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PHYSICS

Time-Resolved Observation and Control of Superexchange Interactions
with Ultracold Atoms in Optical Lattices

5. Trotzky et al.

Ultracold atoms trapped at optical lattice sites are used to investigate the
superaxchange interaction between neighbaring spins.

CONTENTS I

APPLIED PHYSICS

GaN Photonic-Crystal Surface-Emitting Laser at Blue-Violet Wavelengths
H. Matsubara, 5. Yoshimoto, H. 5aite, Y. Nanglin, Y. Tanaka, 5. Noda
Surface-emitting lasers fabricated with photonic crystal structures can now emit at

technologically relevant blue-violet wavelengths.
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precise spols on a microchip can be used for combinatorial
in situ synthesis of 40,000 peptides per square centimeter.

REPORTS

PHYSICS

Observation of Berry's Phase in a Solid-5State Qubit
P . Lleeket al.

A controllable geametric phase, or Berry's phase, is produced by
moving a superconducting gubit along a path and may provide
robust quantum information storage.

1889

MATERIALS SCIEMCE

High-Performance Carbon Nanotube Fiber

K. Koziol et al.

Aerogels of carbon nanotubes can be twisted and compacted
to produce fibers of exceptional strength and stiffness.
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Structural Rearrangements That Govern Flow in 1895
Colloidal Glasses

P Schall, D. A. Weitz, F. Spoepen

Confocal microscopy shows that the large displacement of a few
particles stabilizes shear bands in deformed colloidal glasses,

a process that may also occur in molecular glasses.

== Perspective p. 1880

CHEMISTRY

Role of Intermolecular Forces in Defining Material 1900
Properties of Protein Nanofibrils

Confocal microscopy shows that the large displacement of a few
particles stabilizes shear bands in deformed colloidal glasses,

a process that may also occur in molecular glasses.

> Perspective p. 1880

CHEMISTRY

Role of Intermolecular Forces in Defining Material 1900
Properties of Protein Nanofibrils

T. B Knowles et al.

Amyloid fibrils self-assemble from a variety of polypeptide
molecules, and their rigidity can be tuned over a wide range

by controlling hydregen bonding between strands.

PLANETARY SCIEMCE

A Sulfur Dioxide Climate Feedback on Early Mars 1903
I. Halewy. M. T Zuber, D. P. Schrag

Abundant sulfur dioxide, a greenhouse gas, in Mars' ancient
atmosphere could have allowed liquid water to exist, explaining

the lack of carbonate minerals.

GEOCHEMISTRY

Coupled ¥ Nd-***Nd Isotopic Evidence for Hadean 1907
Mantle Dynamics

V¥ C. Bennett, A. D. Brandon, A. P. Nutman

Relics of an isotope with a short half-life in some of Earth's oldest
rocks can date the formation and incomplete remixing of distinct
silicate reservoirs in the early Earth.

GEOPHYSICS

High-Pressure Creep of Serpentine, Interseismic 1910
Deformation, and Initiation of Subduction

N. Hilairet et al.

Experiments on serpentine, a common product of hydration of the
ocean crust, show that it deforms easily in subduction zones and may
be involved in generation of earthquakes,

EVOLUTION

A Comprehensive Phylogeny of Beetles Revealsthe 1913
Evolutionary Origins of a Superradiation

I. Hunt et al.

A phylogeny of the beetles, which constitute 20 percent of animal
species, redefines major family groups and estimates earlier origins
and diversification in the Jurassic,

DEVELOPMENTAL BIOLOGY

Induced Pluripotent Stem Cell Lines Derived from 1917
Human Somatic Cells

I Yu et al,

Human fibroblasts transfected with four genes exhibit the properties
of embryonic stem cells. == Perspective p, 1879
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MEDICINE

Treatment of Sickle Cell Anemia Mouse Model with 1920
iP5 Cells Generated from Autologous Skin

J. Hanna et al.

Skin cells from a mouse with sickle cell anemia can be genetically
reprogrammed to be pluripotent stem cells, then differentiated and
used to treat the diseased mouse. == Perspective p. 1879

MEDICINE

Treatment of Sickle Cell Anemia Mouse Model with 1920
iP5 Cells Generated from Autologous Skin

J. Hanna et al.

Skin cells from a mouse with sickle cell anemia can be genetically
reprogrammed 1o be pluripotent stem cells, then differentiated and
used to treal the diseased mouse. == Perspective p. 16879

BIOCHEMISTRY

Structure of Geeg-p63RhoGEF-RhoA Complex Reveals 1923
a Pathway for the Activation of RhoA by GPCRs

5. Lulz et al,

G protein—coupled receptors activate the small GTPase Rho through
interaction of the Gog subunit of the receptor with the exchange fac-
tor GEF to relieve inhibition of Rho.

MOLECULAR BIOLOGY

Regulation of Replication Fork Progression Through 1928
Histone Supply and Demand

A. Groth et al.

During chromosome duplication, the chaperone Asfl coordinates
removal of histone proteins from DNA, DNA synthesis, and
replacement of histones on the new strands,

MOLECULAR BIOLOGY

Switching from Repression to Activation: MicroRNAs 1931
Can Up-Regulate Translation

5. Vasudevan, Y. Tong, ]. A Steitz

Although they inhibit translation in dividing cells, eukaryotic
microRNAs can bind to the 3 -untranslated region of messenger
RNAs and activate translation upon cell cycle arrest.

= Perspechtive p. 1877

NEUROSCIENCE

Rapid Changes in Throughput from Single Motor 1934
Cortex Neurons to Muscle Activity

A. G, Davidson, V. Chan, R. O'Dell, M. H. Schieber

As a result of subcortical processes, individual neurons in the motor
cortex can guickly switch from controlling motoneurons in the spinal
cord 1o having no effect on them.

NEUROSCIENCE

Cognitive Recovery in Socially Deprived Young 1937
Children: The Bucharest Early Intervention Project

C. A Nelson Iif et al.

In a randomized controlled trial, children in Romania who were raised
in foster care showed better cognitive development than did children
raised in institutions.
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Why Do Whales Get the Bends?
Shallow dives in response to naval sonar testing may harm
cetaceans.

A 40-Hour Laptop Battery?
Silicon whiskers could improve rechargeable battery capacity
by a factor of 10.

Why Seniors Say “When" Too Soon
Brain glitch may explain why the elderly drnk less water
than they should.

Highlights from ASCB in DC.

SCIENCE'SSTK
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FORUM: Highlights from ASCB Symposium Il

N. R. Gough

The "Architecture of Signaling Systems” session included a
discussion of the practical applications of synthetic biology.

FORUM: Highlights from ASCB Symposium ¥V

I. £ Foley

The “Geography of Signaling” session included an interesting talk
about communication between yeast and bactenia in the formation
of biofilms.

EVENTS
Plan to attend a cell signaling conference,
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GLOBAL: Young Geneticists Making a Difference

E. Pain

The search for genetic variations between individuals offered young
scientists with varied backgrounds a chance to make a difference.

GLOBAL: Mastering Your Ph.D.—Writing Your Thesis
With Style

P. Gosling and B, Noordam

Careful planning and outlining can make writing your thesis
less daunting.

US: Tooling Up—Three Categories of Rules

0. Jensen

The rules for success in industry are different from the ones
you learned in grad schoal.

US: From the Archives—Dr. Bridget's New Year's Resolutions
K. Arney

For Dr. Bridget, a New Year engenders a surge of pointless
enthusiasm,
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CREDITS (TOP TO BOTTOME ANDREW YOUMG: LEEK ET AL,

Aging in Glasses

Glasses age over time, but an understanding of
the structural rearrangements that underlie these
processes in small-molecule systems is difficult
because it is not possible to track the motion of
individual molecules, and the overall changes in
ordering may be small. Schall et al. (p. 1895;
see the Perspective by Falk) tracked the motions
of colloidal glasses under small strain motions
using confocal microscopy. Localized zones form
where the colloidal particles undergo irreversible
shear transformations. Further analysis revealed
how the sheared colloidal glasses are activated
and how they interconnect into networks.

Mechanics of
Amyloid Fibrils

Amyloid structures associated with a number of
diseases form from a wide range of unrelated
polypeptides and show intriguing but poorly
understood physical properties. Using atomic
force microscopy to image a set of protein fibrils,
Knowles et al. (p. 1900} measured the local
mechanical properties and correlated these
results with coarse-grained atomistic molecular
simulations. By controlling the hydrogen bond-
ing, fibril stabilily can be altered or reinforced
and used to offset specific side-chain interactions.

Heating Mars with SO,

Evidence that Mars had liquid water on its sur-
face when the planet was young implies that air
temperatures were above the freezing point of
water, unlike today. |f these conditions were

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

<< Battle of the Sexes

Much research on sexual selection has focused either
on intrasexual competition between males or on female
mating preferences. Clutton-Brock (p. 1882) reviews
recent studies which show that intrasexual competition
between females and male preferences for particular
categories of partners are also common and can generate
secondary sexual characters that are more highly devel-
oped in females. Sexual selection may now need a new
conceptual framework that incorporates the effects
of intrasexual competition and mating preferences in
both sexes.

mainly the result of greenhouse gas heating by
CO,, then the partial pressure of CO, should
have been high enough that carbonate minerals
would have formed—yet these minerals have
not been observed on Mars’ surface. Halevy et al.
(p. 1903) propose that volcanically degassed
50, emitted under more reducing conditions
along with H,5, would in combination with €O,
have pushed temperatures over the threshold
required by liquid water. Dissolved SO, also
would have acidified the oceans enough to pre-
vent carbonate minerals from forming. & similar
mechanism operating on Earth may explain the
absence of carbonate rocks from the Archean.

An Exercise in
Quantum Geometry

Quantum computation relies on the ability to
coherently manipulate the quantum state of
qubits. However, unavoidable coupling to the
environment gives the qubit a finite lifetime,
It has been proposed that the use of a geo-
metric phase (or Berry's phase, a topological
phase that accumulates

as an object trav-
erses a path)
should be more
robust to the ;s
effects of decoher- _——_
ence. Leek et al.

(p. 1889, published online 22 November}
describe the observation of this geometric
phase in a superconducting qubit, which they
claim might bring fault-tolerant quantum com-
putation a step closer.

Carbon Nanotube
Fiber Fabrication

By twisting together even short segments of
string or straw, a strong fiber or rope can be
formed as long as the starting material is long
enough to properly twist together and is com-
pressed sufficiently to ensure stress transfer
between the segments. In theory, carbon nano-
tubes (CNTs) should be able to form very
strong fibers because of their impressive
intrinsic properties. Koziol et al. (p. 1892,
published online 15 November) show that they
can generate CNT aerogels and directly spin
them into strong and stiff fibers. Further den-
sification by treatment with acetone ensured
maximal stress transfer between adjoining
fibers. The authors compared the strength and
stiffness of these fibers to other CNTs and com-
mercial materials such as Kevlar.

Slippery Serpentine Sheets

Serpentinite layers thal coat the top of sinking
lithospheric slabs have been thought to play a
role in subduction zone earthquakes because
these layers become heavily deformed.
Hilairet et al. (p. 1910} deformed
the serpentine antigorite at high pres-
sures and temperatures and found that
it has unusually low viscosity that could

" account for postseismic deformations
after large earthguakes within subduction
zones. This property may also enable subduc-
tion initiation and may govern conveclion
within subduction zones,

Continued on page 1831
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CREDIT: MICHAEL CARROLL

This Week in Science

Continued from page 1829
Planet of the Beetles

Beetles represent more than 20% of all described species, although relationships within the order are
still speculative. Hunt et al. (p. 1913) reconstructed the phylegeny of =80% of recognized beetle
families and identified previously unknown relationships for many groups. By performing analyses of
diversity patterns across the entire order, the authors estimated that diversification of major beetle
groups may have occurred in the Jurassic, earlier than previously thought,

Induced Human Pluripotent Stem Cell Lines

Embryonic stem cells can grow for an unlimited time and can turn into essentially every type of cell,
which makes them an ideal candidate for regenerative medicine (see the Perspective by Cibelli).
However, their applications are hindered by potential problems such as immune rejection and ethical
concerns about their origin. Yu et al. (p. 1917, published online 20 November; see the 23 November
news story by Vogel and Holden) report a method to derive pluripotent stem cells from human
fibrablasts. By introducing four genes (OCT4, NANOG, S0X2, and LINZ8) into human fibroblasts, stem
cells sharing essentially all of the features of human embryonic stem cells were obtained. Hanna et al.
(p. 1920} used a method to reprogram mouse cells to a pluripotent state that is similar to that of
embryonic stem cells to generate so-called mouse-induced pluripotent stem cells, or iP5 cells, from
mice with humanized sickle cell anemia. The iP5 cells were derived from a skin biopsy of this mouse
model, and the genetic defect was eliminated by gene correction. These cells were directed to differ-
entiate into hematopoietic progenitors and then transplanted into donor sickle cell mice, which res-
cued the disease phenotype.

Orphanages and Fostering
in Romania

Studying a time when Romania did not have a foster
care system for abandoned children, Nelson et al.
(p. 1937) constructed a foster care system and fol-
lowed the outcomes of children randomly selected to
receive orphanage care or foster care. The results show
that children moved to foster care homes had better
cognitive outcomes, and that the earlier the child was
moved out of the orphanage, the better the outcome,
In a Policy Forum, Millum and Emanuel discuss the
ethical issues posed in such studies and the safe-
guards needed when parents and guardians are not
available to give consent.

Histones Coming and Going

Eukaryotic nuclear DNA is packaged into nucleosomes, which must be remaoved to allow replication of the
genome and then reassembled onto the two newly synthesized daughter strands. Coordination of this

removal and deposition process must ocour at each replication fork. Groth et all (p. 1928) show that this
equilibrium is regulated by the histone chaperone antisilencing function 1 (Asf1). Asf1 exists in a nuclear
pool associated with the MCM2-7 complex—the putative replication helicase—and histones H3 and H4.
Thus, Asf1, through its interaction with the helicase and parental histones, coordinates template unwind-
ing and removal of nucleosomes ahead of the replication fork as well as their deposition behind the fork.

Rapid Reorganization of Neuronal Connectivity

Reorganization of the brain motor cortex output is thought to involve excitability changes within
the cortex per se, while the effect of individual output neurons on muscle activity remains constant.
However, Davidson et al. (p. 1934) found that throughput from single motor cortex neurons to
muscles can vary so much as to be absent during some behaviors and present during others. In par-
ticular, effects not present during a simple movement often appeared when a monkey was rewarded
specifically for discharging a neuron and activating a muscle simultaneously. Rapid changes thus
occur at subcortical levels, including the monosynaptic connections from motor cortex neurons to
spinal motoneurons.
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CREDIT JOE TEFF DESGM. INC

Donald Kennedy is the
Editor-in-Chief of Science.

Breakthrough of the Year

THE BREAKTHROUGH OF THIS YEAR HAS TO DO WITH HUMANS, GENOMES, AND GENETICS.
But it is not about THE human genome (as ifthere were only one! ), Instead, it is about your partic-
ular genome. or mine, and what it can tell us about our backgrounds and the quality of our futures.

A number of studies in the past vear have led w0 a new appreciation of human genetic diversity.
As soon as genomes are looked at individually, important differences appear: Different single-
nucleotide polymorphisms are scattered throughout, and singular combinations of particular
genes forming haplotypes emerge. A flood of scans for these variations across the genome has
pointed to genes involved in behavioral traits as well as to those that may gr— - mm—
foretell deferred disease liability. And more extensive structural varnations, .
such as addinons, deletions. repeat sequences. and stretches of “back- 'SClenC
wards” DMA, turn out to be more prevalent than had been recognized. ~ 8=
These o are mereasingly bemmg associated with disease nsks,

High-throughput sequencing techniques are bringing the cost of
genomics down, The few “celebrity genomes™ (e.g.. Watson'sand Venter's)
will soon be followed by others, we hope in an order not determined by
wealth but by scientific need or personal medical circumstance. Our natu-
ral interest in personal genealogy, accompanied by worries about our
health, will create an incentive structure that even now is creating a
sometimes dubious niche market for having one’s genome “done.”

A strong Breakthrough runner-up arrived at this year’s finish line justin |3
time. Two new studies, one published in Scfence, showed how adult human
epithelial cells could be reprogrammed. through the virally mediated introduction of just four
genes. to behave hike pluripotent cells: that 1s, able to act as embryonic stem cells do. to produce
every descendent cell type. This breakthrough has produced some relief, but it also comes with
some reservations, James Thompson of the University of Wisconsin, who did the First research
with embryonic stem cells, has now taken a major step toward ending the “ethical” controversy
over their use. But hold on: That controversy was generated by specific objections from one
religion, not some universal ethic. There is every reason to continue research along the old path,
with embryo-derived cells: The new methods may carry unknown liabilities, so making the case
for changing Bush's 2001 presidential order should continue.

Finally, readers will notice that we usually have a “Breakdown™ of the vear. That custom pro-
duced ambivalence this time around. On the strictly scientific front. progress in climate change
research was spectacular. There was new information about the dynamics of the major ice sheets
in Greenland and Antarctica, analyses of paleoclimates, new estimates of sea-level rise, and stud-
1es of the impacts of global warming on high-latitude ecosystems and sea ice. The Intergovernmen-
tal Panel on Climate Change delivered a summary report at vear’s end emphasizing the seriousness
of the risks. But on the breakdown side, continual denial by the Bush Administration added to its
long history of failing to mitigate the emission of greenhouse gases.

A specimen case of the Administration’s reluctance to acknowledge climate change was added
Just recently when Julie Gerberding, head of the ULS. Centers for Disease Control and Prevention,
was asked to present congressional testimony on the potential impacts of climate change on
public health. It is surely no secret that heat spells are a health hazard, or that drought and excess
rainfall can influence human susceptibility to pathogen-borne disease—just the kind of thing
Congress wanted to know. Gerberding’s tesiimony was reviewed at the White House and soon
made to disappear: Virtually all of what she said about elimate change—six pages of it—was
blacked out ofthe document filed with the Senate Environment and Public Works Committee (see
htip://alt.coxnewsweb.com/aje/pdl gerberding. pdf). Theres an odd behind-the-scenes story here,
mvolving two offices that report to the president. The Office of Science and Technology Policy
raised questions about particular statements and made suggestions, but then the Office of
Management and Budget, apparently unwilling to work on the suggestions, simply eliminated
every section about which questions had been raised. It’s worth a look just to understand what
these people don't want you to know,

= Donald Kennedy

10.1126/science. 1154158
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CREDITS(TOP TO BOTTOME REINHARD, H./PETER AR

Learning to Sing

For full expression, language depends on an interplay
between cognitive and motor skills. For example, peo-
ple with a rare genetic form of developmental verbal
dyspraxia have difficulty learning and producing the
intricate, coordinated series of muscle movements
necessary for speech, a result of a mutation in a brain
transcription factor called FOXP2. In songbirds, this
same protein is found in a brain region—area X—
that is essential for the acquisition of the birds’ char-
acteristic song, which they learn under the close tute-

DITOR

EDITED BY GILBERT CHIN AND JAKE YESTON

lage of an adult bird.

Haesler et al. tested whether a deficit in FoxP2
would also produce communication deficits in zebra

“"ﬁ-f

[ ‘fih-'fx

- Zebra finches.

finches. They injected into area X a lentivirus vector

carrying RNA interference sequences from FoxP2,

which reduced FoxP2 mRNA by 70%. After the 2-month tutoring period, the treated birds’ songs—normally a stereotyped series
of syllables that remains stable throughout adulthood—were missing syllables and contained inappropriately repeated segments
{errors similar to those of humans with dyspraxia). Some of the sounds were also poor copies of their tutor’s original. Thus, with-
out sufficient FoxP2, normal developmental motor learning could not take place. The authors speculate that FoxP2 is necessary

for structural and functional changes in area X neurons as birds learn their songs. — KK

Fertile Ground for Cancer Proteins

Leukemia inhibitory factor (LIF} is a secreted gly-
coprotein first identified, as its name implies, as
a regulator of leukemic cell differentiation. More
recently, attention has
focused on the role of this
cytokine in the female

‘g‘i‘._

reproductive tract. In f?;’ 5::"\}
mice, LIF is one of the few tk:';_,ﬂf"""
molecules known to be gy
required for implantation A

of the blastocyst, or early- :
stage embryo, into the -

uterus. Thus, it has been -f’rh“'

hypothesized that drugs R
targeting LIF activity could
(depending on their mode

of action) be used either

to enhance fertility by

promoting implantation

or as contraceptives that

prevent implantation. Blocking uterine
Progress on the latter implantation

front is reported by (bottom) with a LIF
White ef al., who have antagonist (top).

developed a potent LIF

antagonist that is completely effective in block-
ing blastocyst implantation when administered
systemically to mice. Whether this antagonist—a

chemically stabilized mutant version of LIF that
binds to its receptor but does not trigger down-
stream signals—has similar activity in primates
remains o be explored. In independent work,
Hu et al. find that LIF expression in the mouse
uterus is positively regulated at the transcrip-
tional level by p53, an intensely studied
tumor suppressor protein. Discovery of this
link between LIF and p53 raises the possibil-
ity that cancer drugs designed to aclivate
p53 might be uselul tools for investigating
the mechanisms underlying blastocyst
implantation or as an alternative means of
enhancing fertility. — PAK
Proc, Natl. Acad, Sci U.5.A. 104, 19357
{2007); Nature 450, 721 (2007).

BIDTECHNODLDGY
Still Potent

By introducing defined transcription factors

into mouse and human fibroblasts, stem cell

researchers have demonstrated that differ-
entiated cells can be reprogrammed to a
pluripotent state, in which the resultant iPS
(induced pluripotent stem} cells display proper-
ties similar to those of embryonic stem cells. This
work holds great promise for therapy; however, a
number of serious obstacles remain. For exam-
ple, some reprogramming protocols involve the
introduction of the ¢-Myc transcription factor,

Plos Bial, 5, 321 (20071,

which has been shown Lo increase tumorigenicily
in mice. Nakagawa et al. describe a modified
methoed for generating mouse and human iPS
cells without using c-Myc. This altered protocol
shows greater specific induction to iP5 cells,
albeit at lower efficiency and at a slower rate
than when ¢-Myc is added. — BAP

Nat. Bistechnol. 10.1038/nbt1374 (2007).

A Stringent Policy of Exclusion

With 95 of its 115 exons subject to alternative
mRNA splicing, the Down syndrome cell adhe-
sion molecule (Dscam) gene in Drosophila
surely deserves a place in the Guinness Book of
Records, having the potential to form 38,016
protein variants. Remarkably, each Dscam iso-
form has the same overall structure, as the
alternatively spliced exons form clusters, with
only one exon from each cluster being included
in the translated protein. Olson et al. have iden-
tified heterogeneous nuclear ribonucleoprotein
hrp36 as a factor critical for the mutually exclu-
sive splicing of the exon & cluster, which con-
tains 48 distinct exons; in its absence, concate-
nated exon & variants are found in Dscam.
Using a RIP-Chip assay, they show that hrp36
binds throughout the exon 6 cluster, where it
prevents the binding of another class of splicing
Continued on page 1837
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Continued from page 1835

factors, the serinefarginine-rich (SR) proteins,
which promote exon inclusion. The authors sug-
gest that hrp36 masks selector sites located just
5" of each exon variant, thus precluding SR
binding, with the result that only one selector
sile can interact productively with the single
docking site upstream of the entire exon 6 clus-
ter. The mutually exclusive nature of the docking
site=selector interaction then ensures that only
one exon & variant is included in each Dscam
mRNA. Intriguingly, hrp3é has no effect on
splicing of the other variable exon clusters, indi-
cating that another mechanism must determine
their mutually exclusive splicing. — GR

Nat. Struct. Mol Biol. 14, 1134 (2007).

Balancing Strength and Number

Homeostasis, the ability to maintain a steady
state in the face of stresses, is a fundamental
part of life for cells and for organisms. Wilson et
al. have analyzed homeostatic changes at the
level of synaptic connections in hippocampal
neurons seeded onto a microfabricated surface,
Imprinting the surface with a template of
squares of increasing sizes created a series of
micrometer-scale islands hosting neurons at
identical densities but with an increasing num-
ber of potential partners. As the number of neu-
rons on a square increased, the number of
synaptic connections increased, but, surprisingly,
the functional activity of the neurons as a popu
lation {(measured in voltage clamp and current
clamp experiments) did not. This scaling was
mediated by a change in the kinds of connec-
tions the neurons made. As network size
increased, the proportion of connections
between excitatory and inhibitory neurons
increased; in other words, neurons made more
weaker connections. Changes in neuronal con
nectivity occur as a consequence of develop-
ment, aging, and disease (such as Alzheimer’s
disease and autism}, and analyses of this kind
may help us to understand the ability of the
brain to respond to changes and the pathologies
that occur when it cannot, — B]

). Newroscl. 27, 13581 (2007).

Flowing into Focus

Most small-scale fluid systems are dominated
by laminar, or nonmixing, flow. Thus, directing
particle motion in sorting applications has
required either an external applied force, such
as that generated by an electrical or magnetic
field, or else the use of geometrically complex
arrangements of pillars or posts, These methods
become less effective as the flow rate of the

| system increases, and hence the attainable par-

EDITORS'CHOICE

ticle throughput is limited. Di Carlo et al. show
that particle motion can alternatively be con-
trolled by designing channels that induce addi-
tional inertial forces. Particles suspended in a
flowing fluid are subject to both drag and lift
forces, with the lift forces driving the particles
away from the center of the fluid channel.
Rectangular channels therefore exhibit a four-
channel output stream. When the authors
incorporated curvature into the channels, the
particles were subjected to a rotational flow
(termed Dean flow) caused by the fluid’s iner-

“saooewn|

Focusing channel.

tia. In symmetric channels, the four output
streams were reduced to two; asymmetric curva-
ture confined the particles to a single stream.
Faster flow rates increased these additional
forces and so induced faster focusing of the
particles. In a further twist, asymmetric parti-
cles were observed to show positional and rota-
tional ordering. — MSL

FProc. Nall. Acad. 5ci, U.5.A 104, 18892 (2007).

We've got your KO mice

Setting Serotonin Bait

When small molecules are incorporated into
sell-assembled monolayers (SAMs) as targets
for recognition by larger biomolecules, the
tethers used to extend the targets from the sur-
face can often interfere with the recognition
process. Moreover, even at low loading, the
surface molecules may not disperse but instead
phase-separate into clusters, thus creating
steric hindrance and increasing the chances of
nonspecific binding. Shuster ef al. present a
strategy to overcome these drawbacks in a
search to identify yet unknown binding partners
for serotonin. First they prepared alkane thiol
SAMs on gold that were terminated with
oligomers of ethylene glycol. Carboxyl-termi-
nated thiols with twice the number of ethylene
glycol repeats were then bound to defect sites
in the SAMs and covalently capped with sero-
tonin, Quartz crystal microbalance studies
showed that these monolayers preferentially
bound serotonin anlibodies over those raised
against dopamine and were also resistant to
binding of bovine serum albumin, — PDS

Adv. Mater. 10.1002/adma 200700082 (2007).
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Sea Scum Rebranded

The father of taxonomy would be proud. The
first genetic analysis of one of Carl Linnaeus's
own specimens has revealed a long-standing
botanical error: Scientists have been calling a
marine alga by the wrong “Linnaean” name,

The unlucky alga was the sea lettuce Ulva
lactuca, which Linnaeus collected and christened
in the mid-18th century. Sea lettuces are notori
ous for invading polluted waters and gunking up
ships” hulls, Christine Maggs and Frédéric
Mineur, both of Queen’s University Belfast in the
U.K., got samples of the “type specimen” for the
species from the Linnean [sic] Society’s herbar
ium in London and finished mapping its genome
this month. The results showed that somewhere
along the line, naturalists accidentally renamed
the alga U. fasciata and gave the name
U. lactuca to a similar species. Now the original
L. lectuca hasits name back, and the misnamed
latecomer needs a new one.

Although Linnaeus typically took meticulous
notes, for his Ulva's geographic range he wrote
only "in oceano.” Maggs says this could have
contributed to the confusion. Bul Linnaeus more
than made up for his oversight: Whereas his
contemporaries left drawings, he preserved
DNA. “We can exploit that,” Maggs says.
“Linnaeus's specimens have undreamed-of
value 250 years later.”

Left on Campus

Why are academics in the United States so
politically liberal? Are conservative students
oppressed by a biased professoriate, or are
liberals simply smarter?

Plans to Seek a Doctorate

TN

Far left

m College seniors s

mCollege freshmen § 30%

20%

10%

0%

Moderate Far right

Neither, says public policy expert Matthew
Waoessner of Pennsylvania State University,
Harrisburg, who, with political scientist April
Kelly-Woessner of Elizabethtown College in
Pennsylvania, has tackled the question using
data on more than 15,000 college students
collected by the Higher Education Research
Institute of the University of California,

Los Angeles,

The Woessners found that sell-described liber
als and conservatives report no difference in
grades or in the quality of their education. Yel lib

www.sciencemag.org SCIENCE VOL 318

A pair of earth scientists have combined data on population distribution with data on land use and
land cover to generate a global map of “anthropogenic biomes.” It's "a first go at looking at how
humans have restructured the biosphere,” says Erle Ellis of the University of Maryland, Baltimore
County, who created the map with Navin Ramankutty of McGill University in Montreal, Canada,
Existing biome maps have only rudimentary classifications for human-altered areas, Ellis says. This
one, presented last week at the meeting of the American Geophysical Union in San Francisco,
California, shows 21 categories, including urban (red) and barren (gray), with subdivisions covering
various types of villages, croplands, rangelands, forests, and wild lands. The blues in this mapof China
and Taiwan stand for rice-growing villages and irrigated villages. “1 think this [work] is going to have
far-reaching effects,” says global modeler Jonathan Foley of the University of Wisconsin, Madison.

"Mow we can belter describe the real biosphere

eral college students are twice as likely as conser-
vative ones to pursue Ph.D.s. The main reasons,
the authors conclude, are differences in values,

goals, and preferences. Liberals placed higher val-

ues on creativity, conservatives were more on
ented toward raising families and making money.

As a resull, conservatives gravitated more to “pro-

fessional” majors, But even within the same area,
such as social science, almost twice as many liber
als wanted advanced degrees. “Our findings
hold for the hard sciences as well,” says
Woessner, who presented a paper on
the results last month at
a meeting at the
American Enterprise
Institute in
Washington, D.C.
Jeremy Mayer of
George Mason
University's School of
Public Policy in
Fairfax, Virginia, says
many people pontificat-
ing on the subject have "no or
bad data, [but] the Woessner
paper is simply excellent.”
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... in our maps, models, and ecological field studies.”

Back to Africa

The scimitar-homed oryx, which ence roamed the
northern borders of the Sahara, has been extinct
in the wild for 25 years. But a team of zoo curators
and animal researchers has taken initial steps to
bring the species back, using animals raised in
captivity. The group has brought nine oryx and
13 addax, another rare desert
antelope, from U.5. and European
2005 1o Tumisia and released them
into two government wildlife preserves,
Saint Louis Zoo cura
tor William Houston, a
leader in the effort, says
the project highlights a
new push to coordinate
L.S. and European programs for captive
endangered species, giving managers a
larger pool of animals from which to
draw. "We wanl to make sure the ani
mals we give to the Tunisians repre-
sent the full range of genetic diversity
available in our populations,” he says.
Researchers hope to eventually release
the antelopes into the wild.

Saint Louis Zoo
addax going back
to its roots.
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Two Cultures

SAME FREQUENCY. A musical parody of the trials and tribulations of
working astronomers has become a hit on YouTube,

Taking a break last year from observation runs at the Mauna Kea
Observatory in Hawan, astronomer and flamenco guitarist Juan
Delgado (front, right) began playing “Hotel California™—the Eagles’
rock anthem from the 1970s. The moment inspired Kelly Fast (front,
left) and her colleagues from NASA’S Goddard Space Flight Center in
Greenbelt, Maryland, to describe in verse what its hike working at a
high-altitude observatory, testing an instrument designed to study the
atmospheres of Mars and Venus, “The baseline is drifting / The spec-
trum looks weird / Are those emission lines? / What's this dip over
here?” Fast croons in the video as her frustrated colleagues point at
spectrographic data.

“Hotel Mauna Kea™ has been viewed more than 10,000 tmes on
YouTube since its posting on 20 Movember. It captures in a humor-
ous way the wrials and tribulations of observing, especially when one
has built an mstrument and 15 struggling to get data,” says Alan
Tokunaga, an astronomer at the University of Hawaii, Honolulu. Fast
says her group has some more songs up its sleeve, so stay tuned.

MOVERS IN BRIEF Cosmologist Gearge Smoot has donated a
CHANGE AT CERN. German particle physicist Maria Freire has been named head of the portion of money from his share of the 2006
Rolf-Dieter Heuer has been named the next New York—=based Lasker Foundation, which physics Nobel Prize to help establish a new
director general of the CERN particle physics lab | gives out prizes for clinical and basic life center for cosmology research at the
near Geneva in Switzerland. Heuer will begin his | sciences research every year. Freire was University of California, Berkeley. In addition
S-year term in January 2009, half a year after most recently chief executive officer of the to the $500,000 endowment from Smoot,
the lab's $3.2 billion Large Hadron Collider Global Alliance for T8 Drug Development and | the Berkeley Center for Cosmological
(LHC) is scheduled to be up and running. previgusly served as head of the Office of Physics (beep.Ibl.gov) has received more than
Heuer worked at CERN from 1984 to 1998 | Technology Transfer at the Mational Institutes | $7.5 million in gifts, including a pertion of the
and was spokesperson for the OPAL experiment, | of Health in Rockville, Maryland. She succeeds | award Berkeley physicist Saul Perlmutter
representing more than 300 physicists. Since Meen Hunt, who has led the foundation received this year as a winner of the Gruber
2004, he has been research director for particle | since 1995, Cosmology Prize.

and astroparticle physics at DESY, Germany's
particle physics lab near Hamburg, preparing its On C ampu S >

physicists to work with the LHC and, eventually,

the proposed International Linear Collider (1LO). PERSUADED. Particle physicist Persis Drell has been named

z Heuer is known to be a keen supporter of director of the 45-year-old Stanford Linear Accelerator

= the ILC. But under Robert Aymar, CERN has Center (SLAC) in Menlo Park, California. Acting director since

€ backed a rival linear collider technology of its September after the departure of Jonathan Dorfan, Drell,

¢ own. Heuer says the worldwide community 51, was leading a search committee when Stanford President

g should pursue both avenues, because in the John Hennessy and Provost John Etchemendy convinced her

S long run CERN's technigue can reach higher that she was the best person for the job. “They prevailed on

E energies. "It's a mistake to back just one me,” says Drell, who plans to revamp the lab’s management

& horse. We need different horses,” Heuer says. to better match SLAC's newly diversified mission.

& "Clearly, from the perspective of the ILC, the The daughter of SLAC professor emeritus Sidney Drell,

g appointment of the Persis Drell came to the Department of Energy lab in

% new [director gen- 2002 and has helped broaden its research beyond parti-

g eral] is a very, very cle physics. Experimenters will stop smashing particles in

) positive thing,” says September, and in 2009 will begin using an x-ray laser

= Barry Barish, leader for studies in materials science and biology. The lab is

é of the ILC's Global also pursuing astrophysics. “When we had a single mis-

2 Design Effort. Heuer sion, ... we had one hill to climb and one flag to cap-

e calls the position ture,” Drell says. “It's not so simple anymore.”

E “probably the best Drell is a natural leader, says William Madia, executive vice president for laboratory oper-
7 job in physics ations at Battelle in Columbus, Ohio. "As lab director, you have to love all your children,” he
8 research today.” says, "and Persis understands all the parts of SLAC.”

www.sciencemag.org SCIENCE WVOL 318 21 DECEMBER 2007 1841
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BREAKTHROUGH OF THE YEAR

Human Genet

\Variation

Equipped with faster, cheaper technologies for sequencing
DNA and assessing variation in genomes on scales ranging
from one to millions of bases, researchers are finding out
how truly different we are from one another

THE UNVEILING OF THE HUMAN GENOME ALMOST 7 YEARS AGO
cast the first faint light on our complete genetic makeup. Since then, each
new genome sequenced and each new individual studied has lluminated
our genomic landscape in ever more detail. In 2007, researchers came to
appreciate the extent to which our genomes differ from person o person
and the implications of this variation for deciphering the genetics of com-
plex diseases and personal trais,

Less than a vear ago. the big news was triangulating variation
between us and our primate cousins to get a better handle on genetic
changes along the evolutionary tree that led to humans. Now, we have
moved from asking what in our DNA makes us human to striving to
know what inmy DNA makes me me.

Techniques that scan for hun-
dreds of thousands of genetic dif-
ferences at once are linking par-
ticular variations to particular
traits and diseases in ways not
possible before. Efforts to catalog
and assess the effects of inser-

BREAKTHROUGH
ONLINE

For an expanded version of this
section, with references and links,
see www.sciencemag.org/sciext/

btoy2007 : ; :
tons and deletions in our DNA

are showing that these changes are more common than expected and
play important roles in how our genomes work—or don’t work, By
looking at variations in genes for hair and skin color and in the
“speech”™ gene, we have also gained a better sense of how we are sim-
ilar to and different from Neandertals.

Already, the genomes of several individuals have been sequenced,
and rapid improvements 1n sequencing technologies are making the
sequencing of “me™ a real possibility, The potential o discover what
contributes to red hair, freckles. pudginess, or a love of chocolate
let alone quantifying one’s genetic risk for cancer, asthma, or dia-
betes—is both exhilarating and terrifying. It comes not only with
great promise for improving health through personalized medicine
and understanding our individuality but also with nisks for discrimi-
nation and loss of privacy (see sidebar, p. 1843).

Turning on the flood lamps

Even with most of the 3 billion DNA bases lined up in the right
order. there was still much that researchers couldn’t see in the newly
sequenced human genome in 2001, Early comparative studies
threw conserved regulatory regions, RNA genes, and other features
into relief, bringing meaning to much of our genome, including the
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Delation Copy number variation
What makes us unigque. Changes in ( @ C )
the number and order of genes (A-D) -~
add variety to the human genome. Reference

95% that lies outside protein-coding regions, These and other stud-
ies, including a pilot study called ENCODE, completed this vear,
drove home how complex the genome is,

There are an estimated 15 million places along our genomes where
one base can differ from one person or population to the next. By mid-
2007, more than 3 million such locations, known as smgle-nucleotide
polymorphisms (SNPs), had been charted. Called the HapMap, this cat-
alog has made the use of SNPs to track down genes involved in complex
diseases—so-called genome-wide association studies—a reality. More
than a dozen such studies were published this vear.

Traditionally, geneticists have hunted down genes by tracking the
mheritance of a genetic disease through large families or by searching for
suspected problematic genes among patients. Genome-wide association
studies go much further. They compare the distribution of SNPs—using
arrays that can examine some 500,000 SNPs at a time—in hundreds or
even thousands of people with and without a particular disease. By wlly-
ing which SNPs co-occur with symptoms. researchers can determine
how much increased risk is associated with each SNP,

In the past. such links have been hard-won, and most have vanished
on further study. This year, however. researchers linked vanants of more
than 50 genes to increased risk for a dozen diseases. Almost all the var-
ants exert relatively small effects, in concent with many other genetic
factors and environmental conditions. and in many cases the variant’s

sal role has not vet been pinned down. But the sheer numbers of people
studied have made even skeptics hopeful that some of these genetic nisk
factors will prove real and will help reveal underlying causes.

The Wellcome Trust. the UK.s largest biomedical charity, began to
put its weizht behind genome-wide association studies in 2005 and
recruited 200 researchers w analyze the DNA of 17,000 people from

WWW.SCIENCemag.org
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across the United Kingdom. The results are part of an avalanche of

genetic information becoming available as more and more geneticists
agree to share data and as funding agencies require such exchanges. In
June, the consortium published a mammoth analysis of seven diseases,
including rheumatoid arthritis, bipolar disorder. and coronary artery dis-
ease. It also found several gene variants that predispose individuals to
type | diabetes and three new genes for Crohn’s disease.

Several large studies have also pinpointed type 2 diabetes genes. One
French study involving nonobese diabetics found that a version of a
gene for a protein that ransports zine in the pancreas increased the risk
of this disease. Three simultaneous reports involving more than 32,000
participants uncovered four new diabetes-associated gene variants,
bringing to 10 the number of known non-Mendelian genetic risk factors
fior tvpe 2 diabetes. These finds strongly point to pancreatic beta cells as
the source of this increasingly common chronic disorder,

New gene associations now exist for heart disease, breast cancer,
restless leg syndrome, atrial fibrillation, glaucoma, amyotrophic lateral
sclerosis, multiple sclerosis, rheumatoid arthrius, colorectal cancer,
ankylosing spondylitis, and autoimmune diseases. One study even

AIDS, demonstrating the potential of this approach for understanding
why people vary in their susceptibility to infectious diseases.

Genomic hiccups

Genomes can ditfer inmany other ways, Bits of DNA rangzing froma few
to many thousands, even millions. of bases can get lost, added. or tumed
around in an individual s genome. Such revisions can change the number
of copies of a gene or piece of regulatory DNA or jam two genes together,
changing the genes’ products or shutting them down. This year marked a
tipping point, as researchers became aware that these changes, which can
altera genome in just a few generations, affect more bases than SNPs.

Inone study. geneticists discovered 3600 so-called copy number vari-
ants among 95 individuals studied. Quite a few overlapped genes, includ-
ing some implicated in our individuality—blood type, smell. hearing,
taste, and metabolism. for example. Individual genomes differed in size
by as many as 9 million bases. This fall, another group performed an
extensive analysis using a technique, called paired-end mapping. that can
quickly uncover even smaller structural variations,

These differences matter. One survey concluded that in some pop-
ulations almost 200 of differences in gene activity are due to copy-
number variants: SNPs account for the rest. People with high-starch
diets—such as in Japan—have extra copies of a gene for a starch-
digesting protein compared with members of hunting-gatherning soci-
eties. By scanning the genomes of autistic and healthy children and
their parents for copy-number vaniation, other geneticists have found
that newly appeared DNA alterations pose a risk for autism,

Mew technologies that are slashing the costs of sequencing and
genome analyses will make possible the simultaneous genome-wide
search for SNPs and other DNA alterations i individuals. Already, the
unexpected vanation within one individuals published genome has
revealed that we have vet to fully comprehend the degree to which our
DNA differs from one person to the next. Such structural and genetic
variety is truly the spice of our individuality. —ELIZABETH PENNISI

SOURCE: RICHA SAXEMNA AND DAVID ALTSHULER, BROAD INSTITUTE OF HARVARD AND MITE COURTESY OF 2ZANDME
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identified two genes in which particular variants can slow the onset of
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|
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17
At risk. Genomewide association studies are
adding to known stretches of DNA connected
with type 2 diabetes (colored bars)

It's All About Me

Along with the flood of discoveries in human genetics, 2007 saw the birth
of a new industry: personal genomics. Depending on your budget, you can
either buy a rough scan of your genome or have the whole thing
sequenced. The companies say the information will help customers learn
about themselves and improve their health. But researchers worry that
these services open up a Pandora‘s box of ethical issues.

At $300,000 to 51 million per genome, sequencing all 3 billion base
pairs is still too costly for all but a few. Although dozens more personal
genomes will probably be sequenced in the coming year, most will be
done by public and private research organizations—including the insti-
tute run by genome maverick ). Craig Venter, whose personal genome was
one of three completed in 2007 in the United States and China. In a lower-
budget effort, Harvard's George Church this month will deliver initial DNA
sequences for the protein-coding sections (1% of the genome) to the first
10 volunteers for his Personal Genome Project. Meanwhile, a new com-
pany called Knome is offering full-genome sequencing to 20 customers
willing to pay $350,000.

A glimpse of one's genome is already within the reach of ordinary peo-
ple, thanks to several companies. They include 2 3andMe, which has
financing from Google and may let users link to others with shared traits;
MNavigenics, which will screen for about 20 medical conditions; and
deCODE Genetics in lceland, a pioneer in disease gene hunting. For
51000 to 52500, these companies will have consumers send in a saliva
sample or cheek swab, then use "SNP chips” to scan their DNA for as many
as 1 million markers. The companies will then match the results with the
latest publications on traits, common diseases, and ancestry.

Although many customers may view this exercise as a way to learn
fun facts about themselves—recreational genomics, some call it—
bioethicists are wary. Most
common disease markers iden-
tified so far raise risks only
slightly, but they could cause
needless worry. At the same
time, some people may be ter-
rified to learn they have a rela-
tively high risk for an incurable
disease such as Alzheimer’s.

The rush toward personal
genome sequences also sharp-
ens long-held worries about
discrimination. A bill to prevent
insurers and employers from
misusing genetic data is stalled
in Congress. Complicating matters, your genetic information exposes your
relatives’ DNA, too.

The most profound implications of having one’s genome analyzed
may not be what it reveals now—uwhich isn't much—but what it may show
later on. Perhaps to sidestep such guestions, some companies will limit
which markers to disclose. Others, however, will hand customers their
entire genetic identity, along with all the secrets it may hold.

—-]JOCELYN KAISER

Pandora’s box? This cheek-swab kit
could reveal your intimate secrets.

www.sciencemag.org SCIENCE VOL 318 21 DECEMBER 2007

n—# _
)
- ®
= ---_‘_\_\_‘_‘— -

1843



1844

Breakthrough of the Year

The Runners-U

REPROGRAMMING CELLS. Theriddie of Dolly

the Sheep has puzzled biologists for more than a decade:

What is it about the oocyie that rejuvenates the nucleus of a
differenuiated cell, prompting the genome o return to the embryonic state
and form a new individual? This
year, scientists came closer w solv-
ing that nddle. Ina series of papers.
researchers showed that by adding
just a handful of genes to skin cells,
they could reprogram those cells o
look and act like embryonic stem
(ES) cells. ES cells are famous for
their potential to become any kind
of cell in the body. But because
researchers derive them from early
embryos, they are also infamous for
the political and ethical debates that
they have sparked.

The new work is both a scien-
tific and a political breakthrough,
shedding light on the molecular basis of reprogramming and perhaps,
promising a way out of the political storm that has surrounded the
stem cell field.

The work grows out of a breakthrough a decade ago, In 1997,
Dolly. the first mammal cloned from an adult cell, demonstrated that
unknown factors in the oocyte can turn back the developmental
clock in a differenuated cell, allowing the genome o go back to its
embrvonic state,

Various experiments have shown how readily this talent is
evoked. A few vears ago, researchers discovered that fusing ES cells
with differentiated cells could also reprogram the nucleus. produc-
ing ES-like cells but with twice the normal number of chromosomaes.

World-weary? Hardly. Four
spacecraft returned tomrents of
data from around the solar sys-
tem. The Venus Express orbiter
probed the vicious
atmosphere of
Earth’s near-twin.
On its way to Pluto,
New Horizons
snapped pictures of
Jupiter. The Mars Recon-
naissance Orbiter revealed

Yl e
oty

PROVED

"I AAAS

HOW'D WE DO?

Rating the predictions
we made last year in
"Areas to Watch"”

unforeseen hazards for future lan-

ders. And Europe’s Earth-orbiting
COROT discovered its first planet
orbiting another star, showing
that COROT can detect exoplanets
as small as Earth.
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Recently, they also showed that a fertilized mouse egg. or zygote,

with its nucleus removed could also reprogram a somatic cell.
Meanwhile, the identity of the reprogramming factors continued to

puzzle and wnialize biologists. In 2006, Japanese rescarchers announced

the answer. By adding just four
genes to mouse tail cells, they pro-
duced what they call induced
pluripotent stem (iPS) cells: cells
that looked and acted like ES cells.

This vear, in two announcements
that electrified the stem cell field,
scientists closed the deal. Ina series
of papers in June, the same Japanese
aroup, along with two American

AT i croups, showed that the iPS cells
aet like en made from mouse skin could. like
stem cells. ES cells, contribute to chimeric
embryos and produce all the body's
cells. including eggs and sperm. The
work convinced most observers that 1PS cells were indeed equivalent to
ES cells, at least in mice.

Then in November came a tnumph no one had expected this soon: Not
one, but two teams repeated the feat in human cells, The Japanese team
showed that their mouse recipe could work in human cells, and an Amer-
ican team found that a slightly different recipe would do the job as well,

The advance seems set to transtorm both the science and the poli-
tics of stem cell research. Scientists say the work demonstrates that the
riddle of Dolly may be simpler than thev had dared to hope: Just four
oenes can make all the difference. Now they can get down to the busi-
ness of understanding how to guide the development of these high-
potential cells in the laboratory. In December, scientists reported that

New program.
With the:addition
of four ge
human s 5

that they were close to at least part of

Skulls and /
bones. In 2007,

paleoanthro-

pologists

unveiled the long-awaited post-
cranial bones of a 1.7-million-
year-old Homo erectus from
Dmanisi, Georgia, bits of a puta-
tive gorilla ancestor, and new
early Homo specimens from
Africa. But the world still waits for
publication of the skeleton of the
enigmatic Ardipithecus ramidus, a
4.4-million-year-old Ethiopian
hominid that may shed light on
the murky roots of the human
family tree.

WWW.SCIENCemag.org

Loads of new J
primate genes.

The published -
genome sequence

of the rhesus macague did help
clarify genetic changes that led to
humans, but the analyses of the
genomes of the gorilla, orangutan,
marmaoset, gibbon, galago, tree
shrew, and mouse lemur have yet
to appear. Eventually, though,

these sequence maps will bring a
host of evolutionary insights.

A climate of change? High-
profile reports, an agenda-setting
meeting in Bali, Indonesia, and a
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Debris trail. High-energy

they had already used mouse 1PS cells to successfully treat a mouse
maodel of sickle cell anemia. The next big challenge will be finding a
way to reprogram human cells without using possible cancer-causing
viruses o insert the genes,

Politicians and ethicists on both sides of the debate about embryo
research are Jubilant. Supporters hope the new technique will enable
them to conduct research without political restrictions, and opponents
hope it will eventually render embryvo research unnecessary. Indeed, sev-
eral scientists said the new work prompted them to abandon their plans
tor further research on human cloning.

Officials at the National Institutes of Health said there was no reason
work with 1PS cells would not be eligible for tederal funding, enabling
scientists in the United States to sidestep restrictions imposed by the
Bush Admumistration. And President George W, Bush himself greeted the
announcement by saying that he welcomed the scientific solution to the
ethical problem,.

But it’s much wo early to predict an end 1o the political comroversies
about stem cell research. Some researchers say they stll need to be able
to do research cloning to find out just what proteins the egg uses for its
reprogrammmng magic. And now that science has come a step closer o
the long-term goal of stem cell therapy. mouse models won't be adequate
for animal studies. Rather, researchers will need to test cell transplanta-
tion approaches with primates. a move that will inevitably stir up resist-
ance from animal-rghts activises.

-

/ a
Mobel Peace Prize
placed global cli-

mate squarely in the

tracking down
genes linked
to disease.

O

- public eye, but policy-
makers in the United
States, China, and India haven't
passed mandatory limits on green
house gas emissions that scientists
say are needed. (See "Global Warm-
ing, Hotter Than Ever,” p. 1844.)

Whole-genome association
studies. In work that made up
part of this year’s Breakthrough of
the Year (see p. 1842), more than
a dozen large-scale comparative
studies of human DNA showed the
technigue’s enormous promise for

Light crystals.

Physicists hope to explore high-
temperature superconductivity and
other bizarre properties of solids
by emulating them in optical lat-
tices, artificial “crystals” based on
corrugated patterns of laser light.
The year's hundreds of
papers on optical
lattices did not
include a super-
conductor stand-in,
but a grand entrance
can't be far off.
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TRACING [:USM": BULI.ETS What's smaller

than an atom but crashes into Earth with as much energy
as a golf ball hitting a farway™ Since the 19605, that rid-
dle has tantalized physicists studying the highest energy cosmic
rays, particles from space that strike the atmosphere with energies
100 million times higher than particle accelerators have reached.
This yvear, the Pierre Auger Observatory in Argentina supplied key
clues to determine where in space the interlopers come from.
Many physicists had assumed the extremely rare rays were
protons from distant galaxies. That notion took a hit in the
19905, when researchers with the Akeno Giant Air Shower
Array (AGASA) near Tokyo reported 11 rays with energies
above 100 exa—electron volts (EeV)—about 10 times more than
expected. The abundance was tantalizing. On their long trips,
protons ought to interact with radiation lingering from the big
bang in a way that saps their energy and leaves few with more
than 60 EeV. So the excess suggested that the rays might be born
in our galactic neighborhood, perhaps i the decays ot super-
massive particles forged in the big bang. But researchers with

the Hi-Res detector in Dugway, Utah, saw only two 100-EeV
rays, about as many as expected from far-off sources.
The Auger team set out to beat AGASA and Hi-Res at their

own games. When a cosmic ray strikes the atmosphere, 1t sets off

an avalanche of particles. AGASA used 111 detectors spread over
100 square kilometers to sample the particles and infer the ray’s
energy and direction: Auger comprises nearly 1500 detectors
spread over 3000 square kilometers, The avalanche also causes the
air o fluoresce. Hi-Res used two batteries of telescopes to see the
ight: Auger boasts four. In July, the Auger team reported its first
big resuli: no excess of rays above 00) EeV.

Auger still sees a couple of dozen rays above that level, how-
ever. Last month, the team reported that they seem to emanate
from active galactic nuclel (AGNs): enormous black holes in the
middles of some galaxies. The AGNs lie within 250 million
light-yvears of Earth, close enough that cosmic radiation would
not have drained the particles’ energy en route. Auger
researchers haven't vet proved that AGNs are the sources of the
rays, and no one knows how an AGN might accelerate a proton
to such stupendous energies.

Expect the controversy to continue. Hi-Res researchers say
that they see no correlation with AGNs. With Japanese colleagues,
they are completing the 740-square-kilometer Telescope Array in
Millard County, Utah, which has 512 detectors and three ele-
scope batteries. But with a much bigger array, the Auger team will

! surely be first to test its own claims.
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Breakthrough of the Year
RECEPTOR VISIONS. just when some crystallogra-

phers were fretting that the task was impossible, researchers
nabbed a close-up of adrenaline’s target, the B,-adrenergic
receptor. [ts structure has long been on the to-do list, but the
feat also got pulses racing because of the molecule’s family connec-
tions. The receptor is one of roughly 1000 membrane-spanning mole-
cules called G protein—coupled receptors (GPCRs). By detecting light,
odors, and tastes, the receptors clue us in to our surroundings, GPCRs
also help manage our internal conditions by relaying messages from
hormones. the neurotransmitter serotonin,
and myriad other molecules, From
antihistamines to beta blockers, the
pharmacopoeia brims with medi-
cines aimed at GPCRs—all of which
researchers discovered without the
benefit of high-resolution structures.
A clear picture of, say, a receptor’s
binding site might spur development
of more potent. safer drugs. Bui
scientists had cracked only one
“easy” GPCR structure, for the
visual pigment rhodopsin,

Getting a look at the B,-adrenergic
receptor took the leaders of two overlapping crystallographic teams
almost 2 decades. The effort paid off this fall with four papers published
in the journals Science, Natwre, and Natwe Methods, The lab ingenuity
that other experts call a technical tour de force shows i the way the teams
restrained the molecule’s flexible third loop. They either replaced it with
the stolid enzyme lysozyme or tacked it down with an antibody.

But this snapshot of the receptor is just the beginning. Before
researchers can design compounds to jam the molecule. they need to pic-
ture 1t in its different “on™ states. And the other GPCRs swaiting analysis
mean that for crystallographers, its two down and 1000 1o go,

BEYOND SILICON? Sixty years ago, semicondue-

tors were a scientific curiosity. Then researchers tried putting

one type of semiconductor up against another, and suddenly
we had diodes, transistors, microprocessors., and the whole electronic
age. Startling results this vear may herald a similar burst of discoveries at
the mterfaces of a different class of matenals: transition metal oxwles.

Transition metal oxides first made headlines in 1986 with the Nobel
Prize—winning discovery of high-temperature superconductors, Since
then, solid-state physicists keep finding unexpected properties in these
materials—including colossal magnetoresistance. in which small
changes in applied magnetic fields cause huge changes in electrical
resistance. But the fun should really start when one oxide rubs shoulders
with another.

Ifdifferent oxide crystals are grown in layers with sharp interfaces,
the effect of one crystal strue-
ture on another can shift the
positions of atoms at the inter-
face. alter the population of
electrons, and even change how

Gotcha! Researchers have worked
out the architecture of the adrena-
line receptor.

Tunable sandwich. In lanthanum
aluminate sandwiched between
layers of strontium titanate, a thick
middle layer (right) produces
conduction at the lower interface;
a thin one does not.
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GLOBAL
WARMING,
HOTTER THAN
EVER

Climate change, a perennial
runner-up for Breakthrough of the
Year, broke from the pack this
year—both in the pages of this
section and in the public arena.

In 2007, the debate about the
reality of global warming ended, at
least in the political and public
realms in the United States. After &
years of silence, the United
Nations’ Intergovernmental Panel
on Climate Change (IPCC) drew
heavy and wholly positive media
coverage for a series of wide-rang-
ing reports. The world is warming,
IPCC declared; human activity is
behind most of it, and if it keeps up
we'll pay a price. But the panel also
said that much of the climate pain
might be avoided if the world
agrees Lo begin sharing the eco-
nomic pain, Impressed with that
performance, the Nobel committee
anointed IPCC, as well as climate
campaigner Al Gore, with its Peace
Prize.

Other reminders also drove
home the gravity of the climate
change situation. Scientists now
worry that the record melt-back of
sea ice during the summer might
indicate that feedbacks are ampli-

fying the effects of global warm-
ing. A steady stream of media
reports this year noted record melt-
ing of Greenland ice, record-high
temperatures in the United States,
and surging Antarctic glaciers. And
the energy crisis deepened as oil
prices increased to $100 a barrel,
boosting anxieties about the future
of fossil fuels,

Politicians weren't idle,
although W.5. climate policymak-
ers still have little to show for their
concern. Since gaining control of
Congress in January, Democrats
have transformed the debate from
"if to when for mandatory limits on
U.5. emissions, " says Paul Bledsoe
of the National Commission on
Energy Policy in Washington, D.C.
But hundreds of hearings and
reams of legislative proposals have
not translated into legislation.

The status of the most promi-
nent Senate proposal, offered by
senators Joseph Lieberman (1-CT}
and JohnWarner (R-VA}, illustrates
the pitfalls that lie ahead for
Democralts. Introduced in October
after months of negotiations with
corporate lobbyists and environ-
mental groups, the bill would cut
L5, emissions by roughly 15% of
2005 levels by 2020 with innova-
tive proposals for emissions credits
to spur new technologies. But the
debate at a 5 December markup
exposed some of the hurdles that
the legislation will face in what
experts expect will be a multiyear

electrons’ charges are distnbuted around an atom. Teams have grown
together two insulating oxides o produce an interface that conducts
like a metal or, in another example, a superconductor. Other combina-
tions have shown magnetic properties more familiar in metals, as well
as the quantum Hall effect. in which conductance becomes quantized
into discrete values in a magnetic field. Researchers are optimistic that
they may be able to make combinations of oxides that outperform
semiconductor structures.

With almost limitless variation in these complex oxides, properties
not yet dreamed of may be found where they meet.

ELECTRONS TAKE A NEW SPIN. chalk one

up for the theorists. Theoretical physicists in California
recently predicted that semiconductor sandwiches with thin
layvers of mercury telluride (HgTe) in the middle should exhibit an
unusual behavior of their electrons called the quantum spin Hall effect
(QSHE). This year, they teamed up with experimental physicists in

Germany and found just what they were looking for.
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slog. Democrats from Midwestern
and coal states, for example,
helped kill a proposed measure that

would have given the Environmen
tal Protection Agency the ability to . | _

tighten the caps if scientists deter- —

mined that warming was going to —

be more than 2°C above the prein- e e
L Y e £

dustrial average. Meanwhile, the B Fod | %
House is even further behind on 1

TR e ]
emissions limits, As Science went o | r L Ii: 1"__ 'w,'lf

press, Congress was poised to pass ' f :

a landmark automobile fuel law T e by : i'fr,l'l "f-:lf ‘-ﬂl% i"}' .
that, if it survives a threatened LWJ\L ' F"'{H. 1 ! S
White House veto, will require 35 = & P '
miles per gallon (14.9 kilometers N
per liter, or 6.7 liters per 100 kilo- ]
meters) efficiency by 2020.
Elsewhere, there have been
mixed signs of progress, At press
time, in Bali, Indonesia, negotia
tors from Europe and the develop-
ing world were striving to per-
suade the United States to con-
sider binding cuts for the 2012
follow-on to the Kyoto treaty.
China has warmed slightly to car-
bon limits—if the deadline is far
enough away. Meanwhile, growing
numbers of prominent climate
experts are calling for research
into gecengineering, the deliber-
ate tinkering with Earth’s climate
to reverse warming. Given the slow
political progress, says atmos-
pheric scientist David Battisti of e T eSSt
the University of Washington, 4 decades—one of
Seattle, “we might need a plan B.” many possible early
=ELI KINTISCH AND casualties of world-
RICHARD A. KERR wide climate change.

I Vi

Dwindling. Dal Lake "
in Kashmir, India,
has shrunk to half

The effect 1s the latest in a series of oddball ways electrons | The finding tnggered hopes of new families of computer chip devices,
behave when placed in external electric and magnetic fields. In 1980, | But because the effect required high magnetic fields and low tempera-
researchers in Germany and the UK., discovered one of these anomalies, | tures, such devices remained pipe dreams.
called the quantum Hall effect. When they changed the strength of Luckily for physicists, electrons harbor not only
a magnetic field applied perpendicular to charges moving electne charge but also another property known as
through thin lavers of metals or semiconductors, : spin. In recent vears, theorsts have predicted that
they found that the conductance changed in i ’ materials with the right electronic structure
a stepwise, or quantized. manner. should interact with electric fields to result in
One upshot was that charges 4 the QSHE—and a spin=driven version of near-
flowed in tiny channels . lossless conduction. Such materials would also
along the edges of the ! ' do away with the need for high magnetic fields
materials with essen- ' s and perhaps even for low temperatures. This vear.
tially no energy loss. A one of them—the HeTe sandwich—showed tell-

tale (although not ronclad) signs of the effect at
Channeled. Electrons . temperatures below 10 kelvin, I researchers can do
with spins oriented in | the same trick at room temperature, the discovery could
opposite directions flow open the door o new low-power “spintronic™ computing
along different paths. devices that manipulate electrons by both charge and spin.
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Breakthrough of the Year
D“"DE T{'.l CUNQUEH Fresh evidence illuminat-

ing how immune cells specialize for immediate or long-term

protection had researchers a little fevensh this vear. When a
pathogen attacks, some CDE T cells become short-lived soldiers, while
others morph into memory cells that lotter for decades in case the same
interloper tries again. The new work demonstrates how one cell can
spawn both cell types.

A T cell remains passive until it meets a dendritic cell carrying spe-
cific pathogen molecules. The liason between the two lasts for hours, As
the cells dally, receptors and other molecules congregate at each end of the
Teell. A US.~based team tested the proposal that if the T cell then divided,
its progeny would inherit different molecules
that might steer them onto distinet paths, Such
asvmmetric divisions are a common method for
cell diversification during development,

In March. the team reported experiments
showing that different specializntion-controlling
proteins amassed at each pole of a T cell during
its dance with a dendritic cell, When the
researchers nabbed newly divided T cells. they
found that progeny that had been adjacent 1o the
dendntic cell carned receptors typical of sol-
diers, whereas their counterparts showed the
maolecular signature of memory cells,

Unequal divisions could also help generate

Separate and
unequal. Asa T cell
divides, the upper
and lower cells sport
distinct molecules.

diversity among CD4 T cells, immune regulators that differentiate into
three types. Practical applications of the discovery will have to wait until
researchers know more about memory-cell specialization, buteventually
they might be able to tweak the process to give vaccines more kick.

DUING MﬂHE WITH LESS Society may finally
be embracing energy efficiency and wasie reduction, but
these attributes have always been prized among synthetic
chemists. Extra plaudits and stature go to chemists who carry out

Gray matter no more.
Colorful labeling methods
should help researchers
map-out neural circwits,
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desired reactions in the simplest and most ele-
gant ways, One reason: Fewer synthetic steps
almost always saves cash, And although such
economizing is a perennial goal, this year an
impressive array of synthetic successes showed
that chemists are gaining a new level of control
over the molecules they make and how they
make them.

Achieving this control has not been easy,
Many desired molecules, such as pharmaceu-
tical and electronic compounds, consist of a backbone of carbon
atoms with hydrogen atoms or other more complex functional
croups dangling off the sides. When chemists convert a starting
compound into one they really want, they typically aim to modify
Just one of those appendages but not the others. They normally do so
either by adorning the starting material with chemical “activators™
that prompt the molecule to react only at the tagged site or by slap-
ping “protecting” groups on the sites they want left untouched.

This vear, researchers around the globe made major strides in
doing away with these accessories. One group in Israel used a ruthe-
nium=-based catalyst to convert starting compounds called amines
and alcohols directly into another class of widely usetul compounds
called amides. A related approach enabled researchers in Canada o
link pairs of nng-shaped compounds together. Another minimized
the use of protecting groups o make large druglike organic com-
pounds. Yet another did much the same in mimicking the way
microbes synthesize large ladder-shaped toxins. And those are just a
few examples. For chemists, it was an efficient vear.

BACK TO THE FUTURE. 11 Greek mythology,

the goddess of memory, Mnemosyne. gave birth to the
Muses, spirits who inspire imagination. Some modern
scientists have seen the Kinship as both hiteral and practical.
Remembering the past. they propose. helps us picture—and pre-

success if the LHC produces even a
little data next year.

AREAS TO
WATCH

A smashing start? Next sum-

Micromanagers. Research on
small RNA molecules that control

mer, physicists will start up the
Large Hadron Collider (LHC) at the
European particle physics lab,
CERN, outside Geneva, Switzer-
land. Researchers hope this high-
est-energy collider will reveal
plenty of new particles and puz
zles, but the immediate question
is how fast will it come on? The
ultracomplex machine runs at a
frigid 1.9 kelvin, and if for some
reason FE‘SE‘HFE'IEH ha'-'E bo warm
part of it up, it will take months to
cool it again. 5till, CERN has a
record of bringing new machines
on line smoothly. Call it a major

gene expression continues at a
rapid clip, and microRNAs are surg-
ing to the front of the pack. Roughly
800 papers on the tiny molecules
were published in 2007, tying them
to a slew of cancers, heart ailments,
a healthy immune system, stem cell
differentiation, and more. But it's
still early days. In 2008, researchers
will start using microRNAs to unveil
disease mechanisms and will make
inroads into solving fundamental
puzzles about how they function.

Cell to order. IU's hard Lo separate
the hype from the hard science, but
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Samething to Muse on.
= | the brain 3 i Greek
: ﬁ \mythology, memogy and
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pare for—ithe future. The notion got a boost this yvear from sev-
eral studies hinting at common neural mechanisms for memory
and imagination.

In January, researchers in the United Kingdom reported that five
people with amnesia caused by damage to the hippocampus. a cru-
cial memory center in the brain, were less adept than healthy volun-
teers at envisioning hypothetical situations such as a day at the
beach or a shopping trip. Whereas healthy subjects described such
imagined events vividly, the amnesic patients could muster only a
few loosely connected details, suggesting that their hippocampal
damage had impaired imagination as well as memory.

In April, a brain-imaging study with healthy voung volunteers
found that recalling past life experiences and imagining future
experiences activated a similar network of brain regions, includ-
ing the hippocampus. Even studies with rats suggested that the
hippocampus may have a role in envisioning the future: One team
reported in November that when a rat faces a fork in a familiar
maze, neurons in the hippocampus that encode specific locations
fire in sequence as if the rat were weighing its options by mentally
running down one path and then the other.

On the basis of such findings, some researchers propose that
the brain’s memory systems may splice together remembered
fragments of past events to construct possible futures. The idea is
far from proven. but if future experiments bear it out, memory

SPECIALSECTION
G.AME OVER. Computer scientists finally

took some of the fun out of the game of checkers.
After I8 years of trying, a Canadian team proved that
if neither plaver makes a mistake, a game of checkers will inevitably
end in a draw. The prool makes checkers—also known as draughts—
the most complicated game ever “solved.” It marks another victory for
machines over humans: A mistake-prone person will surely lose wo the
team’s computer program,

Proving that flawless checkers will end in a stalemate was hardly
child’s play. In the United States, the game is played on an eight-by-
eight grid of red and black squares. The 12 red and 12 black checkers
slide diagonally from black square to black square, and one plaver can
capture the other’s checker by hopping over it into an empty space just
beyvond. All told, there are about
500 ballion billion arrangements of
the pieces, enough to overwhelm
even today s best computers.

So the researchers compiled a
database of the mere 39,000 billion
arrangements of 10 or fewer pieces
and determined which ones led to a
win for red, a win for black, or a
draw. They then considered a spe-
cific opening move and used a
search algorithm to show that play-
ers with perfect foresight would
invariably guide the game to a con-
figuration that vields a draw.

