions of a new drugís efficacy and toxicity long before it reaches 

the clinic. ìI think in vitro toxicology using patient-derived material is 

really the first step towards trying to address the fall-off in drugs during 

their development,î says Cader.

THIS IS YOUR BRAIN ON A CHIP

Other researchers are taking the patient-in-a-dish concept a step fur-

ther by trying to grow multiple tissue types together in organ-like 3-D 

cultures. Luc Stoppini, professor of tissue engineering at the Univer-

sity of Applied Sciences of Western Switzerland in Delemont, 

Switzerland, began such a project after an initial disappointment with 

conventional stem cell culture. ìPeople were claiming that they had 

[stem cell-derived] neurons, because they were expressing beta-3 tu-

bulin which is one of the markers of neurons, but when I looked at 

them they were like fibroblasts, not really differentiating with axons, 

neurites, and synapses,î says Stoppini. 

As a neurobiologist, Stoppini wanted a more realistic neuronal 

system. Allowing the stem cell-derived ìneuronsî to grow in a 3-D 

culture system caused them to develop more neuronal shapes, and 

the cells also began transmitting electrical signals. The trick was 

to let the 3-D cultures grow much longer than traditional flat cul-

tures; the neurons often continue developing for several months. 

ìThe message here is that we really need time to get human neuron 

function,î says Stoppini. He adds that this slow development may 

make it hard to scale some assays to the high throughput needs of 

pharmaceutical companies.

Nonetheless, the payoff for getting such a system working could be 

huge. In particular, Stoppini says the long-term cultures can develop 

some of the non-neuronal cell types that are crucial for normal ner-

vous system functions, such as astrocytes and oligodendrocytes. His 

team can now derive these miniature brains from both embryonic and 

iPs cells, raising the possibility of mimicking specific neural diseases 

with patient-derived cells.

The investigators have also taken the process a step further, growing 

3-D brain cultures on microfluidic chips dotted with electrical sensors. 

Microcapillaries bring fresh nutrients to the culture while the sensors 

record electrical activity. 

Stoppini is also connecting the brain chip to other stem cell-derived 

microfluidic organ cultures. Future pharmaceutical researchers might 

be able to feed an experimental drug into a patient-derived intestine, 

which would then deliver its metabolites through a vascular system to a 

miniature liver, finally affecting the activity of an in vitro brain. ìAt the 

end of the day we expect to have what we call the petri dish of the 21st 

century, thatís to have a culture embedded in a biochip where all the 

biosensors ... are integrated,î says Stoppini. 

The latest iteration of the technology also includes a Wi-Fi transmitter, 

so researchers can monitor the system without even opening the 

incubator. Stoppini adds that, ìitís an extraordinary period thatís opened 

new avenues of research by combining the biological tools [with 

electronics] ... so we can really have some glimpse of how these things 

are working.î
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TRANSFECTION REAGENT

Lipofectamine 3000 is the companyís most efficient and versatile transfec-
tion reagent for nucleic acid delivery in the broadest spectrum of cell lines. 
The product increases efficiency up to 10-fold in difficult-to-transfect cells, 
which is key for researchers working with more biologically relevant cell 
models. Its superior transfection efficiency, coupled with the reduction of 
cytotoxicity-associated cell alteration, provides consistent results and more 
significant experiments. Working with biologically relevant cell models 
provides researchers with more meaningful answers to their research ques-
tions. The lack of lipid-based transfection products that efficiently transfect 
these cell types has challenged researchers for many years. To overcome 
these obstacles, Lipofectamine 3000 is designed to optimize every step in 
the transfection process and deliver superior performance and improved 
cell viability in hard-to-transfect cells researchers care about. 
Life Technologies 
For info: 800-955-6288      www.lifetechnologies.com/3000  