Reported in July, the advance exemplifies an emerging trend in arti-
ficial intelligence. Human thinking relies on a modest amount of mem-
ory and a larger capacity to process information, In contrast, the check-
ers program employs relatively less processing and a whole lotof mem-
ory—the 39.000-billion-configuration database. The algorithms the
team developed could find broad applications. others say. such as deci-

may indeed turn out o be the mother of imagination,

synthetic biologists say humanmade
microbes are in reach. By this time
next year, one group hopes to pul a
synthesized genome into DNA-less
bacteria; another is incrementally
replacing natural DNA with synthetic
DNA. The point is to make biofuels—
perhaps even microbe-derived gaso-
line—or pharmaceuticals.

Paleogenomics. Expect a very
rough draft of the Neandertal
genome by the end of 2008 and
more comparisons between the
genes of Neandertals and Homo
sapiens that will continue to flesh
out those fossil bones, filling out
many features of this extinct
human. Thanks to cheaper, faster
technologies, there will be more
genomes, from more extinct

species, rolling out of the sequenc-
ing pipelines.

Multiferroics. Relatives of
ceramic oxide superconductors,
the compounds called multiferroics
form a group in which single mate-
rials display multiple electronic,
magnetic, and structural behay-
iors. Physicists recently used elec-
tric fields to manipulate magnetic
domains in a multiferroic. Now,
they are racing to better control
this switching and shape the mate-
rials into novel computer chip
devices. Success could pave the
way for chips that combine the
logic functions normally handled
by semiconductors with the mem-
ory functions now carried out by
magnetic materials.

phering the information encoded in DNA.

Megamicrobes. Featured in
both the U.5. National Institutes
of Health and the European Union
plans for 2008, the human micro-
biome will go under the micro-
scope this year in many labs
around the world. Expect the
genomes of 200 of the bacteria
that call humans home to be
sequenced, as well as the first
steps toward extensive surveys of
qult, skin, mouth, and reproduc-
tive-tract microbial communities,
Meanwhile, researchers are map-
ping the distribution of microbes
in other environments, including
icebergs and hot ash.

New light on neural circuits.
Exciting new methods are poised
to start revealing how circuits of

www.sciencemag.org SCIENCE VOL 318 21 DECEMBER 2007

neurons process information and
mediate behavior. Recently, neu-
roscientists mapped neural con-
nections in mice by genetically
tagging neurons with nearly
100 fluorescent hues. Others have
been using lasers to control the
electrical activity of individual
neurons in the brains of rodents,
thanks to light-sensitive ion
channels introduced by genetic
engineering. Meanwhile, a mag-
nelic resonance method called
diffusion tensor imaging is pro-
viding new detail about connec-
tions between regions of the
human brain. These technigues
should yield important insights
into how neural circuits work—
and how they break down in
brain disorders.

~THE NEWS STAFF
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CLIMATE CHANGE

How we tolerate
gutmicrobes

Grassroots Effort Pays Dividends
On Presidential Campaign Trail

PLAISTOW, NEW HAMPSHIRE—Activists in
snowman and polar bear costumes are frol-
icking at candidate wwn meetings, Editorials
on global warming are appearing in influen-
tial newspapers in New Hampshire and lTowa.
from
liberal Democratic senator Barack Obama o
tormer Arkansas governor Mike Huckabee, a
conservative Republican—have called for

Most major presidential candidates

caps on the emissions of greenhouse zases,
The run-up to the 2008 U.S. presidential
which kicks oft with the
lowa caucuses on 3 January and the New
Hampshire primary 5 davs later—has been a
coming-out party for climate change. “Ch-
mate change is bigger politically than it's ever
been,” says Navin Nayak of the League of
Conservation Voters in Washington, D.C.,

election CAmMpalgn

which tracks the issue,

There are plenty of reasons
why. A drumbeat of media stones
on climate is an obvious one, and
the recent Nobel Peace Prize to Al
Gore and the Intergovernmental
Panel on Climate Change for the
latest in a series of reports has cer-
tainly had a big impact. Less well-
known, but possibly just as piv-
otal in this Mew England state, isa
2-year campaign by a group of
seientists, civie leaders, and envi-
ronmental activists called the
Carbon Coalition.

Their rallying cry is a
204-word resolution on cli-
mate change that they ham-
mered out in late 2006 and
managzed to put before 82% of
New Hampshires 221 towns at a
round of public meetings held in
March across the state. A large
majority—| 64
resolution, which calls for a “national program
requiring [emissions] reductions,” new energy
research, and “local steps to save energy.”
Members of the coalition have used the docu-
ment to pressure candidates at hundreds of the
preprimary events, small and large, ina

221

of those towns adopted the
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A Warming Trend

NH*

Total towns

process that affords citizens repeated, face-to-
face access to the contenders.

“I"ve been thrilled to be a part of i, says
climate scientist Cameron Wake of the Uni-
versity of New Hampshire, Durham. a mem-
ber of the group’s goverming board. Wake
has delivered roughly 30 speeches around
the state on the topic and written a report on
the impacts of global warming on the state’s
$dO0-million-per-year winter tourism indus-
try. “But the volunteers at the Carbon Coali-
tion deserve the majority of the credit,” he
adds. And the coalition is happy to accept the
accolades. “Every time [a skeptical candi-
date] wrns around, there’s someone with a
Stop Global Warming sticker. [t makes them
think.” says the group’s co-chair, Ted Leach,
a former Republican state legislator,

| BE%
Took up
resalution

;1___________
74%
Passed
resolution

More than hot air. The University of New Hampshire's Berrien Moore speaks
at an October conference sponsored by groups that pushed successfully for a
climate change resolution passed by many towns across the state,

In lowa, there's been a smaller effort to
publicize the 1ssue by a coalinon of green
groups called the lowa Global Warming
Campaign. Its small staft works with volun-
teers to attend the dozens of candidate
events that occur each week. “The goal 15 to
get lowans to talk to candidates abour cli-

LICSFfires
Kessler as dean

mate change when they get here.” says Joe
Wilkinson of the lowa Wildlife Federation
in Des Moines.

Both the lowa and the New Hampshire
efforts lay heavy emphasis on how climate
change might impact local ecosystems and
businesses. 1 used to get questions on the
[legitimacy of the
talks he’s given around the state during the
past 3 vears, “Now it’s, “How will climate
change affect me?™™

S0 Wake and a handful of climate scien-
tists have worked hard to document both
near-term and long-range effects. In lowa,
the Mational Wildhife Federation has distnb-
uted a report called The Warerfowler 5 Guide
rer Clobal Warming that cives federal studies
of how warmer temperatures could alter
migration routes and disrupt avian ecosys-
tems. “Global warming already has ducks
flying in later and leaving earlier.” proclaims
a radio ad i lowa paid for by the founda-
tion’s political arm, National Wildlife
Action. “When the presidential candidates
come to town, make sure they spell out their
plan to combat global warming,”

In New Hampshire, Wake and
other scientists have focused on
possible etfects to the ski and tim-
ber industries. In recent vears, ski
areas have had to make more and
maore of their snow, and warming
threatens the winter landscape that
attracts tourists, says Janice
Crawtord, director of the Mount

Commerce, The bipartisan success
of the March coalition statement
led Senator John McCain (R-AZ),
a longtime advocate of carbon
caps. o remind New Hampshire
voters in a radio ad that he has “lis-
tened” to their concerns. And at an
October candidates” debate spon-
sored by the Carbon Coalition,
Huckabee announced support for a
mandatory cap-and-trade system,
calling greenhouse gas buildup
“our responsibility.”

Even candidates who have taken relaovely
aggressive approaches to slow climate change
have faced pressure on the stump. In October,
Friends of the Earth { FOE) Action ran adver-
tisements in lowa asking Senator Hillary Clin-
ton {D-NY) 1o remove “giveaways to global &

wWwWwLsCIen Cemadg.org

science,” says Wake of

Washington Valley Chamber of
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warming polluters™ from a climate bill before
a committee on which she sits (Science,
14 December. p. 1708). Clinton subsequently
offered an amendment that would have tough-
ened the bill, by auctioning more of the emis-
sion ceriificates instead of making them free to
industry. Adthough the amendments failed, “we
were pleased.” says a spokesperson for FOE

RESEARCH FUNDING

Animal-rights
extremism

Action, which has stopped running the ads.
Activists are also applving pressure to
those whose positions are considered fluid.
Once Huckabee emerged as a top-tier con-
tender, note activists, he stopped mentioning
mandatory caps when asked about climate or
energy. That possible “backiracking”™ wornes
the Reverend Richard Cizik of the influential

Parting words from
Britain's science adviser

MNational Association of Evangelicals in Wash-

ington, D.C., who has teamed with climate
researchers to combat warming (Science,
24 February 2006, p, 1082), I call and sav to
his campaign staff, *Look, don’t listen 1o his
conservatives who are critical of vour position;
they'll come around,” ™ says Cizik. “They just
=ELI KINTISCH

have to be educated.”

U.K. Cutbacks Rattle Physics, Astronomy

There’s little seasonal cheer for Brntish physi-
cists and astronomers this month. A change
to the funding arrangements for their disci-
plines has led to the axing of a number of key
projects and a likely cut of 253% in their
grants pot for the next 3 years. One unex-
pected casualty: the International Linear
Collider (ILC). now 1n its design phase.

The sad tidings were revealed last week
in the 2008-2011 budget “delivery plan™
released by the UK Science and Technol-
ogy Facilities Council (STFC), The council
was especially blunt about the ILC, conclud-
mg: “We do not see a practicable path
towards the realization of this facility as cur-
rently conceved on a reasonable tmescale.”
That sent shock waves through the physics
community, “It's terrible because a domino
effect might develop.” with other countries
pulling out, says Albrecht Wagner, director
of Germany’s DESY particle physics lab and
chair of the International Committee for
Future Accelerators.

The United Kingdom currently con-
tributes only 3% of the ILCs development
budget but plays a leading role. *The problem
is [losing] the intellectual contribution being
miade by the ULK..” says Barry Barish, head of
the ILCs Global Design Effort.

The roots of STFC™s woes lie in its ori-
@ins. It was formed earlier this year by meng-
ing two of the ULK.s seven research-funding
councils: Particle physics and astronomy
were folded mto the council responsible for
lab infrastructure. Physicists were reassured
that the new STFC would not be saddled with
the liabilites of the old facilities council, and
things looked good in the fall when the gov-
ernment’s Comprehensive Spending Review
showed a healthy overall increase for
research (Science, 19 October, p. 379),

But last month, STFC announced that
was withdrawing support for the Gemini
Observatory, an international facility with twin
S-meter telescopes in Hawait and Chale. The

=ason 1s now clear: STFC received one of the
smallest funding increases among the research
councils, rising from £573 million ($1.2 bil-
lion) i 200708 to £652 mullion m 2010-11,
an increase of 13.6% over 3 vears.

An STFC spokesperson says that increase
will pay in part for closing the Synchrotron
Radiation Source at the Daresbury Laboratory;
it will also fund an increase in the size of grants
to university scientists to cover the full eco-
nomic cost of their research. STFC was denied
extra funding for, among other items. expected
increases in the running costs of the newly
opened Diamond synchrotron and the second
target station of the ISIS spallation neutron
source, due to open in 2008,

This leaves STFC with an £80 million
hole in its budget. STFC has listed a string of
cuts to shrink that hole, meluding the ILC,
Ciemini, high-energy samma-ray astronomy,
and ground-based solar-terrestrial physics.
The council will also review funding for sev-

Poor outlook. LK. astronomers could lose access to Gemini (pictured) and other facilities.

.\L‘

eral other astronomy facthities and projects
and will likely limit use of Diamond and
ISIS. British astronomers were as angry as
their physics colleagues. “The government
needs to recognize that astrophysics, space
science, and solar system science make a
direct contribution to the UK. economy,”
says Michael Rowan-Robinson, president of
the Royal Astronomical Society.

Physicists are particularly concernad abount
the grant cuts because funding in recent years
has been increasingly directed to big, success-
tul physics departments, causing many smaller
university departments to close (Science.
4 February 2003, p. 668). “The STFC seems
landed in a siwaton where it could inflict seri-
ously damaging cuts on university phvsics
departments.” sayvs Martin Rees, Astronomer
Roval and president of the Roval Society.

Researchers have been thrown something
of a hiteline by the government’s announce-
ment last week of a review into the health of
kev scientific disciplines, starting with
physics. Meanwhile, STFC is continuing with
its planned cuts. ~DANIEL CLERY
With reporting by John Travis and Adrian Cho.

www.sciencemag.org SCIENCE VOL 318 21 DECEMBER 2007

1851



NEWS OF THE WEEK

1852

AIDS RESEARCH

Trials of NIH's AIDS Vaccine Get a Yellow Light

POTOMAC, MARYLAND—In late
September, the LS. National
Institutes of Health (NIH) in

World of difference. The proportion : j
HLlll'I.LMI:I.. Maryland, at the |.¢l.‘»[ of people without antibodies to AdS statistically significant { Science .
minute scotched a massive varies dramatically across proposed 16 November. p. 1048). But out of
S130 million trial of an AIDS Dom&m study sites S caution, the group last week argued
: . Jamaica _Re . , : by

vaccine made by its researchers. Haiti = . ..,.-; o exclude people with Ad3 anti-
The reason: Much to the dis- bodies from the VRC test.

may of the field. atestofa sim- Uga Orniginally, Scott Hammer of
ilar vaccine made by Merck & Columbia University planned to
Co. found that 1t may have lead a test of the VRC vaccine
actually mcreased some peo- in 2300 people in the Americas
ple’s risk of becoming infected South Af Im' nd and Africa. Now, as Magdalena

with HIV. Last week, NIH's

AIDS Vaccine Research Sub-

committee met here to discuss the future of
the NIH vaccine. Although no final decision
has been made. the consensus was to con-
tinue testing the vaccine to see whether it
works but in a redesigned study that reduces
the chance of doing harm. “Evervone seems
to think the products are different enough
to warrant further testing,” said Peggy
Johnston, who heads AIDS vaccine
research at NIH. “The issue becomes,
what’s the trial design going to be, and 1s

SCIEMTIFIC PUBLISHING

Population Without Antibodies to Ad5

that design feasible to carry omt?™”

The Merck vaccine and that made by Gary
Mabels team at the NIH Vaccine Research
Center (VRC) both deliver HIV genes into the
body using a cold virus as a vector. The preva-
lence of this adenovirus 5 ( Ad5)—there are
more than 50 subtypes—varies greatly, infect-
ing one-third of the population in some locales
and nearly evervone i others. In the Merck
study, vaceinated people who had high levels
of antibody to Ad5 at the trial’s start more read-

Bruce Alberts Named Science Editor-in-Chief

Bruce Alberts, professor of biochemistry and biophysics at the University of California, San Fran-
cisco (UCSF), and president emeritus of the U.5. National Academy of Sciences, has been named
the next editor-in-chief of Science. A prominent cell biologist best known for his work on the pro-
tein complexes that allow chromosomes to be replicated, Alberts has focused in recent years on
public issues, especially the improvement of science education.

Alberts's appointment was announced on 17 December by the
board of directors of AMAS, publisher of Science. AAAS President
David Baltimore, who chaired the search committee that nominated
Alberts, says his “experience, skill, and interestin all of science make
him the ideal person to continue the tradition of superb editors who
have made Science the premier journal for the scientific commu-
nity.” Alberts will take over the editorship on 1 March 2008 from
Donald Kennedy, who announced earlier this year that he would be
retiring. Kennedy has served as editor-in-chief since 2000,

Alberts, 69, earned a doctorate from Harvard University in 1965,
spent 10 years on the faculty of Princeton University, and moved to
UCSFin 1976. He has published more than 150 research papers and
is one of the original authors of a leading textbook, Molecular Biol-

ogy of the Cell. He served two terms as president of the National Academy of Sciences, from 1993 to
2005. Then he returned to UCSF to continue working on issues he emphasized during his tenure at
the academies: internationalizing science—espedially building links to scientists in the developing
world and strengthening scentific infrastructures—and improving science education.

Alberts will retain his UCSF faculty position and expects to devote half of his time to Science.
"I view Science magazine as a critical venue for maintaining the standards of science, as well as for
spreading an understanding and appreciation for science around the world,” says Alberts. “With the
tremendous challenges we face today, both of these important aims need constant attention.”

ily became infected by HIV, Ques-
tions reman about the mechanism
and whether the finding is even

Sobieszezyk from his group

explained, they think it’s prudent to
enroll only 2000 to 3300 people in the Ameri-
cas and Africa who are negative for AdS anti-
bodies. Sobieszczvk described study designs
that would include both heterosexuals and men
who have sex with men.

Yerstaging a trial of a vaccine that, even if

it works., could not be used by people with
AdS immunity raises ethical quandaries. It
miay not be acceptable in regions where two-
thirds of people are seropositive [for Ad5].”
Hammer conceded. Another option 15 to
change the vector altogether, but that would
delay the tal indefimitely.

Some participants argued that the trial
should be focused more narrowly—for
instance, on men in the United States who have
sex with men. Subcommutiee member Jeffrey
Lifson of SAIC in Fredenick, Marvland, cau-
tioned that the Merck resulis have been befud-
dling in part because the vaccine was tested in
many different populations and locations. “1
am really concerned ... to show that we can do
clear studies” Lifson said.

Diarvid Watkins, a pnimate researcher at the
University of Wisconsin, Madison, argued
against doing the tal at all, as monkey studies
have suggested the VRC vaccine will fail,
regardless of the safety issues, “1just don’t get
it.” Watkins told Science. “The science seems
to be really ignored.” Anthony Fauci. head of
the Natonal Institute of Allergy and Infectious
Diseases, said he doesnt think the field has the
luxury of waiting for convincing efficacy data
from monkey studies, which could take more
than a decade. But Fauci did not offer his opin-
ion during the meeting, explaining. “I'm going
to have to make the final decision, and I don’t
want to preempt anybody,” The Columbia
team will present a redesigned study to the
same subcommittee in January, then Fauci will
announce the fate of the VRC vaccine,

=]JON COHEN AND BEN]JAMIN LESTER
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MICROBIOLOGY

Detoxifying Enzyme Helps Animals

Stomach Bacteria

Scientists since Louis Pasteur have puzzled
over a visceral issue: How can we live in
peaceful coexistence with the scads of poten-
tially noxious bacteria in our guts? Last week,
a University of Oregon team reported a key
insight: When bacteria colonize vertebrate
intestings, the tissue produces an enzyvme that
appears to defuse a dangerous toxin the
microbes wield. The work “offers a novel
explanation for the ability of humans 1o coex-
15t with our microflora.” says Lora Hooper. an
immunologist at the University of Texas
Southwestern Medical Center in Dallas, It
provides a “satisfving explanation for how we
can maintain a friendly relationship with the
hundred trillion bacteria in our guts,”

In many parts of the body, just a few bacte-
ria may spark a massive inflammatory reac-
tion, One bacterial compound, lipopolysac-
charide (LPS), for example, can trigger septic
shock. organ fatlure, and death. But in our
intestines, dense populations of bacteria
reside without eliciting more than a blink
from the immune system. These microbes
benefit us in multiple ways. They make essen-
tial vitamins, keep menacing germs at bay,
help digest food for us. and influence our
development and physiology.

To probe how animal intestines tolerate
their microbial colonizers. microbiologist
Karen Guillemin of the University of Oregon,
LEugene, uses zebrafish as a host, These fish
are transparent, so ].J'.I"-'l._"ﬁligl'ltl.'lj'ﬁ can see
microbes mside. Moreover, the fish’s immune
systems and digestive tracts function simi-
larly to those of mammals.

Last vear, Guillemin and colleagues
reported that cells in the intestinal lining of
zebrafish raised under germ-free conditions
did not produce intestinal alkaline phos-
phatase (IAP). an enzyvme that clips phos-
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phates from a wide range of molecules but
whose function in living organisms is unclear,
Adding back typical gut bacteria or LPS
restored TAP production, Guillemin found.
Other groups have shown that IAP can
remove phosphate groups from LPS, which
reduces its toxicity. “So we thought, “Aha,
maybe the normal substrate for IAP is LPS
associated with the normal flora.” ™ says
Guillemin, If the enzyme neutralizes LPS,
fish with compromised AP activity should
be especially susceptible to LPS. Guillemin
reasoned. As predicted, thwarting TAP in
zebrafish by chemical or genetic means
mereased their sensitivity to LPS-induced
death. she and her colleagues report in the
13 December issue of Cell Hosr & Microbe.
Mext., the researchers found that the intes-
tines of germ-free fish lacked neutrophils,
bacteria-killing cells that migrate to infection
sites. When bacteria were allowed to colonize
the animals” guts, these inflammatory cells
showed up as well, And blocking [AP produc-
tion or activity boosted their numbers. *The

hyperinflammation we see in the absence of

IAP is in response to something associated
with the normal bacteria, most likely LPS,”
says Guillemin. These findings suggest that
IAP dampens the inflammatory response (o
the normal gut microtlora, thus promoting
host tolerance to the bactena.

“It's such a straightforward way to deal
with a toxin: Just detoxify it says microbiol-

ozist Victor DiRita of the University of

Michigan Medical School in Ann Arbor. “We
teach medical students that LPS from normal
flora are nontoxic, [Guillemin’s] work sug-
gests that its more complicated. LPS [from
some bacteria] are toxic. but the host has a
way 1o deal with that™

Other researchers have established that »

Balancing act.
a5t en)

Fish in :
use a detoxifying enzyme to
tolerate normal gut microbes (red).

B O)x

New Animal-Rights Attacks

Last week, British police arrested well-known
animal-rights activist Mel Broughton in connec-
tion with arson attacks last year and in the
spring against the University of Oxford. The
police have not, however, charged him with set-
ting fire to two Oxford professors’ cars in early
November, actions that also appear related to
animal-rights protests. Someone posting on the
Animal Liberation Front's Web site has claimed
credit on behalf of the group for those previ-
ously unreported fires at the homes of “researchers
connected to the [university's] notorious
Department of Experimental Psychology.” A
university spokesperson confirmed the car fires
but declined to reveal the professors’ names.

The car arsons reflect a trend of more-
personal attacks by animal-rights extremists
(see p. 1856). In contrast, Broughton was
arrested in relation to attempted arsons on
university facilities. He's charged with two
counts of possession of an explosive sub
stance, two counts of having an article with
intent to damage, and one count of conspir-
acy to blackmail. Broughton's lawyer did not
respond to a request for comment.

=]OHN TRAVIS

Save the Fish

For the first time, scientists at the U.S. National
Marine Fisheries Service in Seattle, Washington,
have recommended a cut in Alaska’s commer-
cial harvest of pollock (Theragra chalcogramma).
Although the move will cast this billion-dellar
industry tens of millions of dollars, fishing inter-
ests have accepted the scientists’ reduction.
Mext year's harvest will be decreased from
nearly 1.4 million metric tons to L million met-
ric tons—an almost 28% drop and its lowest
level since 1999. A further cut may be required
in 2009, The reduction stems from annual sur-
veys that track the size and health of different
age classes of this groundfish,

For 5 years in a row now, the number of
juveniles successfully attaining adulthood has
been below average, possibly because of unusu-
ally warm bottom waters. Some science advisers
to the North Pacific Fishery Management Coun
cil, an 11-member panel charged with regulat-
ing commercial fishing off the coast of Alaska,
think that the harvest should be reduced even
further, to 555,000 metric tons, citing concerns
from many fishers that the large aggregations
of pollock in the Bering Sea that have fueled
the fishery for 30 years are difficult to find. “It's
time to alter course and further reduce the har-
vest Lo save this incredibly lucrative fishery, ”
says Juneau, Alaska, ecologist Michelle Ridgway,
a council adviser. ~VIRGINIA MORELL
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administering IAP w animals protects them
from LPS. and inhibiting the enzyme’s activ-
ity with chemicals renders rats susceptible o
death from mpected bacteria. But Guillemin’s
paper is the first published study to show that
animals use LAP to remn in LPS from regular
gut bacteria under natural conditions, says
developmental biologist José Luis Milldn of

EVOLUTION

the Burnham Institute for Medical Research
in San Diego, California. His unpublished
work on mice that lack TAP bolsters the notion
that the enzyme helps hosts mamtain a healthy
relationship with their gut bacteria.

If these results extend to humans, an indi-
vidual's degree of LAP activity could shape
|‘.IrL't|Ih'|‘|li:I.\-i.[IliJI!'I Lo SErous ZII]I'I‘.II..']'II.‘\?. .‘ililli.'h s

sepsis and Crohn's disease. “Perhaps people
with less-active TAP would be more resistant
to bacterial infections but more prone to
chronie inflammation,” Guillemin speculates.
If s0. turning TAP activity up or down either
with drugs or by admimstering the enzyme
itself might reset the balance.

—EVELYN STRAUSS

Did an Asteroid Shower Kick-Start the Great Diversification?

You've heard of the Cambrnian Explosion, the
sudden first appearance of all the basic ani-
mal forms. about 540 million vears ago. And
of course, the iconic dinosaurs went out with
the bang of a huge impact 65 mil-
lion vears ago. But what about the
Great Ordovician Biodiversifica-
tion Event? That was when some
uncharismatic critters living qui-
etly on the sea floor exploded in
number and taxonomic vanety in
life’s biggest burst of evolutionary
varety, about 465 million years
ago. Why some but not all
marine life should have taken
off like that has puzzled scien-
tists as thoroughly as the death
of the dinosaurs ever did.

This week. a team of geolo-
ei1sts and paleontologists
reports that a collision in the
asterond belt showered Earth
with debris just when the Ordovi-
cian diversification was getting started. The
close coincidence of impacts and diversifica-
Lion sugge: although it does not vet
prove—a cause-and-effect connection,
researchers say. “It's intriguing,” says paleon-
tologist Jan Smiut of the Free University of
Amsterdam. “The coincidence is very good.
The question is, how do you induce an
increase in diversity with impacts?™”

There hasn't been any doubt about the
shower of meteorites in the middle of the
Ordovician perod. Geologist Birger Schmitz
of Lund University in Sweden and colleagues
retrieved weathered but recognizable, fist-
sized meteorites from mid-Ordovician rock in
such abundance that they could calculate a
100-fold surge in meteorite falls over a few
million years (Seience, 5 October 2001,
p. 39). At about the same time as the shower
on Earth, according to meteorite analyses, a
collision had shattered a large asterond in the
asteroid belt, presumably pelting Earth with
the sort of debrs Schmitz recovered.

In work reported online this week in

sls
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Natwre Geoscience, Schmitz and colleagues
sharpened their view of the asteroid shower

by mtensively sampling for smaller markers
of asteroidal material at two sites in southem

Sweden and one in China. They analyzed the
samples for 1sotopes of the element osmium,
because extraterrestrial rock is richer in
osmium- 187 relative to osmium-158. And
they dissolved several score 10-10 30-kilogram-
size samples of hmestone in acid in search of
microscopic grains of the mineral chromite,
That 1s the one extraterresirial mineral that
can survive hundreds of millions of vears
unaltered. They brought the Ordovician diver-
sification into clearer focus by compiling
data from more than 30000 fossil bra-
chiopods—stalked. clamlike bottom-
dwellers—across strata of the same age in
southem Sweden.

The two detailed records from rocks of the
same age showed that the onset of the rain of
debris on Earth and the main burst of diversi-
fication “coincide precisely,” writes the
group. A sharp spike in new brachiopod
species, famihies, and genera and the begin-
ning of the resuliing steep rise in diversity
comeide within a few decimeters of rock (a
few tens of thousands of years) with a rise in

Bringer of diversity? Impacts of asteroid debeis
(carrying chromite, above) may have promoted
the diversification of brachiopods (feff.

the osmium 1sotopic ratio. Such an osmium
signature marks the arrival of dust from the
asteroid disruption, because dust is the first
debris to arrive from the asteroid belt. Within
less than a meter (roughly half'a
million years), abundant chromite
grains appear at all three sites,
borne by larger, later-arnving bits

crater-forming impacts increased
five= 1o 1 0=fold, by Schmitz’s esti-
mate, still during the ongoing
diversification.

“We have shown the coinei-
dence.” says Schmitz, “and the
data are reproducible [at three
widely separated sites]. There
could be some connection between
the biggest [asteroid] breakup
event and evolution going on in
this interval.” The group specu-
lates that the pummeling during a
few million vears might have
favored brachiopods and other immobile,
filter-feeding organisms over animals such as
the trilobites carried over from the Cambrian.

Perhaps impacts created a more varied envi-
ronment with new ecological niches on
the sea floor that brachiopods were more
adept at filling,

Veterans of the debates about the impact-
triggered death of the dinosaurs are
impressed by the Ordovician evidence,
Claims of other impact-evolution connec-
tions have come and gone, but in the Ordovi-
cian, “the timing is really perfect.” says geol-
ogist Philippe Claeys of the Free University
of Brussels, Belgium. “That is very convine-
ing.” “They have a temporal coincidence.”
agrees geochemist Christian Koberl of the
University of Vienna, Austria, “but they are
very vague about a mechamsm™ linking
impacts and diversification, More kinds of fos-
sils from more places are i order, says Claeys,
and, adds Koberl, a search for really large
impact craters of the nght age would help.

-RICHARD A. KERR

www. sCiencema g.org

of debris. Later stll, the rate of
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Questions Swirl Around Kessler's
Abrupt Dismissal From UCSF

David Kessler, the high-profile dean of the
University of California, San Francisco
{UCSF), School of Medicine, was fired last
week, for reasons that have so far not been
disclosed by the university. Kessler and the
umversity had been at odds over “financial
irregularities™ Kessler savs he discovered
shortly after taking the post in 2003,

Ina 17 December statement. the university
said that Chancellor 1. Michael Bishop asked
Kessler. former dean of Yale School of Medi-
cine and former commissioner of the Food
and Drug Admimstration, in June to hand in
his resignation by the end of' the year. With no
resignation forthcoming. Bishop formally
dismissed himon 13 December. “The reasons
for Dr, Kessler's dismissal ... cannot be dis-
cussed, as they represent personnel matiers
that are held confidential in compliance with
University policy and state law.” the statement
read. As Seience went to press, Bishop was
not granting interviews,

Kessler and UCSF had a long-running dis-
agreement involving the amount of discre-
tionary funds available to the dean’s office for
uses such as research and educational initia-
tives, faculty recruitment, and renovations.
Kessler says there was far less money than he
was led to believe when UCSF recruited him
away from his Yale post. At that tme. Kessler
says UCSF gave him documents. which he
forwarded 1w Science, showing gross income
of $46.4 million for the most recent fiscal year
(2001-2002), resulting in a $9.9 million sur-
plus after expenditures. Kessler says this level
of funding—which the university projected
would continue—was key in his decision to
move to UCSE

But when Kessler asked Jed Shivers, then
vice dean for administration, finance, and
clinical programs, to conduct a review in late
2004, the numbers didn’t match—even for
fiscal years that had already come to a close,
For 2001-2002, for example, Shivers’s
analysis showed income of just $28.3 mil-
lion and a deficit of 7.8 million, which
would deplete the dean’s account within a
few years. Kessler says he was baffled: “For
the same closed vear, how can you have two
different revenue numbers?”

Lg‘ Shivers, now at Albert Einstein College of
g

Medicine in New York City, says his team at
2 UCSF was never able to square the numbers
& Kesslerwas onginally given. “To this day. we
S can’t figure out how the data he received
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could be reconciled to the books of the umi-
versity,” he told Science, Yet according to
UCSF’s 17 December statement. the univer-
sity auditor found no financial irregularities;
neither did two additional reviews, one by a
group of senior financial ofticers and another
by an outside accountant.

In that statement, UCSF “categorically
denies” thar Kessler “was dismissed in retali-
ation for his allegations about financial irreg-
ularities in the UCSF School of Medicine.”
Several senior faculty members say they are
confident that Bishop had just cause. “From
my experience, Chancellor Bishop would not
have made such a decision without consider-
able reflection and reason.” says Peter
Carroll, chair of the urology department,
*“My sense isthat this is much more than sim-
phy the finances in the dean’s office.” UCSF
biochemist Bruce Alberts (who was named
this week as the next editor in chief of
Science) offers a different hypothesis:

Ousted. David Kessler was fired from his post as
dean of UCSF's School of Medicine.

“David is a very capable person, but he got
fixated on this [idea] that he was misled and
he was being sabotaged by not having the
resources he needed to be an effective dean,
and it got in the way of the medical school’s
relationship with the rest of the university”
Kessler plans to retain his post as profes-
sor of pediatrics/epidemiology and biostatis-
tics at UCSFE Samuel Hawgood chair of the
pediatrics department and physician in chief
of UCSF Children’s Hospital. has been
appointed interim dean. —GREG MILLER

B O)x

Researchers: Folly in Bali

Last week's United Nations meeting in Bali,
Indonesia, broke little new ground on manda-
tory emissions targels, say disappointed scien-
tists who attended the conference. The meet-
ing was held to discuss how to follow up the
1997 Kyoto agreement on climate change,
which expires in 2012, It was extended for
1 day so that delegates could issue a joint call
for negotiations to achieve a “long-term
global goal for emission reductions.” The
conferees also agreed to allow developing
countries to protect rainforests now and get
credit later.

Kevin Trenberth of the National Center for
Atmospheric Ressarch in Boulder, Colorado,
called the U.S. role at the meeting “obstruc-
tionist.” Trenberth joined more than 200 sci-
entists in supporting mandatory caps of at
least 50% below 1990 levels by 2050, a posi-
tion that the Bush Administration opposes,

—ELI KINTISCH

Moon Shot Gets Nod

Astronauts may someday again walk on the
moon, but before then, a new mission will look
deeply into the lunar interior. NASA last week
backed a 5375 million effort to measure the
moon’s gravity field using two orbiting space
craft. The Gravilty Recovery and Interior Labora-
tory mission, led by geophysicist Maria Zuber
of the Massachusetts Institute of Technology in
Cambridge, beat out 24 other proposals in
NASH's Discovery competition. The spacecraft is
slated for a 2011 launch, and NASAscience
chief 5. Alan Stern says the approach could be
used on fulure missions to Mars and other solar
system bodies. -ANDREW LAWLER

New Euros Flow

The fledgling European Research Council has
selected 300 applicants to receive its first set of
grants, aimed at those in their first decade of
independent research. Chosen from maore
than 9000 applications, the winners represent
32 nationalities working in 21 countries and
will receive total funding of approximately
€290 million. The United Kingdom will host the
maost awardees with more than 50 planning to
work there. Martin Bergd of Giteborg University
in Sweden, who was awarded €1.7 million to
study the proteins involved in cancer and pre-
mature aging, says the application process was
“absolutely flawless” and devoid of the infa-
maous European Union bureaucracy. The appli-
cation process for the second round of grants is
now under way. ~GRETCHEN VOGEL
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Animal Extremists Get Personal

As animal-rights extremism wanes in the United Kingdom,
U.S. researchers have faced increasing threats and harassment

EARLY ONE SUNDAY MORNING LAST JUNE,
Arthur Rosenbaum was getting ready to go
to a voga class when his doorbell rang. A
neighbor had noticed a suspicious bundle
under Rosenbaum’s white BMW sedan. The
two walked out to the car, which was parked
on the street of their leaty neighborhood near
the campus of the University of California,
Los Angeles (UCLA), where Rosenbaum 15
chiefof pediatric ophthalmology and strabis-
mus at the Jules Stein Eye Institute. Under
the right front wheel was a plastic comainer
full of an orangish liquid with a rag sticking
out of a nozzle at one end. On the curb was a
matchbook with a half=smoked cigarette
woven through the matches. Rosenbaum
thought it was a prank.

It turned out to be a crude incendiary
device. At his neighbor’s urging, Rosenbaum
called the police. who quickly called in the
bomb squad. By midmoming, Rosenbaum’s
block had been evacuated. and investigators
told Rosenbaum that the device could have
destroved his car it 1t had gone off as intended.
They suspected it was the work of animal-
rights extremists. who have targeted several
UCLA researchers in the past year and a half,
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Rosenbaum says that at the time he didn’t
believe it. Atfter all. he 15 primarily a sur-
geon. operating hundreds of times a vear to
correct the vision of children with eve mus-
cle disorders. He has ties to only one animal-
research project, a pilot study to test an elec-
trical stimulator that could bring paralyzed
eve muscles back to life.

That one project turned out to be enough to
put Rosenbaum on the hit list of a group calling
itself the Animal Liberation Brigade, which

Vandalized. This summer, ALF sprayed graffiti on the home of ane
researcher at Oregon Health and Science University; a colleague
received similar treatment earlier this month,

claimed responsibility for the incident 3 days
later in an online communiqué on 27 June. In
the subsequent months, Rosenbaum says,
anti-animal research activists have staged sev-
eral protests at his home, sometimes at might,
concealing their Faces with bandanas and ski
masks and using bullhorms to shout insults in
“the most obnoxious, vile language.” Neighbors
within two blocks of Rosenbaum’s house have
received graphic pamphlets condemning his
“imprisonment, torture, and murder of inno-
cent pnimates.” and his wife recerved a letter
stuffed with razor blades and threatening phys-
ical harm unless she convinced Rosenbaum to
stop his animal research,

Ammal researchers in the
United Kingdom have long
endured such personal threats and
harassment. In the United States,
however, research facilities, not
individuals, have been the most
frequent targets—until recently.
LLS. researchers have seen a spate
of recent attacks by groups that
consider destruction of private
property and threats of personal
violence to be justifiable tools n
their fight to end animal research,
And although recent legislanon
has helped UK. police crack
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Warning sign. Following protests at Oregon Health
and Science University in April, vandals targeted the
homes of two researchers.

down on animal-rights extremists, fewer such
measures exist in the United States, leaving
universities struggling to come up with ways
to safeguard their researchers.

UCLA, which has had more than its share
of disturbing incidents. is leading the way.
Adier being criticized for what some consid-
ered an anemic response to earlier threats and
harassment. the university crafted a plan to
protect its researchers that now draws praise
from many gquarters. “UCLA 1s showing some
oenuine leadership,” says Norka Ruiz Bravo,
deputy director for extramural research at the
Mational Institutes of Health (NIH) in
Bethesda, Maryland.

But that's not enough, say some researchers
who have been targeted. They and others want
to see scientific societies and funding agencies
take a more active role. Change is needed on
the legal and law enforcement fronts, oo,
Despite the recent incidents, there’s lintle
sense of urgency in the scientific community,
says Robert Palazzo, president of the Federa-
tion of American Societies for Experimental
Biology in Bethesda. “Wheres the noise on
this”" he asks.

An ugly turn of events

Ovwerall numbers of illegal incidents by
LLS. animal-extremist groups are up sharply in
recent years, according to figures from the
National Association for Biomedical Research
(see graphic. p. 1858). Anecdotal evidence
suggests that personal threats and home van-
dalism have risen as well. “It used to be that
maost of the activities centered around breaking
into laboratories. ... [but now] the animal
activists have decided to go after the homes
and families of scientists, which has ratch-
eted up the anxiety and danger,” says Jefrey
Kordower. aneurobiologist at Rush University
Medical Center in Chicago, llinois, and chair
of the Society for Neuroscience’s Committee
on Animals in Research.

The troubles that had been simmering
below the surface at UCLA began 1o boil over
the might of 30 June 2006, when an mcendiary
device was delivered to a home 1n nearby
Bel Air. The device was intended for Lynn
Fairbanks, who studies primate genetics and
behavior at the UCLA Neuropsychiatric Insti-
tute. but instead was left on the doorstep of a
T0-vear-old neighbor. I 1t had gone off, investi-
gators concluded, the house and any mhabitants
could have beenengulfed in flames. On 11 July
2006, the Animal Liberation Front { ALF)
clamed responsibility for planting the device.

Shortly after that incident, UCLA neurobi-
ologist Dario Ringach announced that he was
giving up his research with nonhuman pri-
mates. “Please don’t bother my family any
more.” Ringach wrote in an e-mail to animal
activists dated 6 August 2006. The subject line
read simply: “You win.” Ringach declined to
comment for this article, butcolleagues say he
teared for the safety of his two voung children,
whao had been frightened by masked protesters
who came to his home on several occasions,
sometimes banging on the children’s bedroom
window at night. The Fairbanks incident may
have been the last straw. Colleagues say
Ringach now conducts his
research entirely with
human volunteers and has
not been harassed lurther.

In the most recent inci-
dent, on 20 October, van- - Fauy oy,
ATH,
dals flooded the Beverly — miimmiitnes

Hills home of UCLA
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Learning from the past
In the aftermath of the 2006 atack on Fairbanks
and Ringach’s decision to give up his animal
research, UCLA was sharply criticized for
reacting too slowly and without sufficient
force. An editonial by Seience Editor-in-Chief
Donald Kennedy noted that then—acting
Chancellor of UCLA Norman Abrams waited
several weeks before condemmning the attacks
in a public statement (Science, 15 September
2006, p. 1541). Fifteen faculty members in
Ringach’s department signed a 28 August
2006 letter lamenting the “apathetic™ response

of the UCLA community.
In mid-September, Abrams appointed a
task force to look into what the
university should
be doing. The task
force. chaired by
law school profes-
sor Jonathan Varat,
delivered 1ts report in

; ey ey e e e et
neuropharmacologist Eﬁ:‘-: s e — December 2006, The
Edythe London, break- ""Thﬂal:-“}-:*itwuh“ha e document argues that
ing a first-floor win- iy *-»....‘“"---'r'-'.“'.\:;:_-:_"-_‘&' the university has an
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) i *Likry F
TAMIRICL, reward offers, no arrests have

night, London and

her husband discov-

ered the damage

the following day.

They expect the repairs to

cost about $30.000. In a communique dated
25 October, ALF activists wrote that if not for
the fear of starting a brushfire, arson would
have been their first choice. *It would have
been just as easy 1o burn vour house down,
Edythe. As vou slosh around your flooded
house consider vourself fortunate this time”

Unlike many targeted researchers, London
spoke out. In a | November editorial in the
Los Angeles Times, she wrote that her research
on the biological basis of addiction—which
focuses on human brain imaging but also
involves some work with primates—was
motivated in part by the death of her father. a
chronic smoker. *“We are also testing potential
reatments, and all of our studies comply with
federal laws designed o ensure humane care™
of animals, she wrote.

The letter elicited a variety of responses.
some supportive. some not. One writer com-
pared London, the daughter of Holocaust
survivors, to Nazis who experimented on
concentration camp prisoners, a common
theme on Web sites and blogs of extremist
groups. “They honestly and truly believe
that animals are equal to Jews in the Holo-
caust, and they are fighting to liberate
them.” says one targeted researcher.
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been made in two cases
involving incendiary devices
intended for UCLA researchers.

o
obligation to protect its fac-
ulty members not just on

campus but at their residences as well. Many of
its recommendations have been put into place,
says Roberto Peccel. UCLA'S vice chancellor
for research. For one, the university appointed
a high-level point person for all issues related
to animal activism who is on call 24/7 to coor-
dinate the response to any incidents. Under
new agreements with police in surrounding
communities, UCLA campus police now
respond to incidents at faculty members’
homes and patrol some neighborhoods previ-
ously outside their jurisdiction. The university
has paid for vanous security measures at some
faculty members’ homes. Reaching out to
nonviolent student groups that have animal
welfare concerns is also part of the plan.

This year. when ALF claimed responsibil-
ity for the device left under Rosenbaum’s car.
Abrams issued a statement immediately con-
demmning the “criminal and deplorable tactics™
and reaffirming the university’s commitment
to protecting its faculty members and their
families. UCLA new chancellor, Gene Block,
who took over from Abrams on | August.
issued a similarly forceful statement afier
London’s home was vandalized, She and
R.osenbaum say that they're gratetul for the
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university's support, “There was a
lotof criticism [of the response to

the 2006 incidents). and I think 120
the university took that to heart,”
savs Rosenbaum. 0~

Spurred by the attack on
Rosenbaum, UCLA also decided
not to comply with requests for
animal protocols and other
research-related materials made

60—

Total incidents

Illegal Incidents by Animal-Rights Groups by Year

At the end of the day, however,
scientists can do only s0 much,
says Simon Festing, director of the
Research Defence Society. an
advocacy group based in London.
“Animal-rights extremism is a
criminal matier, and ... we have to
look to government and police to
stop illegal activity.” In the United
Kingdom, attacks on researchers

via the Freedom of Information e have declined sharply in recent
: : : S EFL L, Y o ‘éﬁ* ":é? - Sy
Act (FOIA). This and other public- A O hﬁg?@ fﬁﬁg vears, largely as a result of better
record laws are intended 1o give policing, Festing says. In 2004, for
rivate citizens access o informa- inci : - example, the United Kingdom
P : e ILlegal incidents M Vandalism 43% AREIE S e e e M
tion held by public agencies. and by type, formed a MNational Extremism
animal activists use them 1o gain 1981-2006 W Thefts 20% Tactical Coordination Unit to
access to research records. (The I Harassment 14% advise local police about how to
Web site of the Primate Freedom - Dther 9% deal with extremists and prevent
Project. for example. contains a Arsons 8% attacks. The unit helped coordi-
T'j]I-a'n_—th-:-l'.r]unk:'- E-"F:II.-’\ request Bombings 6% Il'i'.lh.: a 2-vear im-c.«tig:uiun im-nhl—
letter for research animal records, ing more than 700 police, culmi-
along with the addresses of several nating in May with raids in the
Illegal incidents by M Biomedical research 66%

major primate centers, )

In December 2006, the uni-
versity received a California
Public Records Act request for
animal protocols for all primate
researchers from Jeremy Beckham
of Salt Lake City, Utah. says
UCLA campus counsel Patricia
Jasper. Researchers at the Univer-
sity of Utah say Beckham has
been an active animal-rights cam-
paigner on campus. In response, UCLA pro-
vided redacted documents. with some names
and details omitted, in April 2007, 2 months
before the attack on Rosenbaum. These docu-
ments are posted in their entirety on the Ani-
mal Liberation Press Office Web site, along
with a link to Rosenbaum's research project in
NIHs CRISP database. That was the deciding
factor, says Peccei. "l presume that this path
will eventually lead us to court.” Peccel says.
“But we have taken the position that at this
moment our researchers are in danger, and we
are not willing to release these records.”

Now what?

Already, the UCLA plan is being used as a
muodel. At the University of Utah in Salt Lake
City, where several researchers have been
recent targets, faculty members used the
UCLA plan as a guide for developing their
own, says Jeffrey Botkin, chair of the univer-
sity’s research animals committee. The Soci-
ety for Neuroscience drew on the UCLA plan
for its document, Besr Practices for Protecting
Researchers and Research, scheduled tor
release carly next year, says society president
Eve Marder. She hopes that institutions will
use the document to prepare betore extremists

21 DECEMBER 2007

target, 1981-2006

B Fur 11°%

radicals 5%

incidents 2%
“s0 that theyre never blindsided by
anything that happens.”

Some universities are taking additional
proactive steps. The Salt Lake City Council, at
the university s urging, passed a law in July
that bans protests within 100 feet {30 meters)
of private homes. The ordinance was modeled
on similar ones in other states that have been
used successfully to limit harassment of doc-
tors who perform abortions, Botkin says,

At aworkshop on animals in research atthe
recent Society for Neuroscience annual meet-
ing in San Diego, California, researchers
expressed frustration that NIH and other agen-
cies aren’t doing more to help protect the sci-
entists they fund. Some, for example, would
like 1o see NIH remove investigators’ names
and certain key words from the CRISP data-
base to make it harder for animal-rights groups
to find them. NIHS Ruiz Bravo balks at that
wdea: *“We have to balance transparency in gov-
ernment with those kinds of genuine con-
cerns.” Others at the workshop argued that sci-
entilic societies should do more to raise public
awareness of the benefits of animal research
for veterinary as well as human medicine-
and to counter the assertion that researchers
have no concern for animal wel fare,

strike

I Food production 13%%

~ Targets of environmental

= Entpnainment: Circuses, horse-
racing, rodeos, and zoos 3%

| Other targets, miscellaneous

United Kingdom, the Mether-
lands, and Belgium and the arrest
of 30 suspected extremists, So far,
19 have been charged with crimes
including theft and blackmail.

Legal changes have helped as
well, Festing says. The 2005 Seri-
ous Organised Crnime and Police
Act gave police more power to go
after extremists who wage an
organized campaign of intimida-
tion and violence against a university or
some other institution. Amendments to exist-
ing laws, such as beefed-up “antisocial
behaviour ordinances™ that outlaw protests at
individual homes that a reasonable person
would view as intimidating. have helped
close loopholes exploited by animal-rights
extremists, Festing says.

Aid for U.S. researchers may eventually
come from the federal Amimal Enterprise Ter-
rorism Act, signed into law in November 2006,
That law expands previous protections for*ani-
mal enterprises™ such as research centers o
include associated individuals and businesses.
Under the law. threats and harassment at a
researcher’s home can now be prosecuted as
acts of terrorism. ( Peace ful demonstrations and
other activities protected by the First Amend-
ment to the Constitution are not affected.) The
new law has not vet been used to prosecute any-
one because no arrests have been made in
appropriate cases, savs Janice Fedarcyk. spe-
cial agent in charge of counterterrorism in the
Los Angeles office of the FBI. Fedareyk says
that it’s possible the new law could be used to
prosecute those behind the UCLA incidenis
if and when they are caught,
=GREG MILLER

VOL 318 SCIENCE www.sciencemag.org

3
3
g
:
s
:
g
:
2
:
3
:
:



CREDIT DAVE FIERCESICPHNML

CLIMATE CHANGE

Global Warming Coming Home to
Roost in the American West

Assigning blame for regional climate disasters is hard, but scientists have finally
implicated the greenhouse in a looming water crisis

SAN FRANCISCO, CALIFORNIA—The world 1s
warming and humans are o blame, scientists
declared with considerable confidence this
year, but what about changes that really mat-
ter to people’ Those often occur on a smaller,
regional scale rather than globally, making
them harder to pin on human activity with
any confidence.

But last week at the fall meeting of the
American Geophysical Union here, a group
of I 1 climate scientists from five institutions
announced that they have securely tied the
shrinking snowpack of the
American West to a human-
induced warming there,
“Mobody has ever really
explained why it's happen-
ing.” said chimatologist Tim
P. Barnett of the Scripps
Institution of Oceanography
in San Diego, California, a
leader of the group. “We've
got a real serious problem,”
he said, because the thirsty
West depends on a heavy,
late-melting snowpack o fill
1ts reservoirs in late spring.
Plants and animals are feel-
ing the effects of melting ice
and snow as well. If the chi-
mate models that simulated
the past warming and melt-
ing so well are anvwhere
near the mark, said Barneu, “we’re heading
for a water crisis in the West.”

Barnett and his colleagues tied the water
changes in the West to human=triggered
greenhouse warming much the way the
Intergovernmental Panel on Climate
Change linked global warming to humans
earlier this year (Science. 9 February,
p. 754). Changes in the American West
during the past few decades had become
obvious. It was getting warmer. The
amount of snow accumulating during the
winter was decreasing. And snow was melt-
ing faster in the spring, delivering its water
to rivers earher. That made sense, but was 1t
all just a swing in some natural cycle that
would soon switch back to a cooler climate
and bigger snowpacks?

WA SClencemad.org

To find out, Barnett and colleagues ran
specially modified climate models. Start-
ing with two models of the world’s chimate,
they beefed up the level of detail simulated
in the models. but only for the West. That
provided the needed realism for a climate
property as patchy as snowpack without
overtaxing the available computer power.
They found that the models could produce
the observed trends in temperature, snow-
pack, and river flow of the past few
decades only when they included the actual

Current

March

Going, going ... A human-induced warming in the American West has shrunk snowpack, and
models project further shrinkage that will leave little early-spring snowpack by mid-century.

amounts of humanmade greenhouse gases
and pollutant hazes. Run without them. the
models poked along, warming and cooling
without a long-term trend. “There’s no way
we can make a natural-variability explana-
tion for what we've seen” in the West, said
Barnett. “1'd put the odds at between one in
100 and one in 1000 that we were fooled,
Quite frankly, it’s us.”

By coincidence, the speaker before Bamett
showed how the chain from smokestack to
Iﬂ“' SUMMErtIme reservolrs may be Iﬂl'l}!l..']'
than commonly supposed. Modeler Martin
Hoerling of the National Oceanic and Atmos-
phenc Admimistration in Boulder, Colorado,
and colleagues reported that simulations by
26 different global models suggest that
changes in atmospheric circulation, rather

NEWSFOCUS

than the direct greenhouse effect alone, were
responsible for much of the wintertime
warming seen across the lower 48 states in the
past 50 vears, Altered winds blew in more
warm air from the subtropics only in models
in which mid-latitude oceans warmed as
observed: apparently. the warmer oceans
altered the circulation. And that ocean warm-
ing is widely viewed as being driven by the
strengthening greenhouse.

The changes in the American West present
a serious challenge to water users, Barneit
noted. Theres no less precipitation, he said.
but thanks to the warming, less is falling as
snow and more as rain. Dammed reservoirs in
two of the West’s three biggest drainage
the Columbia River and Sacra-
mento—-San Joaquin River basins
already filled in winter and must pass the
added water on, increasing the chance of
winter floods downstream. By late spring
and early summer, when use of stored water
lowers reservoirs so they can
receive meltwater from snow.,
the snowpack i1s already much
depleted and cannot refill the
reservoirs, In effect, the
warming stretches out the
summer tl]":n.' Season.

Humans could shorten the
dry season again by building
more dams. but the West's
water problems won't all be
solved by more reservoirs.
CGeographer Thomas Painter
of the University of Utah,
Salt Lake City. reported at
the meeting that warming-
induced melting looks likely
not only to eliminate the last
glaciers of Glacier National
Park within a few decades
but also to threaten whole
ecosystems there, In the park in far northwest
Montana, the iconic denizen of high-
mountain streams. the bull trout, likes its late-
summer waters icy cold, Without enough
melting snow and ice. the bull trout will be in
trouble, Painter said. Beyvond mountain
streams, trees are invading high-elevation
meadows uncovered earlier than normal by
early melting of the snowpack, reducing
habitat for terrestrial alpine wildlife,

Looming water problems are not limited
to the American West. Beyond the few well-
studied spots, “vast areas don’t even know
they have a problem.” said Barnett. They
include large parts of Asia, India, and South
America, “I've goiten a look at the future,” he
said “and [ don’t hke "

-RICHARD A. KERR

basins

are
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INFECTIOUS DISEASES

Not so benign. A
chikungunya infection
can be extremely painful
and even fatal.

Chikungunya: No Longer a
Third World Disease

An explosive outbreak in a remote corner of France—and fears that it may threaten
Europe and the United States—have brought fresh attention to an exotic virus

SAINT-PIERRE, LA REUNION—To say that few
scientists used to care about the chikungunya
virus is putting it mildly. The mosquito-borne
disease has caused massive outbreaks for at
least half a century, but they all happened in
developing countries in Asia and Africa. And
although the virus causes severe rashes and
Joint pains, it never seemed to be fatal; many
even called it “benign.” Few researchers took
an interest.

Mo longer, Things have changed n large
part, researchers say, because chikungunya
has finally struck a rich country, In 2005 and
20006, the virus caused a massive outbreak on
La Réumon, an island twice the size of New
York City 700 kilometers east of Madagas-
car—and a French département. Almost
40%a of the population of 785,000 fell ill. In
response. the French government mounted a
broad research program. A recent meeting’
here showed that scientists have learned as
much about chikungunya in the past 2 years
as in the previous 2 decades.

They have learned that the virus can kill,
for instance, that it can be ransmitted from
maother to child around childbirth, and that a

* Chikungunya et Autres Arboviroses Emergentes en
Milieu Tropical, 3—4 December.
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single-point mutation may have caused it to
explode here. They set up the largest screening
effort ever to look for animal hosts. And
already a once-abandoned vaccine is being
prepared for new clinical mals, and new drugs
are under study,

To date. French researchers and institutes
lewe published the majority of many dozens of
new chikungunya papers, as several speakers
proudly noted. (One non-French researcher
said he smelled a whitfof scientific chauvimsm

Recent Chikungunya Outbreaks

INDIA
2005-2007

: KENYA
2 2004-2005

el - ——SEYCHELLES

¥ comonos 20052006

P 2005-2006 ITALY
i o 2007
i : MAYOTTE (FR)

S 2006w auRITIUS
— 2005-2006

M‘“‘m REUNION (FR)

MADAGASCAR  2005-2006
2006

in the air.) But other countries are paying close
attention as well. as they. too. may be at risk.
The big surprise of the outbreak at La Réunion
was that the infamous Asian tiger mosquito,
which is spreading fast across Europe and
the United States, proved an excellent vector.
This summer. ltaly had a small chikungunya
outbreak, the first ever in Europe. Theres no
reason why the same couldn’t happen else-
where in Europe or in the United States, savs
Ann Powers, a chikungunya expert at the
U.S. Centers for Disease Control and Preven-
ton (CDC) in Fort Collins, Colorado.

Surprise attack
Chikungunya
call it—belongs to the alphaviruses, a group
that includes the Ross River virus in Australia
and the viruses that cause eastern and western
equine encephalitis, two serious diseases
occurring in the United States. First isolated
from a patient in Tanzania in 1933, the chik
virus has surfaced occasionally since in coun-
tries across A frica, South Asia, and Southeast
Asia, It causes high fevers, rash—sometimes
with massive blisters—and excruciatingly
painful swelling of the joints in fingers,
wrists, and ankles.

The outbreak that hit La Réunion appears to
have started in Kenya in 2004, Tt wasn’t
reported at the time, but in a paper published in
2007, researchers noted that the epidemic
started in the coastal towns of Lamu and Mom-
basa. Kenya. Later, the virus appears to have
oone on an island-hopping tour of the Indian
Ocean, landing in Madagascar, the Comoro
Islands, Mayotte—a much smaller French ter-
ritory west of Madagascar—Mauritius, and the
Seychelles (see map). It reached India, where it
hadn't been seen for 32 years, in December
2005, infecting an estimated 1.4 million people
50 far, Brij Kishore Tyagi of the Centre for
Research in Medical Entomology in Madura
reported at the meeting.

La Réunion inhabitants have
complained bitterly that mainland
France iitially appeared to take lit-
tle interest. Chikungunya first
caused a small wave ofa few thou-
sand cases between March and July
2005, Then it all but disappeared,
only to come roaring back in
December. By late January 20006,
47000 new cases were reported in
a single week. Only then was a
chikungunya task force set up, led
by epidemiologist Antoine Flahault,

2an of the French School of Pub-
lic Health in Rennes and Paris.

La Reunion’s location—the
flight from Pans takes 11 hours

or “chik.” as some scientists
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may have contributed to the response lag, says
sociologist Michel Setbon of the Mational Cen-
tre for Scientfic Research in Aix-en-Provence,
but so did the notion that chikungunya isn’t
such a big deal. However, the outbreak showed
that, although the disease burden may get lost in
poor countries facing many other scourges,
chikungunya is nastier than people assumed.
For starters, some patients—mostly older peo-
ple with other medical conditions—ended up
with severe symptoms, such as respiratory fail-
ure or brain infections, and more than 250 of
them. about (L 1% of all cases. died. But even
tior those with milder forms of the disease. the
word “benign” seemed hardly appropriate. The
joint pains are crippling and can last for
months. even years. The outbreak also strained
the island’s health care system and created eco-
nomic havoe. The collapse of tourism alone
the main source of income here—caused an
estimated $160 million in losses,
Currently, doctors can do little more
than prescribe painkillers and general anti-
inflammatory drugs to chikungunya patients,
which is why France made drug discovery a
priority. Hoping for a quick lead, a team led by
virologist Xavier de Lamballerie of the
Haopital de la Timone in Marseille has
screened 150 existing drugs—which could
gain approval much faster—for activity
against chikungunya in cell cultures. When
chloroquine, an old antimalarial drug, seemed
promising, a clinical wial was set up to test its
effects in La Réunion patients. The study got
zoing when the epidemic was on the wane,
however. and only 75 patients were enrolled.
Among them, the drug showed no benefit.
A subsequent study using a newly devel-
oped animal model suggested that the drug
may actually do more harm than good. When
Roger le Grand and his colleagues at Frances
Atomic Energy Commission lab in Fontenay-
aux-Roses treated infected macaques with
chloroquine, it prolonged infection, for reasons
that aren’t clear vet. That took chloroquine off
the table for good, but in the meantime, two
other compounds have been found—one
already on the market for another disease, and
one very close. They inhibit the virus much
more potently, says de Lamballerie, who
dechned to name them.
Meanwhile, a consortium of French insti-
tutes is hoping to start safety trials in 2008 with
an old vaceine that the U.S. Army Medical
Research Institute of Infectious Diseases
(USAMRIID) in Fort Detrick, Maryland,
developed in the 19805 but later shelved as pri-
£ orities shifted. The vaceine is derived from a
e |ive, weakened chikungunya strain, and
¥ USAMRIID has enough of 1t in its freezers

produce tens of millions of doses. Flahault

FLEMED
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savs. France has procured two batches, which
are now undergoing further testing in the lab;
tests in macagues are the next step.

One key question is whether regulatory
authorities will allow the use of a vaceine pro-
duced decades ago and deep-frozen ever since.
Ifthey don’t. a pharmaceutical company would
need to produce the vaccine from scratch using
USAMRIID old seed virus, which would
delay development,

A better vehicle

In Africa. chikungunya is known to be transmit-
ted in a “sylvatic cycle™: The virus lurks in pri-
mates when 1t’s not infecting humans. In Asia,
such animal hosis have never been discovered;
there, chikungunya is assumed to be a humans-
only disease. In an attempt to find out whether
ammals might have played arole in the outbreak
in La Réunion, a group led by Michel Brémont
of the National Institute for Agricultural
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that altered a single amino acid in its envelope
protein. Papers published last month by Anna-
Bella Failloux of the Pasteur Institute in Paris
and her colleagues and a team led by Stephen
Higgs of the University of Texas Medical
Branch in Galveston have shown that the
change makes it much easier for the virus to
reproduce in the mosquito’s midgut, This
leads to 100-fold higher virus concentrations
inits salivary glands, which in turn increases
the viruss chances of being transmitted dur-
ing the next bite. Those findings strongly sug-
gest that the mutation helped the virus adaptto
the mosquito and “enhanced the epidemic,”
says CDC’s Powers,

That's worrisome, because Ae, albopicnes,
originally from eastern Asia, has been spread-
ing across the globe during the past 2 decades.
The outbreak this summer in Italy—where

Ae. albopictus 15 rampant—got started when a

chikungunya patient from India traveled to a
small village in the province of
Ravenna. Such “imported” cases
happen all the time: Mainland
France had almost 800 in 2005 and
2006, and the United States 38, It's
a matter of time before a patient
kicks off a new outbreak in an
unexpected place, Higgs says.

If that happens. controlling
mosquitoes 1s the only way to
halt the spread of the virus, but
Ae. albopictus is notoriously dif-
ficult to fight. At La Réunion,
covernment agencies sprayed
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Paper trail. The number of papers with "chikungunya” in the title
has risen from fewer than five per year before 2004 to mare than

701in 2007.

Research tested almost 4000 animals for signs
of infection—{rom cats, dogs, cows, goats, and
sheep o wild birds, rodents, and bats. The tests
are still ongoing. but so far, all but a few have
come back negative, and there’s no indication
that any species helped fuel the epidemic.

A more alarming finding is that the Asian
tiger mosquito (Aedes albopiciis ) proved 1o be
an efficient vector. Previously, a species called
Ae. aegypti, which feeds on humans almost
exclusively, was always the virus’s main vector,
Ae. albopicties, the predominant species on La
Réunion, was considered a poor one, in part
because it bites a wide vanety of species. But
recent studies have suggested why Ae albopic-
fus suddenly became a much better vehicle.

Berween the first, small outbreak in early
2005 and the big one that started in December,
the virus underwent a point-mutation change

massive amounts of insecticides:
the outbreak ended. but opinions
differ on how much spraving con-
tributed. The epidemic may just
have run its course,

The Itahan government is plan-
ning to fight de. albopictus by
releasing massive numbers of sterile males, a
technique that has been successfully used to
drive down populations of agnicultural pests
(Science, 20 July, p. 312). France is inerested
in the approach as well. says entomologist
Didier Fontenille of the Institute of Research
for Development in Montpellier. but it would
likely stan with Anopheles arabiensis, a species
that can transmit malaria. Several new, less
environmentally disruptive insecticides are
under study as well.

Chikungunya has disappeared from La
Réunion, and with 358% of the population now
immune, it may not return for a long time. Sci-
entists say the outbreak was a unigue chance o
focus attention—and money—on a tropical
pathozen that, unforunately, may well have a
bright future in temperate regions.

—MARTIN ENSERINK
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INTERVIEW: DAVID KING

U.K. Science Adviser Offers
Some Parting Shots

As he ends a roller-coaster 7-year term, the U.K. government’s chief science adviser
ponders the highs and lows and offers some sage advice

David King is not going quietly. Afier a
stormy T-vear tenure, the University of
Cambridge chemist steps down from his
role as the United Kingdom’s chief scien-
tific adviser at vear’s end. King has made
headlines in Britain the past few weeks
with a farewell speech and comments
before Parliament in which he endorsed
nuclear power, slammed media campaigns
against genetically modified (GM) foods
and the MMR vaccine, and berated the
U.K. health service for its tacit endorse-
ment of homeopathy, King, who next vear
will begin directing the University of
O ford’s new Smith School of Enterprise and
the Environment. sat down on 3 December
with Science to reflect on his tenure and
future plans. The following excerpts were
edited for brevity and clarity.

—-DANIEL CLERY

Q: Soon after your appointment in 2001,
you were in the midst of a foot-and-mouth
disease outbreak (Science, 23 March
2001, p. 2300). What did this teach you
about science in government?

D.K.: The first thing was the discovery that
despite the fact that government depart-
ments have scientists, there 1s a need for
someone who has a big overview of what
they're doing. a critical capability. More
than that, someone is needed to see that they
are using the best of scientific knowledge
either inside or outside of government,

We were tackling a situation where we
had, on 21 March 2001, 45 new infected
farms reported that day. We were working
24/7 with large-scale computers and three
different sets of modelers around the coun-
try. Then within a few days, we were able
to advise the government. on the basis of
modeling. that we had come up with a new
control procedure. That was the cue for the
prime minister to say, “Fine. we're going
with this.” And it followed through. Within
a few days, we'd switched [the virus's]
exponential growth into exponential decay,
and the cabinet learned in real time that
science could model an extremely complex
situation and provide very robust advice
for action,

21 DECEMBER 2007

0: Did that advice affect the timing of the
general election that year?

D.K.: Oh, ves, [ have hittle doubt, The general
election would have been on 3 May, and the
maodels 1 presented to the prime minister
indicated that the epidemic, without the new
control measures, would be coming to a
maximum about 10 May. With our control

“The cabinet learned in
real time that science
could model an extremely
complex situation and
provide very robust advice
for action.”

—Dawvid King

procedures, on a linear graph. it looked as if

the epidemic would be over by 7 June. The
prime minister queried me about how confi-
dent I was that we were on this graph, and
when | gave himmy assurance. he announced
the election date |7 June].

Q: What's been your biggest disappoint-
ment or failure?

D.K.: I suppose the single biggest failure in
terms of advice was in 2003 when we were
producing the white paper on energy. The

objective was to reduce our emissions of

carbon dioxide by 60% by 2050, and 1 had
argued that we couldn’t possibly manage

this without nuclear new build, and it
looked like the argument was won. Then at a
meeting chaired by Deputy Prime Minister
John Prescott, a phrase was hammered out
that put nuclear energy on hold. I had
already gone out in the public domain with
my views, and my public position didn’t
change. That was an important part of
establishing myself as an independent voice
from within government,

0: And what was your greatest success?

D.K.: The single biggest success was put-
ting climate change as the top problem to
tackle. closely correlated with my success

in getting African development to the top of

the agenda. 1 was, most people would
agree, very heavily responsible for the
prime minister’s decision to put climate
change at the wop of the GS agenda [at the
2005 Gleneagles summit]. [ think the cli-
mate change issue was given a very big
boost by that process,

It we're going to see sustaimed develop-
ment of African economies, the best action
we can take is to assist in the entire develop-
ment of their education systems. Not just
primary schools, [ mean the whole thing:
primary, secondary, tertiary, universities,
and even institutes of excellence—to pull
the whole thing through.

Q: Tony Blair supported science. How did
he become an advocate for research?

D.K.: The prime minister was very impressed
by the enormous strength of the science base
in Britain. Measured by citations, we're sec-
ond in volume only to the United States, and
measured by citations per pounds invested.
we're ahead of the rest of the world by a very
long stretch. What followed from that was his
understanding that using this enormous
strength to create wealth for the UK, was a
key way forward in the competitive global-
ized economic system.,

Interestingly, in my first year with him, he
decided to make a major speech on science. It
was delivered at the Roval Society, and it wasa
full 1-hour speech that set out the entire target
on science, innovation, and wealth creation in
the UK. It was translated intw Chinese, so
when Chinese Premier Wen Jiabao came over
here, he asked to meet up with me. He wanted
to tell me that they had transformed Chinese
[science] policy as a result of their understand-
ing of the prime minister’s speech,

Q: Do you think Gordon Brown will follow
a similar policy?

D.K.: I'm very confident that he will, and the
reason | say that is that during Gordon
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Brown's tenure at the Treasury, the science
budget going to our research councils went
from £1.4 billion in 1998 to £3.6 billion now.

(: Why are Europeans so hostile to GM food?
D.K.: I think that on the whole, people either
felt a visceral reaction to playving around
with genes, or they felt that the companies
involved were taking them for a ride. When
offered a GM potato and a non-GM potato,
muost citizens thought. *Why should 1 take
the GM7”

After an extensive review, we concluded
we should regulate the products. Certainly,
we should look to see 1f they are in any way
a health hazard, but don’t ban the wechnology
because the technology is precise and poten-
tially a very powerful tool. In my view,
Briush companies and scientists need to be
engaged with one of'the biggest 2 1st century
challenges—we need a third green revolu-
tion to teed a population of 9.5 hillion peo-
ple [by 2050] on this resource=stretched
planet of ours.

0: You argued for a universal ethical code
for scientists. Will it do any good if a tiny
minority still resort to fraud?

D.K.: The point of the code is that we would
first hike to get acceptance by the entire
active scientific community. Young people
being trained in science would just have this
drilled into them as part of their training.
The importance here is not only that those

people practice this but also that the rest of

the country, the public at large, knows that
there 15 such a code
and that its being put
into practice.

Q: In 2004, you said
that climate change
was a bigger threat
to the world than
terrorism. Was that
a wake-up call?
D.K.: Mo question,
That appeared in
Science because ['d
been invited to make
a plenary lecture at
the AAAS meeting
in Seattle that vear.
And because of the
publicity it caused,
that was certaly the
biggest audience
I"'ve ever spoken to,
Every seat in the
house was taken. It
was vast. It served

Counterprotest. David King laments anti-GM
attitudes in Europe.

the purpose of drawing attention to what 1
consider to be the world’s biggest challenge,
S0 I had no regrets about the language 1 used
in order 1o do that,

[ have now given more than 500 lectures
on climate change. Quite simply, | think it is
no exaggeration to say that chmate change 15
the biggest problem our civilization has ever
had to face up to in s 12,000 vears, because
it requires a collective response.

: Have you always been a supparter of
nuclear energy, or has that come out of
your concern about climate change?

D.K.: I was not very fond of nuclear power
because of my con-
cerns about radio-
active waste prod-
ucts. My position on
nuclear power is a
pragmatic one. We
have a technology
that enables us o
produce the energy
we need on the grid
cheaply, with low
carbon dioxide emis-
sions, and reliably.

0Q: What motivated
you to accept the
position at the new
environment insti-
tute in Oxford?
D.K.: It offered the
opportunity to create
a school of enter-
prise and the envi-
ronment at the cen-
ter of the university

NEWSFOCUS

Election surprise.
Scientific modeling of the
2001 foot-and-mouth outbreak
determined the U.K.'s election date.

where the big challenges of the 21 st century
can be developed and thrashed out at an
interdisciplinary level while working with
people in their core disciplines. The idea is
that all aspects of our teaching and research
at Oxford will take on board this massive
2 Istcentury challenge. We must mainstream
it into disciplines
nomics, politics
into enterprise.

physics, chemistry, eco-
but also mamstream 1t

Q: Do you think the Bush Administration
has been bad for science?

D.K.: It would be very difficult to arzgue
otherwise. If we just take the climate
change 1ssue, the Kvoto process was
[originally] led by US. Vice President Al
Gore. [Since then], we have had 10 vears
of inaction from the United States, cer-
tainly 10 years of lack of leadership on
this issue. | think it’s difficult not to point
the finger at the United States. It’s the
only country in the world that hasn’t rati-
fied the very treaty that the United States
was a leading proponent of. I look for-
ward to real U8, leadership on this issue,

Q: What would have been your priorities if,
in a parallel universe, you had been Presi-
dent George W. Bush's science adviser?
D.K.: My mantra since | took on this job has
been openness, honesty, and transparency,
which means that I have delivered my
advice to the prime minister and Cabinet,
but the prime minister and the Cabinet also
know that in order to maintain the trust of
the government and the public, I will sub-
mit my advice into the public domain, |
would not take a job of this nature il |
couldn’t do that.
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Cancer Filter Déja Vu

INA3AUGUST NEWS OF THE WEEK STORY ("CANCER TEST DISPUTE PITS RESEARCHER AGAINST
a firm she helped create,” p. 5385), M. Enserink desenbes a dispute in Frimee about whether a
cancer-detection system “first published in 20007 (/) should enter the market. This system
uses a filter with small holes that allow ordinary blood cells to pass through, but not larger and
more rigid cancer cells. The photograph in the News of the Week story shows a plastic sheet
irradiated with highly ionizing particles (5o as to produce tracks) and then etched 1o bore holes
of the desired size.

The cover photo from the 23 July 1965 issue of Science (2) includes a virwally identical
photo. The caption reads in part. “Filtration of cancer cells by means ofa plastie sieve. The holes
have been etched to a diameter of 5 microns; holes of this size allow blood cells to pass through,
but catch most cancer cells.” In short, neither the special filters nor the idea of cancer-cell
isolation. identification, and measurement is new,

Three of us at the General Electric Research Laboratory {3) produced the earliest plastic fil-
ters of controlled hole size. Earlier production of filters from muscovite mica (4) sutfered from
brittleness, After learning of our success with plastic filters. S, H, Seal at the Sloan-Kettering
Institute in New York suggested filtering to isolate cancer cells from blood (5). The filters were
used to show that free-floating cancer cells are present early in the development of a cancer (4),

ROBERT L. FLEISCHER
Department of Geology, Union College, Schenectady, NY 12308, USA.
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A familiar pattern. The image in a recent News story {left) of a filter used for cancer detection is reminiscent
of the image that appeared on a Science cover in 1965 (right).
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PERSPECTIVES

WE WERE GREATLY AMUSED BY THE NEWS OF
the Week story by M. Enserink on identifica-
tion of cancer cells by filtration of blood (3
August. p. 585). In 1964, the late Sam Seal.
then our colleague at Memorial Sloan-
Kettering Cancer Center. had the same 1des
and conceived of a filter for circulating blood
that would allow separation of cancer cells by
size. Dr. Seal’s work led to the invention of the
“MNuclepore™ filter by the General Electnc
Corporation. Although Seal’s idea o use his
filter as a cancer detection system failed (/).
the filter was useful in studying the circula-
tion of megakaryocytes. At the time of Seals
contribution, the molecular biology of cancer
cell identification did not exist. but the funda-
mental concept of catching large epithelial
cancer cells on a filter apparently remains
valid. We wish to remember Seal as a pioneer
in this area of cancer diagnosis.

LEOPOLD G. KOS5 AND MYRON R. MELAMED?®

‘Montefiore Medical Center, Department of Pathology, The
University Hospital for the Albert Einstein College of
Medicine, Bronx, NY 10467-2490, USA. *Westchester
Medical Center, Valhalla, NY 10595, USA.
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One Woman's
Balancing Act

THE NEWS OF THE WEEK STORY "POSTDOC
survey finds gender sphit on famaly 1ssues™
(Y. Bhattacharjee, 9 November, p. 897)
stressed social isolation of female Faculty and
the lack of high-quality child care. Looking
back on a career as a professor and a single
parent, | missed out on networking with col-
lCilgUL‘H and on presenting at conferences
because of family obligations. | continued o
miss out on these aspects of my career for
MENY Years, because, as most parents know,
children can be too old to be left alone, as well
as too voung. (And, in any case, arrangements
for overnight conference travel are much
more difficult than daytime care. )

When [ reached middle age, 1 saw that
there were H|'ﬂ.‘i.'jll| programs (o encourage
women who had delaved professional educa-
tion until their families were grown, but little
“tatch-up™ help for those of us who had been

VOL 318 SCIENCE www.sciencemadg.org




Juggeling all along, As an emerita and consult-
ant today. | sull feel the effect of the network-
ing deficit. However. the Internet has helped
me develop useful collegial connections to
work with, now that my family tasks are min-
imal. Judging from the attitudes reported by
the NIH survey, | would say that young pro-
fessional women today are also more likely
to benefit from electronic communication
than from changes in social attitudes about
family responsibilities,

JEAN MERCER

Department of Psychology, Richard Stockton College,
Pomona, Nj 08240, LISA,

Stem Cell Breakthrough:
Don’t Forget Ethics

THERE 15 JUSTIFIABLE EXCITEMENT SUR-
rounding the successful induction of pluripo-
tent stem (iPS) cells from human lbroblasts
[Yu er al., Reports, 21 December (this issue),
p. 1917, and ( 1)]. The removal of dependence
on oocytes frees researchers trom senous eth-

ical issues that have hindered medical

research. This technology could also be of

great value in the area of conservation biology,
The genes from endangered animals or even
an extinet species could be reintroduced to

maintain the survival and genetic diversity of

the species. However, although one researcher
commented that *[pleople working on ethics
will have to find something new o worry
about™ (2), it is crucial that discussions of the
ethical use of this technology continue.

Even though the technology is in its carly
stages, 1ts imphications are both enormously
important and troublesome. Jaenisch and his
colleagues (3) have shown in mice that such
reprogrammed cells can form viable chimeras
and contribute to the germline when imjected
into blastocysts. When transterred to recipient
females, we have confirmed that embryonic
stem cells injected into mouse blastocysts or
ageregated with B-cell-stage morulas can
contribute to all of the organ systems and to
more than 90% of the resulting fetuses and
live pups (4.

These animals also had the LacZ gene
from the embryvonic stem cells in their
pametes and produced LacZ-positive off-

WwWw.sCiencemag.o g

spring when crossed with females, confirm-
ing that the DNA from the stem cells could be
genetically passed on 1o subsequent genera-
tions. The success of this technology in model
organisms opens up the possibility that
humans might be able to pass on their genes
{or genetically modified genes) o future gen-
erations from just a few skin cells.

At present, the technique for generating
IPS cells requires serous genetic modifica-
tion, which itself has been associated with an
increased incidence of tumors. As with
cloning, 1t would be scientifically and ethi-
cally irresponsible—indeed, unscrupulous
to use this technology for reproductive pur-
poses, However, while the technology o clone
a human being does not currently exist. the
ability to use iPS cells to make a chimeric
human (Le.. using 1S ¢ells to contribute to an
embryo that would be a chimera) may be
much closer to reality.

Considering the immense power of this
technology, it is imperative that an effort is
made by scientists and governments to under-
stand the ramifications of this new break-
through and to ensure that it is used in an ethi-
cally responsible way for the benefit and
progress of humanity.

ROBERT LANZA

Advanced Cell Technology and Institute for Regenerative
Medicine, Wake Forest University School of Medicine, Winston-
Salem, NC 27157, USA
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CO, Emissions: Getting
Bang for the Buck

IN HI5 POLICY FORUM "CRITICAL ASSUMPTIONS
in the Stern Review on climate change™ (13
July, p. 201). W. Nordhaus’s continued argu-
ment for high discount rates—i.e., leaving the
problems for future generations o deal with
15 part of the thinking that got us into trouble in
the first place. A fixed and high discount rate
has been shown to be inconsistent with human
behavior (/) and madequate for long-term
environmental decision=-making ( 7).

Data from atmospheric and related

sciences should guide the scale of societys
emissions. Once a safe scale 15 determined
{3). an ethical discussion should guide how
we divide the remaming emissions. as sug-
gested by N. Stern and C. Taylor in their
response to Nordhaus ( Policy Forum, 13 July.
p. 203). Only after the scale and ethical distri-
bution have been decided should economics
step in to help us decide how to use the
remaining emissions efficiently.,

MNordhauss argument is “let’s get the most
bang for our buck,” and this is laudable.
However, if we look at why we are burning
fossil fuels in the first place (i.e., w improve
human welfare). then we come to a conclu-
sion very different from Nordhaus’s tax-the-
future suggestion. In basic economics,
we leam that investment should be directed
toward factors with the greatest return per unit
input. If we rightly assume that CO, emis-
sions are a consequence of a growing econ-
omy (4), and the goal of growing the economy
15 increasing human welfare, then we need
invest where increased GDP (read CO, emis-
sions) returns the most welfare per unit input.
Data on proxies for weltare other than GDP,
such as life expectancy. quality of health
care (5). and self-reported levels of happi-
ness (6), suggest that our remaining emis-
sions should be allocated to developing and
least-developed countries, where the great-
est returns are realized.

BRENDAN FISHER

Centre for Social and Economic Research on the Global
Ermwiranment, University of East Anglia, Norwich NR2 3UF, UK.
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A-kllh.ll—-

WILLIAM NORDHAUS (POLICY FORUM, 13
July, p. 201) enticizes the ethical assumptions
behind the 0.014 yvear! discount rate used in
the Stern Review (/). Stern’s rate, however, is

roughly consistent with a well-known theory of

policy analysis in which the discoum rate is set
equal to the sum of two terms: the market rate
of return on safe investments plus an appropri-
ate risk prenuum for uncertamty (2, 3).

Safe financial assets such as money-
market funds yield inflation-adjusted returns
of ~0.01 year!. Moreover, this theoretical
framework implies that the nsk premium
should not be positive for precautionary
actions such as buying insurance. For precau-
tionary actions, the discount rate should thus
be no higher than ~0.01 year'.
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Climate stabilization is a precautionary
investment, similar to buying an insurance
policy that secures the livelihoods of future
generations (4). The Framework Convention
on Climate Change calls for preventing “dan-
gerous anthropogenic interference with the
climate system™ (3). By mitigating uncer-
tain—but potentially catastrophic—impacts,
climate stabilization reduces the statistical
variability of future well-being.

The 20th century began with strong faith in
progress and ended with a sense of repidation
about the lives our grandchildren will lead.
Rewrns on past investments in a fossil-fuel
economy were high because chimate change
costs were ignored. Protecting our progeny’s
environmental nights will result in wholly new
prices, including lower discount rates ().

RICHARD B, HOWARTH! AND
RICHARD B. NORGAARD?

YEnvironmental Studies Program, Dartmouth College,
Hanaver, NH 03755, USA. ‘Energy and Resources Group,
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Response

FISHER SUGGESTS THAT “WE NEED TO INVEST
where increased GDP (read CO, emissions)
returns the most welfare per unit input.” 1
agree with the basic premise that the point of
economic activity is to improve the standards
of living of present and future generations.
However, GDP (gross domestic product) def-

initely does not equal CO, emissions, nor is
there an iron law relating the growth of GDP
and of CO, emissions. Indeed. the cross see-
tion of economics and human experience indi-
cates that if the price of carbon emissions is
raised above zero—best accomplished by a
carbon tax. in my view—then the CO, trend
line will be flatter, or even turn down. The
need for a high global price of carbon is com-
mon ground between my work and the Stern
Review. The necessary (and probably the suf-
ficient) condition for doing anything substan-
tial in climate policy is for scientists, political
leaders, and the public to accept the inconven-
tent economic truth that the prices of goods
and services that contain CO, must be raised
relative to those of other goods and services.
How sharply or fast should countries indi-
vidually and collectively bend down the CO,
trend line? Studies differ on the answer to that
question, and the major difference between
my work and the Stern Review involves the

CORRECTIONS AND CLARIFICATIONS

Letters: “Virtual worlds, real healing™ by A. Gorini ef al. (7 December, p. 1549). Two author
names were omitted. The complete list of authors is Alessandra Gorini,»* Andrea Gaggioli,
Giuseppe Riva,*? and their affiliations are as follows: *Applied Technology for Neuro-
Psychology Laboratory, Istituto Auxologico ltaliano, 20100 Milan, Italy. #Research Institute
Brain and Behaviour, Maastricht University, Netherdands. "Peychology Department, Cathalic
University of Milan, Italy. The authors and affiliations have been corrected in the HTML ver-
sion on the Science Web site,

Essays: "GE & Science Prize for Young Life Scientists: regional winners™ (7 December,
p. 15660, The photograph of Bo Huang was placed next to the biegraphy of Takeshi Imai,
and the photograph of Takeshi Imai was placed next to the biography of Bo Huang. The pho-
tographs were correct in the online version.

Mews Focus: “Should eceanographers pump iron?” by E. Kintisch (30 Movember, p. 1368).
A table describing the size of the area to be seeded by Planktos in upcoming experiments
was incorrect. The company’s planned releases would cover a patch of ocean from 2000 to
7750 km?, not one as large as 31,000 km?,

This Week in Science: “Shorl DNAs stack and order” (23 November, p. 1213). The correct
aredit is “Giuliano ZanchettaUniversity of Milano.”

Reparts: “Transpasase-derived transcription factors regulate light signaling in Arabidapsis™
by R. Lin et al. (23 November, p. 1302). In the sixth sentence of the third paragraph on page
1304, an incorrect Web site was referenced. The correct Web site should be The Arabidopsis
Information Resource (www.arabidopsis.org). Also, in reference 13 on page 1305, the acces-
sion numbers for Arabidopsis FAR1, FHYL, and FHL (AAD51282, AAL35819, and CABB2993,
respectively) were mistyped as NP_567455, NP_181304, and AAC23638.

Books et al.: "Simple maths for a perplexing world” by D. . Rankin (9 November, p. 91%).
In the first paragraph, “hoards” should have been “hordes.”

Perspectives: “"How does radiation damage materials?” by B. D. Wirth (3 November,
p. 923). Throughout the Perspective. “Burger’s vector” should be “Burgers vector.”

This Week in Science; "Nearest and dearest™ (2 November,
p. 713}, The correct credit is “Nomman LimMNational University

report is also the source of the graphics on pp. 580 and 563, as well as the graphics in
“Battling over bed nets” on pp. 557 and 559.

Reports: “Permuted tRNA genes expressed via a circular RNA intermediate in
Cyanidioschyzon meroloe” by A. Soma ef al. (19 October, p. 450). The last sentence on p.
452 referred to an incorrect subunit, The sentence should begin “Permuted noncoding RNA
{ncRNA) genes have been reported for Tetrahymena mitochondrial large subunit (L5U) ribo-
somal RNA (rFRNA) (15)...7

News Focus: “Tooled-up amateurs are joining forces with the professionals” by ). Bohannon
{12 October, p. 192). The light curves in the figure should have been credited to Stelios
Kleidis in Greece, Paul Van Cauteren in Belgium, and C, W. Robertson in the United States.

Research Articles: "An evolutionarily conserved mechanism delimiting SHR movement
defines a single layer of endodermis in plants” by H. Cui ef al. (20 April, p. 421). In two
instances in the fifth paragraph on page 424, one of the rice homologs for SHR,
(5003931880, was mistyped as Os03g31750.

Reports: “Conductance-controlled point functionalization of single-walled carbon nan-
otubes” by B. R. Goldsmith et al. (5 January, p. 77). The horizontal axis in Fig. 1C should
have included breaks to indicate that the five redox cycles were not performed continuoushy.
A cormrected version is shown below. The caption should conclude, “The reduction portions
of & in (C) have been scaled up by 1.32 = 0.10 to adjust for the elactrostatic gating that
occurs at the reducing potential.” To clarify these corrections, raw data underlying Fig. 1C
has been added to the revised Supporting Online Material, accompanied by a complete
description of the processing. The caption for Fig. 2C should read, “A composite of AFM
topography in grayscale and 5GM in red identifies a local region responsible for the gate
sensitivity of a device like (A).” The Supporting Online Material has also been corrected to
state, "Figs. 30 and 54 depict three different chemical configurations: H,50, oxidation, Ni
deposition, unpassivated Ti electrodes (Fig. 30); H, 0 oxidation, Ni deposition, unpassivated
Ti electrodes (Fig. 54A); H,0 oxidation, Pd deposition, unpassivated TiN electrodes (Fig.
S4B)" (p. 511). The authors apologize that these errors were incorporated during manuscript
revision but note that they do not affect the results or conclusions of the paper.

of Singapore.” 6 i r 0o
Mews Focus: Do wandering albatrosses care about mathz” i 5 :' L 02 =
by ). Travis (2 November, p. 742). The bird identified asa o3 4 H | i,
wandering albatross (Diomedea exulons) in the photograph 2 3 . I =) 4:{
is a black-browed albatross (Thalassarche melanophs). e, : | l 2
” 1 = 0.8
Mews Focus: “Malaria treatment: ACT two” by M. Enserink "Funol
(26 October, p. 560). The UNICEF report referred to s 0 : | — 08
Malaria and Children: Progress in Intervention Coverage, by o 50 100 150 200 250

UNICEF and the Roll Back Malaria Partnership (2007). That
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LETTERS

discount rate. The primary point in my Policy
Forum (13 July, p. 201) and the background
studies ( /. 2) is that we need to choose a dis-
count rate for climate investments (such as
emission reductions) with a return that 1s as
high as the return on social investments with
which climate investments compete. [ sug-
gested that it would be difficult to rationalize
a rate of return on investment much below 5
o 6% per vear in inflaton-adjusted terms,
Howarth and Norgaard object. arguing that
“Is]lafe financial assets such as money-
market funds vield inflation-adjusted returns
of ~0.01 year™"” Their number is too low and
only marginally relevant. The closest thing in
the world to a safe financial asset is the U.S.
Treasury 20-vear inflation-protected bond,
the yield of which is currently around 2.5%
per vear. However, this is hardly the relevamt
cost of capital for the firms borrowing at a
real interest rate of 3 to 10% per year, or
households paying 18% on credit-card debt,
or students around the world who face ligquid-
ity constraints and for whom the real returns
on educational investments might be 5 or 10
or 20% per year. There are many, many
investments with yields far above Howarth
and Norgaard’s 1% per vear.

Both letters make an important point with
which agree: The desired carbon tax or emis-
sions reductions would have a substantial com-
ponent of risk premium to reduce the chance of
triggering poorly understood, low-probability,
high-consequence climatic outcomes. Their
proposed remedy-—to lower the discount
rate—is oft tarzet, however, The appropriate
response Is pimarily o undertake the scien-
tfic studies o better understand the risks, and
then to design effective steps to avoid them.
Manipulating discount rates does neither.

WILLIAM D. NORDHAUS

Department of Economics, Yale University, New Haven, (T
06511, USA,
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Virtual Reality, Identity Imposters

Carol W. Berman

fler a nearly fatal accident, Mark

Schluter, the protagonist of Richard

Powers’s Mational Book Award
winning ninth novel, The Echo Maker, wakes
up from a coma to find he is being cared for
by a woman who claims she is his sister
Karin. Mark is convinced that she is not but is
instead an almost-exact duplicate of her, an
imposter. In psychiatry we call this delusion
Caperas syndrome, a rare form of misidenti-
Fication usually seen in schizophrenia. demen-
tia, or brain trauma. Two French psychiatrists,
Joseph Capgras and Jean Reboul-Lachaux,
First described the disorder in 1923, Their 53-
vear-old patient believed that her hushand,
her children, her house, her neighbors,
and even she had been replaced by exact dou-
bles and that everyone was plotting to steal
her property.

In his paranoid state. Mark begins to
believe that there is a government-hatched
plot against him. When he finally reaches
home after the rehabilitation center, he feels
that his property has been replicated. Neurol-
ogists call this reduplicative paramnesia,
a variant of Capgras syndrome, in which a
building or home is replaced. Even his dog
seems to be an imposter. According to the the-
ory that he concocts to explain these changes,
the government 15 experimenting by dropping
him into a different. but very similar, environ-
ment to monitor his reaction.

Mark’s attempt to discover who wrote a
mysterious note found at his hospital bedside
drives the story forward. It read:

[ am Mo One

but Tonight on North Line Road

GOD led me 1o you

50 You could Live

and bring back someone else,

No one seems o know who snuck in and
delivered the scrawled note, Mark’s only real
clue about what happened.

The novelist, a professor of English at the
University of Hllinois. Urbana-Champaign,
explores the recognition of the selt and others,
segueing into the nature of the self. If Mark's
loved ones and his property have changed.
who is he? By not acknowledging Karin as his
sister. Mark enters a new dimension and alters

The reviewer, the author of One Hundred Questions and
Answers About Panic Disorder, is in private psychiatric prac-
tice in Mew York City and at the Department of Psychiatry,
Mew York University Medical Cenler, New York, NY 10016,
USA. E-mail: bermac02@ popmail. med.nyu.edu

his own history and memory.
Al the same time, he induces a
change in his sister. She jokes
about being a replica and dis-
covers how freeing not having
to follow an established iden-
tity can be. The changes the
principal characters experi-
ence provide a dynamic story
of substantial ransformations.
Mark starts out almost brain
dead but finds himself and his
intellectual capacity again.
Karin loses her job and former
life to care for Mark. She re-
eresses o a relationship with one old boy-
friend, Mirts with another, but eventually
emerges arenewed individual.

The only changes that strain belief are
those that occur in Dr. Gerald Weber, a physi-
cian-author in the mold of Oliver Sacks, who
15 the cognitive neuroscientist brought in on
Mark’s case. Weber suddenly starts experienc-
ing some of the same neurological and psy-
chological disorders he writes about in his

A Novel

ISEN 978

Sandhill cranes (Grus canadensis) in the Platte River valley,
Nebraska.

The Echo Maker

by Richard Powers

Farrar, Straus and Girowx,
New York, 2006.

459 pp. 525, C831.
4146351,
Heinemann, London,
2007. £17 .99,

ISBN 9780434016334,
Picador, New York,

2007. Paper, $15.

ISBN 9780312426439,

popular books, How simple to portray a psy-
chiatrist as crazy or a cop as a killer,
Hollywood movies constantly entertain us
with polar opposites like these, but Powers 15
too talented a writer to have to venture into
this clichéd terntory. Weber's
interactions with his wife
who calls him “Man.” while he
calls her “Woman™—are un-
natural, Nor is the doctor’s
eventual straying from his mar-
riage psychologically believ-
able. Weber 15 a neurologist,
not a psychiatrist. So why does
Mark call nm “Shrinky™? I've
never heard newrologists or
cognitive neuroscientists re-
ferred to as a shrink.

Although the novel shifis its
point of view several times from
Mark to Karn to Dr. Weber,
Powers 15 a gitted writer who 1s able to delve
ino these different perspectives seamlessly, His
lyrical sivle includes hauntingly beautiful
descriptions of the sandhill cranes that visit the
Nebraska flatlands. symbolizing the unending
sequences of nature and the ecosystem. In the
opening scene, he writes of one: *The blood-
red head bows and the wings sweep together,
a cloaked priest giving benediction.” In addi-
tion, the novelist knows his sciences. His com-
prehension of neurology. psychia-
try. and other branches of medicine
15 IMPressive,

Unfortunately, the women char-
acters are relegated into one ex-
treme category or another. They
are either weak and hysterical vie-
tims. like Karin and Sylvie (Dr.
Weber's wife), or they seem unre-
alistically strong and mysterious,
like Barbara (a minor player who
looms large late in the story). In
contrast, the men are multidimen-
sional and more realistically de-
picted. Powers’s love scenes are
unusually well done. His descrip-
tions of birds and nature are
awe-inspiring. easing readers into
philosophical musings without
inducing boredom.

[ kept turning the pages trying
to solve the mysteries of Mark's
accident and the note, but 1 was
slowed down by excessive neuro-
logical descriptions—which I as a
psychiatrist, should have enjoved
more. Nonetheless. overall The
Eecho Maker strikes me as a superb
melange of science and poetry,

10.1126Mcience. 11504 58
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CREDIT MATHIEW LEHANNEUR AND GAETEN BOBILLARD/COURTESY LE LABORATOIRE

GALLERIES: SCIENCE AND THE ARTS

Incubating Inspiration?

Louise Whiteley

he latest organization to promote dia-

logue between science and the arts

recently opened its doors in the heart of
Pans. Le Laboratoire is described by its direc-
tor, David Edwards (a professor of bioengi-
neering at Harvard University ). as “the first
experiment-driven art and science incubator™
(/). This is a revealing metaphor, conjuring up
an image of Edwards standing over a gargan-
tuan petri dish brimming with scientists and
artists, hoping that some will fuse like X and Y
chromosomes in flashes of inspiration he
refers to as “artscience.” Some fertilizations
will undoubtedly oceur, but it’s not at all clear
what kind of chimera will emerge.

The idea behind Le Laboratoire is that
although science and ant diverge in their day-
to-day methodology, during pernods of scien-
tific innovation there are “surprising Kin-
ships™ (2)—both follow a similar creative
method. exploring new connections and push-
ing the limits of our understanding. Working
at MIT in the 19905, Edwards had what you
might call his own personal artscience
moment. Struggling with the problem of how
to get particles of insulin to fly through the air
and stick to the lungs. he suddenly realized
that the perforated “whiffle balls” children use
tor indoor baseball had the perfect structure.

You could complain that this rather
Kuhnian picture of science is the exception
rather than the rule and that a focus on com-
mon creativity obscures important com-
parisons. But the aims of Le Laboratoire
can hopefully transcend these
philosophical objections. Like
previous projects funded by the
profits from Edwards's whif-
fle-ball idea. the center aims to
give sciemists space for cre-
ative thinking outside the constraints of spe-
cialization and grant applications. This is a
great idea, although how far it will extend
beyond projects with specific practical appli-
cations is not entirely clear. Le Laboratoire
also supports more traditional collaborations,
in which artists respond to science as part of
the fabric of our modern lives and scientists
gain a novel perspective on their work.
Bringing these different approaches together

The reviewer is at the Gatsby Computational Neuroscience
Unit, University College, London, Alexandra House, 17
Queen Square, London WCIN 3AR, UK, E-mail: louisew@®
gatsby.uc ac.uk

Abowr a Second Amosphere is a

Le Labhoratoire

in one cultural venue and display-
ing the process of collaboration as
well as the outcome is a novel and
ambitious idea.

The opening season comprises
two exhibitions (3), a pairing that
demonstrates the different kinds
of experiments the laboratory
plans to support. Bel-dir News

science-driven design project, led
by Edwards and designer Mathieu
Lehanneur. Inspired by NASA%
use of plants to remove toxic air-
borne chemicals from inside
spacecraft, they are working on a
plant=based filter to purify the air
inside our chemical-rich homes.
The exhibition displays a number
of prototypes that would look
more al home in an upmarket
design store, here sitting forlornly
around a treelike pillar. On the other side of
the space, a video animation displays a styl-
ized interior with microbelike forms prolifer-
ating across the furniture. This collection of
objects feels quite disjointed, and the brief
accompanying leaflet leaves viewers unsure
about what stage of the project they are look-
ing at and how the collaboration developed.

A similarly ascetic approach to informa-
tion characterizes Food for Thought, a
collaboration between Paris artist Fabrice
Hyber and MIT biomedical engineer Robert
Langer. The exhibition explores
some of the fascinating and dis-
comforting ideas surrounding
stem cell medicine, but it wo fails
to provide the viewer enough
help in understanding what these
ideas are, As aneuroscientist, | found echoes
of neuronal shapes and wiring diagrams in
repeated hourglass and grid motifs. These
formed interesting connections with the
more obvious connotations of change and
reversal. which would have been entirely
opaque to someone relving on the short
description provided. Moving away from the
maodel of art as simply a method for dissemi-
nating scientific knowledge is undoubtedly a
good thing, but a little more information
would allow people to respond in a richer
way to both the art and what it has to say,

Le Laboratoire has many different aims,
and the slightly flord exhibition notes almost

BOOKSETAL

Artscience experiments. One of the prototype air cleansers from
the exhibition Bel-Air.

seem to promise a one-state solution to C. P
Snow’s old two-cultures war (). The danger
with this kind of approach is that it instead
creates a third culture in which the value of
each is diluted, producing high-end design
products and obscure installation art rather
than genuine debate and innovation. The cur-
rent exhibitions flirt with this danger, but the
philosophy behind Le Laboratoire clearly
aims to avoid it future plans include human-
tarian design projects and an exploration
(supported by the Wellcome Trust) of medi-
cine in the developing world. The magic
spark of fertilization can’t happen every time,
and perhaps. as in science, we need to accept
some failed experiments along the way o
potentially exciting outcomes and new ways
of thinking.

Kekulé is said to have discovered the
structure of benzene afier dreaming of a ring
of snakes, joined tongue to tail. If Le
Laboratoire fulfills its potential, Edwards’s
whiffle ball may well join Kekulé's snakes
and Aristotle’s bath in the canon of myth-
ological eurcka moments.
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MENTORING

Linking Student Interests to

Science Curricula

Lauren A. Denofrio,' Brandy Russell,""t David Lopatto,? Yi Lu't

ttraction and retention of science

majors remain difficult in the fields of

-hemistry and biology (/-6). The usual
sequenital and extensive curriculum ofien does
not allow undergraduate students to exercise
their curiosity in selecting these sub-
jects, as the starting point of most
courses is their technical content
rather than students” interests.

To strengthen this weak link
between studemis’ interests and sci-
ence curricula, we began in 2003 a
course called “The Chemistry and
Biology of Evervday Life” (CBEL)
(see Ngure, right). using students’
interests in everyday life as the start-
ing point for instruction. The course
content and activities were designed
to match each student’s background
and interests with other courses and
research group activities. The course
mimics a scientific research group.
Students develop skills through lit-
erature review (journal club). spe-
cial topic discussions, and research
assiznments. Peer mentonng engages
students from freshmen to seniors.
Visits to laboratories and attendance
at scientific meetings broaden
students” horizons. Assessment
through the Classroom Undergrad-
uate Research Experience (CURE)
survey indicates that students who ook CBEL
believe they have progressed in a number of
areas valuable in sciemific research, Students
following their own interests are more moti-
vated to learn (3, 4, 61 1. CBEL elicits student
interests, links those interests to existing sci-
ence courses. and sustains their interests
through independent investigations,

Large-scale changes to raditional curricula
often seem costly (/2) or disruptive (/3).
Rather than changing existing courses, CBEL
works within the existing infrastructure and
helps students to navigate more than 7500

Drganic
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Champaign, Urbana, IL 61801; *Department of Psy-
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COURSES-OPPORTUNITIES

courses and 2000 research groups at the
University of llinois, assisting them to identify
courses and groups that match their interests
(see fgure, below). In domg so, CBEL allows
instructors to experiment with pedagogy with-

Scientific
Conlerences

Farensic Science

Energy Research

Engaging students in science by harnessing their interests.

out disrupting existing courses, Although the
CBEL design addresses concems that may be
particular to large universities, many of the
course activities that help students explore
their interests could be relevant o other edu-
cational institutions,

Peer Mentoring

Even though the possibility of maiching siu-
dents’” interests with science courses exists,
carrying out such a match 15 not trivial. Under-
graduate students, particularly freshmen and
sophomores, might not have enough experi-
ence to identify the courses and laboratories
that interest them. Therefore. in our course,
mentoring by upperclassmen has an important
role. Mew students join the course in their fresh-
man year and are encouraged o remain in the
course unil graduation, being mentored at first
and becoming mentors later. A pre-cnrollment

STUDENT INTERESTS

Explicit networking helps undergraduates
get the most out of the diverse curriculum
available at a large university.

survey ( 4) s conducted each semester to iden-
tify students” interests and to build mentoring
groups with common interests.

Programs that featwre mentorship of
novices by experts, whether faculty, graduate
students. or undergraduates. have
been successful (13, 16). We found
that mentoring by students of simi-
lar class standing and experience is
also effective for two reasons. We
have observed that because peers
have no control over the mentees’
grades, students are more open with
one another [see also (4 7)]. Also,
undergraduate students have experi-
ences not shared by faculty and
graduate students. For example.
undergraduate mentors can offer
firsthand advice on courses they
have taken or laboratories they have
worked in. Our students trust and
appreciate the advice from under-
graduate mentors; each semester,
students respond most favorably to
guest lectures by former classmates
who now have a successful career in
the scientific enterprise.

Modeling a Research Group

America 15 a leader in graduate
education; one main reason is that
graduate students are placed in
research groups. Our course is designed to
mimi¢ a scientific research group redesigned
for undergraduates, with peer mentoring at its
center. In any given semester, the course
includes students of different levels of experi-
ence and areas of interest or expertise, similar
to those of a research group. This class is
divided into subgroups of 8 to 10 students,
from freshmen to sentors, who have identi-
fied similar interests. The group works
together all semester to help each other and to
complete group projects. All returning stu-
dents serve as mentors and are trained at the
beginning of the semester through meetings
with instructors using a textbook (/8). The
mentors and group activities are monitored
through subgroup agenda minutes and dis-
cussions with instructors ( /4). Being a peer
mentor. a senior student 15 more consclen-
tious about his or her participation in the
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course, providing a review and refreshing
his or her understanding of previously
learned content.

The subgroup is also the scaffold upon
which several skill-building activities rest. In
monthly journal club meetings, students pre-
sent and discuss published articles in sub-
groups first. Each subgroup then chooses one
student to present for the entire class. Another
way to encourage critical reading and debate
15 through discussing a selected broad topic,
such as “banning trans fatty acids in food™ or
“the safety of prescription drugs approved by
the U.S. Food and Drug Administration.”
Each subgroup investigates one area of the
topic and makes a presentation as a group o
the whole class, which is followed by a lively
debate (/4). Finally, research assignments
allow each student to investigate a chosen
topic of interest in increasingly complex for-
mats. First-time takers of CBEL complete lit-
erature searches and write a report on a topic
of their choice. Second-year swidems give lit-
erature seminars, and third-year students sub-
mit research proposals outlining how they
would investigate their topic within a
research laboratory. Fourth-vear students,
usually graduating sentors, give a thesis
defense to the entire class on results of exper-
imental 1nvestigations. Each assignment
requires students to articulate a question that
can be investigated in the literature and the
laboratory. With each year. students’ topics of
interest become more refined and their con-
tent knowledge improves as they move
toward research within a laboratory (/4).

Another element in the course 15 students’
exposure to the excitement of discovery by

visiting academic and industrial laboratories,
such as Abbott Laboratories and the Indiana
State Police Laboratory. as well as scientific
meetings. such as annual meetings of the
American Chemical Society and the Ameri-

can Association for the Advancement of

Science, These trips serve as an eye-opening
and motivating experience for the students.
Because these field trips build community
among the students, we now do the scientific
meeting field rip toward the beginning of the
semester. Course activities after the trip
become livelier as the students interact with
cach other more freely.

Assessment
The effectiveness of the course has been
assessed through online CURE surveys con-

ducted before and after the spring semester of

2007 {9, 14). The presurveys found no pattern
of differences between our students and the
benchmark group on background variables
such as science atttude and learning style.
However. opinions of their own leaming gains
at the end of the semester are higher among
students who ook CBEL than among the ref=
erence cohort of students who completed the
CURE survey in the spring of 2007 at
other colleges and universities (see figure
below). The mean learning gains of students
in our course are also compared with a
national cohort of students who took the
Summer Undergraduate Research Experience
(SURE) survey in summer 2006. The general
trends of the self-reported gains by our stu-
dents resemble the national trends, even
though the gains are higher for CBEL stu-
dents, For example, the self=reported gain in
knowing the “research

01 process” is higher than

SIIEERENE SO ) that of “knowledge con-
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Student rating of learning gains. Students in CBE
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pleted the CURE and SURE surveys. Error bars represe
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tation,” bucking the nat-
ional trend, which may
reflect our focus on

L from the CURE survey in

nt 2 SEM.

EDUCATIONFORUM

oral presemations by freshmen,

The next challenge is to make our

program adoptable and sustainable (f9).
The primary challenge is the resources it
requires, especially time. Analyzing each
student’s interests and giving individual
attention require considerable time from
teaching assistants and instructors, Further-
more, many students have difficulty fitting
the course, which is not yet required, into
their schedule. To address these i1ssues. we
are working on adopting small modules
from this course into other existing courses.
aiming to integrate our most successful
ideas into the mainstream curriculum. If
peer mentors can provide some of the indi-
vidualized attention, the course model can
be applied to other courses, in other disci-
plines or in other institutions,

Lol Al I

1z,
14,
15,

16.

1r.

18.
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20.
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ETHICS

The Ethics of International
Research with Abandoned Children

Joseph Millum and Ezekiel J. Emanuel

he aim of human subjects research isto

create generalizable knowledge that

benefits future patients. Consequently,
it risks sacrificing the interests of research
participants for the greater good of society.
Ethics guidelines exist to minmmize this risk.
Ower the last decade, intermational biomedical
research in the context of substantial health-
care inequalities has focused discussion on
four ethical issues: (1) standards of care: (i)
informed consent; (iii) ancillary care obliga-
tions: and (1v) postirial benefits (see table,
right). It is appropriate to consider these issues
relative to the Bucharest Early Intervention
Project (BEIP) study ( /). a randomized tral of
the effects of moving nsttutionalized young
children to foster care.

Four International Bioethical Issues

The standard-of-care debate erupted in the
19905 around placebo-controlled tnals in
developing countries of “short-course AZT”
for prevention of maternal-fetal HIV transmis-
sion. Short-course AZT was expected to be less
effective than the standard AZT treatment
available in developed countries, Critics arzued
that using placebo controls, rather than stan-
dard treatment as an active control, constituted
a double standard—research forbidden on the
wealthy would be carried out on the poor (2, 3).
Supporters countered that it 1s permissible to
offer research participants in developing coun-
tries less-effective interventions than those
used in developed countnies if doing so (1) 15
scientifically necessary w answer an important
question: (1) does not deny anyone treatment
they would otherwise receive: and (iii) is
inended o develop mterventions that will
benefit the developing country (4).

Informed consent is fundamental to ethical
research. But some commentators argue that
valid informed consent cannot be obtamed in
developing countries, whose inhabitants are
impoverished, poorly educated, deprived of
medical and unfamiliar  with
research (3, ). Others reply that this is patron-
izing and inaccurate. Poverty may constrain
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choices, but it does not make people coerced
or incompetent, and participants in develop-
ing countries seem to understand the elements
ofresearch as well, or badly. as their wealthier
counterparts ( 7).

Ancillary care refers to medical reatments
provided by researchers during the trial above
and bevond what is required for safety or scien-
tific validity. Although researchers in develop-
ng countries often feel obliged to provide other
reatments that their subjects desperately need,
the nature and extent of these obligations are

Research with abandoned children does not
necessarily involve exploitation.

personnel, employment, and economic stimu-
lation, as well as the study intervention. The
total must be considered fair by the community
participating in the research ( /1),

The Ethics of the BEIP Study

The BEIP was a randomized trial comparing
mstitutional and foster care for abandoned
children currently in institutions. It took place
in Romania, where there are thousands of insti-
tutionalized children. Because, at the wrial’s
inception, Romania lacked basic foster care,

QUESTION

RESPOI

Standard of care Must interventions always be lested Exceptions when scientifically necessary,
against the treatment available in no harm, and research aims to benefit
developed countries? community

Informed consent Can poor people in developing countries Available data do not show informed
give valid informed consent to research? consent is invalid

Ancillary care What treatments should be provided by Depends on the aspects of their health
researchers during the trial beyond those that participants entrust to researchers
needed for safety or scientific validity?

Posttrial benefits What should be provided to research Two main approaches: reasonable

participants and host communities after

the research trial?

Four main ethical issues in international research.

not well defined. The most complete account
Justifies ancillary care obligations because
research participants entrust aspects of their
health 1o investigators through the procedures
they undergo (8).

Many believe that rescarchers have obliga-
tons o provide participants postirial benefits.,
These benelits are intended to prevent exploita-
tion, which ocours when one panty takes unfair
advantage of another (%, /1), In international
research, the fear is that the developed world
will get oo much of the benefits of medical
research and the developing world oo much
of its burdens. According to the Council
for Intemational Organizations of Medical
Sciences (CIOMS), research ina community is
permissible only if researchers or their spon-
sors ensure that interventions resulting from the
research are made “reasonably available™ to the
commumty (/). Analternatrve, the “fair ben-
efits” framework, proposes that positrial bene-
fits mary comprise a mynad of benetits includ-
ing ancillary care, training of health care

availability of study intervention and
fair benefits approved by the community

the researchers developed their own, training
foster parents and providing social support. The
study found significantly improved cognitive
development at 42 and 54 months for children
transterred to foster care before 2 years of age
compared with institutionalized children,

The initial reaction to the BEIP may be that
the extreme vulnerability of abandoned, institu-
tonalized children renders any research on
themunethical. Not only are they unable o give
informed consent, there 15 no clear guardian
acting in their best interests. This puts them at
greater risk of being selected for reasons of
convenience rather than scientific necessity.
While these are valid concerns, familiar safe-
guards can protect such children. People who
cannot consent can be protected by enrolling
them only in minimal-risk research, whose
risks do notexceed those of everyday life, None
of the siudys assessments of functioning were
likely to harm the children. Restricting the par-
ticipation of vulnerable groups. such as prison-
ers and the institutionalized, w research that
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addresses impornant questions relevant o their
situation protects against unfair subject selec-
tion (/2). The BEIP study aimed to produce
results that would primarily benefit abandoned,
institutionalized children.

The BEIP has many of the features that
have generated special concern about medical
research in developing countries. Romania,
the host country, is a transition economy with
a relatively poor health-care infrastructure and
a large number of underserved mstitutional-
ized children. The funding and research lead-
ership for the wial came from the United
States. Although the resulis may be relevant o
the United States and other developed coun-
tries, there have been no American random-
1zed trials comparing foster and institutional
care, and no American children would be
enrolled in the BEIP. OF greatest concern are
the standards of care affected in the trial arms
and the distribution of postirial benefits.

The appropriate standard of care for a cline
cal trial depends on the research question being
answered. Although the importance of equi-
poise, i.e.. uncertainty among experts, is dis-
puted ({3). ethics requires at least that the
research address an important question and be
scientifically valid. Trials that do not meet these
conditions lack social value. [ a research study
will not generate socially useful knowledge, it
wastes resources and exposes participants to
risks and burdens for no good reason,

The BEIP study addresses an important
question: the welfare of institutionalized chil-
dren depends on choosing correctly between
further mstitutional care or switching to foster
care, Prior data focused on adoption and did
not directly address this comparison, had
selection biases, and lacked a definitive ran-
domized trial. Thus, the study appears to ful-
fill equipoise. Moreover. although both insti-
tutional and foster care can sometimes result
in maltreatment, study participation was un-
likely to cause net harm to the children: no
child was put at additional risk to obtain the
results, which reduces the ethical reasons for
worrying about equipoise.

Guarding Against Exploitation

To judge whether this trial involved exploita-
tion requires assessing whether the studys
benefits were distributed Faurly among the
partics involved. A useful framework is
national research. In a developed country. the
results of research are expected toeventually be
integrated, albeit haphazardly. into that coun-
trys health system. Although participants
assume nisks in research. they, and their fellow
citizens, also benefin. I all subject protection
requirements are fulfilled (/4), the research is
permissible, But in imernational research, the

people that benefit may not come from the
same society as the research participants;
no shared national relatonship between
researchers, subjects, and society exists. Thus,
outsourcing research may increase the potential
for exploitation.

One way to minimize the chance of
exploitation is to emulate national research,
According to CIOMS, achieving this in the
international context requires that the research
be responsive to the health needs of the study
population and that the population gains from
the research results (J0, [1).

The BEIP meets these two conditions. The
research responds to the health needs of many
abandoned children for whom the swue is
responsible. Moreover. the instigation of the
study by the Romanian Secretary of State for
Child Protection and official reaction to its
results indicate that the study had a high likeli-
hood of having an impact on these children’s
Ives: state policy was hikely o adopt the BEIP
conclusions, This impact 15 not guaranteed:
social and economic CircumMsances or govern-
ment policies might change, resources may not
be made available for foster care, or the conclu-
sions ol the research may be disputed. Certainty
about implementation cannot be required to eth-
ically proceed with a study. Instead researchers
must judge the likelthood that their work will
generate health benefits, and proceed on the
basis of its expected benefit. The expected
benefits o Romanias abandoned children
appear to provide ample justification for the BEIP

Finally, judging whether exploitation has
been avoided by using the responsiveness to
needs and reasonable availability critena can
be problematic. These criteria consider bene-
fits to the participants” community. But it is the
participants—not the community—who bear
the risks of research and are therefore most
vulnerable to exploitation. Even when a sue-
cesstul intervention will be available to a pop-
ulation after the trial s completion, supplying it
to the research participants themselves may
not be possible.

Unfortunately, in many cases harm to par-
ticipants is inherent in generating valid scien-
tific results. In some trials, data on the effec-
tiveness of an intervention cannot be obtained
without some risk to the subjects, perhaps of
serious or fatal outcomes. For instance, for a
vaceine trial to be suceessful, some participants
must acquire the disease the vaccine is intended
to prevent, Otherwise, no intervention can be
shown to be superior. But the preventive bene-
fits of the vaccine do no good for participants
who became infected during the study. Similar
issues arise in many cancer and cardiovascular
trials. The BEIP ruises the same concern: the
children who remained in imstitutional care

POLICYFORUM

cannot now receive the benefit of early foster
care, which the trial showed to be superior for
some developmental outcomes.

This consideration does not make the BEIP
study unethical. just as it does not make vaccine
trials unethical. However, it does indicate that
researchers need to pay special attention to how
results get implemented when the benefits can-
not accrue to participants. For instance, trial
designs that move participants into the arm that
15 doing better during the course of the rial can
be emploved. According to the researchers,
limited funds foreclosed this option. Alter-
natively, as done in the BEIP, researchers can
present valid scientific results as soon as possi-
ble to those parties who can act on them. These
parties have responsibilities to the participants,
too; because the children were involved in
research for the benefit of Romanian society,
the representatives of society should ensure that
the children get the care they deserve.

The BEIP researchers did not create and are
not responsible for Romania’s instiutionaliza-
tion of abandoned children. They conducted
research w determine what interventions
would benefit these children. This 1s not ex-
ploitation, but shows how research can help
benefit participants, as well as the wider popu-
lation of abandoned institwtionalized children.
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HISTORY OF SCIENCE

Hoyle's Equation

ne ofthe grand theories

of science holds that

the chemical elements
and all of their isotopes were
synthesized from hydrozen and
helium by nucleosynthesis
nuclear reactions within voung
massive stars (/). The abun-
dances of elemems wday are
thus the product of natural his-
tory and evolution. Although
this theory 1s now accepted,
the paper that
forms 1ts foundation (f) has
been strangely underappreci-
ated m companison with later works (2, ).
Recently, researchers gathered at an interna-
tional conference at the Califormia Insttute of
Technology (4) to celebrate the anniversary of’
two groundbreaking 1957 publications (2, 3)
that according to its Web site “opened the
whole field of nuclear astrophysics into a
diverse and thriving scientific and mtellectual
enterprise.” However, Lwould like to look back
at the 1ssue of how this early work of Fred
Hoyle {shown in photo) came to be both poorly
understood and incongruously undercited.

In attending and speaking at the confer-
ence (J3). it became clear to me that even
experts are unaware of the contents of Hoyle's
1954 paper. Its undercitation probably re-
sulted from the omission of a written equa-
tion that 15 central to the theory and from
which the essence of the origin of the ele-
ments can be derived. Subsequent nucleosyn-
thesis theory tended to focus on the specific
nuclear processes responsible for specific
sets of natural 1sotopes. Limited controversy
did erupt in 1983 after W, A. Fowler, a Caltech
coauthor of the paper known as B*FH (for the
initials of its authors) (2), was awarded the
MNobel Prize in physics for his experimental
role in clarifving nucleosynthesis rates in
stars whereas Hovle as creator of the theory
of nucleosynthesis was omitted.

In what follows. I will offer my own
“Hoyle’s equation™ as determined from my

scientific

reading of his 1954 paper(£). Hovle's equation
addresses the origin from ininal hydrogen and
helium of the set of very abundant isotopes in

The authar is in the Department of Physics and Astronomy,
Clemson University, Clemson, 5C 29634, USA. E-mail:
cdonald@ clemson_edu
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Stellar pioneer. Fred Hoyle
on the Caltech campus in
February 1967.

stars more than 10 times as
massive as the sun—what
is now called “primary
nucleosynthesis” By con-
trast, B*FH (2) contributed
creatively to the “second-
ary processes” of nucle-
osynthesis,  those  that
change one preexisting
heavy nucleus into another
but do not increase the
metallicity (that is, the abundance of elements
heavier than helium) of the galaxy as it ages,
Howvle's words and guantitative arguments (/)
are more sweeping than the detail-oriented
sequels. Hovle's discussion is phrased in terms
ofthe mass M of new primary isotopes that
are gjected from massive stars, which he saw as
their source. His approach to stellar nucleosyn-
thesis takes their galaxy-wide rate of produc-
tion e/l to be the product of the death rate
of'stars and the mass Am, of 1sotope & ejected at
time 1 from each star,

Hoyle explamed that gravitational contrac-

0.¢
0,NeMg
50,5

Fe,Ni core

New elements in stars. A massive star develops an onionlike structure
with zones in which different elements have been synthesized by
nuclear reactions.

¢ 4120 —=20ye 4+ He

Example of nuclear reaction
making primary 28Ne

in O,Ne,Mg shell

The paper that first explained how the
elements form in stars did not receive the
acelaim it deserved because it did not
display its key equation.

tlon causes temperature increases after each
central nuclear fuel is consumed, and he
described the nuclear burning and associated
nucleosynthesis of Am, during each sequen-
tial advanced core evolution. Because those
massive stars all evolve almost instanta-
neously in comparison with galactic time
scale. Hoyle takes B, (1) to be the birth rate of
massive stars at '|.i['|.]i_‘ I ]l must on dVErage
equal their death rate if the numbers of stars
are to change only slowly. The subseript M=
characterizes stars too massive to become
white dwarl’s; for these stars, Hoyle (/) pre-
dicted that collapse of the final central
evolved core is inevitable, So, for the massive
stars that hus paper focused on, “Hovle’s equa-
tion” expresses the rate of gjection of new pri-
mary isotopes from carbon to nickel as

dn(C-NiYdr= B,, (1) Evost ¥ Ay,

where Ev™ expresses the nuclear and stellar
evolution of a massive star, and £ Am 15 the
sum over & Isotope masses,

Hovle identified the new primary iso-
topes created within each successive core
burning phase. Each burning core is smaller
than the one before, so that the star takes on

an onlonskin structure con-

each burning phase (see the
figure). Hovle also correctly

stated |I'I.."I|. I'Il..‘l.][]'I!!“!I SMI=S10n
governs the collapse time
.\'i.!'.lll...' 'A."n.'!'l!..‘l'l core lk.']'.l'l]'?ll...‘r-'lll.ll'l:
exceeds 3 x 107 K. Hoyle's
equation expresses a mod-
ern view of the nucleosyn-
thesis that increased metal-
licity during galactic history.
Hovle missed only the full
set of reactions involved
during silicon burning and
the relative numbers of pro-
tons and neutrons involved
in the nuclear statistical
equilibrium. Curiously, B2FH,
published 3 vears later, with
Hovle as one of its coau-
thors, did
Hovles massive-star picture
or on his equation, an over-
sight that [ attribute to his
lack of carcful proofreading

not focus on
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of a manuscript drafted by E. M. and G. R.
Burbidge (6).

It is unfortunate that he did not put 1o paper
the equation he envisioned and described ver-
bally. Had he done so, unambiguous scientific
visibility of his achievement would have fol-
lowed more easily. In that spirit, 1 submit
Hovle's equation as implicit in the arguments

of his pioneering 1954 paper and suggest that
it is one of the landmark papers in the history
of science.
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MOLECULAR BIOLOGY

The Two Faces of miRNA

J. Ross Buchan and Roy Parker

icroRMNAs (miRNAs) are 20- 1o 22-

nucleotide RNAs that regulate the

function of eukaryolic messenger
RNAs (mRNAs) and play important roles in
development. cancer, stress responses, and
viral infections. miRMAs are well known o
inhibit the translation of mRNAs into protein
and to promote mRNA degradation. On page
1931 of this issue. Vasudevan er al. (/) show
that miRNAs can also increase translation,
broadening the effect of these small RNAs on
protein expression.

To function, a miBNA associates with an
Argonaute protein. of which there are four
in mammalian cells (Agol to Agod). Each
miRNA-Ago complex interacts with a
specific mRNA. typically through pairing
of nucleotide bases between the miRMNA
sequence and complementary sequences in
the mRNA' 3 -untranslated region (3'UTR).
Such 3'UTRs are important assembly sites for
complexes that affect mRNA localization.
translkation, and degradation. How Ago-miRNA
complexes repress translation and/or promote
mRNA degradation is not clear but involves
the recruitment of additional protein factors,
most notably the GW 132 protein( 2).

WVasudevan er al. build on earlier work
showing that the 3'UTR of tumor necrosis fac-
tor—¢ ( TNF-00) mRNA stimulates translation
when mammalian cells are deprived of serum
{which contains nutrients and growth factors),
arresting the cell division cyvele at a particular
phase (G, ) (3). This stimulation requires Ago2.
raising the heretical idea that miRNAs both
enhance and repress translation.

Indeed. Vasudevan er al. now show that
when cultured mammalian cells are serum-
starved (G, phase arrest), binding of a specific

The authors are in the Department of Molecular and
Cellular Biology, Howard Hughes Medical Institute,
University of Arizona, Tucson, AZ 85721, USA. E-mail;
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MicroRNAs can enhance or repress messenger
RNA translation, depending on whether cells
are proliferating or arrested in the cell cycle.

Increased translation and protein production

Dual functions of miRNAs. MicroRNAs (miRNAs) can boost or block the translation of target mRNAs.
Physiological conditions affect the recruitment of requlatory proteins, which can alter a miRNA's effect.

miENA (miR369-3) to a reporter mRNA
{containing the TNF-o 3'UTR) stimulates
translation, whereas no stimulation occurs
when miR3649-3 is absent. In contrast,
miR369-3 represses translation during other
cell evele phases. The well-studied “repres-
fet7 miRNA and the artificial miRNA
mimic cxer also enhance mRNA translation
during starvation-induced G| arrest, whereas
they repress translation elsewhere in the cell
cyele. Thus, multiple miRNAs and associated
Ago proteins can enhance or repress transla-
tion, depending on the cell cycle state.

Stimulation of wanslation involves a change
in the proteins recruited to mRNA by the
miRNA-Ago complex (see the figure). During
cell eyele arrest, the RNA binding protein
FXRI is recruited to mRNA by the miRNA-
Ago complex and stimulates wanslation (1, 3).
Whether other activator proteins are recruited,
or repressive proteins (such as GWI182) are
lost, during this condition 15 unknown,

The diversity of proteins recruited 1o
mBENAs by muRNAs 15 turther broadened by
multiple members of the Ago, GWI182, and
FXR. protein families as well as by the expres-
sion levels and postiranslational modifica-

sive”

tions of Ago-interacting proteins. Moreover,
the effect of a miRNA-Agzo complex can also
be modulated by proteins bound to other sites
within the 3'UTR. For example, in response to
multiple stresses, increased translation of the
CAT-T mBNA in hepatic cells depends on spe-
cific binding sites for miRNA-122 in CAT/
mBMNA, and binding of the protein HuR to the
JUTR(4).

The roles of miIRNAs in multple stress
responses hint that other environmental
changes may convert some miIRNAS o acu-

vating roles (3). Moreover, because many of

the Ago-interacting proteins (such as FXR1)
also bind RMNA, some mRNAs might have
sequences that constitutively recruit miRNA-
Ago complexes that activate translation.

Difterential effects of miBNAs at various
cell evele stages or during cellular stress may
explain some confusion in the field, including
differences in the extent of repression caused
by a given miRNA, and the detection of trans-
lationally repressed mRNAs with ribosomes.
These differences might be explained if cells
are distributed differently across the cell cycle
Iﬂ Vi I'['i{'FLIH I.._"E]']L“I'll'l'll.,l'l[‘\-

Small RNAs serving as both activators and
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repressors of gene expression are perhaps not
limited o miRNAs. Specific Piwi-interacting
RNAS, thought to repress gene expression, may
enhance transcription in the fly Drosophila
mielanogaster (6). Moreover, when delivered
into mammalian cells, some double-stranded
RMNAs complementary to promoter sequences
increase gene expression (7, &),

The present work by Vasudevan er al
raises many questions. What are the mecha-
nmisms by which miRNAs enhance transla-

tion? Does miRNA stimulation of translation
raise a possible complication. and opportu-
nity, in using miBRNAS and small interfering
RNAs as therapeutics? Finally, assuming
miRNAs generally stimulate translation in
cells exiting the cell cycle. what role might
miRNAs play in developmental and terminal
differentiation processes? In a field replete
with activity, this latest twist in function may
foreshadow even more faces of these intrigu-
ing micromolecules.
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ATMOSPHERIC SCIENCE

Revisiting Ozone Depletion

Marc von Hobe

n 1985, Farman er al. (D) discovered
a substantial thinning of the strato-
spheric ozone laver over Antarctica
in spring. This “ozone hole™ ok the
atmospheric research community by
surprise because it could not be
explained by any catalytic cvcles known
to remove ozone in the stratosphere.
Today, the consensus is that the chemi-
cal processes responsible for the forma-
tion of this “ozone hole™ are reasonably
well understood. New laboratory data
published recently by Pope eral. (2) call
this consensus into question, but the
results must be treated with caution.
Two types of processes are key o
understanding the unusually large
ozone loss rates in the cold polar stratosphere.
First, HCI and CIONO, are activated on the
surfaces of polar stratospheric clouds to form
compounds actively imvolved in catalytic
ozone destruction (3). Next, these activated
species participate in the ClO-dimer (4) and
ClO-Br( (J) catalytic cycles that rapidly
destroy ozone at cold temperatures and high
solar zenith angles. These two catalviic cyeles
are believed to be responsible for more than
B0 of polar ozone loss during spring (6).
The results published by Pope er al. (2)
suggest a much smaller absorption cross sec-
tion of the C10 dimer C1OOCI (see the lefi
panel of the figure). The absorption cross sec-
tion is a measure of how etficiently light is
absorbed and determines how fast ClOOCT is
photolyzed. This photolysis determines the
speed of the ClO-dimer ¢vele and also affects

CI0QC! absorption

cross sections (omé)
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New laboratory data imply unknown
mechanisms in the formation of the ozone
hole, but it is too soon to throw out the
old paradigms.
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the CIO-BrO cycle. The new result would
make both cyeles—and hence the overall
ozone loss rate—much slower, with possible
implications for our ability to predict future
polar ozone depletion (7).

In their experiment, Pope e al. (2) have
introduced an innovative way to avoid impuri-
ties by trapping CIOOC] at—125°C before the
absorption measurement. However, they did
not present a detailed analysis of how possible
systematic errors due w impurities may have
affected earlier studies. For example, the dif=
ference between cross sections published by
Burkholder er al. (¥) and by Pope et al. cannot
be explained by any linear combination of
absorption spectra resulting from known
impurities. Moreover, Pope ef af. failed to add
confidence to their results by monitoring
infrared and/'or microwave absorption as done
in earlier studies (8). Without these tests, the
authors cannot completely rule out heteroge-
neous chemistry in the cold trap or secondary
chemistry in the photolysis cell. This is partic-
ularly problematic because the interpretation

Photolysis of CLOOCL. (Left) CLOOCI absaorption cross sections measured by Pope et al. (2) are lower than those
measured previously (8, 11), especially in the "atmos pheric window” above 300 nm, where most incoming solar irra-
diation occurs. (Right) The phatolysis rate obtained by Pope et al is inconsistent with field observations of chlorine
compounds (green bar), whereas rates determined previously (8, 11) agree with field observations. The purple bar
shows the range of photolysis rates consistent with observed ozone loss.

of their data relies on the assumptions that the
CIOOC] absorption spectrum is fully repre-
sented by the superposition of two Gaussian
functions and that no impurities other than
Cl, are present.

The challenges posed by the new study
may act as an incentive to address the problem
on a wider scale. The laboratory studies avail-
able today all disagree with cach other, and
only ong—or maybe none—can be correct. To
solve this dilemma, we must understand and
unambiguously identify the reasons for the
discrepancies.

Doubits about the correcmess of the Pope er
arl. measurements are supported by the fact that
they are at odds with a wealth of atmospheric
observations suggesting larger cross sections
i6, 9. Most observations of CIO and s
dimer—measured in situ and from satellites—
are best explained by the cross sections pub-
lished by Burkholder er al. { 8). which are the
largest in the wavelength region relevant for
photolysis in the atmosphere (see the nght panel
of the fgure). These cross sections also best
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reproduce ozone loss in model simulations (6,
fi0. In contrast, when the cross sections pub-
lished by Pope ¢t al. are used. only about half the
observed O loss is reproduced (Y).

It the Pope et al. results do turn out to be
correct, then there must be missing reactions
that remove the C1O dimer and eventually lead
to ozone destruction. Obviously, any such
reactions have so far gone undetected in labo-
ratory experiments studving the formation
and photolysis of C10OCI. Therefore, any
new or modified atmospheric mechanism
would probably inwvolve species additonal o
those present in these experiments.

Until the issue 1s completely resolved
either by refuting Pope er al. or by establishing
modified ozone destruction mechanisms
modelers should probably not use the new
photolysis rate for prognostic studies. Even il
Pope et al. are correct and our current under-
standing of polar ozone depletion is incom-
plete. models using rate constants currently
recommended by the National Aeronautics

and Space Administration/Jet Propulsion
Laboratory data evaluation panel (/] )—the
accepted standard for atmospheric model-
ing—adequately simulate observed past and
present ozone loss and are thus likely to cor-
rectly predict future ozone loss,

Ciiven the observed close link between
ozone loss and stratospheric chlorine (12,
13). it seems very unlikely that chlorine
compounds do not play the key role in
destroving polar ozone and that the new
measurements will compromise the Montreal
Protocol on Substances That Deplete the
Ozone Layer in any way (7). Nevertheless.,
atmospheric scientists must explain both the
substantial discrepancies between different
laboratory studies of the ClOOC] cross sec-
tions and the discrepancies between atmo-
spheric observations and laboratory data.
Whether this will require imtroducing previ-
ously neglected chlorine species and modi-
fied ozone destruction mechanisms remains
to be seen.

PERSPECTIVES
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DEVELOPMENT

Is Therapeutic Cloning Dead?

Jose Cibelli

ver since it was first suggested by Roben

Edwards and Patrick Steptoe in their

1980 book A4 Maner of Life (1), it
seemed that the path to making immunocom-
patible cells to potentially treat human diseases
would necessite cloning of a human embryo,
This process calls for replacing the DNA of an
unfertilized egg (oocyte) with that from the
patient’s somatic cell, in vitro culture of the
reconstructed embryo to the blastocyst stage,
and subsequent 1solation of pluripotent cells that
could potentdally differentiare into any cell tvpe.
The prediction of Edwards and Steptoe came
closer to reality with the arrival of Dolly, the
cloned sheep, and dervation of the first human
embryonic stem cells by James Thomson’s
group (2. 3). This procedure of somatic cell
nuclear transfer has been referred to as human
therapeutic cloning (4), and although studies in
mice have shown that this approach is possible
(3. &), its proof-of-principle in humans never
materialized. Now, two reports in this issue—by
Yu er al. on page 1917 (7) and Hanna er al.
on page 1920 (8)—and a recent report by

The author is in the Departments of Animal Scdences and
Physialagy, Cellular Reprogramming Laboratory, Michigan
State University, East Lansing, MI 48824, USA, and at the
Program for Cell Therapy and Regenerative Medicine of
Andalusia, Seville, Spain, E-mail: dbelli@msu.edu

Takahashi er al. (¥) suggest that human thera-
peutic cloning may never happen.

Takahashi er af (%) report the generation of

human induced pluripotent stem cells using
tfour transcription factors: Octd, Sox2, KIf4,
and ¢-Mye. These are the same transcription
factors previously reported by this group and
others to produce such stem cells in mice
(/- 14). Takahashi et af. have now shown that
exogenous expression of these genes (deliv-
ered by retroviral vectors) can transform new-
born and adult human fibroblasts into induced

pluripotent stem cells. Two of these factors can
be considered predictable in that they appearin

Slemness markers

Unlimited sali-renewal (*) when cultured under ESC culture conditions

Differentiation into teratomas in immunosuppressed mice
Germbine transmission

Direct differentiation

Genetic match with donor

The ability to generate pluripotent stem cells
directly from skin fibroblasts may render
ethical debates over the use of human oocytes
to create stem cells irrelevant.

most microarray analyses of mouse and
human embryonic stem cells and are impor-
tant in development. But the two other factors,
c-Mye and K14, were unforeseen. and their
presence in the “reprogramming quartet”™ in
mice has been difficult to justifv. Nevertheless,
the cocktail works in human cells. and now the
challenge 15 to determine each factor’s role
during the reversion of a mature cell to an ear-
lier, unspecialized form that can then differen-
tate into multple cell types.

Yu er al. ( 7) also report the production of
induced pluripotent stem cells, but use only two
factors, Octd and Sox2, in combination with

iP5 cells

fertilized em

Mo se Mouse Human Mouse Human
Yes Yes Yies s Yes
Yes Yes [ e Vs
Yes Yes Yes Yes Yes
Yes Yes nfa Yes nfa
Yes Wes Yes Wes Yes
Yes No Ho Yes  Notyet

determined

Features of pluripotent stem cells derived by different procedures. SCNT, somatic cell nuclear transier;
ESC, embryonic stem cells; iP5, induced pluripotent stem cells; asterisk indicates the capacity to proliferate
for periods of time longer than those recorded in somatic cells of the same species while maintaining their

pluripotent state,
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one more predictable transcription  factor,
NANOG. and a fourth largely unconsidered
gene encoding Lin28, a protein thought o be
involved in RNA processing (/3). This combi-
nation shares only two of the factors reported by
Takahashi er af, raising the question of redun-
dancy among genes that can reprogram cells.
Perhaps one master gene upstream of the six
now described opens the gate to pluripotency.
Yu et al. avoid expressing ¢-Mye, which can act
as an oncogene and cause cancer, and improve
gene delivery by using lemtiviral vectors. [t is
possible that ¢-Myc promotes the proliferation
of induced pluripotent stem cells until the sto-
chastic and progressive process of dedifferenti-
ation has progressed sufficiently w allow self-
renewal. ¢-Mye could be functionally redundant
with NANOG, which maintains embryonic
stem cell plunipotency. Yu ef al. further show
that from the eight induced pluripotent stemcell
lines generated, two expressed Octd, Sox2, and
NANOCG alone. Itis extraordinary that just three
exozenously expressed transcription factors can
completely reprogram acell.