STABLE CELL LINES

The new stable cell lines express endogenous or recombinant proteins 
and are available in a ready-to-use format to facilitate your research ef-
forts. Using the stable cell lines not only provides an optimized solution for 
manufacture of therapeutic and diagnostic protein, but also for applications 
in drug screening, pharmacological research, and toxicological studies. 
The extensive portfolio of ready-to-use stable cell lines available includes: 
receptors (RAR α, IGF1 receptor, motilin receptor [MLNR]); ion chan-
nels (CFTR, Nav1.7, Kv1.5); cell signaling (Notch, JNK, NF-κB, ERK); 
phosphodiesterases (aequorin, CNGA2, PDE1B); stem-cell related (LGR5, 
OCT4, LIN28); fluorescent (GFP, RFP, CFP, YFP); TetR; luciferase; CRE 
recombinase/reporter; p53 and DNA repair gene knockdown cell lines 
(PARP1, MUTYH, MSH2, MLH1, XRCC6, BRCA1, NBS1). In addition, 
AMSBIO scientists can quickly establish an optimized cell line, using a len-
tiviral system, according to scientistsí specification. All custom cell lines 
are designed specifically to meet client specifications and our own rigorous 
internal QC criteria.
AMS Biotechnology
For info: +44- (0)-1235-828200      www.amsbio.com

 LABORATORY INFORMATION MANAGEMENT SYSTEMS 

The new Laboratory Information Management Systems (LIMS) soft-
ware is specifically designed for laboratories providing drug screening. 
The LIMSABC software provides LIMS users with options that have never 
been available before in labs. With this cloud LIMS, users can track point 
of care test results, prescribed medications, and create reports as well as 
manage clients, patients, and projects in addition to many other things. This 
is the first cloud LIMS available that will handle all of the tasks necessary 
for running and maintaining an efficient and state-of-the-art toxicology 
laboratory. The ability to efficiently test and document drug screening re-
sults is important in the lab; however, it is equally important to be able to 
e-mail, text, fax, and have the reports available online as soon as possible 
for the client. This immediate access to data is not only important for the 
toxicology labís clients, but also essential in boosting the reputation of the 
lab for having the ability to provide reliable results and findings quickly 
and efficiently. 
LIMSABC

For info: 800-834-8618      www.limsabc.com

GPCR PROTEIN DETECTION

The ClonePix 2 System is proven effective for rapidly assessing endog-
enous G-protein-coupled receptor (GPCR) target protein expression 
levels in mammalian cell lines and selecting high-expressing clones. Un-
like conventional methods and assays that have significant sensitivity and 
throughput limitations, the ClonePix 2 System provides a unique solu-
tion to identify and select a wide range of expression levels of endoge-
nous GPCRs in situ. The ClonePix 2 System offers the necessary sensitiv-
ity to detect endogenous levels of protein limited to cell surface expres-
sion by utilizing robust white light and fluorescent imaging, followed 
by rapid selection of high expressing clones. This technology platform 
enables high throughput screening and picking of up to 10,000 mam-
malian clones in three weeks. The ClonePix 2 System thereby maximizes 
workflow efficiency and increases the probability of finding high-quality 
GPCR-expressing cells.
 Molecular Devices

For info: 800-635-5577      www.moleculardevices.com/clonepix

CELL AND BIOCHEMICAL ASSAY DETECTION

GloMax Discover is an integrated multimode detection plate reader system that of-
fers scientists an integrated system to easily study cell signaling and metabolism, while 
monitoring cell viability, apoptosis, and cytotoxicity, or to study gene expression with a 
wide variety of reporter assays. The system offers a broad dynamic range for both strong 
and weak bioluminescence experimental samples, superior luminescence sensitivity and 
low well-to-well cross talk, enabling users to generate more usable data from each ex-
periment. GloMax Discover provides flexible use of filters for fluorescence intensity, 
BRET, FRET, filtered luminescence, and ultraviolet-visible absorbance measurements as 
well as seamless integration with industry-leading bioluminescent assays from Promega. 
The GloMax Discover software was developed with the goal of designing elegant, easy-
to-use, and high-performance systems in mind. The software provides quick and easy 
navigation through the control options, preloaded assay protocols, and drag-and-drop 
protocol customization. 
Promega

For info: 608-274-4330      www.promega.com/discover



September 29 - October 1, 2014
HudsonAlpha Biotechnology Campus

Huntsville, Alabama, USA

Bringing together preeminent leaders and thinkers
at the intersection of genomics and immunology

Register today at

presented by

Our Keynote Speakers:p
Christophe Benoistenoist

Professor, Department of Microbiology and Immunobiology,
HarvardMedical School

Mary Ellen Conley
Federal Express Chair of Excellence and Professor, Department
of Pediatrics, University of Tennessee, College of Medicine, Memphis

Mark Davis
Investigator, Howard Hughes Medical Institute; Professor, Department
of Microbiology and Immunology; Director, Institute for Immunity,
Transplantation, and Infections, Stanford University School of Medicine

haig.aaas.org
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NAD(P)/NAD(P)H-Glo Assays

Better Biology, Less Work

To see how easy better biology can be, request a free sample at:

www.promega.com/metabolism
©2014 Promega Corporation. All rights reserved. 13088558

The simple add-and-read NAD(P)/NAD(P)H-Glo Assays
have unparalleled sensitivity and linearity making
them ideal for metabolic research and HTS research
applications. These assays enable direct in-well
measurement of total and individual NAD/NADH
or NADP/NADPH and can be used in either
biochemical or cell-based applications.