Finally, Hanna er af. show that symptoms
of sickle cell anemia can be ameliorated with
induced pluripotent stem cells in a mouse
model of this human disease. Adult somatic
cells taken from the tail of a mouse bearing a
mutated version of the human B-globin gene
were converted into induced pluripotent stem
cells. The mutation was then repaired and
through expression of the HoxB4 transcrip-
tion factor. the cells were differentiated into
hematopoietic progenitor cells and transferred
back into the affected animals. All three am-
mals reated with the induced pluripotent stem
cells survived up o 20 weeks, whereas
untreated animals died before the seventh
week of age. The treated animals also showed
nereases in red blood cells and hemoglobin,
Although it is premature to extrapolate these
experiments to humans (we have yet o obtain
mature blood cells from human embryonic
stem cells). Hanna er al. have shown that
induced pluripotent stem cells are more than a
laboratory amusement: They may not only
treat, but potentially cure diseases, at least in
an animal model (and for the limited time of
the study).

These three reports come on the heels of
the announcement by Byrne ef al. that nonhu-
man primate embryonic stem cells can be
derved from adult fibroblasts using somatic
cell nuclear transfer ( /6). The next logical step
will be to compare the cells obtained by Byrne
et al. with those generated using the suite of
transcription factors implicated in cell dedif-
ferentiation. Such a comparison is necessary
to determine whether the reprogramming
process and function of induced pluripotent-

21 DECEMBER 2007 VOL 318 SCIENCE

or somatic cell nuclear ranster-derived cells
are equivalent or not. We may not be able to
resolve these questions anytime soon, notonly
because the mechanism of somatic cell
nuclear transfer has yet to be described in
detail. but more because we can as vet only
follow the transformation of a given somatic
cell into an induced pluripotent stem cell when
embryonic stem cell-like colonies first
emerge. and not any earlier.

The current breakthroughs raise exciting
questions. Some are echnical, such as whether
viral vectors can be replaced with other agents
that facilitate transient expression of delivered
genes. Others are mechanistic, such as whether
the conversion of cells is due o epigenetic
modifications of key genetic elements orto a
genetic event that has yet to be identified.
Another question is whether several events
must occur in a given sequence, with a precise
amount of each transcription factor at a partic-
ular nme. for cell dedifferentiation to occur
and be sustained. This also raises the issue of
whether the converted cell that gives rise to an
induced pluripotent cell colony is somehow
predisposed to “stemness,” given that, in the
context of somatic cell nuelear transfer. it is
clear that pluripotent cells, such as embryonic
stem cells, are easier to reprogram into viable
animals than are somatic cells.

s human therapeutic cloning no longer
needed? The short answer is no, but it is likely
a matter of time until all the hypothetical
advantages of therapeutic cloning will be
implemented with induced pluripotent stem
cells, More importantly, the controversial
issues (ethical and technical) specific to
human therapeutic cloning may well be left
behind along with the procedure itselll a
refreshing change for the field, indeed.
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MATERIALS SCIENCE

The Flow of Glass

Michael L. Falk

Experiments on colleidal glasses quantify how glass structure accommodates flow,

ow does glass bend and flow? This

question may seem odd to most peo-

ple, given that in our common experi-
ence glass is something hard and brinle, But
for those who have seen a glassblower at work,
it is clear that the ability of glass to change
shape when heated is crucial 1o its utility and
beauty (see the first figure). The flow of glass
is the subject of a revealing set of experiments
published by Schall er al. on page 1895 of this
1ssue (f).

The authors performed their experiments
on a system composed ol colloids—beads
smaller in diameter than a human hair sus-
pended in solution. To appreciate the connec-
tion between colloids and glassy materials, it

The author is in the Department of Materials Science and
Engineering, University of Michigan, Ann Arbor, Mi 48109,
UsA. E-mail: mialkg@umich.edu

is important to understand that in addition 1o
soda-lime glass (the matenal composed pn-
marily of silica that constitutes our house-
wares and windows), glasses can also be made
from nearly every other kind of material,
including plastics and even metals. So what
makes something a glass?

Toa large extent, a glass is defined by what
it is not: a well-ordered crystal. The vast
majority of engineering materials are crys-
talline, that is. they have an underlying repeti-
tive structure from which they derive their
electrical, mechanical, thermal. and optical
properties, This structure typically arises
when the material is created from a liquid. As
the liquid cools, the atoms find an arrange-
ment that optimizes their bonding. giving
birth to small crystallites that grow into the
final matenal structure,

Gilasses, i clear contrast to their crys-
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talline cousins, are models of disorder. As a
olass is cooled, 1ts atoms retain the same disor-
der that they exhibited as a liquid. The motions
of the atoms slow down, resulting in a material

Just as sohid as any crystal but without a erys-

tal’s obvious structural order, For this reason,
glasses have often been referred to as amor-
phous (literally “shapeless™) solids, but recent
mvestigations have mdicated that these mate-
rials have their own unigue, if subtle, strucure
(.2). This structure may explan why a glass, a
material with a structure so similar to that of a
liquid, does not flow o a liquid-hike manner.
When simple liquids flow. they tend to do so a
little bit at a time everywhere, such that their
flow 1z more-or-less uniform. However, stud-
ies like those by Schall ef af. clearly demon-
strate that in glasses, flow is not so simple.
Crystals do not flow natrally, but if you
apply enough force to them. you can make
them flow. On the atomic scale, this is accom-
plished by a misalignment in the crystal lattice
known as a dislocation (see the second figure,
top panel), You can think of it as a bump in a
rug. It is possible 1o get a rug, even a very
heavy one, to move a small amount by creat-
ing a bump on one end and pushing the bump
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The role of defects. (Top) In crystals, flow is determined by dislocations,
defects in which the planes of the crystal are shifted relative to each other,
These defects change the shape of the material by aliding through the crys-
tal. The arrows denote the applied forces and the red circle shows the loca-
tion of the dislocation. The diagonal lines emphasize the crystal planes in
the atomic arrangement. (Bottom) In glasses, a different type of defect—
a shear transformation zone—accommodates the flow. When a shear stress

is applied in the direction of the arrows, the atoms rearrange from the posi-
tions on the lefl to those on the right. The darker colors denote which atoms
on the right have had the most rearrangement in their vicinity. The ovals
illustrate the approximate internal rearrangement associated with the

shear transformation zone. [Adapted from (8)]

WWW.SClencemag.orng

along the rug. Similarly, once a dislocation 15
created it can glide through the crystal. As a
result, the erystal undergoes an internal shp
that changes its shape.

[s there a defect that could act as a disloca-
tion for glasses? Spaepen, one of the authors
on the current investigation, theorized in 1977
that “flow defects™ were responsible for plas-
tic flow in glasses (3). Dislocations can be
directly imaged in erystals using transmission
electron microscopy (4). but such characteri-
zation technigques are con-
siderably more difficult to

apply to glasses.

For this reason, similar
arger-scale systems
have long been used to
elucidate flow in glasses.
some early investigations
were performed in sheared
bubble rafts. in which a
single laver of millimeter-
sized soap bubbles Moats
on water (5, 6). Based on
these experniments, Argon
proposed that regions in
the glass undergo “shear
transformations™ ( 7); the-
that posit
transforming flow defects
commonly refer to these
as shear transformation
zones (see the second fig-
ure. bottom panel) ().
Computer  simulations
have shown that these
zones are associated with

but

020000
200000
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ories shear

regions of enhanced stru-
ctural disorder (¥) and are
sensitive to pressure (/)
Schall er al. now confirm
the existence of shear
transformation zones in
their colloid system. They
also show that they are
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The art of glassblowing. When glasses are heated
to very high temperatures, they become highly
viscous. Upon cooling, the glass rigidifies. The
processes that govern flow in the cooled glass are
elucidated by Schall ef al in this issue.

irreversible and thermally activated, and
that their transformation can induce the
formation new  shear transtormation
zones. Furthermore, they quantify the siress
needed to cause a shear tansformation zone
to transform.

There are some mmportant differences
between the current work and the model bubble
raft systems studied in the 19705, First, the col-
loidal system is three-dimensional. providing a
more realistic model for a real glass. Second,
the authors reveal the detailed dynamics of
their system. by means of confocal microscopy
and digital dat analysis.

These investigations are particularly rele-
vant o understanding the formability, frac-
ture, and failure of an emerging tvpe of mate-
rial, metallic glasses, While glasses have
been made out of metal since the 1960s ({ 1),
the cooling rates required were so fast that
only thin ribbons could be manufaciured. It
is only in the past two decades that these
materials have been produced at moderate
quench rates at thicknesses that lend them-
selves 10 a broader array of engineering
applications (/2, 13). Metallic glasses are
exceptionally strong and elastic, but when
their strength is exceeded they typically fail
catastrophically { /4).

Investigations like those presented by
Schall er al. provide valuable insights that can
provide the underpinnings for predictive theo-
ries of glass flow and talure. Such theones are
needed to pave the way for new materials that
take advantage of the disorder inherent in
olasses, which may in the years ahead provide

of

s I'!iL'l'I i MUree |_7|'|'||._"|.'|,' I'L'IilEI..'FI."Il:i advances as
crystals have to date.
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Sexual Selection

iIn Males and Females

Tim Clutton-Brock

Research on sexual selection shows that the evolution of secondary sexual characters in males and
the distribution of sex differences are more complex than was initially suggested but does not
undermine our understanding of the evolutionary mechanisms involved. However, the operation of
sexual selection in females has still received relatively little attention. Recent studies show that
both intrasexual competition between females and male choice of mating partners are common,
leading to strong sexual selection in females and, in extreme cases, to reversals in the usual
pattern of sex differences in behavior and morphology.

n the Descent of Man (1871}, Darwin pro-
Ixidcd the first coherent explanation of the

claborate weapons and ornaments found in
males and, less commonly, in females in many
animals. These “sccondary™ sexual characters
did not appear likely 10 increase survival, and
he argued that they were a result of intrasexual
competition ¢ither for breeding opportunities
or o altract the opposite sex. He termed this
evolutionary process “sexual selection,” deserib-
ing it as selection that “depends on the advan-
tage which cerain individuals have over others
of the same sex and species solely in respect of
reproduction™ (7, p. 209),

Our current understanding of Darwin’s the-
ory, based on seminal papers by Bateman (2)
and Trvers (3), 15 that reduced imvestment in
mametes and parenmial care by males increases
their potential rate of reproduction (PRR) 4, 5),
biasing the relative numbers of sexually active
males 1o recepiive females at any one time (the
operational sex ratio, or OSR) (6). Biased OSRs,
in tum, lead 0 increased intensity of intrsexual
competition, greater variance in breeding suc-
cess, and stronger selection for traits affecting
competitive ability in males than in females
(3. 6. 7). In addition, they are likely 10 favor the
evolution of greater selectivity in choice of mat-
ing partners by females, genermting sclection
pressurcs inomales for traits that display their
quality as breeding parners (3. 8). Where sec-
ondary sexual characters conler important wepro-
ductive benefits, they may develop o a point
where their benefits are offset by substamial costs
o survival, cither among juveniles or among
adulis (3, 9).

Although the assumptions and predictions
of the theory of sexual selection have withstood
repeated testing (20, recent reviews have pointed
o inconsistencics in relationships between pa-
rental investment, reproductive competition, and
sex differences in behavior and morphology,
as well as to the scarcity of detailed stdics of

Department of Zoology, University of Cambridge, Downing
Street, Cambridge CB2 3E), UK. E-mail: thcb@cam.ac.uk

the operation of sexual sclection in females
{ 11-15). Roughgarden e al. { 16} recently argued,
i this jounal, that “sexual selection theory s
always mustaken, even when gender roles
superficially match the Darwinian templates™
and went on to advocate its replacement by a

Fig. 1. In many animals, competition between females for breeding
opportunities is intense, and females show pronounced secondary
characters. In polyandrous birds, where males invest heavily in parental
care, females compete intensely more frequently for breeding oppor-
tunities than males and are commonly larger than males as in (A} female
African jacana Watophitornis africanus), Female competition for breeding
opportunities is also intense in a number of social mammals where
female rank and breeding success are closely correlated, including (B)
Kalahari meerkats (Suicata surfcatta) and (C) spotted hyenas (Crocuta
crocuta). Females have developed promounced secondary sexual orna-
ments that attract males in some polygynous or promiscuous spedies,
including (D) savannah baboons (Papio omocephalus). In a number of
birds, both sexes have similar ornaments probably as a result of mutual
mate-choice, while in a few species, males and females display in
different sites and have developed contrasting coloration. [Credits: (A
and B} A. Young; (O M. L. East and H. Hofer; (D) T. Clutton-Brock]

novel theory of social selection. That 40 evolu-
tionary biologists cooperated o wnte 10 letters ne-
Jecting these enticsms shows that Roughearden’s
views are unusual (77), but it is ¢lear that the
mechanisms underdying sex differences in repro-
ductive competition and the tmits associated with
them are both more diverse and more complex
than was initially realized. In the wake of
Roughgarden et al’s review, both the exeep-
tions 1o the basic structure of sexual selection
theory and the operation of sexual selection in
females deserve further atiention,

Sexual Selection in Males
It is now clear that relationships between rela-
tive gamete stee, the evolution of parental care,
OSRs, the relative mtensity of competiion, and
the extent of sclectivity in the two sexes are mol
as stmightforward as was onginally supposced.
Sex dilferences i parental care are not an inev-
itable consequence of sex differences in gamete
size because patterns of parental care are like-
ly to coevolve and feedbacks may be complex
(18, 19). Sex differences in parental investment
are not the only factors al-
fecting the OSR (5, 15)
Biases in the sex ratio m
birth or hatching, sex dif-
ferences i juvenile or adult
survival or in the propor-
tion of individuals acquir-
ing the resources NeCessary
tov breed, and variation in the
costs of competing may all
aftect the relative numbers
of males and fenmales com-
peting for mates in the wo
sexes (5, 20-22). Finally,
the OSR is not the only
factor affecting the relative
intensity of intrasexual come-
petition and maie selection
in the two sexes, and the sex
that competes most intense-
Iy for breeding partners is
not always less selective in
its choice of mates. For ex-
ample, the vsual endency
for females to be more scloc-
tive than males can be re-
versed where variance in
female quality is large and
males can increase their
fiiness by selecting superior
panners (73, 23, 24).
Relationships between -
trasexual competition and
reproductive vanance are
also more complex than
carly papers suggesied. Al-
though variance in fimess
Is a prerequisite for sclec-
tion, a substantial proporion
of reproductive vanance in

21 DECEMBER 2007 VOL 318 SCIENCE www.sciencemag.org




both sexes is ofien caused by age, by random
processes that do not contribute to selection,
or by phenotypic differences that have no heri-
table bass (7, 13, 14, 25-27), and these eflects
may oficn differ between the sexes. For exam-
ple, the higher PRR of males may gencrale in-
creased mndom variance in breeding success in
males comparcd o females (25). In addition,
because broeding success is ofien more strongly
influenced by age in males than in females, cal-
culation of relative variance in breeding success
across individuals of unknown age often over-
estimates varianee in male reproductive suc-
cess and underesiimates variance in female
success (7).

Finally, relationships between relative re-
productive vanance m the two sexes and the
evolution of sex differences are complex and
inconsistent. Qualitative differences in the se-
lection pressures operating in males and fomales
are common, leading o the evolution of con-
trasting secondary sexual chameters m males
in different species (7). For example, in some
polygynous shore birds, males fight on the
ground, selection favors large body size, and
males are larger than females, whercas in spe-
cies where males compete in acrial displays. se-
lection for agility favors small size in males and
males are smaller than females (28). Similary,
in ungulates, where males light in pushing con-
tesis, there is strong selection for male size and
sexual dimomphism is pronounced, whereas in
species where males fight by biting, body size
does not incrcase the competitive ability of
males and sex differences in body size are small
(7). In other cases, sex diflerences in ornamen-
tation are associated with qualitative differ-
ences in the selection pressures operating in
males and females rather than with sex dil-
ferences in reproductive variance. For exam-
ple, in some birds, males and females compete
at difTerent sites and have developed contrasts
in plumage color related 1o the sites where
they display (2¥). Recent examples of sexual
amagonism also provide further evidence of
the importance of qualitative differences in the
selection pressurcs operating on the two sexes
27,30, 31, It is consequently unfortunate that
maore attention continues o focus on sex dif-
ferences i reproductive vanance than on dil-
ferences in the selection pressures operating in
males and females.

Sexuval Selection in Females

Although secondary sexual characters are wide-
spread in females (Fig. 1), Darwin paid linle
atiention o them, noling in passing that “in
almost every great class a few anomalous cases
occur, where there has been an almost complete
transposition of the characters proper 1o the two
sexes: the females assuming chameters which
properly belong 1o the males™ (1), Subsequent
rescarch on birds showed that a small number of
shore birds have polyvandrous mating  systens,
which generate female-biased OSRs, more intense
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Fig. 2. Correlates of female rank in spotted hyenas. (A) Total number of offspring produced per year by
the mother shown as a function of the social rank of the mother. (B} Number of offspring surviving to
reproductive maturity produced per year as a function of the social rank of the mother. (C) The relationship
between fecal androgens and social rank in female spotted hyenas during the second half of gestation. (D)
The relationship between maternal androgens measured during the second half of gestation and rates of
aggression in hyena cubs aged 2 to 6 months. [(A) and (B) reproduced from (39) by permission of the
Sodety for Reproduction and Fertility (2007); (C) and (D) reproduced from (43) by permission]

reproductive compeiition among females than
males, and greater development of secondary
sexual characters in females (3, 6). However,
with the exceplion of polvandrous specics, rel-
atively littke atention has been paid 1o the op-

eration of sexual selection or the evolution of

secondary sexual characters in females,

Intense reproductive competition  among
females 15 not confined o species where males
invest more heavily than females in their ofl-
spring and OSEs are biased towand males and
is widespread in species where males are the
principal competitors. Sexual selection operat-
ing in females may reduce the degree of sexual
dimomphism, in some cases leading 10 mono-
meorphism. For example, in a number of birds
where females and males have similar oma-
ments, both sexes are commonly involved in
aggressive displays with rivals, indicating that
intrasexual competition may be involved (32, 33).
In a small number of animals, the resources
necessary  for successful breeding in females
are s0 heavily concentrated that reproductive
competition between females is more frequent
or more intense than between males, despite
greater investment in parental care by females

(34). Examples include several cooperative
breeders where a single female monopolizes
reproduction in each group and her offspring
are rearcd by other group members (32, 35, 36)
as in Kalahan meerkais (Suricata swricaria),
where famales invest more heavily in parental
care than males but depend on access 1o groups
of nonbreeding subordinates 1o rear their young
(37). Fewer females than males breed as dome-
imants, and variance in breeding  success 15
higher in females than in males (34). In naked
mole-rats ( Heterocephalus glaber), breeding fo-
males suppress reproduction in other females,
evicting or killing challengers, and are larger
and more frequently aggressive than other group
members and dominant to males (34). More in-
tense intrasexual competition among  females
than males also occurs in some mammals where
multiple females breed in each group. For
example, in spoted hyvenas (Crociia crociia),
females compete intensely  for social rank,
which is closely related to their breeding success
(Fig. 2) (39).

In many specics where females compete
intensely for breeding opportunitics, they show
unusual behavioral, physiological, or anatom-
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ical charcteristics. Female meerkats are more
frequently aggressive to cach other than are
males, and ther body weight has a stronger in-
{Tuence on ther chances ol acquinng and main-
taining dominant staws (34). Both in meerkats
and in naked mole-rats, females that ataim dom-
inant status show clevated levels of westosterone
at particular stages of the reproductive cycle, as
well as a secondary period of growth (40, 41}
Heightened testosterone levels in breading fomales
also occur in spotied hyenas (42, 43) and in some
lemurs (44, 45), as well as in some breeds of
domestic cattle where females have been selecied
for competitive ability (46), In a number of these
specics, the genitalia of females show evidenee
of masculinization (44, 43, 47, 48) while, in the
cooperative cichlid Osh (Neodamperolagns pudehier),

Male-male

Female—female

May — July  May —— July
Time of season

larged pinnate leg scales that honestly reflect
their fecundity and males choose females with
large leg scales (37). Fat-padded breasts, thighs,
and buttocks m human fomales may have evolved
for similar reasons (352). In other cases, female
omaments appaar to reflect temporal changes in
reproductive status. In some primates that live in
groups where females have an opportunity 1o
mate with more than one male, females show
pronounced swellings of the perincal region
that are largest and brightest around the time
of ovulation and atract the atention of males
(53, 54) The relative size of sexual swellings
differs between females, so these differences
may also signal individual varation in repro-
ductive performance (35). Muwal mate choice
by males and females also occurs in a number
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Fig. 3. Seasonal changes in the relative frequency of competition and display in two-spotted
gobies (Gobiusculus flavescens) [reproduced from (66) by permission]. (A) Female and male two-
spotted gobies. (B) Seasonal changes in the operational sex ratio. {C) Change in male and female
propensity to behave agonistically when encountering same-sex individuals. (D) Change in male

and female propensity to perform courtship.

not only are testosicrone levels consisiently
higher in dominant females than in subordinaics,
but the bmin gene expression profiles of dom-
inant females resemble those of males (36).
Male mate choice is also widespread in spe-
cies where OSRs are male-biased and is often
associated with female counship of males as
well as with the evolution of conspicuous sexual
omaments in females, In some cases, female
omaments reflect individual differences in fe-
cundity and males prefer highly omamented
parmers (21, 49, 50). For example, in some em-
pidid dance flies where males provide nuptial
gills for females, females have developed en-

of monogamous birds and, ke imrasexual com-

petition, may lead w the evolution of similar

omaments in males and females (24, 49, 56).
Where both sexes invest heavily in their

progeny, the OSR and the relative intensity of

breeding competition in the two sexes some-
times vary throughout the reproductive cycle. In
some fish, intense male:male competition and
frequent male displays at the beginning of the
scason are replaced by active competition be-
tween females for males and female displays
as the scason progresses (Fig, 3). Similarly, in
some polygynous ungulates where males initial-
Iy compete imenscly for females, fomales that

have entered estrus and need to mate mpidly
compete for the attentions of defending males
(37, 381 Several studies of species where both
sexcs make large myvestments m ther ollspring
have shown that the rddative intensity of repro-
ductive competition in the two sexes can be
changed by manipulating resource availability
and reversing sex differences in PRR (539, 61).

Contrasts in the Operation of Sexual
Selection in Males and Females

Although intrasexual competition for breeding
opporiunitics and consistent mating preferences
in the opposite sex appear © have plaved an
imporiant role in the evolution of secondary sex-
ual characters in both sexes, there are funda-
mental differences in the operation of sexual
selection in males and females. Becawse of their
greater energetic investment in gametes and
parcntal care, females more commonly compele
with cach other for access 10 resources nee-
cssary lor successful reproduction {meluding
breeding sites, parental care, and social rank)
than for access to gametes produced by the
opposite sex (33, 34). As a result, the relative
intensity of intrasexual competition and the de-
velopment ol traits that increase compelitive
success in females may be more strongly in-
Nuenced by dilTerences in resowrce distribution
than by vanation in mating svstems. Intrasexual
compelition between females for resources may
generte large individual differences in fecundi-
ty {(AJ) that strengthen selection on males o
identify and prefer supenor partners and selee-
tion on females 1o signal temporal and individual
differences in fecundity. Strong selection on fe-
males 10 maximize the growth and survival of
their offspring may also generate selection pres-
surcs for mating with genctically compatible pan-
ners which, in some cases, may favor mating with
multiple males (6.2).

There may also be qualitative differences in
the costs of reproductive competition and sec-
ondary sexual charmciers to the two sexes. Al-
though male competition and the evolution of
increased body size in males is commonly as-
sociated with higher juvenile monality and re-
duced longevity in males compared to females
(%), there is little evidence that sex differences in
survival are reversed o ospecies where repro-
ductive competition s more intense and second-
ary sexual characiers are more highly developed
in [emales. One possibility is that the costs
of female expenditure on competition or oma-
mentation  depress  fecundity or parental  in-
vestment and than these effects constrain the
development of secondary sexual characters
below the level at which they have measurable
costs 10 female survival (23), For example, where
increased competitive success in fomales is asso-
ciated with elevated testosterone levels, these
may have adverse effects on the fecundity of
females (63) or on the development of their
ollsprng (64), which constrain the evolution
of further mcreases.
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Contrasts in the operation of sexual selection
i the two sexes raise the question of whether
adaptations o intrasexual competition in females
should be regarded as products of sexual se-
lection. In the Descent of Man, Darwin com-
monly describes sexual sclection as a process
operating  through  intmsexsual competition o
breed, though where he discusses its operation
in males, he describes it as operating through
competition for mates. Sexual sclection is now
commonly definad as a process operating through
intrasexual competition for mates or mating
opporunitics, with the result that selection pres-
sures ansing from intrasexual competition be-
tween females 1o concelve or rear voung are
generally excluded and sexual sclection s, by
definmion, a process that is largely conlined w
males. An unfortunate consequence of this s
that chamcteristics thal increase the competitive
ability of individuals are likely 1o be atinbuted
to sexual sclection if they occur in males—but
not if they occur in females. As a result, it may
be helpful o return to a broader definition of
sexual selection as a process operating through
intrasexual competition for reproductive oppor-
tunities, providing a conceplual framework that
is capable of incomporating the processes leading
to the evolution of sccondary sexual chamcters
in both sexes (65).

Conclusions

Three main conclusions should be drawn from
this review. First, the theory of sexual selection
still provides a obust framework that explains
much of the vanation in the development of
secondary sexual chameters in males, although
the mechanisms controlling the relative intensity
of meproductive competiion and the relative
development of secondary sexual characters in
the two sexes are more complex than was orig-
inally supposed. The recognition of these com-
plexities helps o refine the assumptions and
predictions of the theory of sexual selection bt
does not undermine iis basic struciure.

Second, sexual selection operating both through
intrasexual competition for breeding opportu-
nitics and through male mating preferences is
common in females and can lead to the evolu-
tion of pronounced scecondary sexual chamcters
m females, as well as inmales, though there are
important differences in the form and costs of
intrasexual competition between the two sexes,
Consequently, satisfactory explanations ol the
evolution of sex differences requires an under-
standing of the operation of sexual selection in
females as well as i males,

Finally, many important questions about the
operation of sexual selection in females and the
evolution of sex differences have vet 1o be an-
swered, Where females compete directly with
cach other, it is often unclear preciscly what
they are competing for. Where females have

www.sciencemag.org SCIENCE WVOL 318 21 DECEMBER 2007

developed obvious secondary sexual characters,
it is oflen uncertain whether these are used prin-
cipally to attrmct males or in intrsexual competi-
ton lor resources, and how their development 1s
limuted 15 unknown (33, 49). And, where males
show consistent mating prefercnees for panticu-
lar categories of females, we do not yet know
whether they are usually sclecting for hentable
differences in female guality or for nonhentable
varation in fecundity or for both, There is still
much 1o be done.
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SCIENCE & SECURITY

In a Time of Tension, Scientists
Build Hopeful U.S.-Iran Links

The diplomatic conflict between Iranand the West
was growing more intense by the day. and global
headlines focused on Russian President Viadimir
Putin’s trip 1o Tehran, At the same time, but with
far less fanfare, a delegation of US, science and
engineering leaders was arriving in the Iranian
capital on amission of science diplomacy.

Shar{ University, in cooperation with the
Iranian Academy of Sciences, hosted the visit
from 13 to 22 October. The U S, delegation was
organized by the National Academies and led by
Wm. A, Wull, recently retired president of the
National Academy of Engincening.

Among the LLS. visitors was Norman
P Newrciter, director of the AAAS Center
for Science, Technoloey, and Security Pol-
icy. He recalls a reception that few would
have predicied: When Nobel laureate
Joseph H. Taylor of Princeton spoke al
Shan f University of Technology, students

celebrity, Former President Mohammad
Khatami had a condial visitwith the Amer=
icans. President Mahmoud Ahmadinejad
waned to arrange a mecting, but Putins
visit made that impossible. And the Iranian
news media covered the tour extensively,

“It was phenomenally favorable,
from the First day,” Neureiter said in an
interview. “It's amazing how popular
Americans are in Iran. Intuitively, vou
would think it would be just the opposite.”

The Oetober visit offered clear proof that the
science communitics of the two countrics share a
reservolr of common interest and good will that
could support a more constructive overall rela-
tionship. he said. This months LLS. intelligence
conclusion that Iran suspended its nuclear
weapons program in 2003 is a “remarkable
development,” he added. “but there are still many
issues of contention between the ULS. and Iran,
What we are proposing 1s grealer engagemoent al
the people level despite the political problems.”

An optimistic view came from cngincering
Professor Abolhassan Vafai, who helped organ-
ize the visit as editor-in-chiefl of the interna-
tional scientific journal Scientia fremica and a
member of National Academy of Sciences of
Iran, **T am pretty sure that inthe future this mis-
understanding between the governments will be
resolved, and two great nations—the ULS. and
Iran—should get weether o work for the bene-
fit of humanity,” Valai said, Citing climate
change, hunger, and water shortages, he added:
“There are so many common challenges for our
people.... 0t is up 1o us scientists wo provide
avenues for that work.”
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(Left to right} Biologist Michael Clegg, National Academy of 5¢i-
ences foreign secretary; Norman P. Meureiter, director of the
AAAS Center for Science, Technology, and Secunity Policy; com-
puter scientist Wm. A Wull, president emeritus of the National
Academy of Engineering; unidentified man; Ayatollah Mostala
Mohaghegh Damad, Iranian Institute of Philosophy; and Grand
Ayatollah Mousavi Ardebili. The group met in Qom, Iran.

Diespite the tension of recent years, Newrciler’s
center has maintained contacts with Iran’s sci-
ence community. He visited three citics in Iran in
2004, lecturing at several universitics and iech-
nology parks. Reea Mansouri, an lraman physi-
cist and science policy expert, spoke at AAASS
Washington, D.C.. headquarters last vear. In late
November, Neureiter and his wife, Georgine,
hosted a dinner for 20 Tranian medical scientists
i the LLS, for a visit focused on food-borne dis-
cases under the State Department’s International
Visitors Program.

MNeureiter rained asa rescarch chemist; in the
19605, during tense vears of the Cold War, he
became the first LS. science attaché in Eastern
Europe. Later he served in President Richard
Nixon's Office of Science and Technology, help-
ing crafi scientific elements of historic agree-
ments with the Soviet Union and China. He
served as science adviser to the ULS, Seerctary of
State from 2000 1w 2003,

MNewreiters experience left him commined
to the use of sciemific and wechnological coop-
eration to build better global relationships. 1
would hope that such a course might be fruitful
with [ran,” he said.

Though funding is limited, Iran today is pur-
suing an S&T renmssance. University enroll-
ment is growing. International research publi-
cations and joint projects are up. New rescarch
centers and technology incubators are opening
across the country. The Iranian blueprint for
growth emphasizes sustainable, knowledge-
based development, and environmental protec-
tion, Many scientists and engincers leading the
effort were educated in the United States and
Europe, and they are cager to restore strong ties
1o Western colleagues.

Meureiter sees hittle risk that engagement
would allow Iran to obtain sensitive data; the
U.S. Treasury Department’s Office of Foreign
Assets Control regulates programs with lran. and
U.S. scientists would not be cooperating with
[ran in sensitive arcas. Both he and Vafai stressed
the potential benefits for both nations. That sen-
timent was repeated throughout the visit—nol
Just by members of the LS. delegation, but by
Khatami, Grand Ayatollah Mousavi Ardebali,
and other Iramian leaders. Iran's vice president
for science and technology, Sadegh Vaczzadceh,
challenged rescarchers from both countries 1o
cooperate in preventing the misuse of science.

Neureiter cited several areas of strength for
Iranian science: engineering, theoretical physics,
chemistry, medicine, and cognitive science. He
suggested that collaboration also could focus on
carthquake and addiction rescarch,

AAAS officials, including Chiefl Interna-
tional Officer Vaughan Turckian, are exploring
other ways o engage with lran. “The bene (s of
joint visits are real, but they're also flecting,”
Newreiter said. “So we should work with our
[ranian collcagues 1o (ind ways to make these
relationships sustainable and enduring.”

COMMUNICATION

AAAS Names Science
Journalism Winners

Annquiry mte mysterious ¢lk deaths in

Wyoming, a profile of a largely unknown black

chemist who was a pioncer in the synthesis of

medicinal drugs from plants, and a skeptical
look at the effects of 1elling children they are
smartare among the winners of the 2007 AAAS

Scienee Journalism Awards,

+ Large Newspaper—i{Circulation =100,000):
Kenneth Weiss and Usha Lee McFarling, Los
Angeles Times, for “Allered Oceans.” 30 July
10 3 August 2006,

= Small Newspaper—(Circulation <100,000):
lennifer Frazer, Wyaming Tribne-Eagle,

VOL 318 SCIENCE www.sciencemag.org

CREDIT: GLENM SCHWEITZER



for *Gettiing to the Bottom of Mysterious
Elk Deaths,.” 26 November and 3 Decem-
ber 2006,

Magazine: Po Bronson and Ashley Merry-
man, New York, for* How Not to Talk 10 Your
Kids.” 19 February 2007,

Television: Llewellyn Smith and Stephen
Lyvons, WGBH/NOVA, for “Forgotten
Genius,” 6 February 2007,

Radio: Keith Scinfeld, KPLU-FM, Seattle

Tacoma, for “The Electne Bram." 8 to 11
January 2007,
« Online: Katic Alvord, Keweenaw Now.com,

for “Lake Superior Basin Climate Change™

series, 3 May: 3 June: and 30 June 2007,

+ Children’s Science News: Mona Chiang,
Scholastic Science World, for A Whale of a
Mystery.” |5 January 2007,

The judging panel also awarded a special Cer-

tificate of Merit for Sina Loeschke, the runner-

up in the Children’s Science News category, lor
her T February 2007 article on sea slugs in the
German science magaeme CGEOf o,

The awards, established in 1945, are spon-
sored by Johnson & Johnson Pharmaceutical
Research & Development, L.L.C. Each cate-
gory carrics a S3000 award. The winners will
pick up their plaques at the AAAS Annual Mect-

ing in Boston in February 2008,
—Ear! Lane

Results of the 2007 Election of AAAS Officers

Following are the results of the 2007 election. Terms begin on 19 February 2008.

General Offices

President-Elect: Peter C. Agre

Board of Directors: Nancy Knowdton, Thomas A.
Woaolsey

Committee on Nominations: Diana Hicks, Karen A.
Holbrook, Peter H. Raven, Lydia Villa-Komaroff

Section on Agriculture, Food,

and Renewable Resources

Chair-Elect: Daniel Bush

Member-at-Large: Sally Mackenzie
Electorate Nominating Committee: Pamela ).
Green, Charles W. Rice

Section on Anthropology

Chair-Elect: Michael A. Little
Member-at-Large: Dennis H, O'Rourke
Electorate Nominating Committee: William R.
Leonard, Karen R. Rosenberg

Section on Astronomy

Chair-Elect: Steven V. W. Beckwith
Member-at-Large: Nancy D. Morrison
Electorate Nominating Committee: Lynn R.
Cominsky, William 5. Smith Jr.

Section on Atmospheric

and Hydrospheric Sciences

Chair-Elect: Margaret Leinen
Member-at-large: Eugenia Kalnay
Electorate Nominating Committee: Syukuro
Manabe, Terry Whitledge

Council Delegate: Claire L. Parkinson

Section on Biological Sciences
Chair-Elect: Barbara L lliman
Member-at-Large: Diana G. Myles

Electorate Nominating Committee: Michael W.
Nachman, Baldomero “Toto” Olivera

Section on Chemistry

Chair-Elect: Geraldine Richmond
Member-at-Large: Peter B. Armentrout
Electorate Nominating Committee: Alison Butler,
Mark A. Ratner

Section on Dentistry and Oral Health Sciences
Chair-Elect: Huw F. Thomas

Member-at-Large: Susan W. Herring

Electorate Nominating Committee: Mark W.
Lingen, Janet Moradian-Oldak

Council Delegate: Jacques E. Nor

Section on Education
Chair-Elect: Judith A. Dilts

Member-al-Large: Robert Tinker

Electorate Nominating Committee: Judy Diamond,
Susan H. Hixson

Council Defegate: Rodger W. Bybee

Section on Engineering

Chair-Elect: Robert M. Nerem
Member-at-Large: Cristina H. Amon
Electorate Nominating Committee: Kristi 5.
Anseth, Cindy Atman

Section on General Interest in

Science and Engineering

Chair-Efect: Charles N. Haas

Member-at-Large: Erika C. Shugart

Electorate Nominating Committee: Joann Ellison
Rodgers, John L. Safko Sr.

Council Delegate: Julie Ann Miller

Section on Geology and Geography
Chair-Elect: Susan Trumbore

Member-at-Large: Jill 5. Baron

Electorate Neminating Committee: Kam-biu Liu,
Ellen Mosley-Thompson

Section on History and Philosophy of Science
Chair-Elect: Alan ). Rocke

Member-at-Large: Paul Lawrence Farber
Electorate Nominating Committee: Rachelle D.
Hollander, Phillip R. Sloan

Section on Industrial Science and Technology
Chair-Elect: 5. Tom Picraux

Member-al-Large: Ray H. Baughman

Electorate Nominating Committee: Tingye Li,
Robert W. Sprague

Section on Information, Computing,

and Communication

Chair-Elect: Edward D. Lazowska
Member-at-Large: Benjamin Kuipers

Electorate Nominaling Committee: James D. Foley,
Clifford A. Lynch

Council Defegate: Lewis M. Branscomb

Section on Linguistics and Language Science
Chair-Elect: Annie Zaenen

Member-at-Large: Mark Aronoff

Electorate Nominating Committee: Joan Maling,
Sally McConnell-Ginet

Council Delegate: Keren Rice

Section on Mathematics
Chair-Efect: Keith Devlin
Member-al-Large: Warren Page

Electorale Nominating Commiltee: Harold P. Boas,
Deborah F. Lockhart

Section on Medical Sciences
Chair-Elect: Christine A. Biron
Member-at-Large: R. Arlene H. Sharpe
Electorate Nominating Committee: Harry B.
Greenberg, Margaret K. Hostetter

Section on Neuroscience

Chair-Elect: Mahlon R. Delong
Member-at-Large: Hollis T. Cline

Electorate Nominating Committee: Rosemarie
Booze, Charles D. Gilbert

Section on Pharmaceutical Sciences
Chair-Elect: William E. Evans
Member-at-Large: C. Anthony Hunt
Electorate Nominating Committee: F. Douglas
Boudinot, Giinter Hochhaus

Council Delegate: Patrick ). Sinko

Section on Physics

Chair-Elect: Bill R. Appleton
Member-at-Large: Gene D. Sprouse
Electorate Nominating Committee: Robert P.
Redwine, Antoinette (Toni) Taylor

Section on Psychology

Chair-Elect: Edward Taub

Member-at-Large: Susan Goldin-Meadow
Electorate Nominating Committee; Jeffrey R,
Alberts, Jeri 5. Janowsky

Section on Social, Economic,

and Political Sciences

Chair-Elect: Karen 5. Cook

Member-at-Large: Judith M. Tanur

Electorate Nominating Commiltee: Henry E. Brady,
Mancy M. Gordon

Section on Societal Impacts of

Science and Engineering

Chair-Elect: Dan Kammen

Member-at-Large: Kerri-Ann Jones

Electarate Nominating Committee: Thomas Dietz,
Michele Garfinkel

Council Delegate: Robert Cook-Deegan

Section on Statistics

Chair-Elect: W. Michael O'Fallon
Member-at-Large: Randall K. Spoeri
Electorate Nominating Committee: Joseph L.
Gastwirth, Fritz Scheuren

Council Delegate: David L. DeMets
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Combinatorial Synthesis of Peptide
Arrays onto a Microchip

Mario Beyer,» Alexander Nesterov,”* Ines Block,® Kai Kénig,* Thomas Felgenhauer,
Simon Fernandez,® Klaus Leibe, Gloria Torralba,? Michael Hausmann,” Ulrich Trunk,?
Volker Lindenstruth,”t F. Ralf Bischoff,*t1 Volker Stadler,’t1 Frank Breitling™t1

igh-complexity oligonucleotide armys are
mehhr.unri.'llh- synthesized by lithograph-

ic methods (1), localized electrolysis (2),
or clectrophorctic transport of the four differemt
nucleotides (.3). In all these methods, cach of the
monomers 1s coupled laver by layer consceutive-
Iy to the solid suppon. Therefore, they all depend
on an excessive number of coupling eyveles to gen-
erate a peplide amay from the 20 differen amino
acid monomers, which explams why pepltide ar-

Fig. 1. Particle-based synthesis of peptide arrays. Activated amino acids
are embedded within particles that are addressed onto a chip by electrical
fields generated by individual pixel electrodes (A). A whole layer of
consecutively addressed amino acid particles (B) is melted at once to
induce coupling (C). Repetitive cycles generate a peptide array (D).
Consecutively deposited, unmelted particles stick to the surface because of
strong adhesion forces. Arrows point to wrongly deposited particles (E).
Melted particles delimit individual coupling areas. For better visualization,
pixel areas are overloaded (F). Particle-based in situ synthesis of
chesshoard-arranged FLAG (green) and HA epitopes (red) with a density
of 40,000 cm ™, Peptides were stained with rabbit antibodies against FLAG

and monoclonal mouse antibodies against HA (G).

rays lag behind nucleotide amays in terms of
complexity (),

In order 1o upgrade peptide armay density over
currenily available 22 peptides perem’” (5)and 1o
avoid an excessive number of coupling eveles,
we manufactured 20 different kinds of chargeable
amino acid particles that are guided step by siep
onto a microchip surtace by clectric ficld pat-
terns from individual pixel clectrodes (Fig. 1, A
and E). Because the solid particle matrix offoe-
tively “frecees” the activated
amino acid dervatives, cou-
pling reaction ensues only
when finally a completed
layer of all 20 dilferem kinds
of amino acid particles is
mehed at once (Fig. 1, C
and F). This releascs acti-
vated amino acids to diffuse
W free aming groups in-
comporated into the chip’s
coating (). Therchy, only
nine repeated coupling cy-
¢les resulted mto an amay of
nonameric peplides, with
the density only restrained
by the sizes of panicles and
pixel electrodes (Fig. 1. D
and G},

When we consecutive-
Iy addressed dilferent kinds
ol commercial color toner
particles w microchips man-
uliactured by a standard litho-
graphic process, ow wronghy
doposited  particles were ob-
served (Fig. 1E, armows),
which wis abo e for our
ammno acid particles. Strong
adhesion forces keep un-
melied micropanticles stick-
ing 1o defined addresses cven
when the patiem of pixels
switchad on voltage s changad
The amino ackd particles main-
Iy comprse OPIp (penta-
fuomphenyl) csters of Froe
{9-fuorenyimethoovcarbonmyl -
protecied amino acids and a
higher homolog of standard
solvents, for example, the
solid dipheny]l formamide,
which adds the trait of an

200 pm

oily solvent that forms spatially contined reaction
cavities when meled (Fig. 1F)

When we comparad our particle-based method
to standard Memficld synthesis, we found similar
yviclds of synthestzed peptides, no conversion of L o
o fomm aming acids during synthesis, and a mather
surprising  stability of Fomoc-amine  acid - OPlp
esters immobilized inside particles (g 51 We
observad a negligible decay mte of <1% Fmoc
amino acid-OPlp ester per month at room tem-
perature with 19 amino acid panicles analveed,
except for Fmoc-Arg-OPp, with a comesponding
decay mie of 3%,

Next, we synthesized an army of peptides Tyr-
Pro-Tyvr-Asp-Val-Pro-Asp-Tyr-Ala  [hemaglutinin
(HA)| and Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys
(FLAG) onto the mucrochip’s surface. Peptides
were diflerently labeled with FLAG-and  HA-
specific antibodies, which revealed an epitope-
specific stamnmg pattem with a density of 40,000
peptide spots per em? (Fig. 1G).

In contrast to other methods, the panticle-basad
approach renders the delivery of monomers to in-
dividual pixels completely independent from the
coupling reaction: that is, we reduced the number
of coupling cveles 1o one per laver. In addition, the
independence of particle production, storge, dep-
osition, and coupling reaction allows for ngorous
quality control of individual steps. Our method
should be especially helpful in the field of pro-
teomics because it allows for the translation of
whole protcomes into amays of overdapping pep-
tides. Such high complexity peptide arays could
be wsed in diagnosis and biomedical rescarch, for
cxample, W scan the humonl immune reponse
wward a pathogen’s proteome.
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Observation of Berry's Phase in a

Solid-State Qubit

P. . Leek, ' J. M. Fink,* A, Blais,? R. Bianchetti," M. Gdppl," J. M. Gambetta,®? D. I, Schuster,®

L. Frunzio,* R. ]. Schoelkopf,* A. Wallraff'*

In quantum information science, the phase of a wave function plays anm important role in encoding
information. Although most experiments in this field rely on dynamic effects to manipulate this
information, an alternative approach is to use geometric phase, which has been argued to have
potential fault tolerance. We demonstrated the controlled accumulation of a geometric phase,
Berry's phase, in a superconducting qubit; we manipulated the qubit geometrically by means

of microwave radiation and observed the accumulated phase in an interference experiment.

We found excellent agreement with Berry's predictions and also observed a geometry-dependent

contribution to dephasing.

wn a quantum mechanical system
evolves eychically m time such that i
returns 1o its initial physical state, its
wave function can acquire a geometric phase
factor in addition to the familiar dynamic phase
(1, 2% I the cyclic change of the system is
adiabatic, this additional factor is known as
Berry's phase (3), which, in contrast to the dy-
namic phase, is independent of energy and time,
In quantum information science (J), a prime
goal is 10 use coherent control of quantum sys-
lems W0 process mormation, aceessing a regime
of computation unavailable in classical sysiems,
Quantum logie gates based on geometne phases
have been demonstrated in both nuelear magnetic
resonance (5) and won tap-based quantum
information  architectures (6). Superconducting
circuits {7, ) are a promising solid-state platform
for quantum information processing (%-/4), in
paricular because of their potential scalability.
Proposals for the observation of geometric phase
in superconducting circuits (/57 9) have existed
since shortly afier the first coherent quantum ef-
fects were demonstrated in these systems (200,
Geometne phases are closely linked 10 the
classical concept of parallel trarsport of a vector on
a curved surfice. Consider, for example, a tangent
vector v on the surface of a sphere being trans-
pored from the sphere’s north pole around the
path P shown in Fig. LA, with v pointing south at
all mmes, The final state of the vector v is rotated
with respect o it initial staie v by an angle ¢
cqual w the solid angle subtended by the path 2 at
the origin. Thus, this angle is dependent on the

! Department of Physics, Eidgendssische Technische Hochschule
(ETH) Zrich, Schafmattstrasse 16, 8093 Zirich, Switzerand.
‘Département de Physique, Université de Sherbrooks,
Sherbrooke, Québec J1K 2R1, Canada, *Institute for Quantum
Computing and Department of Physics and Astronomy,
University of Waterloo, Waterloo, Ontario N2L 3G1, Canada,
*Depariments of Applied Physics and Physics, Yale University,
New Haven, CT 06520, USA.

*To whom correspondence should be addressed. E-mail:
leek@phys.ethe.ch (P.L.LY andreas wallraff@phys. ethz.ch
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geometry of the path P and 15 independent of the
rate al which it 1s traversed. As a resull, departures
from the onginal path that leave the solid angle
unchanged will not modity &. This robusiness has
been interpreted as a potential fault wlerance when
applied 1o quanium information processing (5).
The analogy of the quantum geometric phase
with the above classical picture is particular]y clear
in the case of a two-level system (a qubit) in the
presence of a bias feld that changes in time, A
familiar example is a spin-'4 particle ina changing
magnete field. The general Hamiloman for such
asysiem is H =R - /2, where @ = (o, 6, 0.}

R

v

are the Pauli operators, fi 1s Planck’s constam
divided by 2r, and R 15 the bas ficld vector,
expressed in units of angular frequency. The
qubit dynamics is best visualized in the Bloch
sphere picture, in which the qubit state s
continually precesses about the vector R, acquir-
ing dynamic phase 80 at a e £ = R (Fig. 1B).
When the dircction of R is now changed
adiabatically in time (i.e., at a me slower than
£), the qubit additionally acquires Berry's phase

while remaining in the same supemposition of

cigenstates with respect 1o the quantization axis
R. The path followed by R oin the three-
dimensional parameter space of the Hamihonian
(Fig. 1C) is the analog of a path in real space in
the classical case. When R completes the closed
circular path C, the geomatne phase acquired by
an eigenstaie is 62 (3), where O is the solid
angle of the cone subtended by O at the ongin.
The sign refers 0 the opposite phases
acquircd by the ground or exented state ol the
qubit, respectively. For the crcular path shown
in Fig. 1C, the solid angle is given by O¢ = 2n
(1 - cos B), depending only on the cone angle 6.

We describe an experiment carried oul on an
individual two-level system realized in a super-
conducting electronic circuit, The qubit is a Cooper-
pair box (27, 22 with an energy level separation
of fin, = it = 3.7 GHz when biased at charge
degeneracy, where it is optimally protected from
charge noise (23). The qubit is embedded in a
one-dimensional microwave ransmission linge res-

Fig. 1. (A} Parallel transport of the vector v on a spherical surface around the closed path P results in it
rotating by a geometric angle ¢ to vy when it returns to its initial position. (B} Dynamics of the Bloch vector
s of a qubit in the presence of a bias field R tilted by an angle © from the z axis. The vector s precesses
about R at the Larmor rate oy = IRI. (C) Parameter space of the Hamiltonian for the same case.
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Fig. 2. (A) Simplified circuit diagram of the experimental
setup. In the center at 20 mK is the resonator-qubit system,
with the resonator represented by a parallel inductance and
capacitance, and the qubit, a split Cooper-pair box,
capacitively coupled to the resonator through Cj. The
resonator is coupled to input and output transmission lines
via the capacitors G, and ;. Three different pulse-
modulated microwave frequency signals are applied to the
resonator input. The two signals required for qubit
manipulation, one at the qubit transition frequency wy/2n
and a detuned signal e/2x, are modulated using mixers to
the pattern shown in (B). The signal at the resonator
frequency /2, used to measure the qubit state, i turned
on after the pulse sequence is applied. (B) Schematic pulse
sequence for the case m = 0.5. Resonant pulses, shown as
shaded rectangles, are 12 ns in length. The two quadrature
bias microwave fields (x, red; y, blue) are represented as
sinusoids with modulation amplitude shown by solid lines.
The linear ramps at the start and end of these sections
correspond to moving adiabatically from (2 = 0 to the
circle of constant (g depicted in Fig. 1C.

Fig. 3. (A) Measured phase o
versus solid angle & of a single

Wp
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conical path (lower axis). The
applied microwave field amplitude
is indicated on the upper axis (in
units of the induced Rabi frequen-
cy Llg for resonant driving). Solid
circles correspond to experiments
in which n = 1 circular paths are
traversed during each half of the
spin-echo sequence, and open
circles to the case n = 1.5. Sub-
scripts + of labels Co. correspond
to the path direction before and
after the spin-echo n pulse. Red
solid lines are of slope n = +1, 1.5,
The C,, experimentwas carried out
with n = 1.5. (B) State tomography
data for the C_, experiment with
n = 1. Plotted is the qubit excited-
state population after tomography
pulses to extract (o, [blue, p, =
(o + V2] and (oy) [red, pe =
({o,) + 1)/2]. Lines are fits to Berry's
phase, with a geometric dephasing
emvelope function {(dashed lines,
described in the text and Fig. 4). In
all cases, the total pulse sequence
time is T = 500 ns and the detun- |
ing s A2r = 50 MHz. Sequences
are repeated 2 = 10° times to ac-
cumulate measurement statistics.
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onator with resonance froquency o2 = 54 Glz
(Fig. 2A). In this architecture, known as circuit
quantum electrodynamics (QED) (24, 25), the
qubit is isolated effectively from its electromag-
netic environment, leading 1o a long energy relax-
ation time of T) = 10 ps and a spin-ccho phase
coherence time of T}‘“T 2 ps. In addition, the
architecture allows for a high-visibility dispersive
readout of the qubit stne | 26).

Fast and accurate control of the bias ficld R
for this superconducting qubit is achicved through
phase and amplitude modulation of microwave
radiation coupled to the qubit through the input
port of the resonator (Fig, 2A). The qubit Ham-
iltonian in the presence of such radiation is

= ‘r;‘m,ﬁx (1)

Fifdy cos(om + g oy

where Qg is the dipole interaction strength
between the qubit and a microwave ficld of fre-
quency oy, and phase gpg, and ¢ 15 tme. Thus,
Qp/2r is the Rabi frequency that results from
resonant driving. The above Hamilioman may
be tanstonmed w a frame rotating at the frequency
oy, by means of the unitary transformation
H = URU™ - ihUt (2)
where [/ = explimngta,/2). and U denotes its time
dervative, lenoring terms oscillating at 2ow, (the
rotating wave approximation), the transformed
Hamiltonian takes the form
r o h ) \ ;
H = 5 |Ag, + L0 + SyOy) (3}
where £2, = Qg cos prand L2y = L 50 Pg. This
i5 cquivalent to the generic situation depicted in
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Fig. 1. B and C, where R = (£2,, £3,. A)and A =
iy — oy Is the detuning between the qubit tran-
sitien frequency and the applicd microwave lre-
quency. In our experiment, we keep A fixed and
control the bias ficld o trace circular paths of
different radii €.

We measure Bermy's phase in a Ramscy fringe
interference experiment by initially prepanng an
equal superposition of the qubit ground and ex-
cited states, which acquines a relative geometric
phase yo = 2n( 1 — cos 8), equal 1o the oal solid
angle enclosed by the cone depicted in Fig, 1C,
with cos 0 = A/ (€25 + A%)'2, As the bias field
adiabatically follows the closed path 4 the
qubit state acquires both a dynamic phase 8(¢)
and a geometnc phase ye, comesponding 1o a total
accumulated phase ¢ = 81} + ye (the + sign
denoting path direction), which we extract by
performing full quantum-siate tomography (41, To
dircctly observe only the geometric contribution,
we use a spin-ccho (27) pulse sequence that can-
cels the dynamic phase, as explamed below.

The complete sequence (Fig. 2B) stans by
preparing the initial 6, superposition state with a
resonant /2 pulse. Then the path C is traversed,
causing the qubit to acquire a phase ¢_ = &l7) - y¢.
Applying a resonam spin-echo = pulse 1o the
qubit about an othogonal axis now invens the
qubit state, effectively inverting the phase &
traversing the control licld path again, but in the
opposite direction €, adds an additional phase
. = B1) + Yo This results in total in a purely
geometric phase 6 = ¢, — ¢_ = 2ye being acquired
duning the complete sequenee, which we denote
as €. Note that unlike the geometric phase, the
dynamic phase is insensitive o the path direction
and hence is completely canceled.

Fig. 4. () Lowfrequengy A
fluctuations in A change
the solid angle enclosed
by the path from one mea-
surement to the next, and
cause geometric dephas-
ing with a characteristic
dependence on the cone
angle and bias field am-
plitude. (B} Magnitude of

At the end of the sequence, we extract the
phase of the qubit state by means of quantum-
state tomography. In our measurement technique
(26, the = component of the qubit Bloch vector
{3, is determined by measuring the excited-state
population g, = ({ep + 132, To extract the x and v
components, we apply a resonant ©2 pulse ro-
tating the qubit about cither the v or v axis and
then pedorm the measurement, revealing (o)
and {a, ), respectively, The phase of the quanium
state after application of the control sequence is
then extracted as ¢ = tan'({g,)(c,)).

In Fig, 3A we show the measured phase ¢ and
its dependence on the solid angle of the path fora
number of different expenments, all camried out
at A2x = 50 MHe, and wotal pulse sequence time
T =500 ns. Three parameters ane vaned: the path
radius Ly (upper x axis ), the number n of circular
loops traversed in cach half of the spin-ccho se-
quence, and the direction of traversal of the paths
(O and ). The measured phase is in all cases
seen o be lincar in solid angle as L3 15 swep,
with a root-mean-square deviation across all data
sets of 0,14 rad from the expected lines of slope
2i. Thus. all results are in close agreement with
the predicted Berry's phase, and it is clear that we
are able o accurately control the amount of phase
accumulated geometrically. Note also that the dy-
namic phase is indeed cffectively climinated by
the spin echo. Reversing the overall direction of
the paths is observed to inven the sign of the
phase (Fig. 3A). Traversing the circular paths on
cither side of the spin-ccho pulse in the same
dircetion (C..) as a control experiment results in
zero measured phase (Fig, 3A).

Observation of a pure Berry's phase roguires
adiabatic qubit dynamics, which in turn requires

the equatorial component
of the Bloch vector (i, +
(0P for the data shown
in Fig. 3B, plotted as a
function of drive ampli-
tude £2g The fit is to a
geometric dephasing fac-
tor exp—c2/2), where o
is the variance of the
geometric phase. (C) The
conical parameter space
path in the presence of
high-frequency (f>>T77
noise in A, having no

effect on the total solid
angle.

QR (MHz)
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the rate of rotation of the bias Hicld direction to be
much less than the Larmor rate & of the qubit in
the rotating trame. For the case of constam cone
angle 0, this translates w the requirement that the

adiabaticity parameter A = @gsin 028 << 1 If

the Hamiltonian is changed nonadiabatically, the
qubit state can no longer exactly follow the
elfective field R, and the geometric phase
acquired deviates from Beny'’s phase (28). For

the experiments here, A < 0,04, and deviation off

the measured phase from Berry's phase is not
discemible. We have also verified experimental-
Iy that in this adiabatic limit, the observed phase
is independent of the total sequence time T,
Figure 3B shows a measurement of the v and
v eomponents of the qubit state from which the
Bermy's phase s extracted. Interestingly, the visi-
bility of the observed interference pattem is seen
to have a dependence on Q. Because the data
wore taken at a fixed total sequence tme, this is
not due o conventional 75 dephasing, which s

also independently observable as a function of

time, but can be explained as due to geometric
dephasing, an effect dependent on the geometry
ol the path (29).

In our experiment, dephasing is dominated by
low-frequency Muctuations in the qubit transition
frequency ey, (and thus A) induced by charge
noise coupling 1o the qubit (30). The spin-echo
pulse sequence effectively cancels the dynamic
dephasing due to the low-fraquency noise. How-
ever, the geometric phase is sensitive o slow
Nuctuations, which cause the solid angle sub-
tended by the path at the ongin o change from
one measurement o the next (Fig. 4A) The
efleet on the geometric phase of such Huciuations
in the classical conrol parmmeters of the system

has been studied theoretically (29). In the limit of

the Nuctuations being slower than the time scale
of the spin-echo sequence, the variance of the
geomelric phase ni has iself a purely geomeiric
dependence, 62 = op(2nm sin® B/R), where 6 is
the variance ol the Muctuations in oy, (29). In

Fig. 4B, we show the observed dependence of

the coherence on geometry explicitly by ploiting
l[m,.;,':-2 i liﬂ._,.}z )2 versus L2y, which fits well to the
expected dependence expl ni'!]-. This is also in
agreement with the raw data in Fig. 3B.

We have observed an impontant geometne
contribution 1o dephasing that occurs when geo-
meine operations ane carmed out in the presence
ol low-frequency luctuations. In conrast, higher-
frequency noise in my is expecied 1o have linle
influence on Berry's phase (provided adiabaticity
is maintained), because its effect on the solid an-
gle is averaged out (Fig. 40). This characteristic
robustness of geometric phases w high-frequency

noise may be exploitable in the realization of

logic gates for quanum computation, although
the effect of geometne dephasing due w0 low-
frequency noise must be taken into account.
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High-Performance Carbon

Nanotube Fiber

Krzysztof Koziol,? Juan ".I'ililtl!la,1 Anna Moisala,* Marcelo Motta," Philip l:unm‘f’f,z

Michael Senneu,z Alan Windle™

With their impressive individual properties, carbon nanotubes should form high-performance fibers.
We explored the roles of nanotube length and structure, fiber density, and nanotube orientation in
achieving optimum mechanical properties. We found that carbon nanotube fiber, spun directly and
continuously from gas phase as an aeregel, combines high strength and high stiffness (axial elastic
modulus), with an energy to breakage (toughness) considerably greater than that of any commercial
high-strength fiber. Different levels of carbon nanotube orientation, fiber density, and mechanical
properties can be achieved by drawing the aerogel at various winding rates. The mechanical data
obtained demonstrate the considerable potential of carbon nanotube assemblies in the quest for
maximal mechanical performance. The statistical aspects of the mechanical data reveal the deleterious
effect of defects and indicate strategies for future work.

igh-performance synthetic fibers, based
Hun polvmer molecules or graphene sheets,

have been under development for the
past half century, motivaied by the high sirength
and stiffness of the covalent carbon-carbon
bond and by the ability to achicve alignment
of these bonds with the fiber axis. The key to
producing such fibers 15 to maximize the nume-
ber of covalently bonded carbon atoms per unit
volume or mass, and thus to reduce the pro-
portion of other types of atoms or groups at-
tached 1o polymer chains. The advanage of
pure carbon fibers is that the mechanical prop-
ertics are denved from the in-plane stiffness and
strength of graphene sheets, without the adul-
terating effect of additional atoms 1o satisly
available carbon bonds. However, the route to
carbon fibers involves the alignment of pre-
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cursor structures, which are then covalently
bonded to cach other to ereate the final struc-
ture. This sccond phase of chemistry not only
complicaics the processing operation, but also
creates a structure in which the basic mecha-
nism that genermies toughness in lincar poly-
mer systems (1.¢., chain pullout) is not available.
Carbon fibers are thus comparatively  brittle,
espocially when they are heat-treated 10 maxi-
mize stiffness.

The very high axial strength and stffness of

individual carbon nanotbes, demonstrated both
by experiment (/-3) and modeling (4-6), opens
up the possibility of processing them directly into
fibers without the need for a subscquent cross-
linking step. Thus, the benefits of high-performance
polymeric fibers—especially direcness of pro-
cessing and fiber toughness (measured as energy
absorbed up to fmcture)—can be combined with

the advantages of a liber consisting only of

carbon atoms. IF one views carbon nanotubes as
extremely strong and sufl polymer molecules, it
is not sumprising that the processing routes
developed so far borrow concepls from polymer

fiber-processing technologies. The leading ap-
proaches for production of nanotube libers are (i)
spinning from a votropic liquid crystalline sus-
pension of nanotubes, ina process similar to that
used for polyvimeric fibers such as aramids (7); (i)
spinning from multivall nanotubes previously
grown on a substrate as semi-aligned campels
(&, 9% and (iii) spinning directly from an acrogel
ofsingle- and double-walled carbon nanotubes as
they are formed in a chemical vapor deposition
reactor (/). This last process is the one we used
(/1) In terms of mechanical properties, the var-
i technigques have met with different degrees
ol success. Fibers produced by the hiquid crys-
talline route (7) showed an encouraging stilfness
of 120 GPa but only modest sirengths on the
order of (1.1 GPa. Fibers spun from carbon nano-
tube carpets and subsequently twisied (9) have
now been made ( £2) with sirengths up 1o 1.9 GPa
and stiffnesses up to 330 GPa. An individual
strength value of 3.3 GPa was also mentioned (/.3).
Linil now, the highest strength reporied for dinect-
spun carbon nanotube fiber was 2.2 GPa, and the
highest stiffiess reported was 160 GPa (f4)
The mechanical propertics of a material are
limited by defects within an otherwise perfect
structure. In the case of high-performance poly-
mer tibers, these deleets consist of chain ends and
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Fig. 1. Specific stress-strain curves for an as-
drawn fiber and an acetone-densified fiber.
These curves are as-recorded, and the gauge
length in each case was 20 mm.
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topological defects such as chain entanglements
{which prevent perfect alignment and optimum
chaim packingy. Other factors that limit strength
are inclusions or voids within the fiber and sur-
face defects, although these are nomally elimi-
nated during process development. The first
requircmient in making high-strength {ibers from
carbon nanotubes 1s the availability of nanoubes
that arc as long and as stucwrally perfect as
possible. Single- or double-walled wbes can be
made comparatively free of grown-in defects that
lead 1o kinks, and they also show a tendency 1o
assemble in parllel imo bundles. The second
step s to align all nanotubes as perfectly as pos-
sible with the fiber axis, so as o maximize the
translation of their axial properties to those of the
{iber. The bonding between adjacent nanotubes 1s
weak in shear (graphite s a lubncanty; henee, as
ercal a contact length as possible is necessary o
transfer the load into any given nanotube. Anoth-
er advantage of thin-walled nanotubes (single or
double) is that they tend 1o facet or Matten 5o as to
maximize their contact arca. Alignment is typi-
cally achieved through mechanical forees, wheth-
er applied 1o a parily linked amay of fibers or
through Muid-Mlow forces on a lyotropic suspen-
sion. The nanotubes we created are mainly
double-walled and of unusuallv large diameter
(4 1w 10 mm) and collapse against each other,
further enhancing the comact area. They are also
on the order of | mm long and thus have an axial
ratio on the order of 10° (/7).

We describe the results of applying the
prnciples of polymer processing o the direct-
spinning method, and we show that exceptional
liber propertics can be realsed without recourse
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Fig. 2. (A} Effect of increased winding rate on
orientation. The orientation function [Hermans
parameter; a dimensionless parameter that varies
between 0 (random orientation) and 1 (perfect
axial alignment)] was measured from the az-
muthal width of the fiber streak of low-angle
diffraction from the fiber and was not corrected
for intrinsic breadth. The ratios of intensities from
the G peak of the Raman spectrum for parallel
and perpendicular polarizations give the same
trend, although the ratio values indicate relative
rather than absolute orientations. (B) Effect of
increased winding rate on linear and volumetric
fiber density. (C) Effect of increased winding rate

to fiber twisting (which may detrmact from ulti-
mate stiffness) or o incomporation of polvimers or
other agents by subsequent back-diffusion (which
will have the same effeet). These latter two
strategies [suggested by (9, 15)] are, of coursc,
available as post-treatments 0 the fibers de-
scribed here. In our process, the act of pulling the
acrogel out of the reaction zone axially onents the
nanotubes and condenses them into a fiber of low
specific gravity (SG), typically 1072 (SG is the den-
sity of the material divided by the density of water
and is thus a dimensionless parameter). The den-
silication is completed by running the fiber through
an acelone vapor stream, which evapories befong
the fiber is eventually spooled. A similar, surface
tension- based densification phenomenon has been
reported on carbon nanotbe nbbons (15)

The on-line densilication process is shown in
movie 51 and fig, 51, Itis a key processing step,
although it docs not isell improve carbon nano-
tube orientation: however, 1 oplimizes the stress
transfer between the nanotubes, thus ensuring
that the largest proportion of them is fully load-
bearing. Figure | shows typical stress-strain curves
for two fibers: an as-spun fiber in which parial

densification has been achieved 1o give an SG of

~107%, and a fiber made under exactly the same
conditions with an out-of-the-fumace winding
rate of 20 m/min bat alier on-line acetone vapor
densification to give an SG of - 1. The strength unit
used is specilic stress, expressed as GPa/SGL which
has exactly the same numerical value as Niex
(tex, a unit widely used inthe fiber industry, is the
lincar density in gkm) (/6).

Figure 2A shows the eflect of liber winding
rate on the onentation of the nanotubes, as
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on average specific strength and average specific stiffness for specimens of 2-mm gauge length.
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measured both by polarized Raman scatiering
and by small-angle x-rmay scaticring (SAXS). A
basic precept of polymer science 1s that a higher
winding rate results in superior oricntation and
properties (/7), and more recently this prnciple
has been shown o apply w carbon nanotubes
(/%) Maximal oncntation is particularly desir-
able in the case of an assembly of carbon nano-
tubcs, as it is crucial o controlling the contact
efficiency between the relatively rigid neighbor-
ing nanowbes and thus the efficiency of load
transfer. The enhancement of densification with
improved orientation is shown in Fig. 2B as the
elTect of winding rate on the SG of the iber, The
plot also shows the decrease in linear density as
the fiber is drawn down more at the higher wind-
ing rates. The SG values were calculated rom
measurements of mean fiber diameter and 1ex,
the former ranging from 200pm a 5.6 m/min o
T pm at 20 mmin. Figure 2C shows the vanation
in strength and stuffness of the Obers with
changing winding rate, using samples of 2-mm
gauge length. The improvement is seen as being
prineipally the result of improved fiber onenta-
tion. Although the trends are upward with in-
creasing winding rate and the orientation achieved
{ orientation parameter = (L83 friom SAXS) should
be capable of further improvement, atlempls o
wind at mtes beyvond 20 mmin led to increased
process difficulty and breakage of the acrogel.
Fibers that were wound at 20 m/min, the
optimized condition, were subjected to more ex-
tensive mechanical analysis, Figure 3A shows the
distribution of specilic liber strengths seen Tor a
range of gauge lengths of fiber with lincar density
ol 004 1ex. The plot 1s based on 75 tensile tests.
Although the swrength distribution for 20-mm
gauge lengths peaks close o 1 GPaSG, at 2-mm
and l-mm gauge lengths the sirength distribu-
tion becomes bimodal with a second peak at 6.5
GPaSG, with values in its high tail exiending

bevond 9 GPa/SG. Such behavior is indicative of

“weak poins™ along the fiber at (random) inter-
vals, at spacings on the same order as the gauge
length and much greater than the fiber diameter.
The lower-strength peak comresponds 1o chance
occurrence of a defeet within the gauge length,
and the upper peak o the absence of any such
detoct. This type of behavior is often recognized
at an carly stage i the development of any
commercial {iber, where the higher-sirength peak
15 sometimes refemed o as the “intrinsic sirength™
{(19-23); in such cases, the challenge of the final
elimination of processing delects ofien is not over-
come until the process is scaled up w0 industrial
proporions.