Superior sensitivity compared to fluorescent

methods.

Directly measure total dinucleotide concentrations

in multiwell plates using low cell numbers.



Call for

Application

JAXA International Top Young

Fellowship (ITYF) in 2014

ITYF application

The Japan Aerospace Explora t ion

Agency (JAXA) International Top Young

Fellowship (ITYF) was established as a

prestigious new fellowship program in

2009. The ITYF is designed to attract

outstanding, highly motivated, early-

career researchers in any of the space

science fields covered by the Institute

of Space and Astronautical Sciences

(ISAS) to work in Japan for 3 years. An

excellent remuneration package is offered,

including research budget (including travel

expense) so that the fellow can extend their

international profle, as well as developing

collaborations within Japan.

The application deadline: May 30,

2014

Please see the below link for further

details.

http://www.isas.jaxa.jp/e/researchers/

young-fellowship/appli.shtml

Contact Information

E-mail: ITYF2014@jaxa.jp

MASTER OF MEDICAL

SCIENCES DEGREE

in

IMMUNOLOGY

A comprehensive program in
Basic and Clinical Immunology.
Taught by renowned Harvard
faculty and intended for
biology graduates interested
in immunology research and
medicine, as well as for research-
oriented clinical fellows (MD,
MBBS, and equivalent degrees)
from all disciplines.

Visit http://mmscimmunology.
hms.harvard.edu/ forinformation
on our comprehensive two-year
program, including extensive
coursework and laboratory-
based research, at Harvard
Medical School.
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Registration: www.biodiversity.ua.edu

Beginning on Earth Day at The University of Alabama

Join Dr. Edward O.Wilson and international biodiversity experts for three days of research briefngs
and forums on the state and future of biodiversity on our planet.

Featuring the international release of Dr. Wilson’s new book, A Window on Eternity: Gorongosa
National Park, Mozambique.

Distinguished Speakers

E. Virginia Armbrust Meg Lowman
P. Dee Boersma D. Bruce Means
R. Scot Duncan Michael B.A. Oldstone
Ryan Earley Richard A. Richards
Scott V. Edwards Leslie J. Rissler
Harry W. Greene Sahotra Sarkar
Juan M. Lopez-Bautista Diana H. Wall
Jonathan B. Losos Edward O. Wilson

Join Dr. Wilson and the College of Arts and Sciences as we explore biodiversity from a range of
perspectives: biological, evolutionary, cultural, and philosophical.

Registration: www.biodiversity.ua.edu



The Rockefeller University seeks exceptional, interactive, and creative

scientists to join its faculty. We invite applications from outstanding

candidates for tenure-track positions.

The University has a laboratory-based organizational structure that fosters

interdisciplinary research. We encourage applications in the following areas:

FACULTY POSITIONS AT

THE ROCKEFELLER UNIVERSITY

• Chemical & Structural Biology
• Genetics & Genomics
• Immunology, Virology & Microbiology
• Medical Sciences, Systems Physiology

& Human Genetics
• Molecular Cell Biology

• Neurosciences & Behavior
• Organismal Biology & Evolution
• Physical, Mathematical &

Computational Biology
• Stem Cells, Development,

Regeneration & Aging

Details about specific subjects of research can be found at:
http://www.rockefeller.edu/facultysearch.

The Rockefeller University provides strong support for the research
work of its faculty. The positions offer competitive salary, benefits and
start-up funds, renovated laboratory space, access to state-of-the-art
core facilities and extensive opportunities for collaboration both within
the University and with neighboring institutions.

Applications are being accepted electronically through our Online

Application System at http://oas.rockefeller.edu. Applicants should
follow the online application procedure.

The deadline for application submission is April 18, 2014.

If you have questions regarding submitting an
application, please contact our Administrator at

facultysearch@rockefeller.edu.

The Rockefeller University is an Affirmative
Action/Equal Opportunity/VEVRAA Employer

and solicits applications from women and
under-represented minorities.

Boosting discovery-driven research

in the physics of quantummaterials

through the Gordon and BettyMoore

Foundation’s EPiQS initiative.

A P P LY TO DAY FO R O U R

Experimental
Investigator
Competition.
Visit moore.org/programs/science/EPiQSinvestigator

fordetails.Deadline isApril 21, 2014.

Moore.org

@MooreScientifc

Lecturer in Common Core Curriculum
(Ref.: 201400158)

Applications are invited for appointment as Lecturer in Common Core Curriculum in the Faculty of
Science, from as soon as possible, on a two-year fixed-term basis, with the possibility of renewal.

The University has established a Common Core Curriculum for all undergraduates since September
2012. The Faculty of Science offers courses in the area of Scientific and Technology Literacy to
students from all ten Faculties. A senior Professor in the Faculty of Science will lead the teaching of
these courses and work with the Lecturer in the relevant area who will serve primarily as a tutor for
small groups of students frommultiple disciplines. Themedium of instruction is English. Information
about the Common Core Curriculum can be viewed at http://tl.hku.hk/common-core-curriculum.

Applicants should have a Ph.D. degree, preferably in Physical Sciences, and substantial teaching
experience in subjects related to general education at the university level. Strong candidates with a
background inBiological Sciences are alsowelcome. The appointee’s duties include conducting small-
group tutorials for two courses per semester, marking assignments/examination scripts, preparing
teaching materials, supervising student work, developing new courses, and undertaking other tasks
related to science education. He/She will meet regularly with the Centre for the Enhancement of
Teaching and Learning to reflect on and refine the teaching activities in Common Core courses.

A globally competitive remuneration package commensurate with qualifications and experience will
be offered. At current rates, salaries tax does not exceed 15% of gross income. The appointment
will attract a contract-end gratuity and University contribution to a retirement benefits scheme,
totalling up to 15% of basic salary, as well as annual leave, and medical benefits. Please note that
the University is not able to offer a relocation assistance package (including housing accommodation
and a passage and baggage allowance) to the successful candidate recruited from overseas.

For enquiries about the specific job requirements, please write to Professor Sun Kwok, Dean of
Science (e-mail: deansci@hku.hk). Applicants should send a completed application form, together
with an up-to-date C.V. and a statement on teaching philosophy, which includes a portfolio of syllabi
and descriptions of courses they have taught or co-taught by e-mail to sciappt@hku.hk. They
should also arrange for submission of three references from senior academics who are familiar with
their teaching approaches, skills and experience to sciappt@hku.hk. Please indicate clearly “Ref.:
201400158 (Lecturer in Common Core Curriculum)” in the subject of the e-mail. Application forms
(341/1111) can be obtained at http://www.hku.hk/apptunit/form-ext.doc. Further particulars can be
obtained at http://jobs.hku.hk/. Closes April 30, 2014.

The University thanks applicants for their interest, but advises that only shortlisted applicants will
be notified of the application result.

The University is an equal opportunity employer and is committed to a No-Smoking Policy

Faculty Positions in Pharmacology

Northwestern University Feinberg School of Medicine has committed
substantial resources toward expanding interdisciplinary research in the
pharmacological sciences. A new Department of Pharmacology, to be
commissioned in Spring 2014 with founding faculty members from the
current Department ofMolecular Pharmacology and Biological Chemistry,
will be led by Dr.A. L. George, an internationally recognized authority on
ion channels. We are now seeking candidates to fll several new full-time,
tenure track faculty positions at theAssistant, Associate and full Professor
ranks.We are especially interested in candidates who investigate basic and
translational topics of modern pharmacology applied to any of a wide range
of molecular targets and diseases including cardiovascular disorders, pain,
neurological disorders including but not limited to epilepsy, cancer, addic-
tion, and psychiatric disease. Expertise in pharmacogenomics, developing
novel disease models including stem cell-derived platforms, drug discov-
ery, proteomics and other cutting edge methodologies is highly desirable.
Northwestern University offers a collegial and collaborative scientifc
environment that is rich with core facilities, robust cross-disciplinary
graduate training programs, and diverse expertise.