To eliminate variations (on a millimeter scale
along the fiber) in the amount of carbon in any
cross section of the fiber as an explanation for the
apparent high specific strength @ short gauge
lengths, we used scamning clectron microscopy
and energy-dispersive x-my spectroscopy (EDS) o
measure the carbon content along lengths of fiber.
A typical longiudinal scan for wlal crbon is
shown in fig. S2. It shows a vanation of carbon
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content along the fiber of between 5 and 7% of
the mean. The standard deviation of the diameter
was 1 5. 7% of the mean, although we had no guar-
antee of the fiber roundness, so the cross-sectional
arca is likely to vary by less than the diameter
squared. None of these vanations could account
for the range of strengths seen in the samples of
shoner gauge length, Use of a micro balance w
measure the lincar density of the samples is quite
demanding, as the mass of a sample is on the
order of 1 pg and the sensitivity of the balance
is on the order of 0.1 pg. The mandom emor

Fig. 3. (A} Specific strength dis-
tribution of carbon nanotube fibers
for different gauge lengths. (B)
Stress-strain curves for 1-mm spec-
imens for the two strongest car-
bon nanotube fibers and for
fibers typical of the high-strength
and low-strength peaks in the
distribution. A curve for Kevlar 49
is included as a benchmark. (C)
Correlation between fiber specific
strength and specific stiffness, cov-
ering all three gauge lengths. The
stiffnesses here are calculated for
the low-strain part of the curves
with correction for grip strain.

A

Fig. 4. {A) Comparison of
the strength and stiffness 10 .

associated with these measurements needs to be
taken into account; o avoid any risk ol exaggoat-
ing the strengths reported, we used the highest
measurement of lincar density (0,04 tex) as the
basis for all the strength measurements reported
in Figs. 3 and 4.

Figure 3B shows siress-stmin curves recorded
for three specimens of 1-mm gauge length: onc
from the lower-strength peak of the distribution,
one [rom the high-strength “intrinsic™ peak, and

the strongest specimen secn at the upper limit of

the distibution. They are compared with a curve

for Keviar 49 measured in our laboratory, which
is typical of literature values. An intercsting as-
pect of these curves 1s that the weaker specimens
also show a lower mitial modulus. There 1s also
some sugeestion of a vield stress, above which
the load increases less mpidly with strain, and after
which there is not full recovery on unloading
before fracture, Figure 3C is a plot of strength
versus stillness, corrected for strain in the grips (a
comrection that becomes larger for the shonest
gauge length, alhough it was not applied w0 the
nanotube fiber stress-strain curves of Fig. 3B,
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literature data for other carbon nanotube fibers made by different processes. In this case, the comparison is in terms of GPa instead of GPa/SG. Only data
where strength and stiffness values are available from the same samples are included here.
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which are as-recorded); this plot reveals a posi-
tive correlation between strength and stifliness.
The imphcation of the correlation betwoen
strengths and stiffnesses is that although the Gber
samples we ercated have defocts at random intervals
om the millimeter scale along the gauge length, these
laws do not have the nature of a stress miser inoa
brinle fiber, which would be expected w0 reduce
strength but to have litde or no effect on stiflness, It
is much more likely that these defects are asso-
cisted with local deficiencies in densification,
which would preclude successiul siress transfer
by shear between some of the bundles of nano-
tubes, Consequently, in some sections of the fiber,
not all of the nanotube bundles camy an oqual
share of the load, resulting m both lower fracture
strength and decreased suftness. We believe that
these defects are associated with included carbo-
naceous particles (fig. S3), which induce Enlure in
interbundle stress tramsfer over much greater dis-
tances along the fiber than that occupied by the
particle alone. Such parmicles are seen nucroscop-
ically with a frequency that is consistent with their
distribution at millimeter-scale spacings along the
fiber. The strengths reported here represent a mea-
sure of suceess in reducing the level of such in-
cluded panticles, and we expect funther levels of
process refinement o enable the realization of
such high strengths over much longer libers,
Figure 4A (and table S1) set the strength and
stilfnesses of our fibers in the context of a range
of mechanical data from commercially available
high-performance fibers, as well as reports of
propertics of other carbon nanotube fibers in the
recent literature. The strains shown, and thus the
stillness and energy absorbed up o fmcture (table

511, have been cormected for grip strmin, Under
laboratory conditions, higher strengths than those
guaranteed in a commercial product are sometimes
scen, Two reported strengths from labormtory fiber
work, one for high-strength polvethvlene (24) and
one for polyip-phenylenc-2 6-bezobisoxazole)
(PBO) (25), are plotted as bonzontal lines in Fig.
A, Tabk: S1 also scts the measurements of cnergy
absorbod @ facture (loughness) in the context of
other libers, In Fig. 4B, the performance of our fiber
is compared with values reponted in the literature
for carbon nanotube fibers made by differont
methods, As some labortories have not recorded
the density of their fibers, we have made this
comparizon in tems of strength and stifiness rther
than specific strength and specific stiffness, One
consoquence of wsing these (nonspecilic or dinect)
units is that the cstimated cmor of our measurements
is slightly ncreased.
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Structural Rearrangements That
Govern Flow in Colloidal Glasses

Peter Schall,™** David A. Weitz,>? Frans Spaepen®

Structural rearrangements are an essential property of atomic and molecular glasses; they are
critical in controlling resistance to flow and are central to the evolution of many properties of
glasses, such as their heat capacity and dielectric constant. Despite their importance, these
rearrangements cannot directly be visualized in atomic glasses. We used a colloidal glass to obtain
direct three-dimensional images of thermally induced structural rearrangements in the presence
of an applied shear. We identified localized irreversible shear transformation zones and determined
their formation energy and topology. A transformation favored successive ones in its vicinity. Using
continuum models, we elucidated the interplay between applied strain and thermal fluctuations
that governs the formation of these zones in both colloidal and molecular glasses.

he hallmark of any glass is a very low

I atomic or molecular mobility within a
disordered solid, many orders of magni-

tude smaller than that of a fluid. This mobility
is a result of themally induced structural re-
armngements, which typically occur at a very
low rate. Structural rearrangements must also
oceur as a response of the glass to an externally

applied shear; this causes a directional bias in
the structural rearrangements that produces the
macroscopic strain (/). Because the glass
structure is so highly constrained, these struc-
tural rearrangements must entail reorganization
of the constiuent molecular units over some
larzer length scale (2). Nevertheless, in molee-
ular glasses, these length scales are sull wo

small and the time scales are too short for direct
observation. The only direct evidence for the
existence of local shear transformation zones
that produce macroscopic strain comes from
bubble raft experiments () and compuier sim-
ulations of two-dimensional (4-6) and three-
dimensional (3D) glasses (7101, Direct real-
space visualization of structural rearrange-
ments can be made in suspensions of colloidal
particles as they can be quenched into a glassy
state by rapid densification of the particles
from a Nuid state (17, 12). These systems lose
ergodicity due 1o crowding st high particle
volume [raction, ¢, leading 1o a transition © a
glassy state at &g = 0.58 (/3). Experiments and
simulations suggest that when ¢ is approached
from the Muid phase, panicle rearmangements
oceur coopertively on increasing length scales
2, 14, 15). For ¢ = ¢g such rearangements are
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highly constrained (/5). Nevertheless, thermally
induced aging, often called “structural relaxa-
tion,” oceurs (13, [6) and must entail some form
of conperative motion.

We visualize structural rcarrangements in
colloidal glasses in three dimensions and in real
time by ollowing the microscopic strin distri-
bution under shear, We identify the shear trans-
formation zoncs and show that they have a spatial
extent of a few particle diameters and involve a
highly localized structural rearrangement that re-
sults in a strmin of ~0.1 immediaely in the
vicinity of the central panticle, We detenmine
their activation energy, £* ~ 16 &g T, where £
is the thermal energy: thus, they can be induced
by thermal Muctuations. They also can be
mduced through application of very small
shears. Morcover, the clasticity of the glass
resulis in coupling between the trans formation
zomes, which, upon increasing strain, leads 1o a
network of transformation zones that extends
across the sample.

We prepared a 42-um-thick colloidal glass by
quenching silica spheres with a diameter of 1.5
um and a polydispersity of 3.5% (/7) from a
dilute suspension onto a coverslip by centrifuga-
tion to a volume fraction of roughly 0.61, well
into the colloidal glassy state. Because the den-
sity of the silica spheres is greater than that o the
solvent, & increases with sample depth. The
sample is sulliciently deep into the glassy state
that erystallization is not observed. Boundary-

A

X (um)

induced crystallization is suppressed by a laver of
polydisperse spheres sintered onto the coverslip.
The silica particles are suspended in a mixture of
water and dimethylsulfoxide, which matches
their refractive index, We added a small amount
of Muorescein to the solvent so that under uo-
rescent imaging, panticles appear as dark spots on
a bright background, We carctully introduced a
fine metal grid (£8) from above to fix the wp of
the sediment, and we used a piczoclectric trins-
lation stage 1o move the coverslip o apply shear
at very small rates of ~107% 57, We used confocal
microscopy to image individual particles in a 47
pn by 50 pm by 23 pm volume and determined
their positions in 3D with an accuracy of (L0 pm
in the horzontal and 0,05 pm in the vertical
dicction (£5). We tracked the motnon of mdi-
vidual particles for the 60-min duration of cach
experiment by acquinng 3D image stacks every
150 5; each image stack ook 60 s Lo acquire,
Structural reamrangements can be thermally
activated even in the absencee of shear, We lollow
particle trajectories in an unsheared glass for 20
min and identily the nearest neighbors of cach
panticle as those separated by less than ry, the first
minimum of the pair comrelation function. To
calculate the time-dependent strain, we detemine
the symmetric pan of the best afline deformation
tensor that ransforms the change of the nearest-
neighbor vectors over the time interval (6), and
we smooth the resulis by averaging over nearcst
neighbors (19, 20), The x. v and = directions are

25 35 45
y (pm)

02
-0.02
-0.06

£
E ¥ (um)

F f=20 min

chosen along the edges of the imaged volume
(Fig. 1A). We focus on the shear component €2
of the strain tensor and illustrate 1ts value for two
subsequent 2.5-min intervals in 3-pm-thick
sections at 2= 13.5 pm in Fig, 1, B and C. Red
and blue spheres indicaite regions with positive
and negative shear stmin, respectively. Regions
of strain extending over many particles are cvi-
dem (wrows). Furthermore, by comparing red
and blue regions, we find that localized regions
of large strain reverse their sign in subsequent
images as highlighted by the arows in Fig. 1, B
and C. We interpret these strmin oscillations as
thenmal Auctuations. To check this hypothesis,
we caleulme the elastic energies associated with
the shear sirmin distibution and determine the
relative frequency of the energies. We divide the
volume into cubes of size o = 3 pm, so that cach
cell contains about nine particles, roughly equal
1o the number of nearest neighbors. The magni-
tude of ¢, caleulated for cells centered at == 13.5
um and for the second time interval (Fig. 1C) is
plotted in Fig. 1D (2F). We caleulate the clastic
energy in each cell. Ejp = (112)(2e, 2. where
we have normalized by the shear modulus, .
The probability distribution of the normalized
energies 15 well described by an exponential as
expected for a thermally equilibrated system, as
shown in Fig. 1E. Because In fiE) = —p( Epukg T,
wi obtain the shear modulus, p = 0056 Pa, from
the fit, indicated by the straight line in Fig. IE.

This value is consistent with 0.1 Pa,
15 E ; .
5 1o E
- =
0.05 g
- 10!
i g 1
=0.05 g 1008 4
@
0.1 S 100 L .
i 0 50 100
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ool [ 1 '
5 A
05 0 05
4y (um)

Fig. 1. Thermally induced strain fluctuations (A} Schematic showing the
colloidal glass (gray), and the bottom coverslip and top grid (blue} with respect
to the 47 um by 50 pm by 23 um section depicted in (B) to (D) and (F). (B to
F) Strain fluctuations in the unsheared glass. Coler in (B) to (D) and (F)
indicates the value of the local shear strain, ¢ (see color scale). (B and C) x-y
sections (3 um thick) at z = 13.5 pum, showing the distribution of the
incremental shear strain during two consecutive 2.5-min intervals. Arrows
mark regions in which the strain changes sign from (B) to (C). (D} Array of 3
wm by 3 um squares, showing values of the incremental shear strain in 3 um
by 3 um by 3 um cells atz = 13.5 um for the section shown in (C). Each cell
contains roughly nine particles. (E) Distribution of normalized strain energies,

21 DECEMBER 2007 VOL 318

EfukyT, calculated from the strain values depicted in (D). Squares at Eluk,T =
23n Pa " with n = 0,1,2,... indicate the relative frequency of energy values in
intervals [23n, 23(n + 1)] Pa™ . Horizontal bars indicate the uncertainty in
energy associated with the uncertainty in strain due to the limited accuracy in
particle positioning. We assume that the measured particle coordinates have a
Gaussian distribution of width 0.03 um in the x and y direction, and 0.05 um
in the z direction, around the real positions. The red line has a slope of -0.056
Pa. (F) y-z section (8 um thick) centered at x = 14 um showing the cumulative
shear strain at t = 20 min. Red and blue regions persist at even later times. (G)
Cumulative displacements, Ay, from ¢ = 0 to f = 20 min of particles (+) at
height between z = 0 and z = 23 um.
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measured for crystals of similar thickness and
made of the same paricles (22). Similar oscil-
lations exist tor all components of strain, both
shear and uniaxial. This supports our hypothesis
that the strain oscillations are indecd caused by
thermal fluctuations,

Thermal Muctuations can also induce mever-
sible reamangements. To probe these, we deter-
mine the cumulative strin that occurs during the
entire 20-min interval. We plot a reconstruction
ol an 8-um-thick section in the vz plane centered
atx = 14 pm in Fig. 1F. Localized regions with
strmin amplitudes even larger than those of the
strain fluctuations have developed, and we
confirm that these regions persist at longer times,
These structural rearrangements do not, however,
lead w macroscopic strain as confirmed by the
plot of the = coordmates of the mdividual part-
cles as a function of their cumulative displace-
ments in the v direction: no shear gradient is
observed, as shown in Fig. 1 G

To mvestigate these structural reamangements
more closely, we study their behavior upon ap-
plication of shear. We apply positive shear strain
by displacing the bottom coverslip in the nega-
tive v direction while keeping the top plate at a
fixed position. We lind that the mean Ay in-

Fig. 2. Response of a
glass to shear strain (A)
Shear-induced displace-
ments, Ay, of particles
{+) at height between
Z=0and z = 23 um
after 50 min of shear.
(B to G) Strain distribu-
tion and shear trans-
formation zones in the
sheared glass. Particle
color indicates the value
of the local shear strain
£, (see color scale). (B)
y-z section (7 um thick)
centered at x = 10 pm,
showing the distribution
of the cumulative shear
strain after 50 min of
shear. Arrow indicates a
shear transformation zone,
the incremental strain dis-
tribution around which is
shown for two subsequent
time intervals in (C) and

A t-50min

creases almost lincarly with = corresponding 10 a
neardy uniform shear strain, as shown by the plot
of the = coordinates of all particles as a function
of their v displacements in Fig. 2A. The slight
curvature of the dat indicates a somewhat re-
duced shear strain at small 2. We attnbute this w0
the higher density at the bottom of the sediment,
We determine the macroscopic shear strain, ¥,
from the differcnce of the mean of the Ay
distributions across the full sample height Az =
23 pm (slope of the red ling). We obtain y = 0,03
for the S0-min time inerval, which corresponds
to an average strain rate of 107 57,

We can again identify localized regions of

structural rearrangements, but now induced by
the applied strain. We show the cumulative strain
£y i a T-pm-thick section at v = 10 um n Fig,
2B. Red spheres indicate local shear strain in the
dircction of the applied shear, whercas blue
spheres indicate shear strain opposite o the
applied strain. The shear strin s not distnbuted
homogeneously, but is instead localized as shown
by the zones of concentrated red spheres. These
regions are typically a few particle diameters
wide. We focus on an individual region (amrow)
and investigate the strain distribution when it is
first formed. A large portion of the strain occurs

0.1

0.05

q

ﬂml’ .I;:' 1

| - P

TS

0TS T w0 15 2o
X (pm)

(D). {C and D} y-z sections {15 um by 15 pum by 7 um) centered around the zone marked in (B). (C)
Incremental shear strain between t = 25 min and t = 27.5 min. Dashed circle indicates a region of
negative shear strain. (D) Incremental shear strain between t = 27.5 min and { = 30 min, Dashed drcle
indicates a zone of high positive shear strain. Dashed straight lines delineate four regions of negative
shear strain that surround the high—shear strain zone in the center. (E) Shear strain values versus r,
the radial distance of particles from the shear transformation zone axis along x throughy =25 um andz =
15 pm. Black dots and red triangles show averaged and nonaveraged strain values, respectively. Dashed
lines with the slopes m = 0 and m = -3 are guides to the eye. (F) x-z section (5 pm thick) at y = 25 um,
showing the incremental shear strain between £ = 27.5 min and £ = 30 min. The dashed ellipse indicates the
intersection of the boundary of the high—shear strain zone with the plane shown. Black dashed lines on both
sides of the ellipse delineate regions of slightly negative strain adjacent to the shear transformation zone. (G)
Shear strain values versus x for particles within 1.5 um of the blue dashed line at z = 15 um (arrow) in (F).
Dashed vertical lines indicate the extension of the shear transformation zone along .
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in one time step, which allows us o identify its
formation. Reconstructions centered on this re-
gion with adjacent frames measured just betore
and just alter 1s lormation are shown i Fig. 2, C
and D. The red spheres in Fig. 2D (arow) indi-
cate high local shear strain associated with the
formation of the shear manslfommation zone, We
find that before the zone is formed, opposite
strain concentrates i the same region (blue
spheres in Fig. 2C). This suggests that the
formation of the zone is caused by a thermally
induced strain Muctuation, During the time step in
which the shear wransformation zone is formed,
four zones of negative shear strain () surround
the center region shown by red in Fig, 2D, This
fourfold symmetne strin distnbution s charac-
ienstic of the distonion of an clastic mainx
around a volume that undergoes a shear trans-

formation (2.3, We determine the magnitude of

£,. 45 4 function of distance, », from the shear
transformation zone center, by plotting the strain
values of all particles in the lower left sectorof'a
cylinder centered at y=25 ymand == 15pmas a
lunction of their distance from the eylinder axis
(Fig. 2E). Black dots show the averaged strain
values depicted in Fig. 2D, whereas the red
tiangles represent values of £, that have not
been averaged over nearest neighbors, The
averaged values are significantly smaller, which
we altribute 1o the truncation of the simin
magnitude that resulis from the averaging: we
us¢ the nonaveraged strain values Tor further
calculations. The shear strain is constant at small
r, and decays as ¢ at larger » (dashed lines in
Fig. 2E), as expected for the strain field around a
volume that undergoes a shear transfonmation
123). The crossover defines the rmdius of the core
of the shear ransformation zone, re = 2.3 pum,
which is roughly equal w three particle radii. To
explore the stmin distribution in the third direc-
tion. we show a S-um-thick section along the =
plane that contains the same shear ransformation
zone in Fig. 2F. The core of the zone is clongated

along the x direction, bounded by regions of

slightly negative strain. To determine iis exient in

x, we consider particles within 1.5 pm of the

dotted line, which goes through the center of the
zone, and plot their £, as a function of x in Fig.
26, We observe a maximum of £y = 008 cen-
tered between x = 10 pm and x = 15 pm with a
Crossover 1o negative strin values on cither side.
Thus, we take the width of the core of the shear
transformation zone o be Av. = 5 pm.

We calculate the energy cost, £, and
activation volume, 1™ = kgTdln 3/dt, where ¢
is the macroscopic shear rate and t the applied
stress, associated with the formation of the shear
transfommation #one using a conlinuum-clastic
moddel. W first determine the stmin field of an

clastic matrix around a sphencal inclusion of

radius r. that undergocs a uniform shear
transformation of £q (24). We calculate the woal
clastic strain encrgy inside and owtside the
inclusion by mtegrating the wtal energy density
w=(l Eltlur,f f }..t'ﬂzi{_’ﬁ'} over the volume. We
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C t= 50 min

B - 30 min
20

Fig. 3. Structural rearrangements at the particle scale. (A to C) Reconstructed images showing
particle arrangements within the shear transformation zone of Fig. 2, B to G, at t = 5, 30, and 50
min. Arrows mark one yellow and four green particles, which are nearest neighbors at t = 5 min
and become separated at later times, (D) Histograms showing the normalized particle dis-
placements, Ar/o, where o is the particle radius, at t = 30 min, for shear transformation zone
particles (red bars, right scale} and for all particles outside the shear transformation zone (blue
bars, left scale). Particles within the shear transformation zone exhibit many more large dis-
placements. (E and F) Reconstruction of a 10-um-thick glass section centered at x = 7 um shows
nearest-neighbor changes in the sheared glass at t = 30 min and t = 50 min. Large green, yellow,
and red spheres indicate particles that lose one, two, and three nearest neighbors, respectively. All
other particles are drawn as smaller spheres for clarity. Nearest-neighbor changes occur in high—
shear strain regions (compare to Fig. 2B). Arrows indicate the same particles as marked in (A) to
(C). The inset in (E) shows the radial distribution function, gir), of the glass used for identifying
nearest neighbors at t = 0. Particles with distances smaller than rq (left dashed line) are nearest
neighbors; all particles that move farther away than 1.3 ry from their nearest neighbor {right
dashed line) are defined as having lost their neighber.

B t=30min C (=50min

Z{I-m}1g" ey T il el
1& ‘_ . b '1
5 P "ﬁ' “ ! .l
3 '_ -
=\ 3
"fg.,m'u, g T WL
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-0.05 0

Fig. 4. Strain evolution during shear. Distribution of the cumulative shear strain after 20, 30, and 50
min of shear. For each frame, arrows indicate shear transformation zones that have been formed in the
time interval before the frame shown. Shear transformation zones appear to form a connected network
at t = 50 min. (A to €) x-y sections (5 pm thick) centered at z = 13.5 um. (D to F) Perspective view of
16-um-thick sections showing particles with shear strain values larger than 0.025 only.

0.05

approximate the Lamé constant & by 2yl — 2v)
using the Poisson ratio v = 1/3 and obtain £ =
18.9 kT, We caleulate the activation volume by
ntegrating the distribution of the wechnical shear
strain ¥ = 2, over the volume and obtain 1'*° =
6.9 pm’, We correct £ and P'*° for the ellip-
soidal shape of the shear transformation zone by
multiplying by Av.2r, and obtain Ep= 205 kT
and I'* = 7.5 pm*. We determine the volume of'a
particle, Iy = 1.88 um?, from the peak of the pair
comelation function at 153 pm; thus, the activa-
tion volume is roughly four particle volumes.
Imerestingly, this value is of the same order as
those for mellic glasses determined from
measurements ol the stress dependence of the
strain rate; for example, for a PANiCul alloy,
17* 15 about eight atomic volumes (246).
Because the rearrangements i the shear
transformation zones contribute o plastic low,
they must be irreversible and persist alier they
have been created. To cheek this, we reversed the
shear direction and confimmed that the shear
transformation zones that we investigated here do
not reverse but remain locked in their sheared
configurations (27). To elucidate this imevers-
ibility, we investigated the structural reamrange-
ments on the single-panticle level in the core of
the shear transformation zone, We show recon-
structions of the armangement of particles in the
shear transformation zone core at 1 = 5, 30, and
30 min in Fig. 3. A 1o C. We highlight a particle
in the zone center (vellow sphere), which exhibits
a large displacement downward and thereby loses
some of its nearest neighbors (green spheres). To
quantify the particle displacements in this zone,
we determingd the displacemen of the particles
relative o the average displacement of particles
at the same height, Ar = [(Av — (ADF + (Ay
{_*..1'}12 (A {il.:}'}2 fM. We plot the distribution
of Ar at ¢ = 300 min in Fig. 3D. The magnitudes
of the displacements of panicles in the shear
transformation zone (red bars) are significantly
larger than those of the panicles outside the zone

Table 1. Activation parameters of individual shear
transformation zones. Activation volume 1*, energy
of formation £, and activation energy £* = 5 — 1\
of shear transformations were determined from the
individual incremental strain distributions asso-
ciated with the formation of the transformations.
The shear stress T was taken to be 1= yau with vg =
0.012, the macroscopic shear strain at formation of
the first shear transformation, and the shear
modulus p = 0.056 Pa (Fig. 1E. The particle
volume V; is 1.88 um?.

ivy Ey (kg T} E*
(kel)
4.0 20.5 19.2
4.6 19.3 17.8
3.6 13.9 12.7
3.7 16.5 15.3
34 146.5 15.4
£ 19.6 15.4
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{bluc bars). Two particles in the shear trans-
formation zone move almost as much as their
rachius; one of these is the yellow sphere in Fig. 3,
Ao O Such large displacements ol isolated
particles cause notable changes in their nearest-
neighbor configuration, as illustrated by the mo-
tion of the vellow sphere. This causes the
imeversibility of the shear transfommation. To
characterize this imeversibility, we identify all
particles that lose one or more neancst neighbors,
where we define loss of a nearest neighbor 1o
oceur when that panticle moves fanher away than
Pro, where we abitranly choose B = L3, as
shown in the inset of Fig. 3E. We show these
particles in a |O-pm-thick slice in the vz plane a
two different times in Fig, 3, Eand F; large green,
yellow, and red spheres llustrate particles that
have lost one, two, and three nearest neighbors,
respectively. These spheres concentrate in
regions, which grow with ime and comeide with
the zones that exhibit high shear stran (Fig. 2B).
This supports our interpretation that shear trans-
formations are ineversible: The nearest-neighbor
changes lead 1o new particle conligurations, sta-
bilizing the wansformed zone.

The existence of these shear transformation
zones indicates that locally, the strain is highly
concentrated, The long-range strin ficld of a
shear transfomation may Facilitate the nucleation
of another shear transformation 2one in its
vicinity: The formation of new zones may be
spatially and wmporally correlated. To explore
this possibility, we follow the evolution of the £,
distribution over the entire duration of the exper-
ment. To smooth the thermally induced strin
Muctuations, we average the particle positions
over two adjacent frames and calculate the time-
averaged shear strain, £,.%. We show the evolu-
tion of the £,.* distribution in Fig. 4. A S-um-thick
section in the xy plane cenicred at == 13.5 pym is
shown in Fig. 4. A 1w C. Three-dimensional
reconstnuctions ofa thicker slice, 16 wm in height,
depicting only particles with £,.* > 0.025, are
shown in Fig. 4, D w0 F. The number of shear
transfonmation zones increases with strain; new
zones appear, while existing ones persist. The
images show that a shear ransformation zone
induces new ones in its vicinity, For example, the
2one formed at the cardiest time (amows in Fig. 4,
A and D) induces the formation of three adjacent
zoncs (arrows in Fig. 4, B and E), cach of which
again induces additional adjacent zones (Fig. 4, C
and F). That this coupling results from the long-
range strain ficlds is comobortad by the obser-
vation that branches of positive strain develop
between the individual shear transfomation #ones,
as shown by the more yellow-colored particles
between the zones, These branches connect the
individual shear transformation zones into a nel-
work, which ultimately penmeates the entire ficld
of view at 30 min (Fig, 4F),

Even though the applied strain helps induce
these shear transtformation zones, they are
nevertheless still predominantly thenmally acti-
vated. We can understand this by comparing the

www.sciencemag.org SCIENCE WVOL 318 21 DECEMBER 2007

energy induced by the applied shear with the
energy of fommation of the shear transformation
zone. The extemal work due to the applied shear
stress 11 TH™, We cstimate the shear stress 1o be
constant once the sample has exceeded the mac-
roscopic vield strain, where the first shear tmns-
fommation occurs, Yo = 0.012; thus, we take 1= you.
We calculate the activation volumes, 1*,, from
the individual strain distibutions of several shear
transfommation zones and list them in Table 1.
Because the average activation volume is 1™, =
3.8 F, the typical work due 1o shear is ~1 kgl
By comparison, we calculate the formation en-
ergy of the same shear transformation zones
{Table 1). Although there is some variation, their
typical value 15 Er = 18 kull signilicantly larger
than the work done by the applied shear. Thus, the
shear transtommation zones are thermally activated
with an activation energy of E* = E¢; — 1™, and
we also list these values in Table 1.

The average activation energy s £*, = 165
kg T this should be compared with the measured
value of £* determined from the rate, ., at which
shear trans formation zones are induced. We use./
= formexpl - E* kg 1), where m = 3400 is the total
number of particles, and f5 = 100 s ' is a
chamctenistic frequency of the particles deter-
mined by their diffusion time between nearest-
n-:j%hlmr particles (2. We determine J= 3 =
107 57" from the total number of shear trans-
formation zones observed during the 30-min
interval in the 5-pum-thick section: thus, £* =
18,5 kT, in very good agreement with E*
determined from the strin distributions.

These resulis highlight the role of the shear
trnsfomation zone i the Now ol glasses. The
structural rearrangements are thermally activated
and are highly localized. Although these nesulis
are obtained on colloidal glasses, similar behavior
should occur in metallic and molecular glasses.
Application of the measured strain distribution
on the atomic scale to a metallic glass withp - 30
GPa (2%) yiclds a shear-zone energy close wo that
found for our colloidal glass. Alihough activation
energies determined rom isoconfigurational vis-
cosity measurcments on metallic glasses at GO0 K
are roughly four times as large as this value (29),
the ratio of the activation energy 1o the thermal
energy is only a Factor of 2 larger than in our
colloidal system. This reflects the 10 orders of
magnitude higher attempt frequency in metallic
glasses m equal nucleation res. The mtio of the
extermnal work ©#* 10 the thenmal energy is of the
same order as in typical deformation tests on me-
tallic glasscs at the same sirain rate (26), which
indicates that the effects of thenmal Nuctuations in
our experiment are similar to those in deformation
of metallic glasses. Our results also highlight the
coupling between shear transformation zones:
The long-range clastic stress field of each zone
induces new zones in s vicinity, and upon suf-
ficient extemal strain, these zones extend through-
out the volume. A similar coupling between shear
transformation zones is expected in atomic and
molecular glasses.

e L Pl

14.
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18.
. For each particle with center a1 rir), we determine the
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Role of Intermolecular Forces in
Defining Material Properties of

Protein Nanofibrils

Tuomas P. Knowles,>* Anthony W. Fitzpatrick,2* Sarah Meehan,? Helen R. Mott,*
Michele Vendruscolo,® Christopher M. Dobson,*t Mark E. Wellandt

Protein molecules have the ability to form a rich variety of natural and artificial structures and
materials. We show that amyloid fibrils, ordered supramolecular nanostructures that are self-assembled
from a wide range of polypeptide molecules, have rigidities varying over four orders of magnitude,
and constitute a class of high-performance biomaterials. We elucidate the molecular origin of fibril
material properties and show that the major contribution to their rigidity stems from a generic
interbackbone hydrogen-bonding network that is modulated by variable side-chain interactions.

myloid fibrils are highly organized pro-

ein aggeregates. They were originally

discovered as products of uncontrolled
protem misfolding, through ther myvolvement in
chronie disorders such as Alzhemmer’s discasce,
but are now recognized as a common fonm of
protein structure, in some cases having functional
biological roles (7-3) as bacterial coatings (/) or
scalTolds for catalytic reactions (4). In addition,
approaches have recently emerged that exploil
the stability and accurate sellf-assembly (3, ) of
artificial amyloid-like structures for ieehnological
applications (7, &) Amyloid fibnls, in images
obtained by electron microscopy or atomic foree
microscopy (AFM), typically appear as un-
branched filaments that are a few nanometers in
diameter and up W0 a micromeler or more in
length, and x-ray hber dilfaetion studies indicate
that they have a common core structure (9). This
evidence, along with the finding that they can be
formed from a rmnge of very different polypeptide
sequences, has led o the suggestion that the amy-
loid configuration is a generic, widely accessible,
stable structure of peptides and proteins (2, 1),
This situation contrasts with that of the native
states of proteins, where structure is strongly de-
pendent on the specitic amino acid sequence, and
complex environments or carcful regulation is
frequently reguired for comect sel Fassembly into
folded structures. This observation therelore miscs
the question of the nature of the interactions
that stabilize the amyloid forms of protems: a
question that hies at the beart of a detailed under-
standing of both the nommal and abermnt roles of
proteins in living systems, as well as the use
of proteins both in biotechnology and as nano-
scale materials.
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For this study, we sclected representative
polypeptide chains with low sequence similarity,
dilferemt lengths, and diverse native structures,
but these chans can all be converted readily into
amyloid fibrils (/7). Afler deposition onto a mica
surface, AFM topographic data were acquired
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(Fig. 1) for at least 50 individual fibnls of cach
system, a total of more than 900 fibils in all, o
cnable analysis of the decay of tangent comela-
tons along the Obnl. Shape Quctuatons ol fila-
ments, which lead 10 such a decay as desenibed
by theories of semiflexible polvmers, accurately
reflect the mechanical propenies of the stuciures
(12-14). We use such an analysis (/1) of the
AFM data 1o measure the bending Agidity (Cg)
for all the types of fibrls studied here (Fig. 1)

Analysis of the resulling data reveals that the
bending ngidities of the different structures vary
over nearly four orders of magnitude. Some 13-
brils, such as those of a-lactalbumin (Fig, 1, wop
row; Cg = 1.4 = 107* Nem®), appear 1o be very
flexible, whereas others, such as those formed by
the shon peptide TTR{105-115) Ihunﬁtnﬂwlu.-n:tin
(Fig. 1, bottom row; Cg = 1.3 % 107** Nem®), are
extremely sull, We caleulated (4/) the cross-
sectional moments of inertia (/) Tor cach type of
fibnl from their average heights in the AFM
measurements, and a plot (Fig. 2} of f versus Oy
reveals the exisience of a strong comelation

{comelation  coellicient 0.91) between the

Fig. 1. Variability in the rigidity of amyleid fibrils. Using the AFM topographic data (A), we
measured the heights (B} and the shapes (C} of the fibrils (21). The initial tangents of the traced
fibrils were aligned horizontally in (O to facilitate visualization.
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rigidity and the moment of incrtia for cight of the
10 systems that were analyeaed (blue squares, Fig,
2} In the AFM images (Fig. 1A and fig. 52), these
cight systems have the appearince of highly
regular fibrils. The strong comelation reflects an
isoamictric scaling law that, from a matenial science
poant of view, implics that the mechanical proper-
tics can be deseribed by an elastic modulus ¥ =
Cr/l. which is similar (from 2 10 14 GPa) for all
these fibrils. By contrast, two systens (1., the
structures formed by e-lactalbumin and «B-
crvstallin appear from AFM images 1o (i) have
an imegular morphology tvpical of the species,
often described a5 protolibnls, observed belore
the assembly of mature amyloid Abnls (/5), and
(1i) mdeed have substantially lower elastic moduli
of 0,14 and (L4 GPa, respeetively (green squanes,
Fig. 2). These results suggest that the underlying
intermolecular interactions stabilizing the cight
relatively ngid fibnls are similar o each other but
ditler substantally from those stabilizing the two
protolibrllar structures. In addiion, rends emerge
within the group of fully formed amyloid fibnls
{blue squares, Fig. 2): The short peptide, compris-
ing the B chain of insulin, assembles into fibrils
with a higher modulus than that observed for both
morphological forms of the full insulin protein or
the other larger proteins examined in this work,
implyving that the additional constraints that arc
associated with the packaging of longer and
sometimes cross-linked polypeptide chains into
the cros- amvloid core might destabilize the
resulting structure, Similar rends toward higher
moduli are found for the other shon peptides

Fig. 2. Comparison 1072,
among different classes

of materiaks. The gray band

shows the range of elastic 10

moduli for covalent and
metallic materials (28),
the blue band shows that 107}
of hydrogen-bonded pro-
tein nanostructures, the
green band encompasses
materials held together
by amphiphilic interac-
tions (11), and the yellow
band shows the range re-
sulting from predominant-
ly entropic elasticity. Blue
squares show the ranges
determined for the bend-
ing rigidities of amyloid
fibrils as a function of
their cross-sectional mo- -29

Bending rigidity (N m?)

examined in this studv, namely, the peptide
fragments of Sup3s and TTR, as well as the Ap
peptide. In addion, for many longer polypeptide
chains, not all of the sequence is incorporated into
the amyloid structure; however, the pants outside
the fibnl core, which in some cascs can even
retain biological activity (/6), contnibute 10 the
cross-sectional moment of inertia, thereby leading
to a lower elastic modulus,

W set out 1o theoretically predict the stiflness
of fully formed amyloid fibrls by examining the
structures of a varety of models, These models
include a structure for the AB(17-42) fragment
(f7) and the WW domain (/8) from nuclear
magnetic resonance measurements and eight
stuctures for short amyloid-fonming  peptides
(f9-21y from microcrystal x-ray  diflraction
studies. All the structural models examined share
a common cross-fi core structure composed ol a
stack of B stands, with cach strand oriented
perpendicular to the (bl axis (Fig. 3), which is
consistent with general x-ray fiber diffraction
charctenstics of amyloid fibrils (9).

The clastic modulus for cach of these struc-
tures was computed (22) by examining the de-
pendence of the total interaction energy Uidpte)
on the interstrand displacement dgte about the
equilibrium position &g. The modulus of elastic-
ity ¥is then given by ¥ = ol with a spring
constant ke = [:F{,'.'z.frz].. - o Where lp B the
equilibrium length of the structure along the fibril
axis, and A is the crosssectional arca. The
caleulations result in elastic moduli between 13
and 42 GPa for the different structures [Fig. 3,

HbS u Tubalin (**)
5 4
 Rubber
Capture
, silk

7 Elastin

ol "]

d "
"y i

ments of inertia. From -38 -a7
top to bottom: TTIR(105—
115), TTR; GNNQONY

i o

10—34 1078 m—sz 107
Moment of inertia lm"}

(30) fragment of the yeast prion Sup35, Sup35; insulin 2 flament, Ins 2 [data from (14)]; p-lactoglobulin,
[-lac; lysozyme, Lys; A[S(1-42) peptice, Af: insulin B chain, B; and insulin single filament, Ins 1 [data from
(13)]. The blue band encompasses the range of moduli. Green squares show less-organized protofibrillar
structures: -lactalbumin (e-lad) and oB-crystallin («B). For comparison, values for single-walled carbon
nanotubes (SWNT), steel, silicon, dragline silk (27), tubulin [tubulin (*) from (25) and tubulin (**} from
(26}], HbS (12), actin [actin (*) from (26) and actin {**) from {29)], rubber, capture silk (27), and elastin

are shown,
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blue square in the main graph (first column from
left)). values that are notably consistent with the
cxperimental data tor the aght well-defined fibnl-
lar structures |Fig, 3, blue lines in the main graph
{second column from left) and inset]. This find-
ing suggests that the measured ngidities for these
fibrils are close o the maximal values expecled
for defect-froe structures, which is consistent with
the near-crvatalline level of structural order previ-
ously charscterized by AFM (/7). Such a situation
could arise not just through the dircet assembly of
the fibrl but becawse of the action of a seliFhealing
mechanism, where the presence of structural de-
fects would result in the preferential fracture of
the fibril at the defect location, therchy enabling
the ordered growth to resume,

The expenmentally established comelation
{Fig. 2) between the cross-sectional moment of
inertia and the bending rgidity of fibnls indicates
that the interactions stabilzing different types of
fibnl are closely similar, a finding that is con-
sistent with the idea that the key clements of all
amyloid fibnls are generic (0. We luther ex-
plore the nature of the interactions within amy-
loid fibrls by decomposing the elastic modulus
Y = YapptYsc into contributions from the
comimon polypeplide backbone ( Ygp) and the
side chains { ¥ge). To this effect, we repeated
the calculations of the elastic moduli but, during
this iteration, omitted the contributions o the
total energy of all of the atoms located in the side
chains (Nge), leaving the number of atoms lo-
cated in the backbone (Ngg), which varies from
one residue to the next These caleulations show
that the mam-chain nteractions contnbute about
half of the wotal modulus ((Ygg'Y ) = 51%) (Fig. 3).
The number of atoms in the common backbone is,
however, on average much smaller than that in
the side chains, and normalizing the moduli Ypg
and Yge with the respective N and Nge values
reveals that the backbone interactions are on
average more than twice ({ Ypp/Nap ) Yso/Neg) -
2.2) as important as the side-chain interactions in
deiermining the modulus of the fibril, highlighting
the importance of the sequence-independent
polypeptide backbone for amyloid struciures,

The molecular basis for the material proper-
tics of the fibrils was then further explored by
cxamining the role of the charactenstic arays of
hydrogen bonds connecting the common
backbone atoms in the amyloid cross- stucture
(Fig. 3). We considered a coarsc-grained model
in which a fibnl is represented as a simple net-
work of hydrogen bonds linking Agid monomers
along the long axis of the fibril (Fig. 3, righimost
structure in the bottom row). This type of
Gaussian network model (GNM) (23) predicts
the cdlastic modulus of the material 10 be Yaaoa
dgeky = 17.2 = 1.5 GPa, where the universal
intersheet spacing of amyloid fibrils is 83 = 4.8 A
1% and where the hydrogen-bond density in the
cross section parallel w the fibril axis is aken w
bel= 1(10A = 3.5 A), which originates from an
interresiduc spacing of 3.5 A and an intershect
spacing of’ 100 A, The single adjustable parameter
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of the model, the hydogen-bond spring constant
k. is fixed w0 12 w0 13 N/m from existing
spectroscopic data (/1) A companson i Fig. 3
bretween this coarse-gramed value of the clasne
medulus and the results ( Yeg) fom the structural
mdels, caleulated for the contribution of just the
backbone atoms, reveals that the values are in
excellent agreement {(on average, within 30% of
the constant coarse-grained modulus). This
demonstrates that the dominant common back-
bone interactions stem predominantly from the
hydrogen-bonding network that is chamcteristic
of the cross-f strucire,

In addition to the fundamental imponance of
backbone interactions in amyloid matenals as
demonsirated by our data, the sequence-specilic
side chams can considerably affeet the propensity
to form fibrils and the regions of a given poly-

peptide chain that are more prone o be incorpo-
rated into the cross-[§ core structure. Furthermore,
cnergetically favorable side-chain  mteractions
can additionally stabilize the basic cross-i core
structure: These can take the form of hydropho-
bic interactions (3) or imter-side-chain hydrogen
bonds (79, 20y Indeed, this type of cffieet also
emerges from our results: All of the structures
with computed moduli above 22 GPa belong 10
systems where luge numbers of additional side-
chain hydrogen bonds are present. On the other

hand, in the case of AR (where less than 10% of

the side chains are involved in hydrogen
bonding), the elastic modulus is found 1 be

lower (17.2 GPa), and the relative importance of

backbone hydmgen bonding s greater ((Yap /Y ) =
T4%a). In this hght, the role of side-chain imer-
actions within different sequences results in vana-
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Fig. 3. Comparison of the elastic modulus ¥ of fibrils from (left to right) AFM measurements
("experimental”), full-atom simulations, contribution of backbone alone, and the result from the
GMM as described in the text. Full-atom (“simulation”} and backbone-only ("simulation backbone”)
Ali structures (17} are shown with the hydrogen-bonding network in yellow and side chains in blue
in the middle panels of the bottom row. The blue lines in the main graph (second column from left)
depict atomistic computations of the elastic moduli of structural models {(11) [from top to bottom:
GNNQONY (Sup35) form 2, GNNQONY (Sup35) form 1, SNQNNF (prion protein), NNQOQNY (Sup3s),
NNQQ (Sup35) form 2, GNNQONY filament, NNQQ (Sup35) form 1, Ap (Amyloid [3), VQIVYE (1 protein),
SSTSAA (ribonuclease), WW domain, RAD1&N (24) maximum, and RAD16I minimum]. The blue lines in
the main graph (third column from left) depict backbone moduli [from top to bottom: GNNQQNY form 2,
SNOQNNF, GNNQQNY form 1, VOIVYK, NNQONY, AR, GNNQQNY filament, NNQQ form 2, S5TSAA, WW
domain, and NNQQ form 1]. Inset compares measured moduli (squares) with calculations for GNNQQNY
filament (light blue dashed line} and A3 (dark blue dashed line). Other fibril measurements, for which

there are no available structures, are shown in gray.

tions on a common theme (2, f0) and is illustrated
clegantly in the vanaty of structures now aneaging
from x-ray diffraction studics of three-dimensional
amy bond-=like mucrocrystals (19, 20),

The contributions o the matenal propertics of
profein assemblics from imermolecular interac-
tions that are mediated by the vanable side chains
in the absence of a rigid framework provided by
intermolecular hydrogen bonding can be esti-
mated [rom a coarse-grained model based on the
surface tension y resulting from hvdrophilic and
hyvdrophobic side chains in the fibril. This model
has previously been discussed in the context of
lipid lavers and protein filaments (24) and
predicts, for the case of amyloid fibnls (1) a
modulus of Yampn = 2 ¥ (24), where h= 8 10
12 A s taken o be the mershect spacing. The
expected range fory spans from 20 = 10 050
107 Vm?, resulting in a modulus in the rnge
Yamp = 0.03 10 0.13 GPa. This mnge s shown as
a green band in Figs. 2 and 3 and 1s between one
and two orders of magnitude below the experi-
mental and caleulated values for amyloid fibrls,
highlighting the imponance of the intenmolecular
nature of the hydrogen-bonding interactions in
stabilizing these structures. Therefore. the funda-
mental forces present in proteins allow structures,
which have charctenstics of solt matenals [with
monomers linked wogether mainly by amphiphilic
imtermolecular intemctions (green band, Figs. 2
and 3)] or hard matenals [consisting of regular
hvdrogen-bonding networks that connect the in-
dividual molecules together (blue band, Figs. 2
and 3)), to be built up.

The present measurements enable compar-
isons 1o be made between the material properties
of amylowd fibnls and those of other struciures of
biological origin or indeed of synthetic polymers
or inorganic materials including metals and co-
valent matenals (Fig. 2), showing that amyloid
librils are stiffer than most functional intracellular
biological filaments. The polvmerization of spe-
cics such as wubulin and actin, however, is readily
reversible and can be highly regulated, which are
essential aspects of their role in defining ithe
maotility of cells; it is therefore likely that some
long-range mechanical ngidity has been sacri-
ficed in retum for other chamcteristics essential
for their biological role.

The two examples of swdied fibnls (o=
lactalbumin and aB-crystalling with less reg-
ular structures than those discussed above
have elastic moduli similar to those of natural
assemblies found within cells, such as tubulin
and actin (23, 26), or librillar ageregaies of
native-like structures, such as sickle-cell hemo-
globin (HbS) fibrils (/2). This lnding suggests
that these structures are held wgether by rela-
tively weak imtermolecular forces, and indewd
their modulus is consistent with the coarse-
grained model discussed above for amphiphilic
interactions (green band, Figs. 2 and 3), The fac
that the mermolecular interactions  stabilizing
beadlike prowlibrllar aggregates are relatively
weak as compared with those in mature fibnls

21 DECEMBER 2007 YOL 318 SCIENCE www.sciencemag.org




could be an imponant Factor in their association
with some neurodegenermtive discases (£3) and
might allow their dissociation o oligomers,
which can mteract with cellular components. The
differences between the moduli of mature
amyloid fibnls and HbS fibnls further highlight
the differem balance of iter- versus  intra-
molceular intcractions. Thus, in both cases, a sie-
able fraction of residues participates in hydrogen
bonds: within @ helices for HBS and within 8
sheets for amyloid fbrls, However, for HbS
fibrls, these bonds are all within one individual
molecule, and the intermolecular inleractions are
mediated by weaker surface interactions; on the
other hand, for amyloid fibrils, some or all of the
hydrogen bonds are intermolecular when they
can contnbute o the long-range stability of the
fibnl and the high elastic modulus. These con-
clusions are excmplificd by the orb-weaving
spider’s use of two forms of silk. Dragline silk,
which contams a ligh fmction of denscly
hydrogen-bonded domains, 15 used to provide
the structural scaffold for the web (27) and has
an elastic modulus that & comparable 1o hydrogen-
bonded cross-f protein nanofibrils (Fig. 2). On
the other hand, web capture silk, which serves
for aesting prey. is a viscid biofilament con-
taining cross-linked polvmer networks and has

an elastic modulus that is comparable to that of

clastomers such as rubber and elastin (27).

The finding that the rigidity of amyloid
fibrils is described by a common clastic mod-
ulus, defined predominantly by intermaolecular
interactions involving the common poly-
peptide main chain, provides quantitative ¢vi-
dence for the idea (2) that these structures

form a generic class of material. In addition,
our results provide insight into the changes in
the distribution of inter- versus intramolecular
bonding interactions associated with the tran-
silion of proteins from their native globular strue-
tures into polvmenc supramolecular assemblics,
Finally, compansons between anificial scll-
assembling protcin fibals and natuml cellular
structures exemplify the design critera used in
nature 1o scleet materials for structural applica-

tions and provide inspiration for the design of

novel nanoscake biommerials.
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A Sulfur Dioxide Climate
Feedback on Early Mars

Itay Halew.l‘ Maria T. Zuber,? Daniel P. Su:hra,g1

Ancient Mars had liquid water on its surface and a CO,-rich atmosphere. Despite the implication that
massive carbonate deposits should have formed, these have not been detected. On the basis of
fundamental chemical and physical principles, we propose that climatic conditions enabling the
existence of liquid water were maintained by appreciable atmospheric concentrations of velcanically
degassed S0z and HzS. The geochemistry resulting from equilibration of this atmosphere with the
hydrological cycle is shown to inhibit the formation of carbonates. We propose an early martian climate
feedback involving 505, much like that maintained by CO; on Earth.

antian geomorphology indicates the
Muﬁi:ﬂ;lwu of liquid surface water, per-

haps even an occan (/). during the lae
Noachian epoch [~3.8 = 10" years ago (2)], when
surface temperaures were marginally above frece-
ing () but still considerably warmer than at present,
The clement conditions are most likely explained
by an optically thicker atmospheric greenhowse (4)
that may also have had 1w compensate for a dimmer
sun (5L A COsnich atmosphere could have been
supplicd by vigorous volcanism associated with the

www.sciencemag.org SCIENCE VOL 318 21 DECEMBER 2007

emplacement of the Tharsis igneous province (6)
as well as with carlier episodes of crustal formation.

Although attempts at explaining the exisience of

liquid water with an aimosphere of pure CO, are
complicated by CO5 condensation (7}, the possible
existence of infrmred-reflective CO5 ioe clouds (X)
or atmospheric heating due to absorption of solar
radiation by trace amounts of S0 (9) has been
suggested o resolve this difficulry.

I carly voleanic activity on Mars did sustain a
thick COy; aumosphere, one might expect the

exisience of a carbon cyele similar to Eanh’s,
where the release of COs ffom volcanoes is
balanced by burial of calcium carbonate through
silicate weathenng reactions that remove protons
and release alkalinity 1o scawater (/0. The de-
pendence of silicate weathering on emperaiure
and precipitation creates a negative feedback on
the atmospheric abundance of CO4, stabilizing
the climate to maintain surface conditions with
adequate liquid water for weathering as long as
the volcanic release of COs continues, Existence
of such a carbon cyvele on Mars would have lefi
carbonate sediments a the surface as well as
abundant clays lefi over from the weathering
process. Forexample, a carbon outgassing (lux of
7 % 10" mol C vear ', about the same as the
modem volcanic outgassing rate on Earth (/).
maintained for 10* years would result in a global
carbonate layer ~ 180 m thick. The same mass of
carbonate precipitated in an ocean covering 30%%
of Mars (/) would form a layer ~600 m thick.
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The virtual absence of carbonate minerals above
the detection limit of a few weight percent (12),
comcident with evidenoe tor an carly climiate warm
enough for liquid water, is therefore puzeling,

A possible resolution of this contradiction may
involve the abundance of sulfur on the surface of
Mars. Manian soil and rock analyses show
significant enrichment in sulfur relative 1o temes-
trial soils ( 1.3); recent analysis of data obtained by
the rovers identified soils with sullur contemts as
high as 7.5 weight % 505 (/4). Like carbon, sulfur
in some lorms can play an imponant role in
radiative forcing and in silicate weathering, In this
paper, we explore the implications of an active
sulfur cvele, linked to the carbon cvele, on the
climate and surface chemisiry of carly Mars,

In an carly marian sullur cvcle, voleanic
outgassing of sullur o the atmosphere and sur-
tace environment, primarily as 50, and H,S,
would be halanced by photochemical sinks and
precipitation of sul fur-bearing mmerals. The mod-
em martian atmosphere is relatively oxidized afier
billions of vears of hydrogen escape (15), although
carlier in martian history oxygen escape (16) as
well as emission of reduced gases from hydro-
thermal alicration of basaltic crust (/7)) likely
resulted in a more reducing atmosphere. During
the emplacement of Tharsis as with any period of
high, sustained voleanism, the additional emission
of reduced gases, including H-S and 805, would
drive the oxidation state even lower. The lifetime
of sulfur species that today are rapidly oxidized in
Earths simosphere is longer under such condi-
tions, In the absence of biological catalysis, ki-
netic barriers o clanges in the valence state of
sulfur would enable the coexistence of atmo-
spheric and aquatic sulfide (8%), sulfite (%),
and sulfate (8°7) in proportions depending on the
relative magnitudes of their sources and sinks,

In an atmosphere with significant quantitics off
reduced sulfur gases, S0 would play a par-
ticularly important role, not only clinatically as a
powerul greenhouse gas but also in the chemistry
of the surface environment. S0 is highly soluble
in water, so its early martian geochemical cyele
would have been dominated by aguatic reservoirs,
such as a northem hemisphere occan (1) or regions
of sustained groundwater upwelling (/&) The
presence of even a small amount of SO in a COs-
rich ammosphere lowers the pll of surface waters,
suppressing carbonate precipitation in favor of
sulfite minerals. The resulting geochemical cycle
is analogous to the terrestrial carbon evele (1),
with a silicate weathering feedback on climate in-
volving 50k instead of COs and the pH of water
bodics butfered by the solubility of sulfite mincrals
and the parial pressure of S0, instead ol the
solubility of calcite and the panial pressure of CO,,

Details of this geochemical eyele depend on
relative rmates of sulfur ougassing, photochemical
tmnsformations, silicate weathering, and mineral
precipitation. Sulfur outgassing from Tharsis is
limited by the solubility of sulfur in basaltic melhs,
The sulfur content of martian mels has recemly
been estimated at 1400 parts per million (ppm)

(19, one w0 three times the concentration in Ha-
wanian lavas (211). Degassing of the entire volume
of Tharsis magma |3 * 10* km® ()] mplics a
maximum flux of =4 = 10" mole S year il the
emplacement of Tharsis wok 10% vears. This is
about twice the present sullur outgassing flux on
Earth [<13 = 10° metric tons SO, vear' (21)).
although its impact on the surface of Mars would
have been much greater given the smaller volume
of the ammosphere. Because the speciation of sul-
fur coming from volcanic oulgassing depends on
the oxygen fugacity of the magma, the oxidation
state of maian basalts (22) implics that a1 least
50 of the sulfur, or -2 = 10" mole $ year ', was
emitted as HaS (23),

Removal of S0: from the atmosphere nor-
mally occurs by gas-phase oxidation, by reaction
pathways after photolysis, and by a variety of
physical sinks leading 1o deposition and subse-
quent oxidation. The reducing power from vol-
canic Tuxes of HyS and S0, described above,
combined with hydrothenmal emission of hydro-
gen and methane, would compensate for even the
most oplimistic estimates of hydrogen escape
[summarized in (/6)], implving decreased gas-
phase oxidation of 8O3 (24). Furthermore, dep-
osition of 50,, typically followed by rapid
heterogencous oxidation, would instead lead o
saturation of the martian surface and retum Muxes
to the atmosphere at steady state (25). Aqueous
dispropontionation of sulfite could potentially
prevent saturation of the aquatic reservoir with
species of %7 (26). However, the rates of these
reactions in the absence of biological catalysis
have anly been examined above 100°C (27) and
are likely slow at low temperature | Supporting
Onlinge Matenal (SOM) texa).

CD__iaq:l =

0.0
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0.5 -
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It has been suggested that reaction of the
proglucts of SOs photolysis with atmospheric
oxidants recyeles SOh, resulting in littke net loss
(2%). However, a low abundance of oxidants Limats
these reactions as well, introducing another poten-
tially imponant sink; S0z photolysis followed by
disproportionation to sullae and clemenal sulfur
(29}, This sink was likely also of low magnitude
under carly martian conditions, because a higher
ulmviolet ux attributed to the young Sun (30)
would have occurred in wavelengths where ab-
somtion and Rayleigh scanering by a thick €Oy
atmosphere afforded significam shielding (37).
Moreover, absorption by the abundance of sulfur
volatiles, including S possibly generated by S0,
photochemistry (25), would have funher attenu-
ated the energzy available for SO photodissocia-
tion (fig. S1). Wong e ol (2003) (32) simulated
the local atmosphenic chemical impact of a volean-
ic cvent on the present oxidizing martian atmo-
sphere, calculating a mixing ratio of more than
100 ppm 504 in the lower 60 km of the atmo-
sphere and a very low photolysis rate constant of
6.1 = 107" 571 at an altitude of 10 km. During the
emplacement of Tharsis. a volcanic flux several
orders of magnitude higher, sustained over hun-
dreds of millions of vears, means that the photo-
bvsis sink was unlikely to be of primary importance.

Accumulation of 10°°to 10 bars of SOz ina
COs-rich mmosphere, made possible by its small
total photochemical sink and by saturation of the
surface, would have had a substantial radiative
ellect (33), perbaps enough to have maintained
liquid water on the surface of early Mars, Under
such conditions, temperature and  precipitation
are much more sensitive 1o changes in the partial
pressure of S05 (pS05) than w changes in the

HCO, +H* 5 CO* +H!*
HSO, +H* s 50,*‘+H+

1 2 a 4 5

pH

Fig. 1. pH dependence of agueous 5** (black) and C (gray) speciation, expressed by the chemical
equilibrium reactions in the figure. At pH between 2 and 6, most of the $** is present as HS0;~
(bisulfite), whereas carbon is predominantly in the form of CO; (ag).
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partial pressure of CO5 (pCO5), mainly because
of the large difference between the atmospheric

abundances of 505 and CO- but also because of

saturation of the nfrred absorption lines of OO,

Additionally, because of the high solubility of

S0, most of the $* would have been present in
the agquatic reservoir and would have had a domi-
nant mole n the surface environment. Because
hydration of 503 forms sulfurous acid (HaCOy)
(H5503), which is much stronger than carbonic
acid (34), the pll of water in equilibium with
CO5 and 505 is essentially independent of pCO,
when pSO; > ~1 = 107 bars (fig. $2). With
climate and the pH ol minwater controlled pre-
Fig. 2. Cation concen- o]

tration limits imposed by -18f"2e

dominantly by the atmosphenc abundance of
503, the rate of silicate weathening in the system
we describe would have also responded mainly
1o changes i pSOs.

Cations released by silicate weathenng rcac-
tions, clectrochemically balanced by bisulfite
(HS0; ) and bicarbonate (HCO57) anlons, are
delivered by streams w0 larger water bodies,
eventually resulting in precipitation of salts. Like
carbon, the aqueous speciation of $** depends on
pH (Fig. 1). Because 1,505 is a stronger acid, at
low pH the concentration of the sulfite (50;7)
anion can be orders of magnitde higher than that
of carbonate (C0;™), depending on the ratio of

sulfite (black} or carbon- & _ial ;:i&i§5~~, l

ate (gray) mineral satu- 5 2l EEeNgL

ration as a function of 2 | e “--.,__________________,-
pS0,/pC0,. (Top) Ca gr'”: .

mineral saturation and =241

e R
are solid in the range of

pS0xpC0; in which pre- 1o-

cipitation of the repre- 05

sented mineral is the ol F______’_,_.-o--
limiting factor on cation g’ E . WMgs0, 8t
concentrations. Thin dashed 2 0L - oo o oooemmmmem === i

lines mark the critical & -9 haco

value of p504/pCO; above 151

YR conenlions. e T ey
limited by saturation of ' : SO. / pCO. 3
sulfite rather than carbon- 109,,(PSO, / PCO,)

ate minerals.

PE0, (1074 bar]
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Fig. 3. Time (t) evolution of p50,, pCO; (top), surface water pH (middle), and the precipitated
mineral assemblage (bottom), for (A} 70% and (B) 20% photochemical destruction of all 50
outgassed or produced. The volcanic outgassing rate during this simulation was 2 x 10 mole year™
503 and HzS, each. Note that the onset of calcium sulfite and ferrous carbonate precipitation (vertical
dashed lines) is accompanied by a decrease in pH because of removal of alkalinity and an increase in

pS0; because of water body acidification.
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pS0O: 1o pCOs Thermodynamic equilibrium
predicts that, for pSOLpCO; = =50 = 1075,
hannebachite (CaSOq'4HA0) reaches saturation
at a lower concentration of Ca® than calcite
(CaCOs). Precipitation of hanncbachite then
limits the availability of Ca®", suppressing calcite

precipitation (Fig. 2) (350, A similar limitation of

Mg®* availability by MgSO53-6H,0 precipitation
oceurs al pSOLpC0; = ~1.2 = 1074, preventing
the precipitation of magnesite (MgCO,). The
actual precipitate may be a mixed Ca-Mg sullite
analogous to dolomite, suppressing magnesite
precipitation at an even lower ratio ol 50, 1o
C0a, No geologically feasible conditions lead w
precipitation of ferrous sulfiie instead of highly
insoluble siderite (FeCOs). However, formation
of ron-beanng clayvs as products of basalt alter-
ation {36} as well as precipitation of pynte (FeSs)
could limit the availability of Fe®*, making sid-
crite a minor phase and perhaps preventing its
precipitation altogether. We propose that, in an
atmosphere rich in 505, carbonates of iron, mag-
pesium, and caleium rarely form: it is then un-
necessary to explain their absence by burdal (37),
photodisintegration (38), dissolution (39), or
destruction via reaction with atmospheric 505
(/3). Unlike some of the mechanisms proposed
to explain the absence of carbonates (410), sup-
pression of carbonate precipitation by this mech-
anism occurs even al mildly acidic pH (=6),
allowing the formation of clays and consistent with
their detection on the ancient martian surface (47).

Without biologically mediated oxidation and
reduction of sulfir, eyeles of 8 and $* would
exist alongside the geochemical eyele of *. Even
in a reducing atmosphere, some sulae would be
produced by SO, disproportionation during pho-
tochemical reactions. Like acid min on Earth, this
fux of HaS0y could slightly depress minwaier
phl However, the phl of water bodics, including a
martian ocean, would be buftered by pSO3 and
sullite mineral solubility, just as the pH of the
surface occan on Earth is conrolled by pC05 and
calcite solubility. The main impact of HyS on the
aqueous chemistry of a mildly acidic water res-
ervodr containing iron is the possible contribution
of pyrite to the mincral assemblage,

The dependence of weathering rates on atmo-
spheric 505 and the precipitation of sulfite min-
crals as a sink for SO» create a climate feedback
analogous w that involving COs on Earth; if the
volcanic supply of SO increascs, causing
atmosphenc pS0s o rise, then temperature
increases, causing an acceleration of weathering

reactions and removal of S04 by precipitation of

sulfite minerals, until these balance the inereased
voleanic supply. Furthermore, the vast reservoir
of dissolved S* in the surface aquatic system
serves as a bufler w the atmospheric abundance
of SO and would thus stabilize surface emper-
aturgs, Relative to the carbonic acid weathering
of granitic crust on Eanh, the sulfurous acid

dnven feedback on the basaltic crust of Mars
would be more sensitive to changes in tlemper-
ature. As a result, the wmperature required 1o

www.sciencemag.org SCIENCE WVOL 318 21 DECEMBER 2007
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balance S0 outgassing would be relatively low,
perhaps just above the tempemiure necessary 1o
sustain hgquid water, This result 1s consistent with
geochemical evidence that Mars in the late
Moachian was likely never very wamm (J3),

To explore this feedback cyele, we constructed
a model of the sulfur and carbon eyveles of carly
Mars, including an occan covering =30% of the
planet, an arca about equivalent to the arca cov-
ered by the Vastitas Borealis Formation, infemed
to be ol agueous sadimentary origin (/). The mod-
el tracks the evolution of the surface (42) reser-
voirs of carbon, the sulfur in its different valence
states, and the dissolved reservoirs of weathering-
denved cations and Si0s. Carbon is supplied by
volcanic emission of CO; and removed by car-
bonate mincral precipitation. S0, ES“'} and H.5
($%) are also volcamcally outgassed and are re-
mowved from the surface reservoir by either mineral
precipitation or photochemical  transfonmations,
leading 10 formation and deposiion ol clemental
sulfur (8" or sulfate (5%°). Cations are supplied
to the ocean by silicate weathering, a function of
P05, pSO5, and the photochemical production
ol HaS0)y,. Minerals may precipitate il concen-
trations of their dissolved components exceed
experimentally determined degrees ol super-
saturtion. Aqueous disproportionation of sulfite
was not considered in the model because of its
sluggish kinetics at low temperature.  Further
model details are in the SOM ext,

Simulated pSO,, p, and precipitated mineral
assemblage depend on the relative importances of
the sinks of S0, as summanzed in Fig. 3. Figure
A shows the time evolution ol the system with
the photochemical sink removing 70% of all 50,
outgassed or produced by HaS oxidation, whereas
Fig. 3B is for 2004 photochemical remioval ol S0,
Aumospheric pSOs, shown in the wp graphs, is
lower when the phoiochemical sink is imporiant.
This is due to the smaller overall size of the §*
reservoir and despite water body  acidification,
which has the effiect of increasing the vapor
pressure of S0, [or a given reservoir size. Water
body pll. shown in the middle graphs, is lower
when photochemical production of HaS0y s
sulficiently mapid, despite the decrease in pS~Ok,
Lastly, at higher relative photochemical destrue-
tion (sullane production) mies, the mineral asscn-
blage contams less siderite and a greater mole
fraction of sulfate minerals, at the expense of sul-
fites, as shown in the bottom graphs. In all of our
simulations, pCOs fses because of the negligible
precipitation of sidente. IF precipitation of pyrite
occurs, siderite may be aliogether absent from the
mincral assemblage (fig. 53). Sulfate minerals and
Mg* -bearing minerals (whether sulfates or sul-
fites) are last to precipime, leaving the aquatic
reservoir relatively rich in Mg®" and SO, This
has implications for the mineral sssemblage tha
forms when such water bodies frecee or evaporate
and is consistent with the obscrvation that hy-
drated magnesivum sulfate is an important phase on
the surtace of Mars (43). Our computations show
that the pH and the concentrations ol major rock-

forming cations in large water bodics can be
controlled by oquilibrium with SO, and saturation
of sulfite mincrals, resulting in suppression of
carbonate mineral precipitation,

Application of our hypothesis to martian his-
tory yiclds the following sequence of ovents;
Volcanic outgassing of COy, SO, and H,S dunng
the Moachian exhausted the oxidant supply, allow-
ing 503 to reach concentrations of a few ppm 1o
several hundred ppm near the planet’s surface. The
partial pressure of CO5 increased gradually aniil it
reached a critical level, perhaps during the period
of most-rapid emplacement of Tharsis, when the
combined radiative effect of OO and S0, enabled
the existence of liquid surface water. The S0,
climate feadback descrbed above stabilized sur-
face temperature, with precipitation of sulfie
muncrals from muldly aadic surface solutions
preventing massive carbonate precipitation while
allowing the formation of clays,

When voleanism subsided, S0, was apadly
removed from the atmosphere by continued pho-
tolysis and by reaction with oxidants, now sup-
plied at a faster rate than reduced gases. Without
the radiative contribution of 805, the surface
temperature dropped below the freezing point of
water, surface water bodies froze, becoming more
concentrated and precipitating the remaining ions
in a progression of increasingly soluble salis.
Water frozen at the surface was gradually redis-
tributed by sublimation and refreczing because of
seasonal cveling and changes in obliquity (44),

Under a now-oxidizing atmosphere, sullite
minerals at the surface would be episodically ex-
posed o small amounts of surface or ground water
and altered w sulfine, releasing acidity that would
be stored in the soil. This oxidation of sulfites, in
combination with oxidation of sideriie and pyrite,
is one possible way of creating the acidic environ-
ments proposed for later periods in martian history
(43, 46) as well as the observed surface mineralogy.
If the high volcanic Mux persisted for 10% VEars
accompanicd by precipimation of sulfite minerals,
clemental sulfur, and perhaps sulfides, then the
supply of oxidants associated with hydrogen escape
(/6) would require about a billion vears o trans-
form all of the precipitates o sulfine. A shorter
duration of clkement conditions would onply a
shorter oxidation time scale,

Dispite subfreczing surface iempermtures, the
cady geothenmal gradient of Mars was high enoush
1o maintain hydrothermal circulation in the crust
{47). Subsurface silicate weathering coupled with
carbonate mineral precipitation in crustal pores
and fractures would have slowly removed the
remaining atmospheric CO5, consistent with the
carbonate minerals found in veins in some
martian meteorites (48). Estimates of marian
crustal porosity (49) easily accommodate several
bars of (0, sequesterad in carbonate minerals,
Three hillion years of this proccss, in combina-
tion with atmospheric loss associated with large
impacts and more eflicient molecular cscape after
termination of the magnetic field of Mars,
resulted in the present thin CO2 atmosphere,

Our hypothesis for a 50 climate feedback
successfully accounts for salient features
observed on the surdace of Mars and n the
martian metcontes (f3, 14, 41, 48, 3. Vahda-
tion of our hypothesis would come from detec-
tion of sullitcs on the martian surface, although
the exclusion of sulfites from spectral librarics
used for mineral detection on Mars, along with
their tendency to oxidize, might make such de-
tection difficult. Our hypothesis should apply 10
any planet with a reducing atmosphere and
voleanically outgassed SO5 and may also explain
the apparent scarcity of carbonate sediments in
the Archean Eanh (5/).
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Coupled '"*Nd-"*Nd Isotopic
Evidence for Hadean Mantle Dynamics

Vickie C. Bennett,™?* Alan D. Brandon,? Allen P. Nutman®

The oldest rocks—3.85 billion years old—from southwest Greenland have coupled neodymium-142
excesses (from decay of now-extinct samarium-146; half-life, 103 million years) and neodymium-143
excesses (from decay of samarium-147; half-life, 106 billion years), relative to chondritic meteorites, that
directly date the formation of chemically distinct silicate reservoirs in the first 30 million to 75 million
years of Earth history. The differences in 18204 signatures of coeval rocks from the two most extensive
crustal relicts more than 3.6 billion years old, in Western Australia and southwest Greenland, reveal early-
formed large-scale chemical heterogeneities in Earth’'s mantle that persisted for at least the first billion
years of Earth history. Temporal variations in ***Nd signatures track the subsequent incomplete remixing

of very-early-formed mantle chemical domains.

such as the "*Sm-"Nd system [halt=hife (Hz),

103 million years (My)] obtained from
samples of the Moon, Mars, and metcoriies are
revealing the complexities of carly planctary
differentiation that occumed soon afier accretion
[eg., (I-4)]. Attempls 10 demonstrale “2nd var-
iations in Eanh were initiated in the 19908 (5),
with recent measurements of some ancient rocks
[dating from =3.6 billion vears ago (Ca)] (6111
now firmly establishing variable "*Nd/"*Nd -
tios in Earth relative to modem terrestrial compo-
sitions. This is important because  detectable
NG isotopic varations can only be gencrated
fromm SmyNd fractionation durng the langely un-
known first =300 My of Earth hisory, while
146Sm is still actively decaying. Previous studies
focused largely on the ~3.7- 10 3.8-billion-ycar

:[mmpc data for short-lived decay schemes

{Gy-old regions of the Isua supracrustal belt of

West Greenland, representing largely one, albeit
important, spatial and twemporal point in Earth
evolution. Interpreting the large range of reported
MENAMNA rtios [0 w0 +17 parts per million
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(ppm) higher than modem temestnal composi-
tions] n terms of eardy planetary processes 1s
complicated because many of the analyeed rocks
were cither metasedimentary mixtures of croded
terrmanes { 7-9) or metabasalis (6, 9, 10) from arcas
that experienced widespread sccondary chemical
alteration |eg., (11, 12)].