Candidates should have a Ph.D., M.D./Ph.D. or M.D. degree, signifcant
research experience, and evidence of sustainable extramural funding. Salary
is Commensurate with experience. Start date will be for the 2014-2015
academic year. Applications will be accepted until the positions are flled.
Please submit by email (as a single PDF) a cover letter, curriculum vitae,
summary of research experience and future plans along with names and
contact information for three references to:

Pharmacology Faculty Search

Feinberg School of Medicine

Northwestern University

Chicago, IL 60611

NUpharm@northwestern.edu

Northwestern University is an Affrmative Action, Equal Opportunity
Employer. Women and minorities are encouraged to apply. Hiring is

contingent upon eligibility to work in the United States.
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Senior Scientist Position at the IMP
We invite applications for a senior scientist position at the Research Institute of Molecular Pathology (IMP),

Vienna, Austria.

The IMP is one of the world’s leading basic biomedical research institutes, located in the thriving and interdisciplinary

Vienna Biocenter Campus (VBC). Researchers at the IMP conduct curiosity-driven research across awide range of topics

including molecular and cell biology, differentiation and disease, neurobiology and computation and bioengineering.

We aim to recruit a senior scientist with a strong and innovative research programme, in the areas of molecular and

cellular biology, and differentiation and disease.

Senior scientist positions are comparable to HHMI or Max Planck director’s positions. The IMP offers internationally

competitive salaries and generous funds for student, postdoc and technician positions, investments and running

costs. Research groups enjoy full access to state-of-the-art core services includingmass spectrometry, next generation

sequencing, biooptics, bioinformatics, histology, electron microscopy, and a 2,000m2 mouse house with core funding

of all associated costs.

The IMP participates in the VBC International PhD programme and VBC Summer School, which are amongst the most

competitive graduate and undergraduate research programmes in Europe.

Applications, including a CV, a brief summary of research achievements and future research plans, should be submitted

to Christopher Robinson at robinson@imp.ac.at

The IMP is home to scientists of over 30 different nationalities. Vienna offers a lively multicultural environment with

high living standards, consistently ranking in the top 5 cities worldwide for the quality of living. Child care facilities are

available on campus.

For further information, see our website:www.imp.ac.at

IMP
Research Institute of Molecular Pathology

Senior Program Associate
Grant #4693 (Science for Seminaries)

The American Association for the Advancement of Science (AAAS) seeks a Senior Program Associate to work within the AAAS Dialogue on
Science, Ethics, and Religion (DoSER) Program . The position involves a project in partnership with select seminaries throughout the US to
integrate science into their core curricula, with a goal of promoting a positive understanding of science among religious leaders and eventually
the communities they serve.

This position is anticipated to extend for an initial period of one year with the possibility of renewal.

Major duties and responsibilities:

• Works with partners including Association of Theological Schools, religious leaders, and prominent scientists on seminary science
curricula development and implementation

• Facilitates planned workshops and events
• Writes and edits project-related materials
• Represents and speaks on behalf of the project and supervises project interns

Minimum requirements:

• Extensive university or college level training leading to a Master’s degree or PhD in the biological or physical sciences or theology, with
coursework in theology or seminary based training, or similar relevant experience

• Experience or familiarity with theological seminaries and curricula administration
• Strong technology skills in contemporary software packages, particularly in Microsoft Offce
• Ability to travel at least twice annually
• Experience organizing public events

Please visit our job information website http://www.aaas.org/page/employment-aaas to get more information, and to apply to AAAS online.

AAAS is an Equal Opportunity Employer.
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There’s only one
Galileo Galilei

Career advice I Job postings I Job Alerts I Career Forum I Crafting resumes/CVs I Preparing for interviews

For your career in science, there’s only one

Careers

ScienceCareers.org

orn in 1564, Galileo Galilei once contemplated a career in the priesthood. It’s perhaps fortunate

for science that upon the urging of his father, he instead decided to enroll at the University of

Pisa. His career in science began with medicine and from there he subsequently went on to become

a philosopher, physicist, mathematician, and astronomer, for which he is perhaps best known. His

astronomical observations and subsequent improvements to telescopes built his reputation as a

leading scientist of his time, but also led him to probe subject matter counter to prevailing dogma.

His expressed views on the Earth’s movement around the sun caused him to be declared suspect

of heresy, which for some time led to a ban on the reprinting of his works.

Galileo’s career changed science for all of us and he was without doubt a leading light in the

scientific revolution, which is perhaps why Albert Einstein called him the father of modern science.

Want to challenge the status quo and make the Earth move? At Sciencewe are here to help you

in your own scientific career with expert career advice, forums, job postings, and more— all for free.

For your career in science, there’s only one Science. Visit ScienceCareers.org today.
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Are you conducting research into the sustainable

use of natural resources? Do you want to con-

tribute to the solution of urgent environmental,

developmental and social problems, especially

in developing and emerging countries?

If yes, then we would like to invite you to apply for the

Robert Bosch Junior Professorship

Research into the Sustainable Use of

Natural Resources

together with a German university or research insti-

tution of your choice. Applicants of all nationalities

are welcome.

Areas addressed

We are looking for an outstanding young scientist

whose research areas concern the sustainable use of

natural resources. Research approaches may be

based in the natural sciences as well as in the social,

developmental, political, medical and public health

sciences.

The research should focus on developing and

emerging countries. We expect that research results

should contribute to the solution of urgent environ-

mental problems.

Scope

The successful applicant will be awarded a grant

worth up to 1 million euros for a five year period,

in order to set up a research group in a German

research institution or university. The funds can be

allocated flexibly towards covering salaries and

research costs.

Candidate profile

:: excellent doctorate degree, completed no more

than 5 years prior to the application deadline

of 18 May 2014 (adjusted for documented parental

leave)

:: compelling independent past scientific achieve-

ments and publications in peer-reviewed journals

:: international research experience

:: excellent proficiency in English

:: potential to obtain a leading position in his/her

research field

:: non-German applicants should be prepared to

learn German.

The application deadline is 18 May 2014.

For further information and to apply please visit

www.bosch-stiftung.de/juniorprofessorship

We are one of the youngest universities

in Germany and think in terms of

possibilities, not limitations. In the

heart of the Ruhrregion, we develop ideas

of the future at our 11 faculties. We are strong

in research and teaching, live diversity, support

potential and are highly committed to an

educational equality that has earned this name.

The University of Duisburg-Essen invites applications for the

following position at the Faculty of Biology:

University professorship (salary grade W 2/W 3) for

ÒAquatic Ecosystems ResearchÓ

The successful candidate has an excellent track record in

molecular ecosystems research and/or ecosystem modelling.

Applicants should complement and extend the existing

strengths of the Center for Water and Environmental Research

(ZWU, http://www.uni-due.de/zwu) and the Faculty of Biology

(http://www.uni-due.de/biologie).

Candidates have an international reputation in experimental

and/or field studies proven by peer-reviewed publications, a

broad international research network and experience in acqui-

sition and management of research projects. They are expected

to establish an independent, extramurally funded, competitive

research program and to participate in teaching in the Biology

programs of the faculty. These include undergraduate and

graduate courses for teacher trainees and BSc biology students

as well as students of the international MSc programmes

“Transnational Ecosystem-based Water Management“,

“Environmental Toxicology“, or “Biodiversity“. Teaching will

be in German and English. The professor will be involved in the

organisation of study programmes, in course guidance and in

academic self-administration.

According to §36 of the NRW Act (Institutions of Higher

Learning) the requirements for this position are a university

degree, doctorate, and additional scientific achievements

attained in the context of a junior professorship, post-doctoral

thesis, scientific work at a university, research institution, in

business, administration or in another relevant area.

The University of Duisburg-Essen seeks to increase the

number of female academic staff and encourages women

with the necessary qualifications to apply for this position.

Given equal suitability for the appointment, applications of

disabled candidates will be given priority.

Applications, including the usual supporting documents

(curriculum vitae, list of scientific publications, present and

future research plans, information on teaching experience to

date, involvement in academic self-administration and informa-

tion about third-party funding) and the application form (availa-

ble at http://www.uni-due.de/biologie/fakultaet/stellen.php)

should be submitted within 6 weeks after publication of this

advertisement to Prof. Daniel Hoffmann, Dean of the Faculty

of Biology, University of Duisburg-Essen, Universitätsstr. 2,

45117 Essen, Germany, preferably by e-mail to dekanat@

biologie.uni-due.de.

Further information can be obtained from the

vice-dean of the faculty, Prof. Daniel Hering,

Tel. +49 201 183-3084,

e-mail: daniel.hering@uni-due.de.