Tamalizing hints of Hadean Era (=4.0 Ga)
Earth dynamics come from the recent recognition
that all crust and upper mantle rocks today have a
M2 AN excess of ~20 ppm compared with
primitive chondritic metcorites (2, 13, 74), which
were the building blocks of Earth, This requines
not only that chemically distinet domains with
high and low Sm/Nd, cvolving 1o high and low
M2nd, respectively, formed during or soon afier
accretion but also that these domains must have
persisted to the present in onder to account for the
contmued isotopic oflset between chondrites and
modem terrestrial rocks. Addimonally, the more
extreme "PNd excesses measured in some Arche-
an rocks (6, 7, 9, /) require the carly existence
of an older, or more severcly depleted (higher
Sm/Nd) mantle, whose extent and longevity is
unknown. To wrack the ongin, distribution, and in-
teraction of these global chemical domains re-
quires precise ' “Nd data for ancient rocks with a
range of ages and from a varicty of localities,

Here, we present high-precision M2Nd data
(Table 1) (/5) combined with "*Nd data from
samples of the two most acnially exiensive =3.6-

Gy-old temanes: the 3000 km® lisag Complex
(/6) of southern West Greenland, of which the
Isua supracrustal belt is one component, and the
Narrver Gneiss Complex of the Yilgam craton,
Wiestem Australia. In contrast to previous studics,
the crnphasis s on analysis of the oldest onalites,
a juvenile granitic rock type typically represent-
ing the cadiest formed continental crust in a
region and from which direct age information in
the form of U-Pb zircon ages can be obtained.
Archean tonalites are melis of young occanic
crust [e.g., [7)], derived from the upper mantle,
The intermaediate basalt stage is likely shont com-
pared with the time scale of *7Sm decay and
with Sm/Nd similar to that of the mantle source.

The Iisaq samples span a 210-My age range
(3.04 10 3.85 Gy old) and include crystalline rocks
from newly recopnized localitics of homoge-
neous 3.85-Gy-old tonalites (/8) and =3.85-
Cry-old matic rocks (1.5). These samples are some
of the oldest werrestrial rocks vet discovered. The
two 3.73-Ciy-old Namver Gneiss Complex tonalitic
gneisses are the oldest rocks from the Australian
cominent (/%) All rocks are from our field
collections and represent the most geologically
pristine maicrials, with well-defined crysialliza-
tion ages having minimal secondary chemical
alteration (table S1)(15).

Homogenized powdered samples weighing
from 001 1o 0,3 g were dissolved and processad 1o
isolate =500 ng Nd. The "*Nd/"¥Nd isotopic
compositions were measured as Nd™ on a Trton
thermal onization mass spectromeler using a
multidynamic data collection scheme (Y Mea-
surcments of a standard Nd solution nm inter-
spersed with the samples vielded an extemal
reproducibility (2 D) ol =3.5 ppm (fig. 51) {in-
run precisions were from L0 to 2.5 ppm, 2 SE).
Replicate analyses of 14 modem rocks yielded
the same extemnal precision as the standard data
(fig. S2), which demonsiraies the validity of this

scision for chemically processed samples, The

TSm-"YNd data were obained on separate

powder samples using standard isotope-dilution
methods ( /5).

Fificen samples from the Isag Complex all
have well-resolved "Nd excesses of 9 1o 20
ppm relative 1o the modern terrestrial reference
compaosition (Table 1), The six basalis with ages
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of 3.8 Gy and =3.85 Gy have slightly higher, and
more variable, "Nd than the similar age tonal-
ies. In contrast, the four oldest (-3.85 Gy) tonal-
ies collected from tour separate localines have a
narow range of compositions, with mean HINd
exoess of +15.3 = 1.2 ppm (2 5D, and the three
youngest (3,64 Gy) samples have a "2Nd excess =
12,0 = 0.9 ppm (2 5D,

High "*Nd relative 10 modern rocks now
appears 1o be a pervasive Rature in the vast Ar-
chean lerranes of southwest Greenland. The
regional extent of this signature was likely much
greater in the carly Archean, as the analyzed
rocks from the nonhern and southem pans of'the
lisaq Complex, now =150 km distant, represent
at least two different temanes, each with a distinet
Eoarchean geologic history, that were later
Juxtaposed (20). In contrast 1o all of the
Greenland samples, the two granitic samples
from the Yilgam craton have identical " Nd = +35
ppm. The lack of "2
viously analyzed Itsaq rocks (8. 10) rases the
question of how much confidence to place in
these wo samples representing the Yilgam cra-
ton. We emphasize first that all granitic rocks (not
metabasalts or metasediments) from the diverse
Archean terranes of West Greenland give con-
sistent results, with 100% of the analyzed =3.6-
Giv-old granitic rocks (13 samples total) (Table 1)
(#) having well-resolved "*Nd excesses. Second,
the two Westem Australian samples were se-
lected specifically to be equivalent o the Green-
land samples in having similar juvenile tonalitic
compositions, reflecting the earliest known gra-
nitic rocks in cach terane, with a similar degree

Nd excesses moa few pre-

Table 1. Summary of **Nd and **®Nd isotopic data from two Eoarchean
terranes. ***Nd data are presented as the ppm difference from the terrestrial
reference, calculated using the average value of terrestrial standards measured
during the course of this study. Data sources for £ ***Nd(0) (21) are given in

of good preservation, such that they can be ox-
pected to vield reliable isotopic records,
Although this demonstration of global heter-
ogeneity 15 powerlul evidence for carly difleren-
tiation on Earth, "*Nd variations alone cannot be
modeled uniquely in terms of time or extent of
mantle depletion. However, concordant data from

the two Sm-Nd decay schemes measured  from
the same sample can be combined 10 yvield both
the fommation age of the mantle reservorr and the
degree of SmNd frretionation of tis mantle (3).
which is indicative of the extenmt of chemical
differemiation. The caleulated differentiation ages
arc most accurate using data from the oldest sam-

Fig. 1. Twostage SmiNd 60
evolution model (5) for the 1920/ " Nd
terrestrial mantle starting g5 | pom deviations
at the time of solar sys-
tem origin Ty = 4567
Ma) (30), with a silicate 40}
Earth having a chondritic
Sm/Nd ratio and Nd ise-  45]
topic compositions, The
second stage starks at the
formation of a Hadean man- 20|
tle source with high Smid
This mantle continues o 4p |
evolve and is ultimately
sampled by partial melt-

relative to chondritic metecrites

ing to form the ~3.85-Gy- op o.m; . 3.85 Ga I;Dckl l'rr:;md

old rocks studied here, # « bulk inttial Earth southwaest Greantan

which carry and preserve  -10

the elevated MNd and -1.0 0.0 1.0 20 3.0 4.0 5.0
£1¥Nd signatures. The £' at 3850 Ma

straight lines represent

the loci of equal ages for the formation of vanable Sm/MNd mantle sources. The curved lines are the loci of
N

increasing **'Sm®

d ratios representing varying levels of mantle differentiation. The combined *Nd and

1420 d data from the oldest (3.85 Gy old), least altered tonalites and amphibolites (circles, with mean indicated
by solid diamond) are self-consistent and indicate formation of a chemically fractionated, high Sm/Nd mantle
within the first 30 My to 75 My of Earth history. Bulk silicate Earth compositions (21); decay equations (15);
initial ***sm/***Sm = 0.0075 + .0025 (31). Decay constants: i,4; = 6.54 3 107 yr~ and A4 = 6.74 x
107 yr=™. Error bars are + 2 SD external reproducibility (Table 1).

table S1. The errors on £ Ndit) are < +0.5 epsilon units. The ages of the
mafic rocks are determined from U-Pb zircon dating of asseciated cross-cutting
felsic rocks and are thus minimums. Complete data sets, analytical methods,
and geologic locality and age information are in (15).

sample No. Age (My) Lithology 2N MNd 26 MINd (ppm) £ Nd(0) = **Ndir)
Itsag complex, West Greenfond

Islands near Nuuk
G01/113 3849 £ 6 Tonalite 11418565 3.2 x 10°% 15.8 =45.06 +3.1
G93/07 3852 £ 12 Tonalite 1.1418563 22x 10" 15.6 -37.73 +3.2
G99/22 3862 + 16 Tonalite 1.1418561 30 x10°¢ 15.5 =36.93 +3.5
G01/36 3849 = 6 Tonalite 11418547 28 x 107" 14.2
G97/112 3640 + 11 Ferradiarite 11418520 28 x 107" 11.9 +1.7
G97/112 Replicate 1.1418517 2.5 x 107% 11.6
G97/111 3642 = 3 Augen gneiss 1.1418527 2.4 x 107% 125 +1.7
1Go03/11 =3850 Amphibolite 1.1418586 2.2 x107% 17.6 12.02 +3.6
1603112 =3850 Amphibolite 1.1418618 1.0 x 107% 20.4 1.68 +3.7
1G03/36 =3850 Amphibaolite 1.1418486 3.0 x 10°% 8.9 =3152 +2.3
G01/91 =3850 Metagabbro 1.141850%9 3.0 x 107% 10.9

Isua supracrustal belt and vicinity
G06/3.7 3698 £ 8 Tonalite 1.1418544 2.6 x 107% 14.0 =51.85 +1.2
1G03/52 =3803 + 3 PFillow basalt 1.1418526 2.6 % 107° 12.4 -6.73 =02
1G03/48 =3803 £ 3 Pillow basalt 1.1418605 2.9 x 107 19.3 -31.70 +4.2
G?7/98 3795+ 3 Tonalite 1.1418578 31x 107" 16.9 =45.86 +2.1

Yilgarn craton, Western Australia

Ba/28 3731+ 4 Tonalite 1.1418444 32 x 107 5.2 —41.47 +1.7
g8/173 3730+ 5 Tonalite 1.1418438 3.0 x 107% 4.6 —48.88 +1.8

Nd standard average (this study); 2o external precision
n=13 1.1418385 4.0 x 10°° 0.0
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ples, in this case the ~3.85-Gy-old samples from
Circenland, because these are less likely 10 contain
mixed-age crustal components. The Besm-12Nd
scheme requires no cormections for m situ decay
Archean rocks, climmating a potential source of
crron, and there is no process that can generale
positive "*Nd variations afier "**Sm has largely
decayed by ~ 4.2 Ga. Allermtion or open-system
behavior can only move "*Nd signawres toward
modem compositions, The samples analyezed here

A Dynamic early Earth

have a wide range of present-day £ Nd = +12 10
32424), which afier comections for in silu decay
vield a narmow range of imitial £ Nd (Table 1),
The tonalites and mafic samples indicate
similar ages and, assuming the five samples with
the highest "Nd represent the same mantle
source, they define a mean mantle differentiation
age of .51 + 0,02 Gy (1 5D), which suggests that
the Hadean high Sm/™d mantle formed within the
first 35 10 75 My of Earth history (Fig. 1. This is

Partial mixing of earty formed, high and kow Sm/Nd chemical domains at ca. 3.9 - 3.7 Ga

4.0 Ga
global 35 ppm 14 ¥Ng

-4.5 Ga
Unifarmly highly depleted

B Heterogeneously depleted early Earth

Veriable, but early (<70 my) Sm/Nd Iractionation

3.7 Ga
Partial remixing of enriched mantle

23 ppm 142 MNd
eECEES

Fig. 2. Two scenarios to account for the distinctive *Nd signatures of Archean rocks from coeval
early crustal terranes. (A} Formation of uniform mantle (dark green) with high Sm/Nd early in
Earth’s history. Most, but not all, of this mantle is subsequently remixed with complementary low
Sm/Nd material (red), depicted here as residing in the deep mantle. The Itsag Complex rocks,
southwest Greenland, sample a relict of the early high Sm/Nd domain. The Narryer Gneiss Complex
rocks, Western Australia, sample a mantle source with more modest Sm/Nd. (B} Early-formed
heterogeneous mantle. These chemically distinct mantle source regions persisted for at least 1 Gy,
to be sampled by the formation of 3.6- to 3.9-Gy-old Archean rocks in the two regions.

Fig. 3. ™Nd excess y
{ppm} relative to modern 20
terrestrial compositions  wapgeng

as a function of rock crys-  (ppm deviations
tallization age. Open ""“;’5 s inrmetia)
symbols (this study), with

error bars £3.5 ppm (2

Southwest Greenland

metasediments

Westem Australia

5D). Filled circles (2);

filled squares (8), with 0 é W
errors as reported in each i modern terrestrial reference
study. The decreasing Barbarion
1%2Nd through time sug- e | komalites )
gests progressive remix-
ing of early-formed,
highly fractionated man- Chondritic meteorites
tle sources. The range of -20 L 1 L L L
35 a6 37 38 39

data apparent in the
mixed provenance meta-
sediments may reflect in-

sample age (billions of years)

put from various Archean ***Nd sources (9), further supporting the existence of mantle chemical heterogeneity.

REPORTS

similar to the time of metallic core fonmation on
Earth obtained from the "™ HE" HF chronometer
(T2 =9 My 22y, Early massive melting of Earth
B predicied inomeany aocretion scenanos Jeg., (23)).
and these coupled ™ Nd -"Nd results provide a
temporal linkage between fomation of major
silicate reservoirs and cardy catastrophic cvents
during planct formation (/). Such differentiations
My point 1o magma occan scenarios |eg., (24,
whenchy distinet chemical domains formed by
crystal fractionation in a mohen Earth mather than
by progressive continemtal crust extraction over
time. The "*7Sm/"™*Nd of the Hadean mantle was
=00,236 (Fig. 1), which is 20% higher than the
chondritic (bulk Earth) value of 01966 but simi-
lar to compositions caleulated for lunar highlands
crustal rocks (25). In contrast 1w the wnalite suie,
H2nd -"Nd data from 3.7- to 3.8-Giy-old Tsua
metabasalts show large variations (6, 9, /1), with
many samples falling outside of all possible man-
tle sochrons generated using two-stage models
(fig. 83 This reflects a more complex petrogen-
esis for these samples [see (11, 12)).

The differences between the contemporne-
ous Greenland and Australian Eoarchean temanes
is highlighted by the coeval ~3.7-Gy-old samples
from both regions, with the Narrver tonalites
having markedly lower excesses of 204, These
contrasting "Nd signatures demonstrate funda-
mental, verv-carly-formed chemical heterogene-
itics in the terrestrial mantle. Two general
seenarios 1o explain these observalions are pos-
sible (Fig. 2). The first is formation of a global
nentle with uniformly high Sm/Nd [tenmed here
Itsag-DM ( Depletad Mantle) ] within ~50 million
years, This mantle was transient but survived
locally until an least 3.6 Ga, that is, long enough
o generate the yvoungest Archean crusial rocks
with high "**Nd in southwest Greenland. In other
regions, lisag-DM pantially remixed with en-
riched low Sm/Nd. low "*Nd-e"*Nd domains.
which existed as a complementary reservoin, or
with undifferentiated mantle, to form the mantle
source that produced the Namyer Complex
eneisses, The second scenario (Fig. 2B) that will
satisfy the H2Nd constraints is that two (or more)
mantle domains with varable SmNd formed in
the first ~50 My of Earth history and rctained
their distinet identitics unti] at least 3.7 Ga.

What 1s the fate of the haghly depleted Hadean
mantle domain? Tracking of '**Nd compositions
in West Greenland samples through time shows an
apparent decrease in the most positive "*Nd sig-
natures with vounger sample crvstallization ages
(Fig. 3). In comrast, the mantle sampled by the
Ecarchean Namyer Complex gneisses and in
other somewhatl younger Archean regions [ie.
Barbenon, South Adrica (7)) shows minor, or no,
M23d excess compared with the modern mantle,
The trend of decreasing "2Nd in the lisag Complex
suggests that even the compositions of the oldest
samples from 3,85 Ga may already reflect partial
destruction of a highly frctionated Hadean mantle
domain that formed 4.5 Ga and that the onginal
Sm/Md may have been even higher, perhaps as
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extreme as some portions of the Manian mantle
[e.g.. (26]]. Although the Isag-DM scems 1o have
breen oblterated, or at least not samiplod at present,
the source mantle of the Namyer Complex crust
persists o the present. These observations nequire
an ¢xplmation for the differing behavior of the
two depleted mamle components, the Namyer-DM
able 1w retain its identity, despite ongoing mantle
dynamics for =4.5 Gy, as compared with the wan-
sient Isag-DM. 11 all or much of the manthe was
initially as highly fractionated s lsag-DM, then
why was this mantle only partially, but apparently
homogeneously, remixed such that all modem ter-
restrial rocks vield precisely the same "Nd, dis-
tinct from chondrites? The difference supports
models of “hidden reservoirs™ where pan of the
complementary, low Sm™Nd domain is locked na
region of Earth, where it 1s both never sampled at
the surlace [e.g., (27-29)] and isolated from re-
mixing. More speculative suggestions ane that
part of the low Sm/Nd component may have been
lost roam: Earth during acerction, with the missing
material accounting for the present-day high
MENd, or that Earth acereted with a nonchondritic
SmNd ratio. In contrast, the ltsag-DM mantle
source persisted for at least a billion years al-
ter its formation. as recorded by compositions
of 3.6-Gy-old Greenland samples, but was able
to communicate with other less fractionated mantle
reservoirs and eventually lost its distinet signature
through remixing.

An enduring tenet of geology is that Earth
started from a well-mixed homogencous body
and evolved progressively over geologic time to
a more differentiated chemical state through
observable processes such as plate tectonics and
continental crust formation. The "*Nd data
presenied here, however, provide strong evidence
that terrestrial planets such as Earnth were affected
by non-uniformitarian processes carly in their
histories, resulting in locally extreme chemical
differentiation. Furthermore, some of the chem-
ical effects ol these events appear o persist in
silicaic domains 10 the presemt day. Thus, an
emerzing challenge for understanding the Earth
system is determining the relative roles of carly
planctary processes versus progressive differen-
tiation in shaping Eanh’s chemical architecture,
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High-Pressure Creep of Serpentine,
Interseismic Deformation, and
Initiation of Subduction

Nadege Hilairet,"* Bruno Reynard,® Yanbin Wang,z Isabelle Daniel,* Sebastien Mi.!rlml,3

Norimasa l'qlishiy'ilmzl,:ﬂL Sylvain Petitgirard®

The supposed low viscosity of serpentine may strongly influence subduction-zone dynamics at

all time scales, but until now its role could not be quantified because measurements relevant to
intermediate-depth settings were lacking. Deformation experiments on the serpentine antigorite at high
pressures and temperatures (1 to 4 gigapascals, 2007 to 500°C) showed that the viscosity of serpentine
s much lower than that of the major mantle-forming minerals. Regardless of the temperature,
low-viscosity serpentinized mantle at the slab surface can localize deformation, impede stress buildup,
and limit the downdip propagation of large earthquakes at subduction zones. Antigorite enables viscous
relaxation with characteristic times comparable to those of long-term postseismic deformations after
large earthquakes and slow earthquakes. Antigorite viscosity is sufficently low to make serpentinized
faults in the oceanic lithosphere a site for subduction initiation.

ubduction zones, in which slabs of oceanic

lithosphere sink into the mantle, are active

zones where frequent large carthquakes
cause considerable human and material damage.
Such events are wiggered by siress buildup or
stain localization, the understanding of which
relies on identifving the matenals involved and
their rheology. On top of slabs of many sub-
duction zones, a laver with low seismic velocity
and high Poisson mtio (=0.29) is imempreted as
extensively serpentinized mantle material (f, 2),
and may accommodate most of the deformation
at the slab/mantle wedge inmerface, Serpentinites
form by peridotite hydration cither during hydro-
thermal alieration of the occanic lithosphere be-
fore subduction or by pereolation of the Nuids
released by mincral dehydration within the
downgoing slab through the overlying mantle

wedge (7). The high-pressure vanety ol serpen-
tine, antigorite, can remain stable down o =180
km depth in cold subduction zones () Serpen-
tinites are highly deformed as compared 10 other
exhumed materials in paleosubduction zones {5),
which points to their erucial mechanical role. The
expected low sirength or viscosity of serpentinite
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has strong scismic implications because it may
govern stress buildup and downdip relaxation
over the slab surface, which are critical parme-
ters for carthquake wggering and for the down-
dip extent of major ruptures (6). So far, only
viscous relaxation of the anhydrous mantle has
been considercd a potential mgger of major
carthquakes, such as the Tonankar 1944, Nan-
kaido 1946 (7, and Adaska 1964 events ()
Sempentinites also have global geody namic im-
portance on the time scale of mantle convection
because a sempentinite layer may decouple the
mantle wedge from the downgoing slab (9), lts
presence therefore s a defining condition of the
plate wectonic regime on Earth,

The limitations ol appamtus have restricted
previous  high-temperture deformation expern-
menls on serpentinites 1o pressures below 0.7
GPa (5, 941, Below the antigorite dehydration
temperature {G0FC), such low confining pres-
sures favor bottle behavior, with defommation
bemg governed by Inetional lorces, whereas
different deformation mechanisms are 1o be
expected at higher pressures (1), as suggestod
by numerous defects allowing for intraerystalline
creep cormmonly observed in antigonte (/2. In the
absence ol high-pressure data, quantifying the role
of serpentinite at long and shon time scales in sub-
duction zoncs has remained bevond reach, We per-
fommed n situ mesurements (13) ol antigorite low
stress using the recently developed deformation-
DIA (D-DIA) apparatus coupled with synchro-
tron x-ray analysis (/4) under conditions of low
constant strain rates (<1074 10 107% 57" and pres-
sure and emperture (P-T ol 1 and 4 GPa and

2007 1o 500°C, respectively; that s, over most ol

the antigonite stability Gield (4, £3). We obtained a
siness-strain curve for 14 seis of experimental
conditions (tables 51 and 52). Strain values ()
were measured on synchrotron x-ray mdiographs,
and differential stress o was mesuned from elastic
lattice sirains on angle-dispersive x-ray dilfraction
paticmns (/3. 16). The siress value taken or extrap-
olated an 13% axial strain was used arbitrarily as a
measure of the ullimate flow stress (lable 53).
Because sample observation shows features con-
sistent with intracrystalline deformation (/3),
Tow stress values were fitted o power-law oqua-
tions (Table 1), in which the stress exponent de-
pends on the dominant deformation mechanism
{dislocation croep, diffusion, cte.), and o an cxpo-
nential law appropriate for low-temperature ereep
processes [the Peierls mechanism (/3)]. The best
{it to the present data, at | and 4 GPa, was obiained
with a single power-law equation that yiclded
an activation volume of 3.2 + 0.7 em® mol ™,
activation energy of 89 + 54 kJ mol ™', and a
stress exponent of 3.8 © 0.8 (Table 1), consistent
with deformation by dislocation creep. The de-
crease of the stress exponent with increasing
pressure when fiing data at ecach pressure
independently (£3) is consistent with the activa-
tion of intracry stalline deformation mechanisms
at the expense of frctional grain boundary slid-
ing at low conlining pressurc,

The ductile deformation of antigorite observed
above | GPa complements observations from pre-
vious triaxial expenments, showing bottle behav-
wor of serpentinie below 0.7 GPa and a ransition
toward a distributed semi-brittle defonmation up 1o
1 GPa (5, 1. Iff comrolled by antigonte, the
transition from brittle wo ductile ereep at the slab
interface with cither the crust or the mantle wedge
should depend mainly on depth, while the thermal
structure of the subduction aone exerts only minor
elfeets. In the case of high porosity (microcracks)
with reduced effective conlining pressure, the
transition depth may depend indirectly on temper-
atre through the amount of water released by
mineral dehydmtion,

In order 1o depict funther the potential le of
antigonie rheology on wedge dynamics, we cal-
culated a strength profile at a constant strain e
along a slab surface (Fig. 1), assuming a AT
profile in a moderately hot subduction zone and

REPORTS

considening two extreme cases. In the first model,
we assumed a 300-m<thick serpentinite layer
formed by hydration above the subducting slab
and sheared by 10 am year ', comesponding 1o a
strain rate of 107 57, Such conditions corre-
spond to those of'a subduction zone chamcterized
by strong mechanical coupling or fast postscis-
mic deformation due to spase serpentinizition.
In the second case, a 10-km-thick serpentinite
layer sheared by | mm vear™! deforms at a strain
e of 107" 57\ Such conditions hold for a
subduction zone with a layer of extensively ser-
pentinized mantle decoupled from a slowly
downgoing slab, These two end-member models
indicate that, regardless of sirain mte and
subduction-zone sciting, antigorite is the only
muneral among the major phases in the subducting

Ithosphere and mantle wedge that 1s capable of

yielding by creep at geophysically relevant strain
rles and temperatures below 600°C (Fig. 1).

Table 1. Preferred fits to power law ¢ = Ac"expl—(E, + PV*)/RT}] and exponential law iy, = A exp
[(~E/RT)(1 — 2)?]. Standard errors (1o) are in parentheses at the right of each parameter. A and
Ap are material constants, E, and £, are activation energies, V™ is activation volume, n is a stress

exponent, and t is Peierls stress.

Power law
Data used 107 In () E, (kD) V* (em¥) n R
1 and 4 GPa -8.6 (1.8} 89  (54) 32 0.7 38 (08) 089
1 GPa =126 (2.5} 17.6 (6.5 58 (13) 090
4 GPa -7.9 12.8) 166 (10.5) 34 (14) 021
Exponential law
Data used t (GPa) Eg (k) 10° 4, s
1 GPa 1.97 (0.36) 59.9 (18.4) 98 (2.5 0.83
Fig. 1. Strength of antigo- 800 —mmm8

rite {atg) and other major
silicates along a slab sur-
face. Strengths are cal-
culated from deformation 0
laws at a strain rate of
10719 572 (thick curves) and
10757 (thin curves) along
a slab surface P-T profile
[profile number 50 from
(28)] (upper graph). The
low-temperature dislocation
glide Peierls mechanism (PM)
{29), is the most realistic
deformation mechanism for
olivine (ol} at these pres-
sure, temperature, and strain-
rate conditions. Because the
Peierls mechanism cannot be 108 <+ .

extrapolated to low strain 0 1 2 i 4
rates, strength can be cal-

culated from the creep law Fressure (ara)
only at 1072* 57, At 107 57, the transition from frictional behavior according to Byerlee's law
(thick black line), and antigorite deforming plastically by the Peierls mechanism, occurs between 0.7 and
1 GFPa. Antigorite strength remains at least one order of magnitude lower than that of other major mantle
and crust minerals regardless of the deformation mechanism and the strain rate, except for very fine-
grained (1 pm) olivine deforming by diffusion creep (dif, dotted curve), the strength of which becomes
inferior to that of antigorite before its dehydration at strain rates below ~10"% 5%, Millimeter-sized
olivine deforming by diffusion creep yields much higher strength and plots off the graph. The Peierls
mechanism is from (29) and the wet olivine dislocation creep and diffusion creep from (30). di, wet
diopside; an, anorthite, dislocation creep laws (31).

Q)

10°

strength (Pa)

108

107
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The exception is finc-grained olivine, which
may become weaker than antigorite above 2.5
GPa(Fig. 1) Shear mstabilities may, therctore,
be reconsidered as a possible mechanism for
intermediate-depth seismicity, which may cither
be related to antigorite dehydration producing
very fine-grained olivine or occur within fine-
grained panly serpentinized perdotites (/1 7),

These  deformation experiments provide an
upper bound for serpentinite viscosity, because
naturally occurring localizations would induce high
strain rates and lower the effective viscosity, The
values we calculated for elfective serpentinite
viscosity, ~ 4. 10" Pass for a strain rate of 1077
s ' (13), are of the same orders of magnitude as
those used in current numencal models (18},
Serpenting viscosity as determined by us does not
vary much with temperature, which precludes
substantial shear heating in a low constant strain-
rate system, Our How law predicts that strain rate,
henee viscosity as well, depends nonlinecarly on
stress. This would enhance positive feedbacks
between strain and stress variations, as compared
to models using linear stress dependence such as
Newtonian rheology (18).

Seismologists define three zones downdip
along the slab: scismic, ransitional {locked dur-
ing imerscismic timel, and aseismic. The factors
controlling the downdip limit of the scismogenic
and locked ransitional zoncs will also govem the
downdip propagation of megathrust nuptures,

such as the event of 26 December 2004 in Java
(/%). Because serpentinite has a low viscosity,
with Iitle pressure and temperature dependence
above 1 GPa. the depth at which nonscismogenic
creep s possible is govemed exclusively by the
extent of the sempentinite layer in the subduction
zone, This is consistent with observations in Japan,
where shallow depths (a maximum of 30 km) of
scismogenic zones are associated with Poisson
ratios higher than 0.29 (20), a strong indication of
serpentinization, whereas deeper (30 10 70 km)
downdip limits coincide with no indices of ser-
pentinization (2/). In Sumaira, where no evi-
dence of serpentinization is found, the downdip
limit ocours even deeper in the mantle (22),

Because of its low viscosily, scipentine can
relax stress at rates comparble w0 those of
postseismic and slow scismic deformations.
Using a modified Maxwell body with a nonlinear
viscous behavior, subject 10 a permanent defor-
mation £g producing an imitial stress oy = £,
where £ is the Young modulus (in pascals), the
charctenstic relaxation time 1, required to relax
hall of the inial siress oy is

L | . (E,,+Pi") n
= AE(n Huﬂ'tp RT

(23), where E, and 1* are the activation encray
and volume, respectively: A and # are material
parameters; R ois the gas constant; P s the

T, /o relaxation time (modified Maxwell body)

E15.long term SSE[
. SSE

1 10

100
o, (MPa) initial stress

1000

Fig. 2. Maxwell relaxation time for antigorite rheology and post- and slow seismic deformation time
scales. 195 is the time calculated (Eq. 1) to relax half of an initial stress oy imposed at ¢ = 0 (for instance,
by the displacement field of an earthquake occurring close to a serpentinite body), using the antigorite
power-law equation at 2 GPa (table 54) and £ = 89 GPa (20). Stress above 20 MPa will be half-relaxed in
less than 1 year by antigorite at 500°C (~40 MPa at 200°C), whereas stress relaxation is not possible in
wet olivine deforming by dislocation creep (30) at these temperatures. Olivine diffusion creep (30), not
reported here, leads to a constant characteristic relaxation time of ~ 107 years. Relaxation of high natural
stress by antigorite flow is compatible with the time scales of postseismic deformation after large
earthquakes (7, 8, 25, 26) and slowslip events or silent earthquakes (24), ETS, episodic tremor and slip;

SSE, slow slip events,

effective confining pressure; and Tis the temper-
ature, At temperatures of 200° to 300°C relevam
tr a slab surface, the relaxation times for antig-
orte are at least 10 orders of magnitude shorter
than those for olivine (Fig, 2). For subduction-
zome (low stress estimates up w =100 MPa (/5),
antigorite relaxation tmes compare well with
chamcteristic times of co- or postscismic surface
deformations such as those measured by geodetic
measurements for slow slip events, episodic temor
and slip, silent canhquakes, afterslips, and viscous
relaxation (Fig. 2). Viscous relaxation of serpen-
tinite therefore accounts tor slow-slip events and
for slow carthquakes occuming over periods ol a
few days o | vear and which follow a scaling
law different from that for regular carthquakes
(24). These resulis also suggest that the impaor-
tance of viscoclastic relaxation processes for
tnggering large canthquakes in subduction zones
over interscismic periods ofseveral vears (25, 26)
should be reassessed, taking mto account the low
viscosily of serpentinites measured here. Thus,
the triggering of future carthquakes, such as the
Tokai event expected in Japan. may depend on
serpentinite viscous relaxation (7).

Together with a strong stress dependence, the
low viscosity of antigorite at P-T conditions
where other minerals have viscosities orders of
magnitude higher confinns that serpentinite is an
ideal candidate for strain localization within
subduction zones. Morcover, antigonite-bearing
serpentinites formed deeply in occanic transfonm
faults and passive margins may constitule
decisive weak zones in the oceanic lithosphere,
because their viscosity is lower than the entical
value of 10°” Pass required to initiate subduction
27). The presemt data quantitatively relate
viscous deformation of serpentiniles to inlerseis-
mic deformation and slow carthquakes. They
should help improve numerical modeling of
seismicity and convection in subduction zones,
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A Comprehensive Phylogeny of
Beetles Reveals the Evolutionary
Origins of a Superradiation

Toby Hunt,2* Johannes Bergsten,?* Zuzana Levkanicova,® Anna Papadopoulou,’?
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Beetles represent almost one-fourth of all described species, and knowledge about their
relationships and eveolution adds to our understanding of biodiversity. We performed a
comprehensive phylogenetic analysis of Coleoptera inferred from three genes and nearly 1900
species, representing more than 80% of the world’s recognized beetle families. We defined
basal relationships in the Polyphaga supergroup, which contains over 300,000 species, and
established five families as the earliest branching lineages. By dating the phylogeny, we found that
the success of beetles is explained neither by exceptional net diversification rates nor by a
predominant role of herbivory and the Cretaceous rise of angiosperms. Instead, the pre-Cretaceous
origin of more than 100 present-day lineages suggests that beetle species richness is due to
high survival of lineages and sustained diversification in a variety of niches.

he exirmordinary diversity of beetles has

I long fascinated evolutionary biologists
(/). The sirongly sclerotized front wings
defining the order Coleopiera (the beetles), which
prowide protection while retaining the ability of
powered Might with the membranous hindwings,
may be an evolutionary novelty that promoted
extensive diversification (7). Beetles appeared
around 285 million yvears ago (Ma) (2, 3), fol-
lowed by mdiations of wood-bonng (suborder
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Archostemata), predacious (Adephaga), and fun-
givorous (Polvphaga) lineages (4) present in the
fossil record from the middle Triassic on (2, ).
Their specics richness is associated with extreme
momphological, ecological, and behavioral diver-
sity (), and diversification of the most specics-
rich extant lincages may have been driven by
co-radiations with angiospenms (5 and'or mame-
mals () and 'or geological and climatic change (7)
occwming since the Cretaccous (1435 10 65 Ma).
Studics of phylogenciic relationships within
the Coleopiera resulted in a preliminary conscn-
sus on the classification, defining 4 suborders, 17
superfamilics, and 168 familics (8- /). However,
formal phylogenctic analvses of momphological
characters (/f, 12y and more recently molecular
data (5, 13, 14) have been limited w0 subgroups at
the family or superfamily level. Because of the

sheer size of the group and the complexity of

momhological chamcter svstems, these analyses
have not been applied 1o the entire order,

We compiled a three gene data matrix pro-
viding a complete taxonomic represemation for

all suborders, serics and superfamilies; =80% of

recognized familics: and =60% of subfamilics

(&, 11, which wgether contain =95% of desenbed
beetle species. Sequences for the small subunit
ribosomal BNA (I8 5 rRNA) were obtained for
I880 species from de nove sequencing and
existing databases. Mitochondnal 165 rRNA
{rend) and eytochrome oxidase subumit [ {(cox )
sequences were added for neary half of these taxa
(table S1) 1o create a data matrix of rapid, medium,
and slowly evolving sequences. Phylogenctic
analysis of the combined matrix was performed
with a fagmen-cxtension procadure for global
sequence alignment followed by tree searches
with fast parsimony algorithms ( 1.5). We tested for

long-branch attraction, i.c.. the spurious pairing of

rapidly evolving lineages, by removing taxa ter-
minal to long branches and assessing trees with a
retention index (RI) measure of it 1o the traditional
classification (table S2) (/5). The resulting par-
simony tree largely agrees with the existing ¢lis-
sification at the family and supertamily levels [on
average, Y3. 7% of werminals assigned 10 a family
were recovered a5 monophyla (table 52)), al-
though our 1axon sampling was not comprchen-
sive in some families. Model-based Bayesian
methods were applied 1o a 340-axon represonta-
tive subset at the subfamily level.

The wees (Figs. | and 2) were rooted with the
neuropicrid orders, the presumed sister 1o the
Coleoptera (/6), and recovered the major subxdi-
visions of Adephagza [37.000 known species:
posterior probability (pp) = 1.0] and Polyphaga
(300,000 specics; pp = 1L0) as sisters 1o the
Myxophaga (94 specics) plus Archostemata (40
specics) (8, The Adephaga was divided into two
clades contamning an aquatic (Hydradephaga;
diving beetles and whirligig beetles; pp = 0.90)
and a terresinal (Geadephaga; ground beetles and
tiger beetles: pp = 10} lincage, supporting a
single temrestrial-to-aquatic wansition in this sub-
order (1.3).

In the strongly supported suborder Polypha-
ga, live Tamilies occupied the basal nodes ( Figs.
1 and 2) (pp = LO), These familics include the
Decliniidae; the Scirtidae, with aquatic larvag;
the Derodontidac, an ecologically diverse family
from global wemperate zones; and the Eucinetidac
and the Clambidae, These ancestral five familics
were previously considercd basal Elsterifonmia
{superfamily Scinoidea), except for Derodonnidac,
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which has been associated with Bostrichiformia
(9, £ All Tive families exhibit archaic mompho-
logical features shared only with Archostemata
and Adephaga (8, 7). Their basal position was
stable (always pp = 1.0) (lable $3) when trecs
were romed with the neuroptend orders or only
with Myxophaga or Adephaga as outgroups.

All superfamilics of Polyphaga were previ-
ously grouped into five serics (4, 9), of which
only the Scarabaciformia (pp = 10) and the
Cucujiformia ( g = 1.0) were strongly supported
as monophyletic in this study, Staphylinifonmia
comprised a paraphyletic basal grade, and both
Bostrichiformia and Elater formia were polyphy-
letic. Relationships among the five series were
poorly supponed or unresolved in the consensus
tree (Ng. 81 Nosodendridae, usually meluded in
Bostrichiformia near Derodontidac (4, 9) but re-
cently associated with Scinoidea on the basis of
thoracic chameters (£ 8), grouped mstead with the
nonscirtoid Elateriformia, albeit with low suppon
(fig. S1)( pp =0.59),

Within Elateriformia, the superfamilies Bu-
prestoidea { jewel beetles: ppr = 1.0}, Dascilloidea
{pp = L0} and Elateroidea (click beetles and
allies: pp = 0.72) were supported. Our data
showed that Bymhoidea, sensu Lawrence and
Newton (V) is paraphvletic, supporting the divi-
sion of this clade (8) into Byirhoidea ( Byhidae,
moss beetles; pp = 1.0) and Drvopoidea (riffle
beetles and water pennies). The Cantharoidea
(soldier beetles, firellies, ete) fell inside the
Elateroidea, and our tree supported than biolumi-
nescence arose repeatedly in boctles, in agnee-
ment with structural differences i lueiferases
(/9. Scarbaciformia (chafers, stag beetles, and
dung bectles; pp = 1.0} is thought 1o be related w0
the Staphyliniformia (4, 74, 20). In our trees, il
was parl of an unresolved paraphyletic Saph-
yliniformia including the superfamilies Histeroi-
dea (clown beetles: pp = 1.0% Hydrophiloidea
{ ppr = 1A, a clade of both Leiodidae and Agyitidae
(pp = 1.0% the Staphylinidac (rove beetles in-
cluding Silphidac and camion beetles: pyr = 00.86);
and the Hydraenidae as sister ( ppr = 0.74) 1o the
Priliidae (featherwing beetles).

The hyperdiverse Cucujiformia, representing
morc than hall of all beetles and 90 familics, was
strongly supported as monophyletic (Figs. 1 and
2: pp = 1.0). Among the seven cstablished super-
familics, the Lymexyloidea (ship-timber beetles)
was found near the base of the Tenchrionoidea
(30 families: ppr = 0.76). The Cleridea (checkered
beetles and allies) was monophyletic ( pp = 0,70}
only when including the Biphyllidac plus Byiur-
idac (pp = 10O% The laner two were formerly
classilied as Cucujoidea, but theirassociation with
Cleroidea is supported by genitalic characters
(4. The Cucujoidea, comprising 34 familics,
was polyphyletic, but the Cervlonid series (Figs,
1 and 2 and fig. 53) (pp = 1.0) consisting of cight
families (21} was monophyletic. Apan from the
Sphindidac (pp = 10, the remaining cucujoid
familics fommed a monophyletic clade ( pp =0.72)
together with the specics-rich Curculionoidea

(weevils and bark bectles: pp = 0.73) and
Chirvsomeloidea (leal beetles and longhoms).
Onee the relationships among coleopleran
Lamilies and superfamilics were establhished, we
investigated the origins of beetle diversity, Diver-

Fig. 1. One of 27 most parsimo-
nious trees obtained from the
aligned 1880-taxon matrix. The
number of representatives from
each major lineage analyzed (in
colors) is given. Major clades are
denoted by letters: A, Adephaga;
B, Polyphaga; C, Polyphaga mi-
nus the ancestral five families:
and D, Cucujiformia. For full de-
tails of the tree, see fig. 54.

[ Geadephaga B Eiateritorrmia
B Staphyliniformia [l Cervlonid Series
B Scarabaeilommia

sification may be driven by feeding strategy, and
we tested the hypothesis that feeding on plants
(herbivory ), and specilically flowenng plants (angio-
spenms), explains the diversity of beetles (3), Pre-
dominantly herbivorous clades tend 1o contain

()

%7 149 spp.

ECITHPP-

I Tonebrionoidea
- Lymaxyloidaa
B Cucujoidea
I Curculionoidea

I Clercidea B Cheysomeloidea

Table 1. Comparisons of species richness between clades feeding on living plants and their sister clades
with alternative feeding strategies. Restricting the comparisons to those feeding on angiosperms removes
contrast 4 and adds two contrasts of angiosperm- versus gymnosperm-feeding lineages within Curcu-
lionoidea and two within Chrysomeloidea [table 54; see also (5)]. Plant-feeding clades include taxa feeding
mainly on rotting vegetation in contrast 7 or in recently dead wood in contrast 8, but probably =70% of
species in both clades are herbivorous. Excluding the last two contrasts increases the probability under a

Wilcoxon test to P = 0.28.

Plant-feeding Diet Ne:  oepan Diet Mo, of
species feeding species
1 Byturidae Fruits, flowers 16 Biphyllidae Fungivorous 195
2 languriinae Stem borers 800 Xenoscelinae Fungivorous, 100
decaying
vegetation
3 Chrysomeloidea Herbivorous 53,442  Nitidulidae plus Mostly 7743
wylophagous Erotylid plus fungivorous
Cucujid series
4  Curculionoidea Herbivorous 59,340  Brontinae plus Fungivorous 480
xylophagous Silvaninae plus
Priasilphinae
5 Epilachninae Herbivorous 1051  Coccidulinae Predacious 3900
plus
Chilocorinae
plus Scymninae
6 Dascillinae Roots 80 Rhipiceridae Ectoparasitic on S7
cicadas
7 Melolonthinae Herbivorous {and 16,329  Cetoniinae Saprophagous 4121
plus Orphninae saprophagous) (detritus)
plus Rutelinae
plus Dynastinae
8 Buprestidae Xylophagous, 14,000 Dryopoidea Saprophagous, 3242
herbivorous, algiverous
roots, leaf
miners
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more species than nonherbivorous sister clades,  olspecies), =001 3] even when we distinguished — shifis in diversification rate infermed with a robust
but this difference was not significant [Table 1 between angiosperm and gyvmnosperm feeders oqual mtes null model (22, 23), only two charac-
one-tailed Wilcoxon test on contrasts in log (no. (= 0006) (table S4). Similarly, of 21 significant  teriee trnsitions between angiosperm and gymino-

PR =T % . »  terrestrial to aguatic transitions
P herbivory

b predatory habits

I fungivery

W

L

R

g

i

Fig. 2. The phylogeny of Coleoptera at the subfamily level. The tree was  numbers in terminal taxa are given in parentheses. Black circles mark
selected from the 340-taxon Bayesian analysis based on maximum con-  significant shifts in diversification rate of sister clades (table 55). Colored
gruence with the majority-rule consensus (fig. 51). Posterior probability clade  triangles mark character transitions in lifestyles inferred by parsimeny
support values indicated at nodes =0.5. Approximate known species optimization (see figs. 52 and 53 for details).
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sperm feeders, whereas the remainder showed no
association with transitions o feeding on angio-
spenns or sead plants (table S5 A significant in-
crease in diversification rate was mferned near the
base of the Polyphaga whether herbivorous taxa
were included or excludad from the analyses (table
551 Herbivory has playved a role in the diversi-
fication of some beetle lincages, but the trmit per
se does not explain why beetles arce so diverse,
Fast diversification rtes also do not explain
beetle diversity, Dating the tee with fossil cali-
bration and penalized likelihood mie-smoothing
(Fig. 3 and wble S6) { /5), we estimated net di-
versilication rates across terminal taxa of 0,045 w0
0,068 Myear ' (table $7), slightly lower than
comparable measures for the angiosperms (0.077
Myear '}:,?4}. However, more than 100 modem

Fig. 3. A dated 340- Permian | Triassic
taxon “all-compatible” '

consensus tree of Cole-
optera from Bayesian
analysis was dated with
penalized likelihood plac-
ing the origin of Coleap-
tera at 285 Ma (15).
Estimated number of
lineages present at 200
Ma, 36; at 140 Ma, 145;
and at 65 Ma, 301 (see
also table S7). Colors
correspond to the same
qgroups as in Fig. 1. Num-
bers refer to average ages
and 95% confidence
intervals (15) of selected
clades (open dircles); CER,

=l P i (] SN VSR F

beetle lineages were present at the first appear-
ance of crown-group angiosperms dated to <140
Ma on the basis of pollen records (23), and less
than onc-third of extant bectle specics ane asso-
ciated with angiosperms (table S8 and fig. S3).
Therefore, the extreme diversity of bectles re-
flects the Jurassic origin of numerous modem
lincages, high lincage survival, and the diversifi-
cation into a wide range of niches, including the
utilization of all parts of plants. These switches
into new niches occur repeatedly as, for example,
the muliple shifts from terestrial o aquatic habits
in the evolutionary history of beetles, which oc-
curred at least 10 times (Fig, 2 and fig. 52).
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Induced Pluripotent Stem Cell Lines
Derived from Human Somatic Cells

Junying Yu,2* Maxim A. Vodyanik,? Kim Smuga-Otto,’? Jessica Antosiewicz-Bourget,’?
Jennifer L. Frane,* Shulan Tian,? Jeff Nie,® Gudrun A. Jonsdottir,® Victor Ruotti,?
Ron Stewart,? Igor I. Slukvin,®* James A. Thomson™%3*

Somatic cell nuclear transfer allows trans-acting factors present in the mammalian oocyte to
reprogram somatic cell nuclei to an undifferentiated state. We show that four factors (OCT4, 5042,
NANOG, and LIN28) are sufficient to reprogram human somatic cells to pluripotent stem cells that
exhibit the essential characteristics of embryonic stem (ES) cells. These induced pluripetent human
stem cells have normal karyotypes, express telomerase activity, express cell surface markers and
genes that characterize human ES cells, and maintain the developmental potential to differentiate
into advanced derivatives of all three primary germ layers. Such induced pluripotent human cell
lines should be useful in the production of new disease models and in drug development, as well as
for applications in transplantation medicine, once technical limitations (for example, mutation

through viral integration) are eliminated.

ammalian embryogenesis  claborates
distinet developmental stages in a strict
temporal order. Nonetheless, because

development is dictated by epigenctic rather than
genetic events, differentiation is, in principle, re-
versible. The cloning of Dolly demonstrated that
nuclel from mammalian dilferentiated cells can
be reprogrammed to an undierentiated state by
trans-acting fetors present in the oocyie (), and
this discovery led to a scarch for factors that could
mediate similar reprogramming without somatic
cell nuclear transfer. Recently, four transcription
factors (Octd, Sox2, c-mve, and KD were shown
to be suflicient o reprogram mouse fibroblasts to
undifferentiated, plunpotent stem cells [lermed
induced pluripotent stiem (iPS) cells| (2-3). Re-
programming human cells by defined factors
would allow the gencration of patient-specific
pluripotent cell lines without somatic cell nuclear
transfer, but the observation that the expression
of c-Myc causcs death and differentiation of hu-
man ES cells suggests that combinations of fac-
tors lacking this gene are required 1o reprogram
human cells (6) We demonstrate that OCTH,

Fig. 1. Optimizationof g
human reprogramming
gene combinations with
mesenchymal cells de-

350
agg | O Total

| M Large colonies with minimal differentiation

SOX2, NANOG, and LIN28 are sullicient to re-
program human somatic cells.

Human ES cells can reprogram myeloid pre-
cursors through cell fusion (7). To identify can-
didate reprogramming factors, we compiled a list
of genes with enriched expression in human ES
cells relative to that of myeloid precursors and
priontized the list based on known involvement in
the establishment or maintenance ol pluripotency
(table S1). We then cloned these genes into 2
lentiviral vector (lig. S1) w sereen for combi-
nations of genes that could reprogram the differ-
entiated denvatives of an OCTY knock-in human
ES cell line generated through homologous re-
combination (8. In this cell ling, the expression of
neomyein phosphotransferase, which makes cells
resistant to geneticin, s driven by an endogenous
€T promoter, a gene that is highly expressed in
plunpotent cells but not in differentiaied cells.
Thus, reprogramming evems reactivating the
(T4 promoter can be recovered by geneticin
selection. The fist combination of 14 genes that
we selected (table 52) directed the reprogramming
ol adherent cells, which were derved from human

rived from human OCT4 & 250 |

knock-in H1 ES cells. (&) B 200 |

Effect of removal of in- 2 14 |

dividual genes from the 2 |

Ma (0CT4, NANOG, ']

S50x2, and LIN2B) re- il

pmgralpming rpixture. T B ™ BT S ™ ™ a2
Human iP5 colonies were Contiol  \OCT4 (JINANOG (JSOX2 (juines M
counted on day 15 after Raneconbinsiions

lentiviral transduction.

Control indicates no transduction or indicates that cells were transduced with
NANOG only. In three independent experiments with different preparations
of mesenchymal cells, individual removal of either OCT4 or 50X2 from re-
programming combinations eliminated the appearance of reprogrammed
clones, whereas the individual removal of either NANOG or LINZ8 reduced the
number of reprogrammed clones but did not eliminate such clones entirely.
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ES cell- derived CD45™ hematopoictic cells (7, 9),
o gencticin-resistant {OCT4" ) colonics with an
ES cell morphology (g, S2A) (1), These
geneticin-resistant colonies expressed typical
human ES cell-specific cell surface markers
(fig. S2B) and formed termtomas when injected
into immunecompromised severe combined mm-
munodeficient-beige mice (Ag. S20),

By testing subscts of the 14 initial genes, we
identified a core sct of 4 genes, OCTH, SOX2,
NANOG, and LIN2S, that were capable of re-
programming human ES cell-dedved somatic
cells with a mesenchymal phenotvpe (Fig. 1A
and fig. S3). Removal of either OCTY or SOX2
from the reprogramming mixture ¢liminated the
appearance of gencticin-resistant (OCT4") re-
programmed mesenchymal clones (Fig. 1A).
NANCG showed a beneficial effect in clone
recovery from human ES cell-derived mesen-
chymal cells but was not required for the initial
appearance of such clones (Fig. 1A). These
results are consistent with cell fusion-mediated
reprogramming experiments, where overexpres-
sion of Nanog in mouse ES cells resulted in over
a 200-fold inerease in reprogramming efliciency
(1) The expression of NANOG also improves
the cloning efficiency of human ES cells ( /2) and
thus could increase the survival rate of carly
reprogrammed cells, LIN2E had a consistent but
more modest effeet on reprogrammed meseanchy-
mal cell clone recovery (Fig. 1A)

We next tested whether QCTY, SOX2,
NANOG, and LIN2K are sufficient to reprogram

‘Genome Center of Wisconsin, Madison, W1 53706-1580,
USA. *Wisconsin National Primate Research Center,
University of Wisconsin-Madison, Madison, WI 53715
1299, USA, Micell Research Institute, Madison, Wi
53707=7365, USA. “Department of Pathology and
Llaboratory Medicine, University of Wisconsin-Madisen,
Madison, Wl 53706, USA. *Department of Anatomy,
University of Wisconsin-Madison, Madison, Wi 53706~
1509, USA

*To whom correspondence should be addressed. E-mail:
jyu@primate.wisc.edu (1Y), thomson@primate.wisc.edu
{LAT)

The data presented are from one representative experiment. (B} Bright-
field images of IMRI0 fibroblasts (pl8) and iPSIIMR20)-3 (pl8+pl8),
where the first p18 refers to the passage number of IMR90 fibroblasts, and
the second pl8 means that the reprogrammed clones underwent 18
passages on irradiated mouse embryonic fibroblasts (MEFs). Scale bars,
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primary, genetically unmodified, diploid human
fibroblasts. We initially chose IMR9O fetal fibro-
blasts, because these diplodd human cells are
bemg extensively chamcterized by the ENCODE
Consortium (/3), are readily available through
the Amencan Type Culture Collection [(ATCC),
catalog number CCL-186], and have published

SR R CO (Y

1 2 - | 4 5
-

HICa N

& 7 8 ] 10 1 12

i¢ ) HPu

13 14 15 16 17 18

19 20 21 22 X Y

Tra-1-81

DNA fingemprints that allow confirmation of the
origin of reprogranumed cloncs. IMB9O cells also
proliferte robustly for more than 20 passages
betore undergomg senescence but grow slowly in
human ES cell culwre conditions, a difference
that provides a proliferative advantage 1o repro-
grammed clones and aids in their selection by

=1
b

momphological cnteria (eg. compact colonies,
high nucleus-to-cytoplasm ratios, and prominent
nucleolty alone (f4, 13 IMROYO cells were
rarsduced with a combination of CCTY, SOX2,
NANCK, and LIN2E. Colomies with a human ES
cell morphology (iIPS colonies) first became
visible 12 days after ransduction, On day 20, a

Fig. 2. Reprogramming of IMR90 fi-
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broblasts. (A) G-banding chromosome
analysis of iPS{IMRS0)-3 (pl8+p23).
(B} Telomerase activity is shown
for the following: iPSIMRS0)-1 to
iPS(MR90)-4, pl8+p22(20) [where
pl8 refers to the passage number of
IMRS0 fibroblasts and where p22(20)
means that the reprogrammed clones
underwent 22 passages, with 2 on
MEF and 20 on matrigel in human ES
cell culture medium conditioned with
MEF (CW]; IMR90, p18; iPS{foreskin)-1

to iPSiforesking-4, p10+p%(5); Foreskin, p10; and
n)  H1 ESC (human H1 ES cells), p63(13) [where
4 there was a total of 63 passages, with 50 on
MEF and 13 on matrigel in CM]. The data are
presented as mean = SD from three telomer-
ase activity assays. (C) Flow cytometry expression
analyses of human ES cell-specific cell surface
markers. Gray line, kotype control; black line,
antigen staining, iPSIIMRI0)-3, pl84p5(3);

Foreskin
H1 ESC

IMR90, p18; iPSiforeskin)-3, pl0+p8(4); and Foreskin, pl0. (D) Provirus integration in iP5 cells.
Transgene-specific primers were wsed to amplify OCT4, NANOG, SOX2, and LIN28 provirus, whereas
primers spedfic for the endogenous OCT4 gene (OCT4endo) were used as a positive control.

Fig. 3. Global gene expression
analyses of iPS cells, (A} Pearson
correlation analyses of global gene
expression (47,759 transcripts) in
iPS(IMR90) clones [p18+p6(4)],
MR90 fibroblasts (p19), iPS(foreskin)
clones [p104p7(3)], foreskin fibro-
blasts (p10), and five human ES cell
lines: H1 [p42(12)], H7 [p73(3)], H9
[p50(5)], H13 [p4a3(5)], and H14
[p&1(5)] ES cells (GEQ accession
number GSE9164). 1-PCC, Pearson
correlation coefficient. (B) Quan-
titative reverse transcription—PCR
analyses of OCT4 and NANOG ex-
pression in iPS(IMR90) [p18+pé(4)]
and iPStforeskin} clones [p10+p7(31].
IMR90, pl19; foreskin fibroblasts,
pl0; and H1 ESC, p42(12). “Endog-
enous” indicates that primers were
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included in the 3" untranslated re-
gion measure expression of the en-
dogenous gene only, whereas “total”
indicates that primers in coding re-
gions measure expression of both
the endogenous gene and the trans-
gene if present. The data are pre-
sented as mean £ SD from three
telomerase activity assays.
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total of 198 iP5 colonics was visible from (0.9
million initial IMB9) cells, whereas no iPS
colonics were observed m nontransduced controls,
Forty-one iPS colonics were selected, 35 of which
were successiully expanded for an additional 3
wocks, Four clones [IPSIMBR90R] to iPS(IMRS0-4]
with minimal differentiation were selected for con-
tinucd expansion and detailed analysis,

Each of the four iPS(IMRY0) clones had a
typical human ES cell morphology (Fig. 1B) and a
nomal karvotype at both 6 and 17 weeks of
culure (Fig. 2A). Each iPS(IMR90) clone ex-
pressed iclomerase activity (Fig. 2B) and the human
ES cell-specific cell surface antigens SSEA-3,
SSEA-, Tra-1-60, and Tra-1-81 (Fig. 2C), whercas
the parental IMR9O cells did not, Microamay analy-
ses of gene expression of the four IPS{IMRY0)

Fig. 4. Pluripotency of iPSUMRS0) cells. Hema-
toxylin and eosin staining of teratoma sections of
iPS(IMR0)-1 (9 weeks after injection). Two six-well
plates of iPSIIMR90)-1 cells on MEF (~60 to 70%
confluent) were injected into the hind-limb muscle
of two mice. Teratomas were obtained from all four
iPS(IMR20) clones, injected both at 7 and 15 weeks
after initial transduction. The two control mice, each
of which were injected with ~12 million IMRS0 (p19)
fibroblasts, failed to form teratomas. (A) Neural fissue
{ectoderm); (B) cartilage (mesoderm); (C) gut epithe-
lium (endoderm). Scale bars, 0.1 mm.

clomes confirmed a similarity o five human ES
cell lines (H1, H7, H9, H13, and H14) and a
dissimilanty to IMRS0cells (Fig. 3, table 53, and
fig. S4). Although there was some vanation in
gene expression between different iPS(IMRW))
clones (fig. S5, the vanation was actually less than
that between different human ES cell lines (Fig.
A and table 53). For cach of the iPS(IMRS))
clones, the expression of the endogenous OCT4
and NANOG was at levels similar 1o that of hu-
man ES cells, but the exogenous expression of
these genes varied between clones and between
genes (Fig. 3B). For OCTY, some expression
from the transgene was detectable in all of the
clones, but for NANOG, most of the clones dem-
onstrated minimal exogenous expression, which
suggests silencing of the mansgence during repro-
gramming. Analyses of the methylation status of
the OCTY promoter showed differential methyla-
tion between human ES cells and IMR9O cells
(fig. S6). All four iPS{IMR90) clones exhibited a
demethylation pattem similar to that of human ES
cells and distinet from that of the parental IMRY0
cells. Both embryoid body (Fg. S7) and teratoma
formation (Fig. 4) demonstrated that all four of the
reprogramimed iPS(IMRY0) clones had the devel-
opmental potential 1o give rise o differentiated
derivatives of all three primary germ layers. DNA
fingemprinting analyses [with short tandem repeat
{STR) markers] confinmed that these iPS clones
were derved from IMR90 cells and confirmed
that they were not from the human ES cell lines
that we have in the laboratory (table S4). The STR
analysis published on the ATCC website for
IMRO cells wsed the same pnmer sets and
confirms the identity of the IMRS0 cells used for
these experiments. The IPS{IMR9(0) clones were
passaged at the same mtio (1:6) and frequency
(every 3 davs) as human ES cells, had doubling
times similar to that of the human H1 ES cell line
assessed under the same conditions (lable 85),
and, & of this writing, have been in continuous
culture for 22 weeks with no observed period of
replicative crisis. Staning with an initial four wells
of a six-well plate ol iPS cells (with one clone per
well, which is equivalent to about 1 million cells),
after 4 weeks of additional culture, 40 total 10-cm
dishes (representing about 330 million cells) of the
four 1IPS{IMR90Y clones were ervopreserved and
confirmed w have normal Karyotypes.

Because IMRY0 cells are of fetal orgin, we
next examined the reprogramming of postnatal
fibroblasts. Human newbom foreskin fibroblasts
(ATCC, canalog number CRL-20897) were tmns-
duced with OCTH, SOX2, NANOG, and LIN2S,
From 0.6 million foreskin fibroblasts, we obtained
37 iPS colonies. No iPS colonies were observed
in nontransduced controls. Tweny-seven oul of
29 chosen colonics were successlully expanded
for three passages, four of which [iPS{foreskin-1 10
iPSiforeskin 4] were selected for continued ex-
pansion and analyses. DNA Ningerprinting of the
iPS(foresking clones matched the fingerprints for
the parcntal fibroblast cell line published on the
ATCC website (table S4).
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Each of the four iPSiforesking clones had a
human ES cell momphology (fig. S8A), had a
nommal karyotype (Hig. S8B), and expressed telo-
merase, coll surface markers, and genes charac-
teristic of human ES cells (Figs. 2 and 3 and fig.
55). Each of the four iPS(foreskin clones
proliferated robustly and, as of this wrniting, have
been in continuous culture for 17 wecks. Each
clone demonstrated multilineage differentiation
both in embryoid bodies and wermomas (figs. 89
and S510) however, unlike the IPS{IMRY0)
clones, there was variation between the clones
in the lineages, apparent in teratomas examined
at 3 weeks, In panticular, neural differentiation
was common in teratomas from iPS{foresking
clones | and 2 (fiz. S9A) but was largely absent
in teratoamas from 1PS foresking clones 3 and 4.
Instead, there were multiple foci of columnar
epithelial cells reminiscent of primitive ectoderm
(fig. 590}, This 15 consistent with the embryoid
body data (Hig. STO), where the merease in PAXG
{a neural marker) in 1PS{ foresking elones 3 and 4
was minimal as compared with the other clones,
a difference that corelated with a failure 1o
downregulate NANOG and OCT4. A possible
explanation for these differences is that specilic
integration sites in these clones allowed con-
tinued high expression of the lentiviml trans-
genes, partially blocking differentiation.

Polvmerase chain reaction (PCR) for the
four transgenes revealed that OCTH, SOX2,
and NANOG were integrated into all four of
the IPS(IMR90) clones and all four of the
iPSiforeskin) clones but that LIN2S was absent
from one 1IPS(IMR90Y clone [iIPS{IMR90-4]
and from one iIPS({foreskin) clone [iPS{loneskin -
1] (Fig. 2D). Thus, although LIN2S can influ-
ence the frequency of reprogramming (Fig, 1A),
these resulis confinm that it is not absolutely
required for the initial reprogramiming, nor is it
subsequently required for the stable expansion
of reprogrammed cells,

The human iP5 cells described here meet the
defining criteria that we originally proposed for
human ES cells (/4), with the notable exception
that the iPS cells are not derived from embrvos.
Similar to human ES cells, human iPS cells should
prove uselul for studying the development and
function of human tissucs, for discovering and
testing new drugs, and for wansplantation medi-
cine. For transplantation therapics based on these
cells, with the exception of autoimmunc discases,
paticnt-specific PS5 cell lines should largely
climinate the concem of immune rejection. It is
imporiant o understand, however, that before the
cells can be used in the clinic, additional work is
required to avoid vectors that integrate into the
genome, potentially introducing mutations at the
insertion site, For drug development, human iPS
cells should make it easier 1o generate panels of
cell lines that more closely reflect the genetic
diversity of a population and should make o
possible to gencrate cell lines from individuals
predisposed to specific discases. Human ES cells
remain controversial because their denvation
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imvolves the destruction of human preimplantation
embrvos, and iPS cells remove this concem,.
However, funther work is needed 1o determine
whether human iP5 cells differ i climcally im-
portant ways from ES cells.
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Treatment of Sickle Cell Anemia
Mouse Model with iPS Cells
Generated from Autologous Skin

Jacob Hanna,* Marius Wernig, Styliani Markoulaki,® Chiao-Wang Sun,?
Alexander Meissner,* John P. Cassady,™* Caroline Beard,® Tobias Brambrink,?
Li-Chen Wu,? Tim M. Townes,®* Rudolf Jaenisch®**

It has recently been demonstrated that mouse and human fibroblasts can be reprogrammed into an
embryonic stem cell-like state by introducing combinations of four transcription factors. However, the
therapeutic potential of such induced pluripotent stem (iPS) cells remained undefined, By using a
humanized sickle cell anemia mouse model, we show that mice can be rescued after transplantation
with hematopoietic progenitors obtained in vitro from autologous iPS cells. This was achieved after
correction of the human sickle hemoglobin allele by gene-specific targeting. Our results provide proof
of principle for using transcription factor—induced reprogramming combined with gene and cell therapy
for disease treatment in mice. The problems assodiated with using retroviruses and oncogenes for
reprogramming need to be resolved before iPS cells can be considered for human therapy.

miajor goal of human therapy is 1o develop
Am-:tlm]:«'. that allow reatment of paticnis

afflicted with genetic and degencrative dis-
orders with a ready supply of defined wransplamable
cells. This has rased grea inderest in embryonic
stem (ES) oells, which have the potential 1o generate
all cell ypes in culure (£). ES cell-hased therapy,
however, would be complicated by immune rejec-
tion due to immunological incompatibility between

paticnt and donor cells. As a result, the concept of

denving genctically idemtical “customieod” ES-like
cells by somiatic ool nuchear transfer (SCNT) using
a donor cell from the paticnt was developed (2,
This strategy wis expected o climinate the roquire-
ment for mmune suppression (3, but techmical and
cthical complexitics of SONT impede the practical
realization ol “therapeutic cloning”™ (<),

In a recent series of sudies, mouwse and human
libroblasts were reprogramimed in vitro into pluri-
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potent stem cell-like cells (iemed “induced plun-
potent stem cells” o 1IPS) throwgh retroviral trans-
duction of combinations of transcrption factors
(590 This was achicved by selection for repio-
grammed cells by reactivation of marked endogenous
pluripoiency genes Octd or Nanog or by subcloning
of colonies based on morphological criteria (5 /7).
iP'S cells derved from mouse and human fibroblasts
arc highly similar o ES cells by genetic, epigenctic,
and developmental cnteria. However, it remained o
be determined whether mouse 1IPS celks obtamed
from adult fibroblasts can sorve 10 restone phys-
ilogical function of discased tssucs in vivo,

To gain insights into the therapeutic applica-
bility of mouse 1IPS cells, we evaluated whether
hematopoetic progentors (HPs) could be denved
from iPS cells in vitro for subsequent engraliing
into adult recipients { £2). Tail-tip fibroblasts were
isolated from a 2-week-old Octd-Neomyein
knock-in mouse (8} and a 3-month-old geneti-
cally unmodified mouse, Cells were transduced
with retroviruses encoding for Ocid, Sox2, KIH,
and e-Mye manscription factors (/7). Neomyein
was added 9 days afier infection 1o fibroblasts
derived from Octd-neo mouse to select for cells
that reactivated the endogenous Octd gene, a
master regulator of pluripotency, and neomy cin-

resistant colonies were picked on day 20, Trans-
duced fibroblasts [rom genctically unmodified
mice gave rise 1o colonies that wene picked based
on momphological cniteria (10, 1) Ten out of 12
picked clones eventually generated cell lines with
ES-like morphology that expressed ES cell mark-
ers AP, SSEAL and Nanog. Lines designated as
ITTO26 and ITT4 iPS were rmdomly chosen
from Octd-Neo and unmodified donor cells, re-
spectively, for further analysis (fig. S1).