Or visit http://www.uni-due.de/biologie/

dekanat/stellen.php.

www.uni-due.de

Offen im Denken
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Free download at
ScienceCareers.org/LOrealWIS

Read inspiring profiles of women
making a difference in biology.

Women in Science Booklet

In partnership with

This booklet is brou
ght to you by the AAAS/Science

Business Ofce

Science and the L’Oréal Foundation present



TENURE TRACK FACULTY POSITION
IN CANCER GENETICS

Case Western Reserve University School of Medicine

Case Comprehensive Cancer Center

The Case Comprehensive Cancer Center (http://cancer.cwru.edu/), a NCI-designated Comprehensive

Cancer Center, at CWRU, with affiliates University Hospitals Case Medical Center and Cleveland

Clinic, invites applications for a tenure track faculty position at the level of Assistant or Associate

Professor with a research program in cancer genetics, genomics, statistical genetics, or tumor

pharmacogenetics/genomics. Qualified individuals should have an MD, MD-PhD, or PhD. Candidates

at the Assistant Professor level should have cancer research experience in the study of genes, genomics,

targets, and pathways and in working with human cancer samples with clinical correlates. Candidates at

the Associate Professor level should also have a nationally funded program and an outstanding record

of cancer research activities.

Successful candidates will be expected to interact closely with ongoing basic and translational research,

particularly research using human tissue. Candidates with interests in Gastrointestinal Cancers (colon

cancer, esophageal cancer, pancreas cancer) that could align with the Case GI SPORE are particularly

encouraged, as are candidates with interests in glioma, breast cancer, ovarian cancer, or hematologic

malignancies would align with cancer center scientific programs. Physician scientists are particularly

encouraged to apply. Primary appointment will be in the department of training, the cancer center or the

department of Genetics.

Please send curriculum vitae, a list of three or more references, and a cover letter outlining your research

interests, electronically to: Stanton L. Gerson, MD, Director, Case Comprehensive Cancer Center,
cancersearch@case.edu. Please include “Cancer Genetics” in the subject line.

In employment, as in education, Case Western Reserve University is committed to Equal Opportunity and Diversity. Women,
veterans, members of underrepresented minority groups, and individuals with disabilities are encouraged to apply.

Case Western Reserve University provides reasonable accommodations to applicants with disabilities. Applicants requiring a
reasonable accommodation for any part of the application and hiring process should contact the Office of Inclusion, Diversity and

Equal Opportunity at 216-368-8877 to request a reasonable accommodation. Determinations as to granting reasonable
accommodations for any applicant will be made on a case-by-case basis.

TENURE TRACK FACULTY POSITIONS
IN CANCER RESEARCH

Case Western Reserve University School of Medicine

Case Comprehensive Cancer Center

The Case Comprehensive Cancer Center (http://cancer.cwru.edu/), a National Cancer Institute-

designated Comprehensive Cancer Center at CWRU, with affiliates University Hospitals Case Medical

Center and Cleveland Clinic, invites applications for tenure track faculty positions at the level of

Assistant and Associate Professor in cancer biology. Candidates should have an MD, PhD, or MD-PhD,

post-doctoral research experience, and some faculty experience. Candidates at the Assistant Professor

level are encouraged to apply and should provide a record of funding and scholarly activity and the

potential to advance in cancer research. Candidates at the Associate Professor level should have a

nationally-funded program and an outstanding record of cancer research achievements. We are

particularly interested in the following research areas: immunotherapy, cancer cell metabolism,

molecular basis of lymphoid malignancies, ovarian or gastrointestinal cancer. Priorities include

innovative discovery research coupled with an interest in translational disease-oriented cancer research.

The successful candidate will have a primary appointment in the cancer center or a basic science

department at the medical school such as Pathology (http://www.cwru.edu/med/pathology/), Genetics

and Genome Sciences (http://genetics.case.edu/), or Pharmacology (http://pharmacology.case.edu/).

Please send curriculum vitae, a list of three or more references, and a cover letter outlining your research

interests electronically to: Stanton L. Gerson, MD, Director, Case Comprehensive Cancer Center,
cancersearch@case.edu. Please include “Cancer Research Faculty Search” in the subject line.

In employment, as in education, Case Western Reserve University is committed to Equal Opportunity and Diversity. Women,
veterans, members of underrepresented minority groups, and individuals with disabilities are encouraged to apply.