Ectopic expression of homeodomain protein
HoxB4 in differentiating ES cells has been shown
to confer engrafiment potential on in vitro-denved
hematopaoietic cells from ES cells grown in hema-
topoictic cviokines on the OP9 bone mamow
stromma cell line, which has been shown 1o suppon
hematopoictic differentiation (12, 14). Dissociated
embryold body (EB) differentiated cells generated
from V6.5 ES cells and broblast-denved ITTO26
and ITT4 iPS cells were infected with Moloney
vinus encoding green uorescent protein (GFP)
taggeed Hox B4 protein (720, Cells expressing CD4
and c-kit antigens (markers of carly HPs), as well as
markers for myeloid and envthroid differentiation,
were detected at similar levels on cells differentiated
from the ES and iPS lines (Fig. 1A and fig. S2).
Morcover, methyloellulose colony fommation assays
showed that all samples formed a variety of inma-
wire and mature myveloid colonies at comparable
frequencics (Fig. |B and fig. S3). We next trans-
planted these in vitro-gencrated HPs into imadiated
genctically identical adult C57black6/ 1295y FI re-
cipient mice. HPs from both ES and 1PS eells con-
veyod multilineage reconstitution of recipicnt nuice,
as determined by GFP content in peripheral blood
for up to 20 weeks, and rescued the mice from
lethal irachiation (Fig. 1C) Fluorescence-activated
cell sorting (FACS) analysis showed predominanm
myeloid lineage formation from the ransplanted
progenitors (fig. S4), consistent with previous
studics (12, 14, 13).

These expeniments prompled us 10 evaluate
the therapeutic potential of 1PS cells denved from
adult libmblasts of mice afflicted with a genctic dis-
order of the hematopoictic svstem. The general ther-
apeutic simteey applied involved (1) reprogramming
of mutant donor fibroblasts inte iPS cells, (i) repair
of the genetic defect through homologous recom-
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Fig. 1. Hematopoietic reconstitution by iP5 cell
in vitro—derived HPs. (A) FACS analysis of CD41
and c-kit on ES and iPS differentiated cells grown
on OP-9 stroma for & days. (B) Quantitative
comparison of various types of hematopoietic
colonies obtained in methylcellulose cultures from
iP5- and ES-derived differentiated cells grown
with myeloid cytokines for & days. CFU, colony
forming wunit; GEMM, granulocyte, erythroid,
macrophage, megakaryocyte multilineage; BFU-
E, blood forming unit—erythroid; M, monocyte;
GM, granulocyte macrophage. One out of two
independent experiments is shown. (C) Survival
curve and the percentage of GFP-positive ES- and
IPS-derived HPs in the peripheral blood of
transplanted or nontransplanted recipients at
indicated time points after transplantation.

Fig. 2. Derivation of autologous iP5 cells from
h3*h[® mice and correction of the sickle allele
by gene targeting. (A) Scheme for in vitro
reprogramming of skin fibroblasts with defined
transcription factors combined with gene and cell
therapy to correct sickle cell anemia in mice. (B}
ReEresenta tive images of various steps of deriving
h[¥ -I'I'lliu5 iP5 line #3. (C) Southem blot for ¢-Myc
viral integrations in (i) ES cells, (i) hp*hp® iPS
line #3 and (iii} its derived subclone hE*hp* iPS
#3.3 obtained after infection with adeno-Cre virus
and deletion of the viral c-Myc copies. * indicates
endogenous ¢-Myc band. Arrows point to trans-
genic copies of c-Myc. (D) hji*hp® iPS#3.3 dis-
played normal karyotype 40XY (upper left), was
able to generate viable chimeras (upper right),
and formed teratomas {bottom). (E} Replacement
of the hii® gene with a hii* globin gene in sickle
iP5 cell line #3.3. Homologous recombinants were
identified by PCR to identify correct 5" and 3' end
replacement. PCR with primers 3 and 4 followed
by Bsu36l digestion was used to distinguish hj3®
and hf* alleles. Correctly targeted clone #11 dis-
played identical pattern to that previously obtained
for commectly targeted ES cell clone.
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bination, (iii) in vitro differentiation of repaired iPS
cells e HPs, and (iv) transplanting these cells
o aflocted donor mice after imadiation (Fig. 2A)

We chose a humanized knock-n mouse model
of sickle cell anemia in which the mouse a-globin

genes were replaced with human ce-globin genes,
and the mouse B-globin genes were replaced with
hunan Ay and [55 (sickle) globin genes (16).
Homeeygous mice for the human [fn"" allele reman
viable for up to 18 months but develop typical
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Fig. 3. Correction of sickle cell anemia phemty?e by autolegous genetically corrected iPS-derived HPs,
(A} Average GFP+ content in transplanted hi*/h[i® recipients at indicated time points after transplantation
(n = 3). (B) Specific detection of cells carrying hj3* allele in blood of treated hp¥h[® recipients by PCR in
whole peripheral blood (PB) DNA followed by Bsu36l digestion. Ear-tip (ET) fibroblasts from treated h3¥hp*
mice were obtained and grown in culture 3 weeks after transplant. (C) Electrophoresis detection of human [3
globin protein in peripheral blood of h*%h*, hp*hi®, untreated hE*hES, and treated hi*/h(3® mice 4 and 8
weeks after transplant. (D) Representative Wright-Giemsa stained blood smears of h[5"‘ﬂ1ﬂ5. treated (8 weeks
after transplant), and untreated h3*h* mice. Arrows indicate representative sickled deformed erythrocytes.

Table 1. Restitution of disease parameters by corrected IPS-derived HPs,
Hematological parameters presented were obtained 8 and 12 weeks after
corrective bone marrow transplantation. Parameters for untreated h[jSmﬂs‘and
h3*hp® mice are used as controls. Values represent the mean = SD. Statistical
significance was determined for h3*hj3® treated mice compared with untreated

discase symptoms such as severe ancmia duc o
ervthroeyie sickling, splenic infarcts, unne con-
centration delects, and overall poor health (/). To
conduct this *“proof of principle” experiment, we
established tail-tip-denved fibroblast cultures
from an adult 12-week-old h¥hp® male and
infected the cells with ramwiruses encoding for
Octd, Sox2, and KIS factors and a lentivirus
encoding a 2-lox c-Myc cDNA (Fig, 2B). Twenty-
Four clones were isolated on day 16 afier infection,
expanded on eeder cells, and iPS line #3 was
randomly selected for further experiments. To
reduce the potential risk of tumor formation due o
c-Mye trmsgene expression (£.3), 1PS cells were
infected with an adenovirus encoding Cre-
recombinase 10 deleie the lentivinis-imnsduced
e-Mye copies. One out of 101PS subclones (1PS
#3.3) had deleted both transduced copics of
c-Myec and was used for further experimentation
(Fig. 2C). This subcloned cell line staned
positive for plunpotency markers, had a nommal
karvotvpe, and genemted teratomas and chimeras
{Fig. 2D, fig. 85, and table S1).

To achieve specific gene correction of the hf®
alleles, iPS #3.3 cells were clectroporated with a
targeting construct containing the human 3 wild-
type globin gene (fig. S6) (/6). Hy gromycin- and
gancyelovir-resistam cells were sereened for cor-
rect gene tangeting, and one of 72 drug resistant
iPS colonies was identified as correctly targeted
{clome #11) (Fig. 2E) This result shows that iPS
cells can be targeted by homologous recombination
at comparable efficiency w that of ES cells (/6).

We next evaluated whether HPs denved in vitro
from comected 1PS cells wene able o reconstitule
the hematopoietic system ol sickle mice and comeat
their disease phenotype. Three hShp® male mice
were imadiated and  trnsplanied with comected
iPS# 33,0 1-derved HPs. All three mice demon-
strated stable engrafiment based on the presence of
GFP+ cells in the peripheral blood for up 1o 12
woeeks afier wansplantation (Fig. 3A and fig. ST).
Funther evidence for engmfiment was shown by
polyimerse chain reaction (PCR) analysis of the
genomic DNA from peripberal blood of reated and
untreated hlis-hli5 mice using primers that amplify
both hp® and hp* alkcles producing 340:bp am-
plicons. Digestion of the amplicons with Bsu36l
restriction creyme, which cleaves the hﬂ*‘ but not
the hﬂs allele (46), showed that DNA from periph-
cral blood of weated mice camied the specific bands

hp%hB® controls; P values were calculated using Student's f test; n = 3 each
group. *, P < 0.01; **, P < 0.05. Weight values were taken from aged matched
mouse groups (17 weeks of age). RBC indicates red blood cell count; Hb,
hemoglobin; PCV, packed cell volume or hematocrit; ROW, red cell distribution
width; MCV, mean corpuscular volume; fl, femoliter.

Mouse Hb REC PCV Reticulocytes RDW mcv Urine Breaths Weight
group (grdl} (1051} (%) ] (%) (fly concentration  {per min) (g

n = 3) {mOsm)

hi/h* control 16.1+1.3  14.7+17 55.8+3.1 453407 219409  39.5+1.1 2378+135 49.6+4.3 28.9+1.2
h*/mp® untreated 8.86+1.5 6.75+0.2 321454  26.8+3.1 29.5+1.58 47.5+1.2 885+149 78.6+9.1 18.9+0.7
hi*/hp® treated (8 weeks)  14.3+0.9° 11.8+0.7* 50.8+6.2°  9.9+2.8° 225+15° 41.4+3.0~ 1827+291"  55.2+6.0°  22.8+1.4*
hp*hp® treated (12 weeks) 13.6320.3* 12.62+0.6* 50.0:2.0° 10.0+11"  215+0.9" 39.720.7*  1754+226*  59.2+5.2* 24.1+1.2*
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charmcienstic of the hl?a"" and the h[fn"L allekes (Fig,
IBL DNA samples fhom contmol I1|i5 I1|iﬁ mice, as
well as from car ibroblasts of treated I1[i5 h[jﬁ mice,
did not display any bands comespondng to the iI'||.’n'ﬂl
alkele (Fig. 3B).

Functional comoction of the sickle ocll defect
wis cvaluated by clecrophoresis for human
globin prodeins A and S (HbA and HBES) in blood
of untreated and weated hESHES mice. Stable and
significant detection off HbA protein (mean of 65%
versis 0% out of wial 3 globin protein in untreated
hShE® mice, 22 < 0.01) (fig. %) and pronounced
reduction in HbS protein 4 and 8 wecks affier
tansplamation were seen in the blood of weated
mice (Fig. 3C). Treated h™/hp> mice had higher
levels of HbS than control hetemeyzous hp™ hp®
aninals, most hkely because only =700 of the pe-
ripheral blood cells were derved from the 1PS
cells (Fig. 3A).

Morphological amalvsis of nod blood cells (RBCs)
in blood smears of untreated hShES mice demon-
strted an abundance of ngid clongated cells,
consistent with sickle cell discase, and severe ne-
ticulocytosis (Fig. 3D) (/3). In contrast, blood
smears of the treated animals had a lower degree
of polychromasia, which is consistent with de-
creasaed reticulocyte levels. Also, anisocytosis and
poikolocytosis were decreased in treated animals
(Fig. 3D). Blood count follow-up tests were per-
fommed up to 12 weeks alier ansplantation. Com-
pared with untreated hpS/hp® mice, the weated
apimals had marked increases in RBC counts, he-
moglobin, and packed cell volume levels (Table 1),
Furthermore, hE*hB® mice showed nomalized
mcan corpuscular volume (MCV) and red cdll dis-
tnbution width (R DW ) index values, which ane ob-
Jective parmmieters for anisocyviosis and poikolocylosis

{Table 1 and Fig. 3D). An imporant indicator of

sickle cell disease activity and seventy is the ele-
vated level of reticulocyies in peripheral blood,
which are immature RBCs (£ 7), reflecting increased
production of RBCs o overcome their chronic
loss. Reticulocyie coum was dramatically reduced
in blood of recipient sickle mice afier comective
bone marrow transplantation ( Table 1)

Finally, we examined whether the urine con-
centration defoct, which resulis from RBC sickling
in renal whules and consequent reduction in renal
medullary blood Dow (48, 79), and the general de-
teriorted sysiemic conditon reflocted by lower body
weizlt and incremod breathg (/6), had been ime
prowed. Adl three pathological features were amelio-
rated in treated hiy” h]isn'liru (Table 1). by summary,
our resulis indicate that all hemawlogical and sys-
temic parmeters of sickle cell anemia improved sub-
stantially and were comparable 10 these in control
mice (Fig. 3 and Table 1), Ahbough none of'the mice
transplaned with iPS-derived cells showed any evie
dence ol wimor formation, the possibility remeains that
malignancy may develop at lmer time points as a
resubl ofimnsgenes encoding oncogenic proteins (/3),

The cthical debate over “therapeutic cloning,”
as well as the wechnical difliculty and inefliciency
of the process (240), has spumed the quest 1o achieve
reprogramming of somatic cells by defined factors

(59, /3 The recont strategy of deriving iPS cells
from genctically unmodificd donor cells based on
maormphological eritena (f0, 1), as devised in this
study o denve iPS cells from muce with sickle ecll
anemia, has simplified their potential use for
therapeutic application or for sidying discases.
The comection of sickle cell ancmia described in
our expeniments indicates that hamessing autolo-
gous PS-derived cells for therapeutic puposcs
recapitulates several of the promises offencd pre-
viously by SCNT: (i) no requirement for admin-
istration of immunosuppressive drugs 1o prevent
rejection of the unmatched transplanted cells, (i)
the opporunity to repair genetic defects by homol-
ogous recombination, and (1) the opporunity 1o
repeatedly differentiate iIPS cells into the desired
cell wpe for continued therapy.

Even though reprogramming of human sonatic
cells into iP5 cells has now been achieved (6, 9),
future therapeutic application of 1PS cells i humans
requines overcoming several obsicles: (1) bypassing
the wse of hammiul oncogenes as part of the repm-
gramming factors (£3), (i) avoiding the use for gene

delivery of retroviral vectors that camy the risk of

insertional mutagenesis, and (1) developing robust
and reliable differentintion protocols for human IPS
cells, Current advances in molecular reprogramim-
ing s the stage for devising altlemative strtegics,
such as transicnt gene expnession voctors, enginecred
membrane-penneable ransceription fctor proteins,
or small molecules that can replace potentially hae-
ardous factors and lessen the risk of cancer asso-
ciated with the cumrent reprogramming approach.
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Structure of Go,-p63RhoGEF-RhoA
Complex Reveals a Pathway for the
Activation of RhoA by GPCRs

Susanne Lutz,' Aruna Shankaranarayanan,®®* Cassandra Coco, Marc Ridilla,*t
Mark R. Nance,? Christiane Vettel,' Doris Baltus, Chris R. Evelyn,* Richard R. Neubig,*

Thomas Wieland,’t John ). G. Tesmer®*t

The guanine nucleotide exchange factor p63 RhoGEF is an effector of the heterotrimeric guanine
nuclectide—binding protein (G protein) Gug and thereby links Gig-coupled receptors (GPCRs) to the
activation of the small-molecular-weight G protein RhoA. We determined the crystal structure of the Gy~
p63RhoGEF-RhoA complex, detailing the interactions of Ge, with the Dbl and pleckstrin homology (DH
and PH) domains of p63RhoGEF. These interactions involve the effector-binding site and the C-terminal
region of Gizg and appear to relieve autoinhibition of the catalytic DH domain by the PH domain. Trig,
Duet, and pé3RhoGEF are shown to constitute a family of G, effectors that appear to activate RhoA both
in vitro and in intact cells. We propose that this structure represents the crux of an ancient signal
transduction pathway that is expected to be important in an array of physiological processes,

ho guanine nucleotide tnphosphatases
RiUTF;Lw::J arg peripheral membrne pro-
teins that regulate cssential cellular pro-
cosses, nchding cell migraton, proliferation, and
contraction. RhoA, Racl, and Cded2 are the best-
characierized members of this family, and they

contml the dynamics of the actin eytoskeleton and
also stimulate gene tanscaption through several
ranscription actors, such as the scrum response
factor (SEF) or nuclear factor kB (1, 2. All Rho
CTPases cycle between an mactive  guanosing
diphosphate (GDPY-bound and an active guanosine
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triphosphate (GTP) bound state, a process acce-
lerated by a large family of Rho guanine mickeotide
exchange factors (Rho GEFs). Most Rho GEFs
contam a catalytie Dbl homology (DH ) donam that
15 mmediately followed by a pleckstrin homology
(PH) domain (3, 41 In some Rho GEFs, the PH
domain appears 0 autoinhibit the minnsic GEF
activity of the DH domain (5-7), a constraint that is
presumably released upon interaction of the PH do-
main with membrnes or other proteins, One such
autoinhibiied Rho GEF 15 po3RhoGEF (5-1), a
RhoA-specilic eneyme predominantly expressed in
the heant and bein (/7). pb3RhoGEF is dirccily

activated by members of the Gy subfumily of

heterotnmene guanine nucleotide binding proteins
(G proteins) (9, 10) and thus is regulated by G
provcin- coupled receptors (GPCRs) In contrmast
the Gogz-regulated plI3RoGEF fammby (12, £3),
pbIRhoGEF docs not contain a regulator of G
prodcin sigraling homology (RH) domain (8- /() 1o
mediate interaction with Geg,

To define the minimal elements of p63RhoGEF
that mediate Gag activation in vitro, we expresed
fragments of p63RhoGEF spanning residucs
149 10 477 and 149 1o 580 (p63-149-477 and
p63-149-580) of the total 580 amino acids in
Escherichiia coli (14), The p63-149-477 lragment
spans a region sinilar to that observed in the erystal
stucture of the DbI's big sister (Dhs) Rho GEF
domain (15) (figs. S1 and S2), whereas ph3-149-
380 spars the entire region previously known to be
important for G binding and regukation (9), Both
fragments posscssad only weak GEF activity and
stimubited nucleotide exchange on RhoA at less

than 1/ 2(kh the mte of the solated DH domaim of

pO3RhoGEF (p63-149-338) (Fig. 1A and able S1).
Of these ragmenis, only the ph3- 1492580 fragment
could bind AlFy -activated Goy, (Fig. 1B, fig. 54,
and table 51). a chimera in which the N-tenminal
helix of Geg is replaced with that of G (/6) and
that activates pO3RhoGEF similarly w0 wild-tvpe
Giag in cells (fig. 53). To precisely define the Giog-
binding core of pa3RhoGEF, we tested a series of 72
pb3RhoGEF fragments spanning residucs 295 o the
C terminus for their ability o compete with po3-144-
580 for binding Gayy The minimal fragment
roquired for full imhibition comesponded to ph3-
295502 (fig. S5). Like ph3-149-580, ph3-149-502
had low basal nuckeotide exchange activity  hat
could be actuvated by Gy ina saturable manner by

Ynstitute of Experimental and Clinical Phammacology and
Toxicology, Medical Faculty Mamnheim, University of
Heidelber% Maybachstrasse 14, D-68169 Mannheim,
Germany, “Life Sciences Institute, University of Michigan,
Ann Arbor, MI 48109-2216, USA. *Department of Chem-
istry and Biochemistry, Institute for Cellular and Molecular
Biology, University of Texas at Austin, Austin, TX 78712-
0185, USA. *Department of Pharmacology, University of
Michigan, Ann Arbor, MI 48109-0632, USA.

*These authors contributed equally to this work.

tPresent address: Department of Biological Sciences,
Purdue University, 915 West State Street, West Lafayette,
IN 47907, USA.

$To whom comespondence should be addressed. E-mail:
tesmerj@umichedy ().G.T.); thomaswieland@urz.uni-
heidelberg.de (TW.)

up i three- 1o fourtold (Fig. 1, A and C; fig. S6; and
Tablke 1)1 These truncations were akso functional in
hurnan embryvomic kidney 293 (HEK293) colb. As

with full-kength pb3RhoGEF (p63-FL), the ph3-149-
482 and ph3-149-502 fmgments were inmmunopre-
cipitaied with the GTP hvdrolysis-defective GoRC
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Fig. 1. Identification of the minimal fragment of p63RhoGEF regulated by Gey. (A) Basal activity of
p63RhoGEF fragments. Activity was monitored by the increase in fluorescence millipolarization (mP) of a
fluorescent GTP analog as it bound RhoAL In this experiment, the p63RhoGEF DH domain was 25 and 35
times more effective in activating 2 uM RhoA than were the p63-149-477 and p63-149-502 fragments,
respectively. Fold activation is the pé3RhoGEF catalyzed nucleotide exchange rate divided by the intrinsic
rate of RhoA. (B) Equilibrium binding of p63RhoGEF fragments to Gu. Dissociation constants (Ky's) were
determined by an equilibrium-binding flow cytometry protein interaction assay (FCPIA) (27) using various
concentrations of Alexa Fluor 532-labeled p&3RhoGEF fragments. In this experiment, Ky was 43 + 4 and
36 = 3 nM for p63-149-580 and p63-149-502, respectively. No binding was observed for p63-149-477.
Binding was monitored by the median fluorescence intensity (MFI) and was corrected for nonspecific
binding (MFI in the absence of AlF,”). (C) Stimulation of p63-149-502 by Gusyg. Activity was measured as in
(A), but with added amounts of Gy, For fold activation mediated by Gay, see fig. S6. (D) Binding of pé3-
149-502 to activated Guy, in cell lysates. HEK293 cells were transfected with 1 pug of GuRC, 1 pg of the
respective p63RhoGEF vanant plasmid, and up to 2 pg of an empty control vector. Overexpressed fragments
were immunoprecipitated with an antibody to c-Myc. Antibodies to ¢-Myc and Gy, were used for analysis
of precipitated proteins and equal overexpression. (E} Activation of RhoA in cells by p63RhoGEF
fragments. HEK293 cells were transfected with 1.3 ug of the respective GEF variant plasmid, 0.6 ug of
the GgRC or My-R—encoding plasmid, and up to 2 ug of an empty control vector. Cells overexpressing
M;-R were stimulated for 3 min with 1 mM carbachol. Endogenous RhoA-GTF was detected through its
association with the Rho-binding domain of rhotekin. Total Rhof was detected with an antibody to RhoA.
(F} SRF activation by p63RhoGEF fragments. HEK293 cells were transfected with 12.5 ng of GugRC
plasmids, up to 50 ng of p63 construct plasmids, and up to 100 ng of an empty control vector as
indicated. For expression of SRF-driven firefly luciferase and constitutively expressed renilla luciferase,
21 ng of pSRE.L and 4 ng of pRLTK were cotransfected. The given values are means + SE (n = 12
samples) of firefly/renilla luciferase ratios relative to control-transfected cells.
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mtant (Fig, 1) The po3-149-482, p63- 149-492,
and p63-149-502 fragments also mediated
GiogRC- and My muscanmic acetylcholine recep-

tor (M3-R)-induced activation of RhoA and SRF
(Fig. 1. E and F), with p03-149-502 being nearly
as effective as wild-type p63RhoGEF.

Table 1. Properties of site-directed mutations of p63RhoGEF. Kj, inhibition constant; NB, no
binding.

Protein variant Fold activation GEF* Gisq activationt K (nM)E
pé3-149-502 (wild type) 14 3.4 29 £ 4
PH domain extension
F471E 1.3 1.0 NE
A474D 1.2 1.0 NB
L4754 1.2 1.0 NB
PATEG 13 11 NB
14790 1.2 11 NB
Y481A 13 3.2 205 = 52
Q4824 1.2 2.6 157 £ 32
PH domain contacts
A351K 1.2 3.1 541
E385A 14 1.2 79 + 33
Q386A 1.2 15 41 £ 10
54156 1.2 3.6 125 = 15
DH domain contacts
R204A 1.2 1.7 66 11
Q2124 13 3.2 65 £19
W216F 14 1.7 76 =33
Y2204 14 2.3 126 = &7
R244A 13 14 72 + 24
R245A 1.4 1.2 84 =19

*Rate of 400 nM pé3RhoGEF-catalysed nuclectide exchange on RhoA divided by the intrinsic rate of Rhod, An average of =3 experiments
is shown, Standard deviations were <B%. tFold activation of 400 nM p&3RhoGEF mediated by the addition of 800 nM Gy, An
average of =3 experiments is shown. $tandard dewiations were <30%. {Variows concentratians {typically ranging from Oto 1.8 uM)
of the indicated proteins were used to compete with the binding of 100 nM Alexa Fluor 532—labeled p63-149-502 to bead-bound, AIF, -
activated G, An average of >3 experiments is shown (except for A351K, n = 2 experiments). A X, of 50nM for fluor-labeled p63-149-
502 (see table 51 was used to convert median inhibitory concentration values to K, = 5D,

Fig. 2. Crystal structure of the
Guajpq-p63RhoGEF-RhoA
complex. (A) Gy, interacts with
bath the DH and PH domains of
pé63RhoGEF but not with Rhod,
The comple is viewed from the
perspective of the expected
plane of the plasma membrane.
N and C dencte the most N-
and C-terminal residues
observed for each domain.
Mg®*-GDP-AlF,~ is shown as
spheres. The three nucleotide-
dependent conformational
switches of Guayg (Swl, Swil,
and Swilly are red. Two residues
of the chimeric N terminus of
Gy, are visible and exdend
toward the membrane surface,
consistent with the N-terminal
palmitoylation sites of Gag en-
qaging the lipid bilayer while it
is in complex with pbé3RhoGEF.
(B) Side view of the Guyy
p63RhoGEF-Rhof complex,
The PH domain is modeled in
its expected orientation at the
plasma membrane {28), which
as a consequence justaposes
the Cterminal geranylgerany-
lation site of RhoA with the lipid bilayer.

PH Domain G e

N-" Domain
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The molecular basis for the intermction between
Gt and po3RboGEF was determined by the 3.5 A
crystal structure of ph3-149-502 m complex with
AlF; -activated Gy and RhoA (Fig. 2, figs 57
and 58, and table 52). Gty engages both the DH
and PH domairs of p63RhoGEF, burving over
3600 A? of accessible surface arca (Fig. 2), using
residues that arc highly conserved in the Trio family
but not in Dbs (fig. S2). No comacts are Tonmed
between Gy and RhoA. The PH domain of
pb3RhoGEF interacts with Gy primarily using a
kinked amphipathic helical extension of s PH
domain (0Ca and «Cb helices, residues 471 1w
445), which docks into the effecior-binding site of
Gz (Fig. 3A). In addition, the «2-f4 and o3-5
loops of Gy interact with residues in the 3y helix
and the B2-03 and 4R35 loops of the pb3RhoGEF
PH domam (Fig. 3B) The DH domam of
pO3IRhOGEF interacts with the o35 and ad-Po
loops and the C-termunal a5 helix of Gy, on the
side of its helical bundle opposite 1© the RhoA-
binding site (Figs. 2 and 3B). The extreme C
terminus of G packs against a notch formed by a
break in the @2 helix of the DH domain, where the
side chain of Tyr'™ in Gy, forms extensive
contacts (Fig. 3B). Thus, the C tenminus of Ga
can mediate interactions with effectors o well as
couple 1o specific GPCRs (/7). Owverall, the
interaction of Guogg with the PH domain of
ph3IRhoGEF s quite similar 1o the imerction of
Giatgy with GRK2 (Fig. 4, A and B) (/6). with the
most pronounced difference in Gay,y being the
conformation of the a2-pd, o3-B5, and ad-Bo
loops, which can mold themselves o form high-
allimity mtersctions with at least two distinet ¢f=
fector surfaces. The conserved manner in which
the PH domains of p63RhoGEF and GRE2 cn-
gage their activated heterotrimeric G protein targets
(G and Gy, respectively) is likewise striking
(4% (Fig. 4. A and C),

Site-direcied mutams of p63-149-302  were
produced o test the role of three regions of the
Uity pO3RMOGEF interface: the nterface ol the
Cintgy effector-binding site with the PH domain
extension (Fig. 3A), the interface o the Gy -
Pe3-p5 loops with the remainder of the PH
donain, and the interface of the Guy, w3-Biias
region with the DEH domain (Fig. 3B). Each mutam
wiss ested for imtnnsic GEF activity as well is for s
ability 10 bind and be activated by Geyg (Table 1)
The alweration of residues in the PH domam cx-
tension eliminated Gy binding and activation,
conststent with a recem study (/). Mutations in the
DH and PH domains of pb3RhoGEF exhibited only
minimal defects in binding Gyg, but some were
greatly impaired in Gogg activation (Table 1), -
cluding Ghr'™—Ala™ (E385A) (/9) and Q386A
(in the imerface with the a2-B34 and w3-B5 loops
of Gag): W216F, R244A, and R245A (in the in-
terface with the o3-B5 and ad-f6 loops of Gag)
and R204A (in the imerface with the a5 C e
minus of € in,qJ.

The in vio activation of po3RGEF thus
appears to requine the interaction of Gegg with both
the DH and PH donains (Table 1) We compard
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our strecture of ph3-149-502 10 those of the related
DH and PH domains of Dbs and the N4cnminal sct
of DH and PH domains of Tre (N-Tno). which
are not activated by Gag (20). The DH and PH
domains of Dbs and N-Trik interact through con-

served residues at their interface and adopt similar
conformations in both GTPase-bound and ree
states (15, 20-22). Although residucs analogous
to these are conserved in p63RhoGEF (fig. 52),
the position of the PH domain of Gegg-bound

Fig. 3. Stereo views of interfaces of the Guyg-p63RhoGEF complex. (A) The interaction of the PH
domain extension with the effector-binding site of Guyg. The pA3RhoGEF «Ca helix kinks at residue 477
to form a ~70° elbow, with the subsequent uCb helix packing against the a3 helix of Guyg. The
nenpolar interactions between residues in «Ca and the effector-binding site are the most important for
high-affinity binding (Table 1). Residues from the PH domain are violet, and those from Guyyq are cyan.
(B} Interactions of the DH and PH domains with the u-) loops and C terminus of Guyg. The w2-p4 loop
of Gury, appears to stack against an Arg™*-Glu®® salt bridge that bridges the DH and PH domains. The
side chain of &1q:'}1"“ at the end of a5 FE ks against the side of the DH domain, adjacent to p&é3RhoGEF
residues Arg®®, 11e”®, Gly™®, and Asn®™®.

Fig. 4. Emerging themes for protein-protein interactions
mediated by Ga, and PH domains and a model for
pb3RhoGEF activation by Gay, (A) The p63RhoGEF PH
domain in complex with Guyg. Inositol 1.4,5-trisphosphate
(IP3} is modeled based on the phospholipase C—y PH
domain-IPy complex (29) to help define the expected plane
of the lipid bilayer. (B) GRK2 binds similarly to the Guyg
effector-binding site, using exposed hydrophobic residues in
its 5 helix. Only the o5 and né helices of the GRK2 RH
domain are shown. In both the p63RhoGEF and GRKZ
complexes, Gey, is held in an orientation in which its longest
axis is roughly parallel and switch | is held relatively close to
the predicted membrane surface (top). In both complexes,
the switch | region appears available for the simultaneous
binding of requlator of G protein signaling proteins (30). (C)
The GRKZ2 and p&63RhoGEF PH domains engage their protein
targets in a similar way, using a C-terminal helical extension
and the loops at one edge of the (31-f4 sheet of the PH
domain to form an extensive protein interaction site (Fig. 3).
(D) The DH and PH domains of p&3RhoGEF adopt a
conformation distinct from that of Dbs (black). The view is
the same as in Fig. 2A. The bridging interactions of Gy
(spheres) appear to rotate the position of the p&3RhoGEF PH
domain away from the RhoA binding site on the DH domain,
along the plane of the membrane surface.

pB3RhoGEF
PH domaln

ph3RhoGEF is rotated by ~50° amund the ab helix
of the DH domain relative to those of Dhs and
N-Tno (Fiz. 4D} Thus, one way m which Gy
might acuvale po3RhoGEF 15 10 we 1s domam-
bridging interactions to constrain the otherwise m-
hibitory PH domain away from the RhoA binding
site. In cells, Gag could regulate p63RhoGEF in
additional ways, such as by tarecting pe3RhoGEF
to the plasma membrane, where constraints imposad
by the interactions of both proteins with the phos-
pholipid bikayer could in addition optimize the con-
lommation of the DH and PH domains.

We next investigated whether Gy binds to and
stimulates the closely relaed set of DH and PH
domains found in the C tenminus of Trio (23) and
Duct (24 (higs. S1 and 52), We comstructed vanants
of Tro and Duet analogous o p63-149-302 (Tno-
H9-223 2 andd Duet-219-558) andd demonstrated that
these profems bind and arc activated by Giogg invito
{Fig. 5, A and B, and table 511 In cells, Trno-1894-
2232 and Duet-219-558 co-immunoprecipitated
with GagRC (Fig. 5C), mediated GagRC- as well
as M3-R-induced activation of RhoA (Fig. 3D and
fig. S9), and enhanced GogRC- as well as My-R
or Hy-R-induced activation of SRF, similar 1o full-
kength Trio and Duct (Fig. SE). As in humars (25),
a splice vanant of the Caeneordiafditis elegans Tro
ortholog exists thal contains only its C-terminal st
of RhoA-specific DH and PH domains (fig. 52).
This variant, UNCT3 E, is also activated by the
constitutively active C. elegans ontholog of Gy
and was recently shown 1o be a critical regulator of
neuronal sigmaling (26). Thus, Trio, Duet, and
peIRhoGEF define a previously unknown cliss of
Gitrgyg-regulated Rho GEFs in ligher vencbrates
that diverzed from a single ancient o gene,

Our structure of the Gayg-po3RhoGEF-RhoA
complex reveals three nodes of a signal transduc-

B —— papecied mombrane plang —

Ga,_-Mg*-GDP-AIF,
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Fig. 5. Regulation of Duet and Tric by Gug. (A) Activation-
dependent binding of Trio family RhoGEFs to Guyg measured by FCPIA.
In this experiment, Ky = 39 + 7, 160 + 23, and 261 + 61 nM for
fluor-labeled p63-149-502, Duet-219-558, and Trio-1894-2232,
respectively. (B) In vitro activation of Duet-219-558 and Trio-1894-
2232 by Guyg. Ging activation is plotted as the fold increase over
the nuclectide exchange rate catalyzed by 200 nM GEF. (C)
Interaction of Duet-219-558, Duet-FL, Trio-1894-2232, and Trio-FL
with Gurg in cells. HEK293 cells were transfected with 1 pg of
GugRC, 1 ug of truncated GEFs, pé3-FL or Duet plasmid, and up to 2
ug of an empty control vector, or alternatively with 4 g of GugRC, 4
ug of the Trio plasmid, and up to 8 pg of an empty control vector,
Overexpressed p63RhoGEF, Duet, and Trio were immunopredipitated
with antibodies to c¢-Myc, Fag, and enhanced green fluorescent
protein (EGFP), respectively. (D) The activation of Rhod in cells by
p63-149-502, pb3-FL, Duet-219-558, Duet, Trio-1894-2232, and
Trio + GugRC. RhoA activity in transfected HEK293 cells was
determined by binding to Rhotekin (Fig. 1E). Antibodies to c-Myc
(p63-FL, truncated GEFs), EGFP (Trio), Flag (Duet), and Gurgyy were
used to analyze expression. (E} The influence of p63-149-502, p63-FL,
Duet-219-558, Duet, Trio-1894-2232, and Trio on GugRC-, or Ms-R—
or Hy-R—induced SRF activation. HEK293 cells were transfected with 30
ng of GugRC, My-R, or Hy-R plasmids, 60 ng of the GEF plasmids, and
up to 90 ng of an empty control vector as indicated. For expression of
SRF-driven firefly luciferase and constitutively expressed renilla
luciferase, 21 ng of pSRE.L and 4 ng of pRLTK wemr cotransfected.
Cells overexpressing Ms-R and Hy-R were stimulated for 24 hours with
1 mM carbachol or 100 uM histamine, respectively. Means + SE [n =
12 samples) of firefly/renilla luciferase ratios are given.

tion cascade caught in the act of ransteming an 8.
extracellular signal from heterotrmenc 1w small-

Lysates

o sy
P T
¥ i P

[RhoGEF] inM}
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28.

molecular-weight G proteins. The comersione of
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DH domain, Gayg. and also probably the 12 T Kozasa et o, Science 280, 2109 (1998).
membrane using conserved besic residues in s 130 Z Chen, W. D. Singer, P. C. Sternweis, 5. R. Sprang, 3

B2 and P4 simnds (Fig. 4 and fig. 52) The
orientation we predict for Gag in complex with
ph3RhoGEF at the membrane appears similar 1o
that predicted for its complex with GRK2-Gifyy
(/6) (Figs. 2B and 4)-one that is dramatically
dilferent from the expected orentation for G in
the inactive Gafiy heterotrimer (J7). These results
sugeest that a conserved signaling complex 15
assembled at or near activated Gg-coupled
receplors, wherein activated Gy becomes fixed
in orientation with respect o the membrane and
serves as a GTP-dependent docking sie for
struciurally diverse effector enzymes,
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DNA replication in eukaryotes requires nucleosome disruption ahead of the replication fork and
reassembly behind. An unresolved issue concerns how histone dynamics are coordinated with fork

progression to maintain chromosomal stability. Here,

we characterize a complex in which the human

histone chaperone Asfl and MCM2—7, the putative replicative helicase, are connected through a histone
H3-H4 bridge. Depletion of Asf1 by RNA interference impedes DNA unwinding at replication sites, and
similar defects arise from overproduction of new histone H3-H4 that compromises Asf1 function. These
data link Asfl chaperone function, histone supply, and replicative unwinding of DNA in chromatin. We
propose that Asfl1, as a histone acceptor and donor, handles parental and mew histones at the replication
fork via an Asf1—{H3-Hd)—MCM2—7 intermediate and thus provides a means to finetune replication fork

progression and histone supply and demand.

wen one parental nucleosome 15 dis-
rupted ahead of the moving replication
fork, two new nucleosomes, using new

and recyeled histones, must mssemble on the

Fig. 1. Characterization of a human Asfl—{H3-H4)—
MCM2—7 complex. (A} Purification scheme and analysis
of e-Asfl complexes by silver staining (left) and Western
blotting (right). Control extract without e-Asfl (=) was
included to identify unspecific proteins (asterisks). (B)
Silver staining and Western blot analysis of nuclear
complexes containing wild-type (wt) or mutant (V34R)
e-Asfla. (€) Fractionation scheme and analysis of Asfl
immunoprecipitates (IP} from soluble and chromatin-
bound material. The asterisk marks an unspecific band;
input is 10% of starting material, (D) Analysis of Asfla
immunoprecipitates from asynchronous (left) and
synchronized cells {right) (see also fig. 520). Input is
3% of starting material. Under low-stringency condi-
tions, some MCMs bind unspecifically to control beads.

daughter strands 1o reproduce nueleosomal density
(fig. STA) (). The regulatory link between histone
biosynthesis and DNA replication (2) ensures the
supply of new histones at the global level.

However, an additional layer of regulation must
b at play locally at individual replication forks 1o
cnsure balanced deposition of new and parental
histones on the daughter strnds, This may mvolve
histone chaperones, such as Astl {antisilencing
function 1), that can panicipate in both nucleo-
some assembly and disassembly (/. 7). Human
Asfla and Asf1b exist in two pools (), a highly
mobile (cytosolic) pool that bullers excess soluble
histones during replication stress and a salt-
extractable pool in nuclear extracts, How the later
relates o other chromatin proteins and contributes
to nuclear function remains open.

We isolated and chamcterized in vivo com-
plexes containing Asfla or Asflb, using stable
HeLa 53 cell lines expressing tagged Asfil
fe-AslT) (5 Mass spectrometry and Westemn blot-
ing revealod the presence of Mam2, 4, 6, and 7 in

“Laboratory of Nuclear Dynamics and Genome Plasticity,
UMR218 CHRSAnstitut Curie, 26 rue d’Ulm, 75248 Paris
cedex 05, France. Institute of Cancer Biology and Centre
for Genotoxic Stress Research, Danish Cancer Society,
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the nuclear e-Asfl (a and b) complexcs, together
with histone H3 and H4 (Fig. 1A and fig. S1B). By
comparison, only Mem2 wis associated with cyto-
solic e-Asll (a and by complexes. Antibodies

histone H3-H4 from nuclear extracts (fig. S1C),
whereas Mem2, 4, and 7 were retrieved from both
cvtosolic and nuclear fractions. Given that this sct
of MOM protens copunlics on hustone H3-H4 col-

agamst Mem6 commmunoprecipiated Astl and  wmns (6) we tested whether Asll associates with
A
sinst] 82
{a+b) PCNA Enlargement
siAs #1
(a+b)
siGFP

- 80 W s5DMNA
kS
§ 60
840
B
& 20
(a+h) ol z i
siGFP siAsti
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e-Asiib
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Fig. 2. Asf1 depletion impairs DNA unwinding. {(A) (Left} Cell cycle profile of U-2-05 cells treated with small
interfering RNAs (siRNAs) against Asfla and Asflb or contrel siRNA against GFP (siGFP). (Right) RPA and
PCNA replication profiles in preextracted siRNA-treated cells. Images representative of five experiments
show early S-phase cells with enlargements (4x). Cells in mid and late 5 phase showed similar defects (g,
S4A). Scale bars, 10 um and 1 pum. (B} RPA accumulation (left) and ssDNA formation (right) after 1 hour of
HU treatment (3 mM). For ssDNA analysis, BrdU was detected without double-stranded DNA (dsDNA)
denaturation in cells prelabeled throughout their genome before HU treatment (fig. 56) (26). Scale bars, 10
pm. (Lower right) Quantification of PCNA-positive cells with RPA accumulation (yellow) and ssDNA formation
{green). Error bars indicate standard deviation in three experiments [ = 400 (RPA++), n= 130 (ssDNAJ]. (C)
Analysis of nuclear e-Asf1 complexes purified from $-phase cells treated with or without HU, in parallel with
nucleosomal histones from pellet material {1x corresponds to same cell numbers as the nuclear extract).

REPORTS

Mom2, 4, 6, and 7 thwough histone HI3-H4 by
isolating complexes containing e-Asila mutated
in the histone-binding domain, by replaccmenm
of valme at codon 94 with argimine (VR ) (7).
c-Aslla VMR did not bind histones H3-H4, as
expected, and concomitamly MOMs were lost from
the complex (Fig. 1B), which implicated histone
H3-1H4 in bridging the imeraction batween Asll
and MCMs. To further confirm the chromatin link
and to avord the use of salt-cxtmction, which dis-
rupts MOUM2-7 hexamers into subcomplexes (6, &)
iig. S1C), we used deoxyribonuchase (DNase 1)

solubilized chromatin (Fig. 1C and fig S2A).
Again, Mem2, 4, 6, and 7 coimmmunoprecipitated
with Astl (Fig. 1, C and D), and Mcmé antibodics
remeved Asfl (a and by (fig. S2B). Under these
conditions, which preserve the hexamenc MOM2

T complex (%) (fig. S2B). Mem3 and Mem5 co-
immunoprecipitaled with Asfl (Fig. 1), which

was also confirmed by epitope tag purification of

e-Asll complexes from chromatin (fig. S2C). Thas
interaction on chromatin occumed n S phase (Fig.
1D}, which suggesied a role in DNA repheation.

S-phase defects have been reported in var-
ious systens upon interference with Asf1 function
i, 9. 10y, Human cells depleted of Asfl (a and by
accumulated in S phase (Fig, 2A) with reduced
S-bromo-2"-deoxyvuridine (Brdll) incorpormtion {fig.

S3CYL However, the appearance and distribution of

replication Bctonies marked by proliterating cell mu-
clear antigen (PCNA) and the patiemn of chionmta-
bound Mem2 were unchanged (fig. S3). which
was consistent with findings in Dwosopdiilea (1),
Given the link with MCM2 -7, considered 1o be the
replicative helicase (17, we wondered whether in-
cllicient replication could reflect problens of un-
windmg DNA in the context of chromatin. 11 so, the
kevel of single-stranded DNA (ssDNA) a0 repli-
cation sites might be reduced. To monitor ssDNA a
replication siies, we used two markers, replication
protein A (RPA), which binds ssDNA, and PCNA,
a polvmerase acoessory factor. In control cells, both
RPA and PCNA showed chamctenstic replication
patiemns (Fig. 24 and fig S4A) Allhough PONA
pattems were unchanged in Asf-depleted cells.
RPA replication pattems were barely detectable.
Some nonextractable RPA localized 1o bright mu-
clear foci, which we idemtificd as promyelocytic
kukemia (PML) mclear bodics, cleardy  distinet
from PCNA replication foci (fig. S4B ). We venlied
that Asfl depleton did not aflect RPA expression
(fig. S3A) or its ability 10 bind ssDNA (fig. 85).
Thus, absence of RPA replication profiles is con-
sisient with the hypothesis of a helicase defect.
To examine helicase function. we analyead
DNA unwinding in the absence of polynense
progression by treating cells with hydroxyurea
(HL) 1o deplete the nucleotide pool, which mhibits

the DNA polvmerse and leads w0 formation of

sDNA (12) In Xemopns, this response is de-
pendent on MOM2-7 function (/.3), We measurcd
formation of ssDNA ahead of the polvmerase by
detection of BrdU-substiuted DNA and  acute
accumulation of RPA ot replication sites (lig. S6).
In control cells reated with HUL 75% of cells in 5
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Fig. 3. Histone H3-H4 excess impairs DNA unwinding. (A} Cell line for conditional coexpression of H3.1-HA-Flag .
and H4-GFP from a bidirectional promoter in the U-2-05 Tet-Off system. Cells cultured with or without tetracycline FT——-—____'_._ )
[

(Teth were analyzed by immunofluorescence (left) or Asfl immunoprecipitation (right). (B) Fluorescence-activated
cell sorting (FACS} amalysis of DNA content and H4-GFP expression with profiles of GFP-negative {(—) and GFP-

E & -Tet 40 hr, H4-GFP+

pasitive cells (+) from the same samples. (C) RPA localization as in Fig. 2A. (Right) Quantification of PCNA-positive
cells with RPA replication patterns. Error bars indicate standard deviation in three experiments (n = 130), (D) Cell
cycle profiles of Myc-Asfl—expressing and control cells transiently transfected with H3.1-Hag-HA/H4-GFP. (E) Cell [
cycle profile of siRNA-transfected cells after 40 hours of histone induction [(as in (BJ].

phase showed formmation of ssDNA and recruitment
of RPA 1o these ssDNA patches at replication sites
(Fig. 2B8). This respomse was dramatically reduced
when we depleted Asil (a and by (As1 knock-
down), which indicated that impaired replication
reflects a DNA unwinding defect and implicd that
DNA in chromatin cannol be properly umvound by
the replicative belicase, This could reflect a direct
cllect of Asfl on DNA unwinding and fork pro-
gression or ndireet effocs, volving DNA damage
at the replication tork, replisome collapse, and'or
checkpoint signaling. However, we found no evi-
dence of DNA damage or checkpoint activation
upon Asl1 knockdown (fig. STA), and consistently,
checkpomt abrogation by calleme did not rescue
the unwinding deficet (fig. STB). Instead, induction
of y-H2AX (phosphorylation of a histone 2A
vananty in response o HU weatment was inpaired
in Asil-depleted cells (fig. STD). which was con-
sistent with a role of ssDNA in checkpoint signaling
(12, 141 Furthermone, expression and chromatin as-
sociation of several key replication factors remamed
unchanged upon Asl knockdown (fig. S7C)L

To explore whether a direet mole of Asfl in
facilitatng DNA unwinding could mvolve imerae-
tiom with histones and MOM2-7, we ollowed the

AsTT(H3-H4 )y MCM  complex when  helicase
progression s uncoupled from the polymerase.
Nuclear Asf1 bound significantly more Mem2, 4,
6, and 7 and histone H3-H4 in HU-treated cells
(Fig. 2C), and within this complex, phosphorylaed
forms of Mem2 were prominent [Ser'™ and Ser™™,
putative targets of ATR (/5) and Cdc7-DbiE (16)],
which underlined a connection o replication
controd. During HU treatment, continued unwind-
mg of nucleosomal DNA ahead of the fork without
DNA synthesis ercates a situation where displaced
parental histones camol immediately be reeyeled.
The accumulation of Asf1-(H3-14)-MCM com-
plexes under such conditions suggesis that this
comples could be an miemediate i parental
histone transfer. Within these complexes, we could
detect histone madifications, H4 with acetylawed
lysine 16 (HAK16AC) and H3 with trimethylated

Iysine 9 (H3K9me3) (Fig. 20). This further

substantintes our hypothesis, as these chromatin
marks are poorly represented on newly synthesized
histones (f 7-19),

Our results suggest that Asf1 coordinates his-
tone supply (parental and new ) with replication fork
progression. To nanipulate new hisione supply, we

generated a condinonal cell line for coexpression of

siControl

sidstt {asb) |0

—_—
Pl
Histone Acceptor/Donor
Parental Asit A
histones N
T

=G
New i
histones '_-'f

Asl
J e

Fig. 4. Model for Asfl function in replication as
a histone acceptor and donor.

tageed histone H3.1 and H4 (Fig. 3A). About 3(Fa
of the cells expressed H31-H4 when tetrmcyveline
was removed, and Asfl bound the oxogenous
histones (Fig, 3A). After induction, the nonnucleo-
some] histone pool increased two- o threelfold (fig.
SEAL a range that s comparable 1o histone
overload dunng a replication block (4). Increasing
new histone supply interfered with DNA replication
and caused acute accumulation of H3.1-H4 over-
expressing cells in S phase [racked by the green

21 DECEMEBEER 2007 VOL 318 SCIENCE www.sciencemac).org



NMuorescent protein (GFP) g on H4) (Fig. 3B). A
later time points, the majonity ol GFP-positive cells
amested in late 502 We focusad on the S-phase
detect o address whether H3-H4 exeess mmuickod
Asfl depletion. The moderate increase in H3-H4
expression did not cause DNA damage monitored
by v-H2ZAX (fig. SEB). We thus analveaed RPA and
PCNA profiles using GFP-negative cells (no H3.1-
H4 induction) as an intemal contol for proper
localization (Fig. 3C). Again, as in Asll-depleted
cells, RPA replication patiems in - histone-over-
expressing cells were barely visible, with some
RPA localized 10 bright nuclear foci mainly
comesponding 1o PML bodies (Fig. 3C and fig,
58D}, Furthermore, as for Asfl knockdown, an
excess of now HE-HE histones impaired  ssDNA
fommation and RPA accumulanon at replication sies
(hg. 89, A and B), as well as checkpoint activation
in nesponse o HU (figs. S9C and S8C). Together,
these datn mdicate that ovaproduction of histone
H3-H4 mmpairs replication by impeding DNA
unwinding. Consistent with the possibility that this
results from mierference with Asfl function, we
tound that ectopic expression of Asfla partially
alleviated the inhibitory effoct of histone excess on
S-phase progiession (Fig. 3D). Morcover, Asfl
depletion ageravated the S-phase delfit resulting
fiom histone H3-14 excess, in that progression into
Giz was delayed even funther (Fig. 3E).

Together, our results show that replication fork
progression is dependent on the histone H3-H4
chaperone, Asll, and on an equilibrium between
histone supply and demand. This dependency
could ensure that replication only proceeds when
nucleosomes are being fommed behind the fork with
a proper balance between new and parental histones
H3-H4, In the most parsimonious view, we propose
amodel (Fig. 4) in which Asf] uses its propertics as
a histone accepior and donor 1o facilitate unwinding

of the parental chromatn emplate in coordination
with nucleosome assembly on daughter strands.
Nucleosome disruption dunng  replication fork
passagze would invelve the hstone-binding capacity
of the MCM2-7 complex and transfer of parental
histones o Ast] through the Asl1T-(H3-H4)y MOCM
miemmediate, followed by their deposition onto
davghier strands. In parallel, Asfl would provide
the additional complement of histones through its
established role as a new histone donor (4, 20, 21,
Asll knockdown will impair histone transfer and
disruption of parental nucleosomes that thus present
an impediment to unwinding and replication fork
progression, Similarly, because of the dual function
of Asfl, an excess of new histones will not leave
Asfl available for paremal transter, which im-
pairs unwinding. On the basis of structural data
(7, 22, 23, our model miplies that parental lustones
(H3-H4 ), like new histones (24), go though a
transient dimenic state dunng irmnster. Furthemmone,
the MOM-{H3-H4)-Asfl connection opins new
angles to understand MCM2-7 lunction in chro-
matin (25). In conclusion, having Asfl deal with
both new and parental histones could provide an
ideal means to fine-une de novo deposition and
recveling with replication lork progression. By of-
fering a mechanism o coordinate new and pa-
rental histones during  replication, our model
should pave the way to addressing key questions
regarding chromatin-based inhentance, including
transmission of histone modilications,
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Switching from Repression to
Activation: MicroRNAs Can

Up-Regulate Translation

Shobha Vasudevan, Yingchun Tong, Joan A. Steitz®

AU-rich elements (AREs) and microRNA target sites are conserved sequences in messenger RNA (mRNA)
3’ untranslated regions (3'UTRs) that control gene expression posttranscriptionally. Upon cell cycle
arrest, the ARE in tumor necrosis factor—c (TNFo) mRNA i transformed into a translation activation
signal, recruiting Argonaute (AGO) and fragile X mental retardation—related protein 1 (FXR1), factors
associated with micro-ribonucleoproteins (microRNPs). We show that human microRNA miR369-3 directs
association of these proteins with the AREs to activate translation. Furthermore, we document that two
well-studied microRNAs—Let-7 and the synthetic microRNA miRcxcrd—likewise induce translation up-
regulation of target mRNAs on cell cycle arrest, yet they repress translation in proliferating cells. Thus,
activation is a commeon function of microRNPs on cell cycle arrest. We propose that translation requlation
by microRNPs oscillates between repression and activation during the cell cycle.

U-rich elements (AREs) bind specilic
proteins o regulie mRENA swhility or

tanslation m response 0 extemal and
internal stimuli (7). MicroRNAs are small non-

coding RNAs that roomuit an Anzonaute (AGO)
protein complex o a complementary target mRNA,
which results in translation repression or degrada-
tion of the mRNA (2, 3). We previously dem-

onstrated that the wmor necrosis fctor-o (TNFo)
ARE can be wansformed by scrum  starvation,
which amests the cell cyele, inio a translation
activation signal (4). AGO2 and fragile X mental
retardation related protein | (FXR 1) associate with
the ARE on translation activation; both prodeins are
roquired 1o increise transkation elliciency. Two key
questions arose, First, s binding of the AGO2-
FXRI complex, which activates translation,
dirccted by a microRNA complementary 1o the
ARE? Second, can micro-ribonuclcoproteins
(microRNPs), in general, up-regulate ranslation
under growih-amest conditions, thereby swilching
between repressing and activating roles in espoise
o the cell cvele?

A hioinfonmatic screen identified fve micm-
RNAs in miRBASE with seed regions complemen-
tary 1o the TNFo ARE, not inclading miR 16 (5) [sce
supporting online matenial (SOM) wext]. OF these,
only human miR369-3 (Fig. 1A and fig. S1) tested
positive in the following assays. lts sead sequence
potentially fomes base pairs with two target sites
[swed] and sced?, shaded in (Fig 1A)] within the
minimal TNFit ARE needed for rmshtion activa-
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tion of the luciforase reporter (). We find that
expression of mIR369-3 in HEK293 cells is reduced
m senum-grown cells (Fig. 1B) and that miR369-3
15 necessary lor translation up-regulation of the
ARE reporter. A small interfering RNA (sIRNA)
directed against the loop region ofthe miR369-3
precursor (si-pre369) (Fig. 1B and fig, 82) pre-
vented translaton (knocked down) up-regulation
under serum-starved conditions. When knock-
down was ollowed by rescue with synthetic
miR369-3 resistant 1o the siIRNA (Fig. 1C), trans-
lation efficiency was increased fivelold. These
results indicate that miR369-3 s specifically
required directly or indirectly for TNFa ARE
mediated translation  activation under growth-
arrest conditions.

To test whether translation activation requines
formation of base pairs between miR369-3 and the
ARE, we uwsed a mutant ARE (nuARE) () that

Department of Molecular Biophysics and Biochemistry,
Howard Hughes Medical Institute, Yale University School of
Medicine, Boyer Center for Molecular Medidne, 295
Congress Avenue, New Haven, CT 06536, USA,

*To whom correspondence showld be addressed. E-mail:
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Fig. 1. MiR369-3 is required to achi-
vate TNFc: ARE reporter translation under
growth-arrest conditions. (A) 3'UTR se-
quences of the luciferase reporter: wild-
type TNFo ARE and mutants mtAREseed],
mtAREseed?, and mtARE (AUUUAs
converted to AUGUASs). MicroRNA se-

A

FUTR:
THFa ARE AUUAUTTAUUAUTUAUTUATUADTUAUDUAUTTA
mtAREseed]l AUUAUUGCGCGGCUAUUUAUUAUTUATUUAUUTA
mtAREssed? AUUAUUUAUUAUUUAUUGCGCGGCUAUUUAUUTA
mEARE AUTAUSUAUUAUGUAUSUAUUADGURDCURUGUA

does not undergo transkation up-regulation in cither
serum condition. We added miR369-3 mutated o
restore complementanty (nuRmi3ee-3) (Fig. 1A
and fie. S1) and observed that ransktion 5 up-
regulated only under serum-starved condimons (Fig.
1Dy, Next, we mtroduced identical mutations into
the ARE at cach site complementary o miB 369-3"
sood region (Fig. 1A and fig. S1) and found that
both mtAREscedl and mtAREsced2 exhibited loss
of tanmskation up-regulation, which could be restored
by adding increasing amounts of seed-mutated
miRseedmi3ot-3 (Fig. 1E). Because endogenous
wild-type miR369-3 & also present, this suggests
that both sites are required to fvm base pairs with

miR369-3, Fimally, w0 confirm the imvolverment of

miR360-3, we probed affinite-punticd ARE mRENP
afier formaldehyde cross-linking © preserve in vivo
RNP complexes (4. Fig. IF reveals enhanced levels
of miR369-3 in the ARE relative to the mtARE-
containing complex from scrum-starved () but not
serum-grown () cells or when miR369-3 was
added to rescue the knockdown of microRNA by
si-pre369. Together, these results indicate that
miR369-3 wsociales with the TNFa ARE o up-
regulate ranslation exclusively upon serum starva-

seedl saedz2

quences: wildtype miR369-3, seed mu- MicraRMNA:

tant miRseedmtR369-3 (complementary uﬂﬁi~g ARURRUACRUGGUUGAUCUUT
miRseedmt369-3 GCCGCGCCAUGGUUGAUCUUY

to mtAREseedl and mtAREseed2), and rmie e = o

miRmt369-3 (complementary to mtARE).
Target seed regions are shaded; mutations
are underlined. (B) Ribonuclease protec-
tion assay (RPA) for miR369-3 in serum-
starved (—) and serum-grown (+) HEK293
cells without or with siRNA treatment
against pre-miR369 (sipre369). MiR369-
5 (hg. 52), miR16, and U6 RNA provided
controls. {C) All translation assays (4) used
firefly luciferase reporters [here ARE or
control (CTRU)]; values were normalized to
a Renilla cotransfected reporter and to the
firefly and Renilla mRNA levels to deter-
mine translation efficiency (5). HEK293
cells grown in serum (+) or without serum
(=) were transfected with 50 nM miRcxard
(si-control, Fig. 2A), si-pre369 (fig. 52, or
sipre369 plus synthetic miR369-3. (D)

Translation efficiency of the mtARE E.D:::
reporter without added microRNA or with E ]|
50 nM miRmt369-3 or miRowrd control. £ .
(E) Translation efficiency in serum-grown  § g.4s.

or -starved cells trarsfected with either the

0 +Sarum
5 . Sarum

mtAREseedl or mtAREseed? reporter nes o i B 15
without or with miRseedm3693. ©, . o FL] qnil 0 gml_
(D), and (E) show averages from at least ol v v v
three transfections + standard deviation, miR3EE-3 MIR36 63

(F} S1-aptamer—tagged ARE and mtARE
reporters were used for in vivo cross-
linking—coupled RNP purification (4) from

1]
JUTRA:

miRssedmi3E8-3:

tion by direct base painng between i soed se-
quence and complementary ARE regions,
Tetharmg AGO2 o0 a reporter mRNA under
condmions of scrum stanation up-regulates rans-
kition (), which suggests that—like miR369-3
recruitment o an ARE (Fig. 1) other microRNPs
might be mansfommed nto activating complexes on
cell ovele amest. This hypothesis was tested by
creating a reporter with four antificial 3UTR target
sites (CX) (6. 7y (Fig, 2A). In msponse o its cor-
responding synthetic miccoRNA (miRexcrd) (6, 7)
added exogenously, CX mRNA mnslation was
up-regulated exclusively upon serum starvation
iFig. 2A). Nodifference in CX translation with or
without serum in the absence of added microRNA
mdicates that the reporter assay behaves compara-
bly under different growing conditions {SOM 1ext).
Wi extended these analyses 1o high-mobility group
A2 (HMGA2) 3UTR reporter, which contains
seven sites for the endogenous Lat-T microRNA,
and a matching control with mutated sites (8) (Fig.
2B). When Hela colls were scrumestarved, as
opposed 1o grown in the presence of serum (+5ne),
HMGA2 translation efficiency increased signifi-
cantly and was further amplified by addition of

D
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HEK293 cells grown in serum under basal translation conditions (+) or serum-starved translation activation conditions (). MiR369-3 was detected by RPA.
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exogenows Let-T (Fig. 2B). A requirement for
microRNA base-pairing was demonstrated using
the mutant HMGA2 reporter with and without
exogenows complementary mutated La-T (Fig. 2B,
black bars). Knockdown experiments showed that
HMGA2 ransbnion up-regulation & also depen-
dent on the presence of FXR 1 and AGO2 (4) (Fig,
201 We conclude that all three microRNAs studied
switch 10 tramslation activation under growth-amest
conditions,

In both HEK293 and HeLa cells, serum
starvation causes translation aclivation relative
o basal levels, which is distinet from alleviaming
trnslation repression 1o restore basal levels, We
define basal as the iwmnslation efficiency [nor-
malized luciferase activity (see tables S1 1o S8))
of reporters that do not contain ARE or of a
mictoR N A-targeted reponter in the absenee of the
comesponding microRNA (Figs, 1 and 2A) be-
cause hese values are similar inall wested conditions,
Inereased ranshton elliciency s considened activar

A CX3I'UTR (AAGUUUDCACARAGCUARCACCGS)
miRcxce  PGUTAGCUGEAGUGARAACTT
E‘ﬂ 5t
o +Serum
w037 8 45nc
gﬂ & ® - Serum
s |
1-53fum +5nc

ARE CX CX»
miPicrcrd

ARE CX CX+
rmifcucrd

ARE CX CX«
miRcxcrd

tior, whereas translation below this reference level
constitutes repression. In senume-grovwn asynchronous
cells, basal ranslation was observed not only for
the ARE, as expected from the lack of nuR369-3
(Fig. 1B), but also for the CX weporter in the
presence of miRexerd (Fig. 2A, gray bars), which
should expericnce repression according o the
Iiterature (6). Because tmanslation activation s
controlled by the cell evele (4). we reasoned that
caretul synchronization of the entire ecll popula-
tion might allow wanslation repression o be better
distinguished from basal wanslation (5). Therelore,
we subjected Hela cells w0 serum starvation fol-
lowed by nelease into serum growth conditions for
18 hours, which results in synchronous prolifera-
tion (in late S/Gs phase) (3 Translation in these
synchromized conditions (+8nc) was signifi-
cantly repressed (lower than basal translation
asynchronous cells grown in serum by a lactor
of 310 5) for both the ARE reporter and the CX
reporter cotransfected with miRexerd (Fig. 2A,

Bm I;I;t; 7 VEOGUIAGUAGGITUGUAUAGY

E: i

@20 |

E1s:

% 10 1 -1
JJ] J i1l 1

HMGAZ 3UTR m|HMGAt JUTR

25 100 100
L7 mLed-7 mtLel-7 Led-7
nkt) ()] (kg L]
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siriped bars), Synchronization also produced
significant repression upon cotransfection of the
natural microRNA-targeted HMGA2 YUTR re-
porter and exogenous Let-7 or of the mutated
HMGA2 reponer and the corresponding munated
Let-T (Fig. 2B, striped bars) (). Such repressive
elfects were reproduced with the ARE reporter
under synchronized growth; knockdown of the
miR369-3 precursor alleviated translation repres-
sion, whereas adding back synthetic miR369-3
reversed repression (Fig. 3A, sinped bars),
Under synchronized proliferation conditions,
tethering AN-tageed AGO2 fusion protein to the 3B
box reporter (4, 9 revealed translation repression
by a factor of five (Fig. 3B) and a comparable
extent of activation (4) under growth-arrested
conditions, relative o mutant AN-tagged AGO2
proteins (prpA and pazl 0, respectively ) (9, 10y, The
cell evele megulation of tmnslation was  further
cslablishod by treatment with aphidicolin {(which
causes Gy amest), which lod 1o trnslation activa-

M -
Gas.: :
.E =:8nc
EW & -Sarum
g157
Je0: .
o =
& 14 4
0 Cortral FER1A AGOZ & Caoniral
shRNA . shANA
HMGAZ 37 UTH miHMGAZ 3UTH
+ ¥o0nid Let-7 & 100 nbd Lot-T

Fig. 2. Two other microRNAs switch from effecting translation activation
under cell cycle—arrested conditions to repression in proliferating cells. (A)
Translation of the ARE or CX reporter, with four tandem copies of the sequence
complementary to the artificial cxcrd target site (6, 7), was assessed as in Fig.
1, Cto E in Hela cells transfected without or with addition of miRcxerd under
three different conditions: Black bars are cells grown without serum
(translation up-regulation), gray bars are asynchronous cells grown in serum
(basal translation) (4), and striped bars are serum-grown cells synchronized by
release from serum starvation (+5nc) (translation repression). Cells

A

12 0.5+
N 2+Samm E‘
[ B45n0 !ﬂl.l-
i —— £
En.‘; 2oz
Be gm .
02 . 1]
: 8 7
o -

greontel 25nM S0nM SONM PRl

si-pmdGs siprod&d s-prodEd Elpr«-m
+50 b +100 nid
miR3Ge-3 miR¥Ge-3

Fig. 3. MicroRNA and protein requirements for translation activation and
repression. (A} Translation effidency of cells transfected with the ARE reporter
grown under the three conditions described in Fig. 28, without or with
increasing concentrations of si-pre369 and synthetic miR369-3 to rescue the
knockdown. (B) Translation efficiency in cells cotransfected with the 5B box
reporter (4) and various AN-tagged proteins: prpa (9), AGO2, FXRL (4), or
pazl10 (10) under synchronized or serum-starved conditions. (A} and (B) show
averages from at least three transfections + standard deviation. (C) Eluates from
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cotransfected with control miRs (mtLet-7) gave results comparable to ARE or
CX alone (not shown). (B) Translation efficiency in cells transfected with the
wild-type HMGAZ2 3'UTR or mtHMGAZ 3'UTR Renilla reporter (8} without or
with increasing concentrations of Let-7 or the compensatory mitlet-7 miRNA
(8} and under synchronized or serum-starved conditions. (€} Translation
efficiency of cells transfected as in (B), but with prior RNA interference
treatment with short hairpin RNA to knockdown FXR1 or AGO2 as described
(4). (n), (B), and (C) show averages from at least three transfections + standard
deviation.