Case Western Reserve University provides reasonable accommodations to applicants with disabilities. Applicants requiring a
reasonable accommodation for any part of the application and hiring process should contact the Office of Inclusion, Diversity and

Equal Opportunity at 216-368-8877 to request a reasonable accommodation. Determinations as to granting reasonable
accommodations for any applicant will be made on a case-by-case basis.
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POSITIONS OPEN

NEUROBIOLOGY POSITION

The Department of Neurobiology and Anatomy is
initiating a search for a tenure-track faculty member
working in Sensorimotor Neurobiology. The selected
candidate will interact with a large and cooperative
group of sensory neurobiologists that direct funded
projects spanning the visual, auditory, and somatosen-
sory systems as well as training grant and program-
project grants emphasizing integrative function and
development. Candidates should have a doctoral degree,
extramural funding, at least two years of postdoctoral
research, a strong record of research accomplishments,
and a commitment to developing an independent as
well as collaborative research program. Teaching re-
sponsibilities will be commensurate with experience and
background. A competitive recruitment package will in-
clude salary and fringe benefits, setup funds, laboratory
space and shared equipment facilities.

Applications should include full curriculum vitae and
a statement of research interests. Applicants should
also arrange for three letters of recommendation to be
sent to the Search Committee. The earliest start date
for the position is July 1, 2014; applications will be ac-
cepted until a suitable candidate is recruited. Informa-
tion about the position, individual faculty and research
interests, and graduate programs can be found at
website: http://www.wakehealth.edu/nba/nba.
html. All application materials should be sent to: Fa-
culty Search Committee, Department of Neurobio-
logy and Anatomy, Wake Forest School of Medicine,
Medical Center Boulevard, Winston-Salem, North
Carolina, 27157-1010. Affirmative Action/Equal Oppor-
tunity Employer.

FACULTY POSITIONS - MEDICAL SCHOOL

The Saint James School of Medicine, an international
medical school (website: http://www.sjsm.org), invites
applications from candidates with teaching and/or
research experience in any of the basic medical sci-
ences for its Caribbean campuses. Faculty positions
are currently available in Pathology, Genetics, Neuro-
science, and Biochemistry. Applicants must be M.D.,
and/or Ph.D.

Teaching experience in the U.S. system is desirable
but not required. Retired persons are encouraged to
apply. Attractive salary and benefits. Submit curriculum
vitae to e-mail: jobs@mail.sjsm.org or mail to:HRDS
Inc., 1480 Renaissance Drive, Suite 300, Park Ridge,
IL 60068.

Find 
your future 

here.
↓

www.ScienceCareers.org

POSITIONS OPEN

TENURE-TRACK FACULTY POSITION

Center for Cardiovascular Research
University of Illinois at Chicago College of Medicine

The University of Illinois at Chicago (UIC) Center
for Cardiovascular Research (CCVR) in the College of
Medicine seeks outstanding faculty candidates with
expertise in cardiac mitochondrial biology, metabolism,
non-coding RNA, or heart failure. Consideration will
be given to applicants at all ranks (ASSISTANT, AS-
SOCIATE, FULL PROFESSORS).

Successful candidates will demonstrate the ability to
garner extramural grant support and are expected to
lead comprehensive and innovative research programs
that focus on heart failure, diabetes, obesity, metabolic
syndrome, and hypertension. A commitment to excel-
lence in teaching is also required. Minimum degree
requirements are a Ph.D. or M.D. degree with three or
more years of postdoctoral training. Attractive startup
packages are available, commensurate with experience.

Applicants will submit a letter of interest, stating a
research plan, curriculum vitae, and names of at least
three references. For more information on the CCVR
visit website: http://www.ccvr.uic.edu.

Apply online only at: website: https://jobs.uic.edu/
job-board/job-details?jobID039340&job0assistant-
associate-professor-ccvr.

The UIC is an Affirmative Action/Equal Opportunity
Employer.

Your
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Nontraditional

Careers:

Opportunities
Away From
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Webinar

Produced by the
Science/AAAS Business Office.

Want to learn more about exciting

and rewarding careers outside of

academic/industrial research?

View a roundtable discussion that

looks at the various career options

open to scientists and strategies

you can use to pursue a

nonresearch career.

NowAvailable

OnDemand
www.sciencecareers.org/

webinar
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