C

Aptamar iaggad MARE
mANA; e
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seconinol miA3553  skpred6S nosiFNA
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S1-aptamer—tagged ARE and mtARE reporters after RNP purification (as in Fig.
1F) were subjected to Western analyses for AGOZ, FXR1, and PABC1 (as a
control). The lower band in the gel probed with antibody against AGO2 is a
degradation product. In the three conditions, cellular AGO2 levels are
unchanged, and miR36%-3 can be immunoprecipitated by AGOZ-specific
antibody (not shown; see fig. 54 for levels of miR369-3 in synchronized cells).
FXR1 usually runs as multiple bands that represent either multiple isoforms or
maodifications (4],
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tion, or nocodazole (which amests cells in Ga/M),
which lod 1o translation repression by tethered
AGO2 but nod by the pazl 0 or prpd mutant AGO
prodemn (hig, 53) Tethamg FXRI fuled o cause
translation repression (Fig, 3B, possibly bocause
FXRI is pan of the activating but not the repressive
AGO2 microRNE. Furthenmore, the AGO2 mutant
{pazl 0y that docs not bind microRNAs is compro-
mised in vanslation activation, which indicates a
requirement for microRNA binding or that the
PAZ-microRNA binding domain has additional
roles {/0),

To confirm that miR369-3 recruiis the AGO2-
FXR! complex for translation up-regulation, we
performed RNP punfication of the aptamer-tagged
ARE and mtARE reporters (4) from cells trans-
fected with a control SIRNA, s1-pre369, or si-pre3ad
with synthetic miR369-3, Contml siRNA-reated
samples showed the presence of AGO2 and FXRI
{Fig. 3C), in addition o miR369-3 {Fig. 1F), nthe
ARE complex under senmi-starved () conditions.
Knockdown o muR369-3 production reproducibly
reduced AGO2 and FXR] on the ARE reponter,
whereas rescue with synthetic miR369-3 restored
AGO2-FXRI to at least nommal levels (Fig. 3C),
which correlated with the ranslation efficiencies
seen in Fig. 1C. We conclude that miR369-3 is
required for recruitment of the AGO2-FXR 1 com-
plex, which activates trnslation. and that FXR |
i not part of the repressive complex (+Sne lanes
in Fig. 3C).

Together our data indicate that microRNA re-
pression s a poperty of proliferating ok In the li-
craturg, the fold repression by AGO2 or microRNPs
Nuetuates, depending on the cell line, trnstfecton
method, and overall system (4, 9, 11, 12) Such
vanations may reflect differences i the cell ovele
state of asynchronous populations and  their
response o transfection protocols,

We have shown that the TNFae ARE recruits
miR369-3 1w mediate translation up-regulation in
serum-starved conditions and 1o cause repression in
synchronized prolifcrating cclls. Base-pairing  of
miR368-3 is required o recruit the activating
AGO2-FXR] complex (4). The TNFu ARE be-
longs to an ARE dass typified by tandemly
repeated AUUUA motifs (2, 13), but it contains
three AULA sequences, two with lanks that allow
basc-pairing with the soed region of miR369-3 (g,
S1). Both sies shaded in Fig. 1A appear i be
required for microRNA-dependent ranslation acti-
vation (Fig. 1E), but their close spacing warmanis
further investigation (6, [4). Because AREs of the
same class resemble each other but have distingt
Allrich sequences, they may recruit differeni
microRNAs, which would explain their highly
specilic regulated expression pattems (2, 13),

MicroRNAs oscillate between repression and
activation in coordination with the cell eycle: In
proliferating cells they repress translation, whereas
in ()G amest (which ofien precedes dilferenti-
ation), they mediate activation, This regulation
occurs on at least two kevels, First, recruitment of
the microRNP reflects both s exproession level
and its ability to productively interact with mRNA

targel sites. Sccond, the AGO2 complex must be
subject o modilication becavse tethered AGO2
differentially regulates wranslation according o
cell growth conditions (Fig. 3B and g, 53). As
FXRI is found exclusively in the activation com-
plex and activation by AGO2 tethering in scrum-
starved condiions requires FXR1 expression,
modilications that switch AGO2 from repressor
to activator may alter interactions with FXRI.
Such modifications upon scrum slarvation were
suggested by changes in the solubility and sub-
cellular localization of the AGO2-FXRI com-
plex (). Our findings define a novel mle for
microRNAs and reveal an unanticipated versatil-
ity of microRNP function in response to the cell
evele, with imponant implications for under-
standing the contributions of these RNAs o de-
velopment, differentiation, and carcinogencsis.
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Rapid Changes in Throughput from
Single Motor Cortex Neurons to

Muscle Activity

Adam G. Davidson, Vanessa Chan, Ryan O'Dell, Marc H. Schieber*

Motor cortex output is capable of considerable reorganization, which involves modulation of
excitability within the cortex. Does such reorganization also involve changes beyond the cortex, at
the level of throughput from single motor cortex neurons to muscle activity? We examined such
throughput during a paradigm that provided incentive for enhancing functional connectivity from
motor cortex neurons to muscles, Short-latency throughput from a recorded neuron to muscle
activity not present during some behavioral epochs often appeared during others. Such changes in
throughput could not always be attributed to a higher neuron firing rate, to more ongoing muscle
activity, or to neuronal synchronization, indicating that reorganization of motor cortex output
may involve rapid changes in functional connectivity from single motor cortex neurons to

c-motoneuron pools.

fine motor skills, the human motor conex can

reorganize, increasing oulpul 1o specilic
muscles (f, 2) Similarly, in monkeys that have
learned movements, the temitory from which
intracortical microstimulation (ICMS) evokes
output to rained muscles expands (3), and 1CMS
triggeered from the voluntary discharges of flexion-
related neurons can convent local outpul from ex-
citation ol extensor muscles 1o excitation of Tlexors
(). Does such plasticity of contical output reflect
changes in imracortical excitability exclusively, or
can the throughput from single motor cortex neu-
rons o muscles also change mpidly?

In two monkeys, we necorded neurons in the
primary modor conex (M1 hand representation

In a variety of siuations, such as leaming new

simultancously with clectromyographic (EMG)
activity from up 10 16 contralateral forcanm and
hand muscles. Each monkey performed two
behavioral tasks: fist, a simple hand squocee ask;
second, a paradigm that provided incentive for the
monkey 0 increase throughput from M1 neurons
to muscles, which we term reinforcement of
physiclogical discharge (RPD). Similar to previous
studies (3-7), in RPD we rewarded the monkey for
simubaneous (0 ms) discharge of (i) spikes rom
an M1 neuron and (ii) large potentials in the EMG
of a selected muscle, termed the RPD muscle,
Typically, atier recording a neuron during a squecec
task epoch, the same neuron was combined with
differemt RPD muscles in suceessive epochs. For
example, synchronous potentials from a given

21 DECEMBER 2007 YOL 318 SCIENCE www.sciencemag.org




neuron and the extensor carpd radialis brevis
(ECEB) muscle might be required during one
cpoch, trom the same newron and the flesor
digitomum profundus, rmdial region (FDP) muscle
during another epoch, and from the neuron and the
palmaris longus (PL) muscle duning stll ancother

The effective throughput from a single M1
neuron toa given muscke can be examined m spike-
tiggerad averages (SpikeTAs) of rectifiecd EMG
(&-41), Briel peaks or troughs that follow the
aligned spike times represent increased or decreasoed
a-motoncuron discharge probabilitics, respectively,
reflecting excitatory or inhibitory synaptic input 1o
the motoncuron pool amiving at a fxed latency
relative 1o the neuron spikes. We formed scparate
SpikeTAs for cach neuron-muscle pair dunng cach
squecee or RPD epoch and dentified significamt
peaks or troughs, tenmed SpikeTA eftects, when
they typically occur, 6 to 16 ms afier the spike
triggers (f2L We chose o analyze both pure
postspike effeets consistent with  monosynaplic
input Fom the M1 neuron to the motoncuron pool
and other eftoets consistent with inputs 1o the same
motoncuron pool from  additional neurons
synchronized with the recorded M| irgger neuron
(11, 13

Recordings during at least two epochs of
different behaviors (squecee and'or RPD) were
obtained from 67 and 126 neurons in monkeys E

Departments of Neurology and Newrobiology and Anat-
omy, University of Rochester School of Medicine and
Dentistry, Rochester, NY 14642, USA,

*To whom correspondence should be addressed. E-mail:
mhs@evs.rochester.edu

Fig. 1. Spike-triggered Sgueeze
averages during eight
behavioral epochs. Each
column shows averages .,
of rectified EMG from

each of 13 muscles (rows)

&

Hypoth

and W, respectively, providing a wotal of 1845
neuron-muscle pais with satstactory EMG. For
cach of these newron-muscle pairs, we fommad a
separate Spakee TA lor cach behaviorl epoche Figure
1 shows such SpikeTAs from a session in which
neuron K335 B owas recorded simulancously with
13 muscles while monkey E performed the squecec
task; this was followed by six RPD epochs, and
then the monkey performed the squecee 1ask again
{14), Some muscles, such as hypothenar eminence
{Hypoth), showed no SpikeTA effects during any
epoch. Other muscles, such as ECRB, showed
highly significant effects during all eight epochs,
We were surprised 1o lind, however, that still other
muscles—such as FDPr— showed highly signifi-
cam citects during some epochs but no elfect dur-
ing other epochs, even though the neuron and the
musele were active concurrently dunng all epochs.

We selected for the present analysis neuron-
muscle pairs that produced a SpikeTA effect in at
least one epoch significant at the = 00001 level
{Wilcoxon signed-rank west). We chose this rela-

tively stringent enterion to provide a high degree of

cedainty that each of the neuron-muscle pairs
sclected from the larze number examined definitely
produced an effect. SpikeTAs for a given neuron-
muscle pair in a given epoch then were retained for
further analysis only if 4000 or more tiggers
{neuron spikes discharged during ongoing EMG)
were available in that epoch, or i a SpikeTA
effect in that epoch was significant at P =
00001 with Fewer than 4000 such triggers. One
hundred sixty-five neuron-muscle pairs meeting
these eriteria were oblained from 28 and 27
neurons in monkeys E and W, respectively.

REPORTS

We classilicd the SpikeTA effect of cach of
these 165 nowron-nuscle pairs in cach behavioral
cpoch as being highly significant (uncomected P <
000010 ), of intermediate significance (00001 = P =
0.05), or completely absent (005 < ), OF 142
squecze cpoch SpikeTAs, highly significam effects
were found m 29 (20%), mermediate effects were
found in 37 (26%), and eflects were absent in 7
(34%). OF 488 RPD cpoch SpikeTAs, highly
significant effects were found in 315 (65%),
intermediaie effeets were found in 102 (21%), and
effects were absent in 71 (14%). These distributions
differed significanily (X? = 112.2, P=0), indicat-
ing that absent effocts were more conmmon during
sguesze epochs, wheneas highly significam SpikeTA
eltects were more common during RPD epochs.
Compared with the squecze task, RPD mereased
throughput from M1 neurons to muscles.

To examine whether this increased throughput
was selective for the RPD mwiscle and'or related
muscles, we grouped the muscles into forcanm
fexors, forcarm extensors, and intnnsic hand
muscles. For each neuron-muscle par, RPD epochs
then were cateporized as those in which the RPD
miuscle was the same musele as that of the neuron-
muscle pair, a muscle of the same group, or a
muscle of another group. OF 70 same-muscle RPD
epochs, highly significant SpikeTA effects were
found i 539, effeas of inennediate significance
woere fownd in 10, and effects were absent in .
iNote, however, that we typically chose for RPD a
neuron and muscle combination that had shown a
SpikeTA eftect inonline averages during a previous
epoch.) OF 182 same-group RPD epochs, highly
significant elfects were foand in 128, imennediane

RPD Muscle

ECRBE FDPr PL

ECRE

Squeeze

R

FDPr

-
|

triggered from spikes i

discharged by neuron FODPr W

e0035_B during one of F F'lé‘ll'l A

eight behavioral epochs e

(14). The trigger time is  Fppy v»Mﬂ‘

indicated by a vertical

line in each column. All FCR A"W”

SpikeTAs are scaled ver-

tically to fill the same PL ;"I.f'

height. SpikeTAs with ﬁ.” v

highly significant effects APL :

are shown in red, those !'I"l A ”f
: ED23

with effects of interme- :

diate significance in blue, Egpas i

and those with no signif-

icant effect in black. FOI, EpC

first dorsal interosseus;

Hypoth, hypothenar emi-  ECRB /wf W

nence; FDPr, flexor dig-

itorum profundus, radial ECU W.ﬂ'l

segion; FOS, Peor dioo- 30 0 50ms

rum superficialis; FDPu,

flexor digitorum profundus, ulnar region; FCR, flexor carpi radialis; PL, palmaris longus; APL, abductor pollids longus; ED23, extensor digiti secundi et tertii; ED45,
extensor digiti quarti et quinti; EDC, extensor digitorum communis; ECRE, extensor carpi radialis brevis; ECU, extensor carpi ulnaris.
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effects were found in 31, and effects were absent in
23, OF 236 other-group epochs, highly significant
ellects were found in 128, intermediate eflects were
found in 61, and cffects were absent in 47, These
latter two distributions differed significantly (X =
11,2, 2= 3.7 = 107, indicating that RPD had more
elliect on throughput to muscles of the same group
than 1o muscles of other groups, Even other-group
RPD epochs showed highly significam SpikeTA
effects more commonly than did squesee epochs
(X3=552,P=10x 107,

Although each of the 165 neuron-muscle pairs
wis selecied becnse it produced a highly significant
SpikeTA effeat during at least one epoch, effects
were absent in many cpochs despite concument
activity in the neuron and muscle. Epochs with
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absent elfects were ks common among neuron-
muscle pairs that produced facilnative eflects (58
of 131, 44%) than among those that produced
suppressive effects (24 of 34, Tn']“:n]-l[.'-'(2 = 7.5,
P = 6.3 = 107%). Two mechanisms might explain
these absent SpikeTA effects. First, mono-
synmaptic cortico-motoneuronal (CM) excitatory
postsynaptic potentials (EPSPs) show faciliation
at shon interspike intervals (15) Consequently,
SpikeTAs formed with spikes selecied for shorter
interspike intervals have larger peaks (8, [6). A
SpikeTA elfect apparent when the neuron fires at
a high rate therefore might disappear when the
neuron fires at a lower mite, Sccond, svnaptic inpuat
from a given neuron is more likely o recruit moto-
neurons that already are excited close 10 threshold

C 10 D45 ——
-
e -
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Fig. 2. Neuron-muscle pairs with throughput in some behavioral epochs but not in others. The four
neuron-muscle pairs illustrated in (A to D), respectively, each produced a highly significant SpikeTA
effect (top row) in one behavioral epoch (left) but no effect during another epoch (right). The middle
and bottom rows show box plots illustrating the distributions (line, median; boxes, 25th to 75th
percentile; whiskers, remainder; dots, outliers) of neuron firing rate and ongoing EMG, respectively,
during each epoch. Box plots whose notches do not overlap have different medians (P < 0.05).
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Fig. 3. Temporal characteristics of SpikeTA effects. (A) Each highly significant SpikeTA effect is
represented by a point (squares, fadilitatory; tiangles, suppressive) plotted at coordinates indicating its
onset latency (abscissa) and PWHM (ordinate). Cross-hairs have been drawn at onset latency = 5 ms and
PWHM = 9 ms. (B} A similar plot for those neuron-muscle pairs whose SpikeTA effect was absent in
another behavioral epoch, (C) A similar plot for those neuron-muscle pairs for which neither lower neuron
firing rate nor lower ongoing EMG accounted for the absent effect in another epoch.

by other inputs. Hence, SpikeTAs formed with
spikes discharged dunng periods of higher ongoing
EMG activity have larger peaks (/7). A SpikeTA
ellect apparent when the leve of ongoing EMG
activity is high thus might disappear when the level
of ongoing EMG is lower

We therefore sclected those 82 neuron-muscle
pairs that produced a highly significant clleet in one
cpoch that was absent in another. We then
determined whether the neuron liing e and/or
the ongoing EMG each was higher in the epoch
with the highly significan effect Jmultiple fragment
approach (F2), £ = 0,05, Wikoxon rank-sum test].
For 34 neuron-muscle pairs, the highly significam
eflect occurred in an cpoch with boah higher neuron
firmg rate and higher EMG (Fiz, 2A). For 13 other
pairs, only EMG was higher (Fig, 2B), and for 19
other pairs, only neuron fiing rate was higher (Fig.
201 Hence, for the majority (80%) of these 82
neuron-muscle pairs, the highly significant effea
ocoumed in an epoch with higher neuron finng rate
and'or higher ongoing EMG compared 1o the
epoch with an absent effect. However, for 16
200 of the 82 neuron-muscle pairs, the highly
significant effeet occurred in an epoch with neither
higher neuron finng rate nor higher EMG (Fig.
2D). indicating that additional mechanisis contrib-
uted 1o the presence versus absence of througlpu
from the M1 neuron to the muscle,

Was the increased throughput mediated in pant
by synchronization of the M1 trigger neuron with
other, unrecorded neurons that also provided inpn
o the same motoneuron pool? SpikeTA effects in
which the peak has an onsat latency appropnate for
the conduction time from M1 10 a-motoncurnns,
and then from motoneurons o their muscle fibers,
reflect monosynaptic connections 1w the moto-
newron pool from the M1 ingger newron, which
therefore is termed a CM cell (810, 785). Their
SpikeTA peaks also are expecied o be relatively
mamow, reflecting the durations of CM EPSPs in
motoneurons and the durtions of various motor
unit action potentials (/9. However, other SpikeTA
effects have onsets that occur oo carly and'or peaks
o0 wide 10 have resulied only from the tnigger
neuron’s EPSPs, In such cases, additional neurons
that provided synaptic inputs 1o the same moto-
newron pool are thought 1o Tave discharged spikes
synchronizad (+ a few ms) with those of the tngger
newron (£, 13),

In Fiz. 3, poins are ploed o coordinaes
mdicating the onset kiency and peak width at balf
g ( PWEHIM ) ol individual SpikeTA effcets.
Figure 3A shows highly significam effects overall,
Fig. 3B shows cffecs from neuron-muscle pairs
that produced an absent effeat in another epoch, and
Fig. 3C shows 14 of the 16 efices that were absen
in an epoch for which neither neuron firing rate nor
ongoing EMG level was lower, (Pretrigger variation
prevented our alzorithm from accurately mea-
suning onset laency for a few highly significam
effects.) Points in the lower left, upper right, and
upper leli quadranmts represent SpikeTA effeots that
had an carly onset (<5 ms), a wide peak (=9 ms),
or both, respectively, indicative of contributions
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from neuronal synchrony, Synchrony may have
contributed to these effects, and lack of synchrony
during another epoch may have resulted moan
absent effeet [see, however, (14)).

Lack of synchrony was unlikely o account for
absent effects when the highly significant effects
were consistent with monosynaplic comections
{onset lateney > 5 ms and PWHM < 9 ms, lower
Aght quadants). Panticularly for the cight SpikeTA
effects in the lower Aght quadrant of Fig, 3C (from
eight different neurons recorded in eight different
sessions, three in monkey E and five in monkey
W, the loss of throughpan that resulied in absem
effects cannot be atnbuted simply to lower neuron
finng rate, lower ongoing EMG, and/or loss of
synchronized inputs, Additional factors may have
changed the throughput from these M1 neurons 1w
ther tanget muscles.

Although M1 output, particularly that from CM
cells, dominates control of distal upper extremity
musculature durng voluntary activity, our resulis
show that the throughput from mdividual M1
neurons o muscle activity can be changed mpidly
and dramatically. For about hall’ of the neuron-
muscle pairs that produced highly significant
SpikeTA effeets, throughput evident duning some
behavioral epochs was absent during other epochs,
In most cases, dilferences in intracortical excitabil-

ity and the resulting changes in excitation of
reflected by the firing rate of

mcHoneuron pools
the trigger newron, the level of ongoing EMG
activity, and'or synchrony in the SpikeTA effect
contributed 1o the presence of effective throughput
during some behaviorml epochs and not others.

In about 10% (8 of 82) of cases, however, none
of these fbetors could accoum for the presence
versus absence of throughput from the M1 neuron
to the muscle’s EMG activity. We  therelore
speculate that three subcortical factors may have
contributed as well. Fist, some SpikeTA effects
may be mediated through disvnapiic linkages that
involve rubrospinal neurons, reticulospinal neurons,
or spinal intemeurons (20-22). Such effects may
have been blocked during some epochs by inactivity
of the interposed newron. This mechanism scems
likely for suppressive effects, all of which ane
mediated through inhibitony intemeurons, and may
have contributed 1o the absence of some facilitative
ellects as well Second, single CM cell EPSPs in
modoncurons mey be rdatively small (23, 24),
Within motoncuron dendrites, small synaptic inputs
may have been amphified by persistent inwand
currents during some behavioral epochs but not
during others (25). Third, the synaptic mput from an
M1 neuron to a motoncuron pood commonly s
assumed 1o remain constanl. Although synaptic
efficacy might be alered by presynaptic inhibition,
available evidence indicates that this mechanism
docs not affect conticospinal termimals (26, 27),
Plastic changes can occur in spinal cord synapses
{2%), however, and dendnitic spines have boen
observed o be remodeled over minutes (299, We
theretore specukate that the eflicacy of CM synapses
on motoncurons might have changed In some
behavioml epochs. Subcortical factors such as these,

which might have plaved a role in the 1026 of cases
lacking differences in imtracontical excitability, also
could have conmbuted 10 the mpid change in
throughput m many of the other 90%.

Owr findings indicate that M1 neurons, even
those with rclatively dircet connections o a-
motoneurons, are not always cifective in dnving
their target motoneurons. Rather, throughput can
be changed mapidly such that an individual MI
neuron, which is inelfective in eliciting moto-
neuron discharge during certain motor behaviors,
docs elicit discharge of the same motoneurons
during other behaviors,
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Cngnitive Recovery in Socially Deprived
Young Children: The Bucharest Early

Intervention Project

Charles A. Nelson 111, Charles H. Zeanah,” Nathan A. Fox,?
Peter ). Marshall,® Anna T. Smyke,? Donald Guthrie®

In a randomized controlled trial, we compared abandoned children reared in institutions to
abandoned children placed in institutions but then moved to foster care. Young children living in
institutions were randomly assigned to continued institutional care or to placement in foster care,
and their cognitive development was tracked through 54 months of age. The cognitive outcome of
children who remained in the institution was markedly below that of never-institutionalized
children and children taken out of the institution and placed into foster care. The improved
cognitive outcomes we observed at 42 and 54 months were most marked for the youngest children
placed in foster care. These results point to the negative sequelae of early institutionalization,
suggest a possible sensitive period in cognitive development, and underscore the advantages of

family placements for young abandoned children.

or nomal development, mammalian brains
Frcquin: an optimal level of environmental

inpait, a so-called “expectable”™ environment
(/. 2). Examples of an expectable environment
might include exposure o pattemed light mfor-
mation, nomal language exposure, and aceess 1o
responsive carcgivers. Unfortunately, not all chil-
dren are cxposed 10 such environments. Insti-
tutional settings vary both within and between
countrics, but many are characterized by un-
favorable carcgiver-to-child ratios; highly regi-

menied routines (e.g., all children eat, slecp, and
ilet at the same tme); impovershed sensory,
cognitive, and linguistic stimulation; and unre-
sponsive caregiving practices. These issues al-
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fecting carly development have implications for
the millions of children throughout the world
who begin their ives in adverse cicumstances,
such as those whoe have been maltreated or aban-
doned or whose parents have died.

Although the effects of carly psychosocial
depnvation on brain development has been ex-
amined extensively in animal models (3, 4),
the effects of similar deprivation on humans are
less clear. Evidence suggests that children reared
in instilutions sulfer from a variety of neure-
biological and behavioral sequelae compared 1o
never-institutionalized children, Children reared
in institutions showed reduced metabolic activity
in regions of the temporal and frontal conices
(.5, and comico-cortico connections between these
regions were reduced m number (6. In addition,
children reared i instiutions have shown delays
or deviations in a vanely of behavioral domains,
such as intelligence quotient (10)), atachment, lan-
guaee, or social-emotional development (7-£0).

This Iterature on the effects of carly institu-
tional care suflers from methodological limita-
tions, particularly selection bias: In nonrandomized
studies, a biased sample (¢.g.. healthier children
or more psychologically competent children) may
be adopted into families while others remain in
institutions. These nonmndom factors make it
difficult 1o attribute differences in behavioral
characteristics of children reared in or out of in-
stitutional settings o the different environments
in which the children were reared.

An additional unanswered question is the im-
portance of tming of anvironmental enhancanent
in prodecing recovery  from early  deprivation.
From the perspoctives of both developmental bream
plasticity and social policy, a vial question is
whether there may be sensiiive periods afier which
recovery becomes significantly more difficul The
Bucharest Early Inkervention Project (BEIP) was
designed, i part, 1o address the issue of timing of
intervention on remediation of cognitive dely as a
result of carly deprivation. To address this issue,
we designed a rmndomized controlled trial of foster
care versus instintional care for young children
who had been abandoned at or shorly after birth
and placed in nstitutions. We avoided the selection
bizs of previous studics (17-13) by random ssign-
ment of children o the two groups. We msessod
the cluldren before the stant of miervention, while
they were sull living i institations,  followed by

Table 1. DO and IQ at 42 and 54 months of age,

Evaluation N MeanDQ and IQ 5D SE
G

42 months 57 771 133 1.8

54 months 51 73.3 13.1 1.8
FCG

42 months 61 as5.7 142 1.8

54 months 59 81.0 185 2.4
NG

42 months 52 103.4 118 1.6

54 months 45 109.3 21.2 3.2

randomization to continued Institutional care or
to placcment in a loster family and longiudinal
follow-up assassments of their cognitive devel-
opment as assessed by standardized intelligence
tests. We also assessed the timing of interven-
tion on this outcome m carly childhood,

We assessed three groups ol children: an
initial group of children abandoned at binth and
then studied extensively with a battery of mea-
surcs, Hall of these children were then rmindomly
assigned 1o foster care (foster care group, FOG)
and the other half 1o cominued instiwtional care
(institutional group, [G) A third group consisted
of children being reared with their biological
familics in the greater Bucharest communiy
(never-institutionalized group, NIG).

Participants in istiutions compased 187 clul-
dren less than 31 months of age and residing in
any of the six nstitutions for young abandoned
children in Bucharest, Romama (/6). These chil-
dren were mitially sereened with a pediatric and
neurological exam, growth measurements, audi-
tory assessment, and assessment of physical ab-
normalities. We excluded 51 children from the
original sample for medical reasons, including
genetic syndromes, frank signs of fetal aleohol
syndrome (based largely on facial dysmorphol-
ogy), and microcephaly (/7). Thus, the final
sample at bascline consisted of 136 children.
Weight for age, height for age, weight for heighe,
and head circumference for age were all lower
in the 1G than in the NIG.

The NIG comprised 80 children who were
bom at the same matemity hospitals as the
institutionalieed  children. They were recruited
from community pediatric clinics, were living
with their biological parenis, had no history
of institutional care, and were matched on age
and gender o the insttutionalized sample. The
final sample of the NIG consisied of 72 children
(eight families declined further participation after
initial recruitment into the study ), All fell within

2 SD of the mean for physical growth (weight,
length, and occipitofrontal circumicrence),

Birth records of the children in institutions
were limited, allowing denvation of gestational
age data for only 112 children; the length of gesta-
tion rnged from 30 1© 42 weeks (mean = 37.2
wocks, 5D = 2.2 weeks). Binh weight (available
for 117 cascs) mnged from N0 g w0 4150 g
{mean = 2767 g, SD = 609 ¢) and was signif-
icantly different from that of the NIG (mean =
3338 g, 5D = 467 g) A187) = 6.8, P < 0.001.

Adier initial assessment of all children i both
instiiution and comparison samples, 68 children
from the instiiutions (33 males and 35 fenales)
were mndomly assigned o renain i institutions)
care and were designated the 1G (institutional
group), and 68 (34 males and 34 females) wene
rndomly assigned 1o foster care and were desig-
mated the FOG (foster care group). Randomization
was implemented by assigming cach child a nume-
ber (1 o 136) wntten on a piece of paper. These
papers wene then placed moa hat and then drawn
from the hat at rndom. The first number pullad
from the hat was assigned to the 16, the next
rndomly davwn number was assigned 1o the
FCG, and so0 on, until all children had been as-
signed 1o the 1G or the FCG. The two sets of
twins in the study were each on the same picce of
paper and thus placed together,

Because govemment-sponsored foster care
was limited to about one family when our study
commenced, we created our own foster care
program (/& [9). Alfier exiensive advertising
followed by sercening, we recruited 56 loster
familics into the project. A total of 46% were
single-parent  familics (widowed, divorced, or
never marmied ), and foster care mothers ranged
in age from 30 1o 66 vears (mean = 48 years);
all mothers had at least a high school education.

Adier random assignment, the average age
for children at placement in fosier care was 21
months, Cognitive development was assessed at

Table 2. DO and 1Q of FCG by entry age group. n indicates effect size in multiples of the pooled
standard deviation, and Y is younger than and O is older than age cutoff at entry to foster care.

42 months (B5ID-11)

54 months (WPSSI-R)

Age cutoff

Y ] t59) n P Y L] Hs7) | P
20 months 935 826 282 081 0007 BA3 796 087 025 039
22 months 904 830 201 054 0051 832 797 0.69 019 049
24 months 915 800 346 089 0001 B58 764 200 052 005
26 months 909 791 353 091 0001 852 75.7 201 053 005
28 months 898 788 314 083 0003 834 769 131 035 020

Table 3. DQ and 1Q of FCG by entry age group.

42 months (BSID-11)

54 months (WPPSI-R)

Age at placement

N Mean 5D S5E N Mean S0 SE
0-18 months 14 94.4 11.9 3.2 14 84.5 16.0 43
18-24 months 16 89.0 11.3 2.8 15 86.7 14.8 3.8
24-30 months 22 80.1 13.3 2.8 2e 8.1 19.5 4.2
30+ months 9 79.7 17.1 5.7 8 715 23.8 8.4
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baseline (before randomization). 30 months, and
42 months with the Bayvley Scales of Infant
Development (BSID-I1y (207 and at 54 months
with the Wechslar Preschool Primary Scale of
Intelligence (WPPSI-R) (27). Both tests were
administered by tmined and reliable Romanian
psychologists. Upon entry into the study, our 1G
scored below our sample of community children
(NIG) on developmental quotient (DQ). The 1G
also fared worse than the NIG on a variety of
other developmental indices (22)

The BSID-1I measure mental and motor
development in infants from 1 1o 42 months of
age, The wst measures a child's level of de-
velopment in three domains: cognitive, motor,
and behavioral, Scores on the mental develop-
ment index (MDL, a scaled score) of the BSID-I1
can range from <30 w 150, Children who ob-
tained maw scores that placed their sealed scornes
below 50 were assigned a numenc MDI score of
49, For our analyscs, raw scores wore assizned an
extrapolated age-equivalent score o allow values
<3 when needed (27). Thus, DOs were con-
puted for cach child [(extrapolated age-equivalent
score/chronological agep = 100, allowing inclu-
sion of the entire sample in analyses.

The WPPSER consists of 14 subtests that as-
sess intellectual  fimctioning i verbal and  per-
formance domains. The verbal section includes
such tests as vocabulary, general infometion, and
arithmetic: and the performance section includes
such tests as picture completion, copying geomiet-
ric designs, and using blocks o reproduce designs,
Subtest and composite scores represent intellectual
functioning in verbal and perdomunce cognitive
domains, as well as a child’s general inellectual
ability (full-scale 10).

The BSID-I assess a wide range of abilities,
focusing on tasks with sensommolor responscs in
infancy, whereas the WPPSE-R. provides a more
focused assessment of children’s comitive abilities
by using primarily binguage-based ilems, Alihough
test-etest on BSID-NL is good, prediction  from
BSID-II 1o school 1) is not as stong as prediction
from WPPSI-R 1w later 10, As a result, one might
expect differences in children’s performance on the
BSID-I versus the WPPSI-R simply becawse of
differences i the matwre of the test instruments,

Al the outset of our study, we implemented
procedures 10 cnsure its cthical integrity. A de-
tailed description of these procedures is included
in (/&), but they are outlined here. First, our
study was initiated at the invitation of the then
secrctary of state for child protection in Romania
and was approved by the local commissions on
child protection in Bucharest, the Romanian
ministry of health, and, in 2002, by an ad hoc
ethics committee comprising appointees from sey-
eral government and Bucharest University aca-
demic depanments, It was therelore done with
the participation and approval of local author-
itics. Sccond, the institutional review boarnds
{IRBs) of the home mstuntions of the three
principal investigators (the University of Min-
nesota, Tulane University, and the University of

Marvland) approved the project. Third, we
implemented a policy ol noninterference with
placement of children in both groups inte alter-
native tamuly care environments, keaving those
decisions to Romanian child protection author-
itics (according o Romanian law). The only cx-
ception o the noninterference rule was that we
ensurcd that no child placed in foster care as
part of the randomization process would ever be
returned 1o an instiwtion (18, 24-26). Founh,
after our preliminary results began w suggest
positive benefits of foster care, we held a press
conference 1o announce the results of our in-
vestigation. Key ministries in the Romanian
government were invited w0 attend and sent
representatives o this meeting, The then-ULS.
ambassador 10 Romania (who was bnefed in
advance about our findings) gave the opening
remarks at the conference. Filth, although the
usclulness of clincal equipoise s controversial
among biocthicists { /8), a reasonable nterpreta-
tion of ¢linical equipoise supports the research
design in this project. Clinical equipoise is the
notion that there must be uncertainty in the

expent community about the relative merits of

experimental and control interventions such that
no subject should be randomized to an inter-

vention known to be inferior 1o the standard of

care (27). Because of the uncertainty in the re-
sults of prior research, it had not been cstablished
uncquivocally that foster care was supenor 1o
institutionalized care across all domains of func-
tioning, especially with respect o how yvoung
children imtially placed in institutional care func-
tion when placed in foster care as compancd
with children who remain in the institutional
seiting. Morcover, at the sian of our study there
was uncertainty about the relative merits of in-
stitutional and foster care in the Romanian child
welfare community, with a historical bias in fvor
of institutional care. Additionally, given that the
study was invited by Romanian authorities and
conducted there, with the aim of guiding child
wellfare policy in Romania, it made sense o

assess the study in view of the local standard of

carg, which was institutional care. The study also
presemed no more than minimal risk to the sub-
Jects: specifically, children assigned o the 1G
continued 1o receive the same care as il the
study had not been conducted, and the measures
we used have all been wsed for many years in
developmental scicnee rescarch. Lastly, we were
aware from the owset of the policy implications
of our work, and as the study progressed we
made our results available to govemment offi-
cials and child protection professionals. Indeed,
several vears after our study began, the Romanian
government passed a law that prohibits insti-
tionalizing children less than 2 years old, unless
the child is severely handicapped.

Owver the course of the study, there were in-
stances ol change in acwal living arangements
and, in some cases, subject atrition (fig. S1).
For example, of the 68 children who composed
the 1G, only 20 remained in institutions at the

REPORTS

S4-month assessment. Seventeen children were
lost 1o attntion. OF these, 9 were adopted or
retumed to their biological familics, and their
familics decided not 1o continue participating in
the study, Other children who remained in the
study changed status: 2 children were adopted,
18 were placed in government foster care (which
wis not available at the onset of the study), 9
were reintegrated into their biological Eamilics,
and 2 were placed in familics with extended
family members, Although some children changed
their group assignment, an intent-to-treal approach
was [ollowed (28, 29), whereby all analyses we
report are based on children's original group as-
signment, Thus, our findings represem a conscrv-
ative estimate of the response o mtervention,

The first step of our data analvsis focused on
the randomead nal. Because, at the onsat of the
shwly, a number of children (N = 15) were not
randomized until afier they wmed 30 months of
age and others (12 cluldren at 29 months and 7
children at 28 months) only shortly before then, we
chose o focus our analyses on the later assess-
ments. The NIG is included for reference only and
ts nol included in the statistical analysis (30) (1ables
SI and S2). Cross-sectional  tests at each time
point vielded significant dilferences between 1G
and FCG at 42 months (BSID-IT, A116) = 3.39
and P = 0.001, and at 54 months (WPPSI-R),
A108Y = 248 and = 0015, The effect size (the
difference between means in multiples of standard
deviations) was 0,62 at 42 months and 047 ot 54
months, The pimary finding of the mndomiasd
trial was that the foster care intervention led 1o im-
proved cognitive outeomdes as assessod by DO and
IQ (Tabk: 1),

We pext inguired ino possible comelates of
this finding within the FCG. We looked at three
dichotomous factors: birth weight (above or less
than 2500 g), gender, and age al eniry 1o foster
care (before or after 24 months of age). Neither
birth weight nor gender was significantly asso-
ciated with DO or 1) at cither 42 or 534 months.
To examine the effect of emry age, we used r
tests 1o compare DO and 10 scores by dichoio-
mized age at eniry 1o foster care (younger than
cutofPolder than cutodl) separately  for place-
ment cutofts of 20, 22, 24, 26, and 28 months of
age (37). Signbicant dilferences in 42-month
DO between carly and Ine foster care placement
groups existed for all age cutofls, whereas for
Sd-month 1) the deflection point appearcd o
occur at 24 and 26 months (Table 2 and ables
53 and S4). In other words, the assessment at 42
months vielded significant differences in DO
regardless of age of placement, whereas the
WPPSI-R data at 54 months suggested tha
children placed before 2 years ol age had the
best response o inlervention,

In addition, we computed a regression of
DO at 42 months and 10) at 34 months on DO @
entry age. We used slope estimanes w0 show the
expected loss of 42- and 34-momh DO and [0
points for cach additional month of institution-
alization. Results revealed that the cost of remain-
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ing in the institution was 0.85 DOQ points per
month at 42 months (P < 0.001) and 0.59 1)
poants at 34 months (7 < 0.09),

Children's scores differed shightly on the
BSID-IT versus the WPPSI-R exam (Table 2).
We auribute this 1o the diffarent psychometnic
propertics of these instruments as mentioned
carlier. As a secondary analysis, we scpamted
the FCG imo two groups that expericneed sim-
ilar durtions of’ imervention but that had entered
foster care at different ages. One group con-
sisted of those children who entered fosier care
before 18 months of age (n = 14, mean place-
ment age = 12,0 months), and the other group
consisted of children emering after 18 months
(o = 47, mean placement age = 26.6 months).
We then chose the measurement occasion that

most nearly equated these groups on length of

intervention, specifically the 30-month DO assess-
ment for the carlier entry group and the 42-
month assessment for the later entry group. Al

these assessment points, the mean lengths of

time in foster care were 18.2 and 16,1 months
respectively, and the mean DOQs were 89.6 and
B30, 459 = 1.55, and P = (.13, Although not
statistically significant, we interpret the dilference
in group means as supporting our general con-
clusions about the importance of carlier place-
ment age for improved cognitive oulcomes,
The above analysis did not possess sensitiv-
ity o iner gradations in age of placement, and a
tertiary analysis was performed. We divided the
FCG into four groups: those placed between ()
and 18 months, those placed between 18 and 24
months, these placed between 24 and 30 months,
and those placed afier 30 months (Table 3).
One-way analyses ol variance (ANOVAs)
vielded significant differences in DO and 1G a
42 months (F = 0.008) but not ai 54 monihs
(P = 0.20) A1 42 months, the two carlier entry
groups (0 0 18 months and 18 10 24 months)
are not significantly differ from one another, nor
are the two later entry groups, but the two carly
placement groups (0 w0 18 months and 18 10 24
months) are different from the two later place-
ment groups (24 1o 30 months and above 30
months). The 54-month data showed the antici-
pated ordening of means, although there anre no
significant differences among pairwise compar-
isons, Taken together, these findings suggest
that age of entry into foster care (i.c., the tming
of placement) was critical in changing children’s
cognitive abilitics [see Supporting Online Material
(SOM) text for additional analyses that address
the issue of timing and dumtion of foster care
effects on DO and Q) at 42 and 34 months].
Because we assessed children before mndom-
ization, we are confident that differences tha
resulted from the foster care intervention reflect
true intervention effects miher than differences
in sample makeup. Morcover, randomization
before intervention addressed concemns about
previous studics of adopied children that have
the potential of selection bias with regard 1o
who s adopled. Additionally, by randomizing

children before intervention we inereased the
likelihood that unknown prenatal nsk factors
would be randomly distributed across the mter-
vention and control groups. Lastly, the inclusion
ol an in-country companson sample confinned
that our cognitive asscssments were valid, given
that the DO and ) means for the never-
institutionalized Romanian children were very
similar w0 the means for typically developing
children in populations for which the BSID-II
and the WPPSI-R have been standardized.
Three main findings emerge from this study,
First, as we have previously reporied (22), chil-
dren reared in institutions showed greatly dimin-
ishad intellectual perdformance (borderline mental
retardation) relative to children reared i thar fm-
ilies of origin. Second, a5 a group, children random-
Iy mssigned 1o foster care experienced significant
gains in cognitive function, Lastly, at first glance
our findings suggest that there may be a sensitive
penod spanning the first 2 years of life withn
which the onset of fostier cre exerts a maximal
effect on cognitive development However, a closer
reading of our analyses suggests a more parsimo-
nious conclusion: That the vounger a child & when
placed in foster care, the betier the outcome. Indeed,
there was a comtinuing “oost” 1o childen who re-
mained in the institution over the course of our
study. These results are compatible with the notion
of a sensitive period, but discovering whether such
a period truly exists or determining the borders that
delineate it would likely require a binger sample size
with a broader age mnge at inlervention onscl.
The resuls of this study have mplications for
child welfiare becawse they suggest that placement
in lamilics is more advaniageous lor coitive de-
vedopment i infams and young  children  than
placement in nstimtional settings.  For countrics
grappling with how best 1o care for abandoned, or-
phaned, and maleated young chikdren, these find-
ings deserve consideration. The results also ndicate
that previously institutionalized children’s cogmi-

tive development benefits most from foster care if

placement ocours relatively carly in a child'’s life.
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Benchtop Ultracentrifuge

www.sciencemag.org/products

The Optima MAX-XP benchtop ultracentrifuge delivers fast run times of up to 150,000 rpm
(2,500 revolutions per second) and is exceptionally quiet. The new MLA-150 fixed-angle rotor
has a low k-factor for rapid separation of small volumes such as subcellular particles, viruses,
and proteins. The Optima MAX-XP features redesigned software with significant ease-of-use
enhancements. The user interface is intuitive and customizable with control via a full-color touch
screen. Optional remote monitoring and control of the system is also available. It is offered with
multiple levels of biocontainment and is designed to fit in a standard biosafety hood.
Beckman Coulter For information 714-993-8955 www.beckmancoulter.com

Borosilicate Filter Products

The Robu VitraPOR borosilicate glass filter prod-
ucts offer high chemical resistance, minimal
thermal expansion, and high thermal shock
resistance. They are suitable for use in chemical,
biochemical, pharmaceutical, and laboratory
applications. Standard fritted disks are available
in rounded shapes from 5 mm to 400 mm diam-
eters. They are also available in precision ground
and fused edge configurations. Filter candles are
available in cylindrical or conical shapes from 9
mm to 40 mm in diameter. Custom filters can be
provided in any shape up to 400 mm, in almost
any thickness. Any cylindrical or conical filter
candle can be produced to customer design.
They are available in porosities ranging from 1
um to 550 pum.

Andrews Glass Co. For information 800-845-0026
wwnw.and rews-glass.com

GC Column Installation

The Cool-Lock Nut simplifies gas chromatogra-
phy (GC) column installation and eliminates the
need for wrenches and other tools. The low ther-
mal mass design allows the Cool-Lock Nut to cool
rapidly, preventing users from buming their fin-
gers during column changes. Other design ele-
ments prevent the column from slipping to
ensure a maore reproducible depth for improved
method accuracy. The nut is designed for use
with Agilent Technologies’ GC instruments and
works with all standard GC columns. It is avail-
able in both long and short ferrule style dimen-
sions and can be used over and over.
Phenomenex For information 310-212-0555
www.p henomenex.com

Cell Behavior Monitoring

ECIS {electric cell-substrate impedance sensing)
measurement non-invasively follows the imped-
ance of cell-coated electrodes in real time with-

out the use of fluorescence or radiolabeled mate-
rials. In the past, ECIS researchers were restricted
to monitoring cells grown at the base of standard
tissue culture wells. Now cells can be grown in
special disposable flow arrays, where cells are
cultured on the floor of a flow channel that is 44
mm high and 0.5 ¢m wide. Eight independent
measuring electrodes, located along the 5 cm
length of the channel, monitor cell behavior and
its response to changing flow conditions. The
flow array can be used with all ECIS models and
fits neatly into the standard array holder. To sup-
port this flow array, a complete flow module is
designed to interface with the ECIS 1600R and
ECIS 1600/800 systems. This module includes a
peristaltic pump designed to operate within the
high humidity of a tissue culture incubator along
with medium reservoirs, a flow equalizer, tubing,
fittings, and a start-up supply of flow arrays.
Applied BioPhysics For infarmation
8666-301-3247 wew biophysics.com

Transcription Kit

The AmpliScribe T7-Flash Transcription Kit pro-
duces a high yield of RNA from an in vitro tran-
scription reaction in a short time. The 30-
minute AmpliScribe T7-Flash reaction produces
160-180 pg of RNA from 1 pg of DNA tem-
plate—maore RNA than some kits produce in
two hours. High yields of full-length transcripts
are readily obtained from a wide range of DNA
template sizes.

Epicentre Biotechnologies For informatian
B00-284-8474 www.EpiBio.com/flash.asp

Gel Permeation Chromatography

The Viscotek Model 350 High Temperature Gel
Permeation Chromatography (HT-GPC) System is
designed for the characterization of polyolefins
and other synthetic polymers that are soluble
only at elevated temperatures. The system pro-

vides absolute molecular weight without extrapo-
lation or correction, maolecular size, and intrinsic
viscosity, as well as information on branching,
structure, and aggregation in a single experi-
ment. The system can also be configured with an
infrared detector for short-chain branching
analysis or an ultraviolet/visible detector for
copolymer compositional analysis. The system
includes a high temperature triple deteclor array,
an automated sample preparation and delivery
system, a pulseless isocratic pump, and a
degasser. The system combines low-angle light-
scattering with viscometry and concentration for
complete and comprehensive macromolecular
characterization. All detectors reside within a
temperature-controlled oven compartment that
has space for four analytical GPC columns.
Viscotek Europe For information

+44 1344 467180 www.viscotek.com

Fractionation Reagent

Fraction-FOCUS makes use of proven technology
to fractionate and concentrate all proteomes into
multiple fractions, simplifying two-dimensional
maps and enhancing detection of low abundant
proteins. There is no delectable loss of total pro-
tein during the procedure. At the end of the frac-
tionation, cellular proteins are in one of many
fractions. The entire fractionation is carried out
in micro-scale. It is compatible with all down-
stream protein identification techniques.
G-Biosciences/Genotech For information
B00-628-77 3 0www.GBiosciences.com

Newly offered instrumentation, apparatus, and laboratory
matenials of interest to researchers in all disciplines in aca-
demic, industrial, and government organizations are featured
in this space. Emphasis is given to purpose, chiel characteris-
tics, and availability of products and matenials. Endorsement by
Science or AAARS of any products or materials mentioned is not
implied. Additional infermation may be obtained from the
manufacturer or supplier.
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Science Careers

From the journal Science ~ IKVAAAS

POSITIONS OPEN

DIRECTOR, SANFORD CHILDREN'S
HEALTH RESEARCH CENTER

Sanford Rescarch/University of Sourh Dakora
and the Department of Pediatrics of the Sanford
School of Medicine of the University of South Da-
kota (USDY) are sccking a vibrant leader o head the
new Sanford Children’s Health Rescarch Center
(SCHRC). An histonc 5400 million gt by philan-
thropist T. Denny Sanford carbier this vear has al-
lowed for expansion of Sanford Rescarch,/USD and
dynamic development of programs focused on chil-
Lirm s health. An m‘u.hru:n:l] donation by Mr. Sanford

has led o the creation of a two-campus Sanford
Children’s Health Rescarch Center at the Burnham
Institute for Medical Rescarch in La Jolla, Califomia
and Sanford Rescarch/USD in Sioux Falls, Sourth
Dakota. The collaboration berween the two loca-
tions will establish the basis of an integrared, world
class, academic pediatric research nemwork.

We seck a scienrist with a superior record of accom-
phshment i pediatne rescarch to develop a strategce
plan for the new rescarch center and to oversee ag-
gressive development of a comprehensive program
of basic and applied rescarch in collaiboration with
the Burnham site in La Jolla. Within SCHRC, Endowed
Pediarric Rescarch Programs in Cancer Biology, Neu-
rosciences, Moleaular Cardiology, and Devdopmental
Genetics are planned. A rescarch concentration in one
of these arcas 15 prefermed. Highly qualificd individuals
with rescarch interests other than those listed will also
be given consaderation.

Chalifications include the MDD, and for Ph.D. de-
grees, a well-established funding record, and strong
leadership qualitics, This individual should be capa-
ble of qualifving for academic appointment ar the
rank of ASSOCIATE or FULL PROFESSOR in the
Deparmment of Pediarries. A comprehensive compen-
sation package will be tallored o the individual s qual-
ifications. In addidon, the individual will receive a
package of institutional support including laboratory
space and rescarch endowment.

SCHRC will be a central occupant of a new multi-
disaplimary rescarch bulding 1o be constructed. This
18-story, BO0,000 squarc-foot faciliy will be the
center of a new biomedical research park.

Applications should include derailed curriculum
vitae, a description of research expenence and funare
plans, and the names and contact information for at
beast three references,

Application matenals should be sent vo:

H. Eugene Hoyme, M.D.

Professor and Chair, Department of Pediatrics
Sanford School of Medicine of the University of
South Dakota
Chief Pediatric Medical Officer, Sanford
Children’s Hospital
1305 W. 18th Street, O, Box 5039
Sioux Falls, SD 57117-503%9
Telephone: 605-333-6447; fax: 605-333-1507
E-mail: hoymeg@sanfordhealth.org

We encoverage women and candidites from underpresented
iRy gEips fo apply.

The Department of Cellular Biology at the Uni-
versity of Georgia invites applicanons for a LEC-
TURER for fall 2008. A Ph.D). in a relevant ficld is
required. Responsibilivies mclude teaching anatomy
and physiology, together with contributing to the De-
partment’s current undergraduate comcoulum. Prefer-
ence will be given to applicants with the demonstrated
ability to teach and manage large lecture courses. Ap-
plicants shoubd send curriculum vitae, rescarch cx-
perience, teaching profile, and three recommendarion
leters to: Chair-Lecturer Search, Department of
Cellular Biology, 724 Biological Sciences, Athens,
GA 30602, Submit clecoronic applications to e-mail:
chsearch@uga.edu. Applicanons recewed by Feb-
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ruary 4, 2008, will reccive full consideration. The Fandedin
Colleye of Arts and Sciences, its muanry anits, aond fee Ulniver-
sity of Coeongia dare comnmitted o increasing the diversing of i
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Affirntive Action Tnstitntion,
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INSTITUT PASTEUR

FOSTDOCTORAL FELLOWSHIPS
Instituit Pasteur, Paris, France

Founded in 1887 by Louis Pasteoar and lo-
cated in the heart of Paris, the Institur Masteur
is a world-renowned private rescarch orga-
nization. The Pasteur Foundation of New York
is seeking outstanding fellowship applicants,
Candidares may apply to any laboratory within
10 Departmserus: Cell Biology and Infection, De-
velopnvental Biology, Genomes and  Genetics,
Immunclogy, Infection and Epidemiology, Mi-
crobiology, Neuroscience, Parasitology and My-
cology, Structural Biology and Chemistry, and
Virology. Scc website for details. Annual pack-
age 15 570,000 for three vears. This s a brannual
call for applicants; sce website for deadlines.
[ rrJ.-ﬂJr_ll- n':]'rlrrl'-f.

E-mail: pasteurus@aol.com. Website:
hitp:/ Swww. pasteurfoundation.org.

The Del E. Webb Cenrer for Neuroscience,
Aging, and Stem Cell Research (NASCR) of the
Burnham Institute for Medical Rescarch (BIMR)
secks independent investigators with strong research
programs in stem cell and developmental biology,
aging and neurodegenerative disorders, or cardiac
and pancreatic/metabolic discases. Applications using
genctic model systems are particularly welcome.
Individuals at any carcer level, inchuding IUNIDR
IN‘-'I:.S‘['[(‘&TORS. are encouraged o apply. BIMR
offers an outstanding interdisciplinary and E.hl]. col-
kiborative pesearch environment, supported by a wide
range of shared resournces, including the La Jolla-Wide
Interdisciplinary Newrosaence Center Core Faclities
Grant funded by NIH. For more derails visit our
websites: http:ffwww.humhqm.rrgf and httpe//
www. lajollancuroscence.org/. Intormal inguirics
should be directed o appropriate NASCR Center
Program Directors (contact infornation listed on the
website ) To apply, please submit currieulum vitae and
rescarch summary  dectronically by March 1, 2008
(mail o email: nasarrecruit@burnham.org). Can-
didates should armange to have at least three lemters of
reference sent to this c-mail address {preferred) or by
repular mail tor Meuroscience, Aging, and Stem Cell
Research Recruitment Committee, cfo Stuart Al
Lipton, M.I),, Ph.D)., Scientific Director, NASCR
Center, Burnham Institute for Medical Research,
10901 North Torrey ines Road, La Jolla, CA
92037, Egual Oppormniny Employer CAfinmanive Adion.

The Department of Physiology and Biophysics at
the University of Alabama at Birmingham (UAR)
invites applications for a wenure-track or wenured
faculry position. UAB is a leading rescarch unive rsiny
ranked among the op public universities in NIH fund-
ing. We are secking a dyvmamic Investigator,/Educaror
o complement the existing strengths of our Depart-
ment (see our website: http:/ Swww.physiology.
uab.edu). Applicants with expertise n cell signahng
and for cancer biology are espeaally encouraged to
apply. The successful candidate wall have an M.D. or
Ph.ID. in a biomedical scence, a strong publication
record, a commitment to teaching, and excellent
funding potential, Salarv and rank (ASSISTANT,
ASSOCIATE, or FULL PROFESSOR) will be
commensurate with expenience. Competitive stamuap
funds and generous hiboratory space will be offered.
Please send curmiculum vitae, starement of rescarch
plans, and three references to: Dr. Kevin L. Kirk,
Department of Physiology and Biophysics, Uni-
ﬂ:lsil}' of Alabama at Birmingham, 1918 Univer-
sity Boulevard, MCLM 982, Birmingham AL
35294-0005 or by e-mail: Kkirk@uvab.edu. Tie
Lismversiry of Alabean ar Iﬁn.auﬁ..rrﬁl“ﬁﬁ“'ﬁﬁﬁﬂ?. Arion /
Ll Opportionity Employer,

WWww.sciencecareers.org
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THE CHINESE UNIVERSITY OF HONG KONG

Applications are invited for:-
Department of Physics
Assistant Professor
{Ref. 07267(665)2)

Applications are invited for an assistant professorship in physics and
materials science, Applicanis should have a relevant PhD degree with
postdoctoral rescarch experience. A demonstrated record of rescarch
accomplishments is highly preferred. The appointee is expected 1o
develop his/her independent research programme and show strong
leadership. Appointment will normally be made on contract basis for up
to three years initially, leading to longer-term appoiniment or
substantiation later subject to performance and mutual agreement.
Applications will be accepied until the post is filled. [Monthly salary
range: HKS45, 580 to HKS58,025; approximate exchange rate in
December 2007: USS1=HKST.8]

Salary and Fringe Benefits

Salary will be highly competitive, commensurate with gqualifications and
experience. The University offers a comprehensive fringe benefit package,
including medical care, plus a contract-cnd gratuity for an appoinument
of two years or longer, and housing benefits for eligible appointees.
Further information about the University and the general terms of service
for appoiniments is available an frrp e ol edu hidpersonnel. The
terms mentioned herein are for reference only and are subject to revision
by the University.

Application Procedure

Please send full resume, copies of academic credentials, a publication list
andfor abstracts of selected published papers (if any), together with names,
addresses and fax numbersfe-mail addresses of three referees to whom
the applicants " consent has been given for their providing references (unless
otherwise specified), to Professor Hai-Qing Lin, Chairman, Depanment
of Physics, The Chinese University of Hong Kong, Shatin, Hong Kong
(Fax: (852) 2603 5204). The Personal Informaton Collection Statement
will be provided upon request.  Please quote the reference number and
mark “Application - Confidential” on cover.

Postdoctoral Position
Biological/Organic Chemistry

The Bioscience Division of Los Alamos National
Laboratory strives to bulld a strong scientific and
technological base for addressing the complex
problems of infectious diseases. In this position, you
will join an interdisciplinary team of cell biologists,
biochemists, and immunologists working to develop
novel detection and surveillance systems against
bicthreat agents. We are seeking an outstanding
candidate with an excellent publication record.
Mandatory reguirements include a Ph.D. (received
within the past 5 years); a foundation in molecular and cellular biol-
ogy and bioorganic chemistry; expertise in two or more of the fol-
lowing: mammalian and bacterial cell culture, design, synthesis and
analysis of biclogically relevant molecules, and combinatorial librar-
fes. A publication record demonstrating one or more of these skills.
Experience in a BSL 2 laboratory is preferred, as is a background
working at the interface of host/pathogen biology and drug delivery
systems, and expertise in bacterial diseases and biofilm research,
Starting salary i commensurate with background and experience
with generous medical, vision and dental benefits,

For a full job description and to apply, refer online at:

http:/fwww. hr.lan| gov/JobListing/index. aspx?JobType=Pastdoc
referencing Job# 213698, as well as submit CV; statement of
research, outreach, and career goals: reprints of publications;
university transcripts; and three letters of recommendation with
contact information, to: Dr. Rashi lyer, Biosciences Division, MB88,
Los Alamos Mational Laboratory, Los Alamos, HM 87544; E-mail:
rashi@lanl.gov. Web site: http:/fext.lanl.gov. EOE

A
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TWO TENURE TRACK POSITIONS
NEUROSCIENCE

The Department of Psychology, Hunter College (CUNY) invites
applications for two faculty positions in Neuroscience (tenure frack)
o begin fall, 2008. The department currently offers training in
Neuroscience at the undergraduate, Master's and doctoral level to
an urban ethnically diverse student population at a public university.
The senior position (associate/ full professor) requires a candidate
with an internationally recognized research program, a history of
substantial external funding, and the ability to provide leadership in
the expansion of an interdisciplinary doctoral program in
MNeuroscience. An emphasis on behavioral andfor functional
processes and mechanisms in animals or humans is desirable.

For the junior position (assistant or associate professor) we are
seeking a neuroethologist/neurophysiologist with a research focus
on the analysis of neural mechanisms underlying behavior.
Postdoctoral research experience and a demonstrated potenfial to
obtain external funding are important criteria as is the ability to
develop interdisciplinary collaborations and contribute to the
strengthening of undergraduate training in neuroscience.

Applications should include a cover letter, CV, statement of
research objectives and names and contact information of three or
mare academic references. Please send applications to: Gordon
Barr, Ph.D., Acting Chair of Psychology, Hunter College, 635
Park Avenue, 611 North, New York, NY 10065.

HUNTER

The City University of Mew York

I
INVEST IN Iﬂ"

EEVAAADAIREA emplayer.

Tenure-Track Faculty Position
in Science Education
in the Department of Biology

The Depariment of Biological Sciences at the California State Uni-
versity, Chico invites applications for a full-time, tenure-track faculty
position at the level of ASSISTANT or ASSOCIATE PROFES-
SOR i scwence education to begin Fall 2008, Applicants must have
a Doctorate in a biological science or science education with at least
a Master’s degree or equivalent in biology. Postdoctoral experience is
desired. Teaching responsibilities include introductory and upper-divi-
sion biology courses and general education courses for non-majors,
Candidates must have a recond of rescarch in biology (education) and
will be expected to establish an active research program in biology
education and seck extramural funding. Masters and undergraduate
student participation in the research program is expected.

All applicants must complete the Application for Academic Employ-
ment Form. which is available on-line at http:/fwww.csuchico.edw'hr/
FormsVPHR-FacultyEmplApp.doc and a resume, a 1-page namative
deseribing vour evidence of quality teaching, a statement of plans for
scholarly activity in biology education, preferably as pdf documenis;
unofficial graduate and undergraduate transenpts, and three current
letters of recommendation w: Biology Education Search, Dr, Ajlsic
MeEnteggart, Biology Chair, California State University, Chico,
Chico CA95929-0515. Review will begin January 14, 2008, Applica-
tions completed after that date may be considered. Application matenals
submitted electronically must be in PDF format. For full announcement
and description of science education opportunitics at CSL, Chico, please
see: hitpe/esucarcers.calstate.edu. Fordisability-related accommaoda-
ttons, call S30-B98-6192.

CSU, Chico is an ECEAAADA Emplover and only emplovs
imdivicheals fenvfulfly anedhrorized to work in the United Sraves.
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Children’s Hospital Boston Harvard Medical School

Assistant/Associate Professor
Division of Genetics, Department of Medicine

Applications are invited for a tenure-track Assistant/Associale
Professor position in the Division of Genetics in the Department
of Medicine at Children’s Hospital Boston, We seek an outstand-
ing MD and/or MD/PhD scientist who will establish a vigorous
basic science or translational research program with relevance o
developmental biology and developmental disorders of childhood,
The successful candidate will have modern laboratory space located
in the new Children’s Hospital Center for Life Science Building
that will open in the spring of 2008, Joint appointments in the Pro-
gram in Genomics al Children’s Hospital, and the Broad Institule
of MIT and Harvard may be available for appropriate applicanis.
The Division resides within a very strong research community in
genetics, developmental biology and related diseiplines through-
out the Harvard Longwood Medical Area and the investigator will
hold both Children’s Hospital Boston and Harvard Medical School
faculty appointments.

Please submit a curment CV, a 2- or 3-page descnption of rescarch
interests and directions, and three to five reference letiers. Matenals
should be sent via e-mail by March 1, 2008 10: gencticssearch
i childrens.harvard.edu. For questions, please contact Marey
Belliveau al 617-355-3480.

e Ir.rur:j.:'uf.;u'{r encotrase .r.l;rpﬁ{'ﬂ.rim.l.'; fronn women and minor-
ity candidares. Equal Opporirmit/Affirmative Action Emplaver.

Bioenergy- and Bioproducts-Related Microbiology
Faculty Positions: Michigan State University

The Department of Microbiology and Molecular Geneties at Michigan
State University (MSU) seeks applications for two academic-year,
tenure-track, junior- or senior-level faculty positions in bicenergy and
bioproducts-related microbiology, Reguirements include a doctoral
degree i microbiology or a related disciphng, at least two vears of
postdoctoral research expenience. and a strong record of research accom-
plishment in addressing fundamental questions of microbial diversity,
genetics, genomics. metabolism and'or physiology. Examples of possible
research areas include, but are not limited to, the ecology and phvsiol-
ogy of biomass conversion, metabolic analysis, and systems biology
approaches. The successful applicants will join colleagues associated
with the DOE-funded Great Lakes Bioenergy Rescarch Center, the
Center for Microbial Ecology, and the Microbial Systems Sciences
Ciroup. Responsibilities include developing an independent, extemnally
funded research program with national visibility and 1eaching within
our graduate, professional, and'or undergraduate programs. The offer
will inclede a competitive starup package and a laboratory within our
ivew state-of-the-an research building.

Applicants should submin a leterofapplication, curmculum vitae includ-
ing complete publication list, statement of research goals, copics of
pertinent reprints and contaet information (address, e-mail, and phone)
for three referees to: Bioenergy Microbiology Search Committee,
Department of Microbiology and Molecular Geneties, 2209 Bio-
medical and Physical Sciences Building, Michigan State University,
East Lansing, MI 48824 (web: mmgmsu.edu)., Electronic submissions
to MMGCHAIR@MSUEDU in pdf format are preferred. Review of
applications will begin by Janvary 31, 2008 and will continue until
the positions are fil led.

Michigan State University is an Affirmative Action’
Equal Opportumity Emplover:

UNIVERSITY OF MASSACHUSETTS
MEDICAL SCHOOL

Director, Program in RNAi Therapeutics
Director, Program in Gene Therapy

The University of Massachusets Medical School is searching for two
senior leaders o direct new programs in RNAG Therapeutics and in Gene
Therapy. Both programs will be permanently housed in a state-of-the-art
new research building with sufficient space and funding to support a sub-
stantial number of new faculty hires. Although administratively separate,
it 15 ex pected that the two programs will have common interests and work
closely wgether. The two programs will capitalize upon and enhance the
Medical Schools existing strengths in KNA biology and RNAI rescarch,
and be an integral part of ongoing clinical translational effonts including
an active clinical gene therapy trial program.

Successful applicants will be leaders in their respective fields with nation-
ally and internationally recognized active research programs, and have
the vision and ability to recruit a cohort of equally outstanding faculty.
Both programs will play pivotal roles in the development of the UMass
Advanced Therpeutics Cluster, a key component of Commonwealth of
Massachusents Life Sciences Initiative, The two programs will also be
an imporiant component of the University s clinical and translational
science award (CTSA) application.

Applicants should send a curniculum vitae and cover letter briefly outlin-
ing their interest i the position Lo

I¥r. Michael R. Green
Chair. Scarch Committee
Program in Gene Function and Expression
University of Massachusctts Medical Schoal
Lazare Research Building
364 Plantation St., Room 628
Worecester, MA 01605

or electronically o michael green@umassmed.edu

The University of Mavsachusents Medical School s an
Equal Opporiimity/ Affirmative Action Emplover.

THE UNIVERSITY OF SOUTHERN MISSISSIPPI
DEPARTMENT OF BIOLOGICAL SCIENCES
TENURE-TRACK FACULTY POSITION IN
BIOLOGICAL SCIENCES/IGENOMICS
The University of Southern Mississippi Department of Biological Scicnces
invites applications for a tenure-track assistant professor position studying
fundamental questions al the genomic. profeomic or bioinformatic levels.
This position complements an ongoing scarch for an additional faculty
position i Boinformatics'computational biology (https//www.usm.edu/
biology/positions). The department is particularly interested in applicants
with interests and experience in biomedical-related research. The successful
applicant will join a growing, interdisciplinary, research-intensive depariment
and will have the opportunity to interact with the state-wide, NIH-funded
Mississippi Functional Genomics Network (https//mfgn.usm.edu’) a1 the
research or admimistrative levels. The applicant will also have an opportunity
1o interact with the Mississippi Computational Biology Consortium (hittp:

{fmebe.nsm.edu/mebel),
The University, a Camegie High Research Activity Institution with 15,000
students, is located in Hattiesburg, near the resort arcas of the Gulf Coast. Hat-
tiesburg is the medical, commercial and cultural center of south Mississippi and
is renowned for safe, affordable living and abundant outdoor recreational activi-
ties. The Depariment of Biological Sciences (hitp:fwww.usm.edu/biology/)
15 comprised of twentv-nine faculty and offers BS, M5 and Ph.D. degrees, Over
60 graduate students currently pursue MS and Ph.D. degrees,
The success ful candidate will be expected to establish an active, extramurally
funded research program, mentor graduate students and participate in under-
graduate and graduate teaching in his or her area of expertise. Postdoctoral
research experience is required. Laboratory and office space as well as a gen-
erous start-up package will be provided. Applicants should submit a letter of
application, curriculum vitag, statement of research plans, copies of pertinent
reprints and three letters of reference to Glen Shearer, Bioinformatics Search
Committee, Depl. of Biological Sciences, The University of Southern Mis-
sissippi, 118 College Drive #5018, Hattiesburg, M5 39406-0001, Elcctronic
submission preferred (glen.shearen@usm.edu). Review of applications will
begin on 15 January 2008 and continue until the position is filled.

The Usiiversity of Sonthern Mississippi is an Affivmative dction/

Egual Cppartunity Emplaver.




National Institute for Basic Biology,
Okazaki, Japan

Professorships/Associate Professorship

The National Institute for Basic Biology (NIBB) in Okazaki,
Japan, invites applications from outstanding candidates for four
professorships and one associate professorship.

Since it was founded on the recommendation of the Science
Council of Japan in 1977, the NIBB has functioned as a national
center for biological sciences. Its research activities are among the
highest ranked within the field in Japan, as judged by measures
such as citations per paper. To assist in its efforts, the NIBB
recruits exceptional scientists not only from Japan but also from
around the world.

We are seeking to appoint candidates with the high potential
to become intermnational leaders in any area within the field of
basic biology. We welcome applications from candidates of all
nationalities with excellent research records and fluency in either
Japanese or English.

For more information, please visit the website at <http:lfwaww.
nibb.ac.jp/profapplication/=.

To apply, please submit your curriculum vitae, brief summaries of
your research accomplishments and future research plans (each
within 800 words), two letters of recommendation, and reprints of
representative work, which must be received no later than January
21, 2008. E-mail applications are also accepted (see the website
above for more details).

Inquiries should be addressed to:
Tetsuo Yamamori,

Professor,

Division of Brain Biology,

Mational Institute for Basic Biology,
38 Myodaijicho,

Okazaki 444-8585,

Japan

Tel/Fax: 81-564-55-T615

NIBB

National Central University

Faculty positions for Life Sciences

The Department of Life Sciences at the NCU is
seeking candidates for several tenure track faculty
positions. The duty of these positions will include
research and teaching in selected postgraduate as
well as undergraduate subjects. Qualified candidates
should have a Ph.D. degree in life sciences-related
fields and at least two years of postdoctoral training.
Persons with an outstanding record of academic
and scholarly accomplishment in life sciences are
encouraged to apply. The deadline for application is
February 15, 2008.

Please send by mail a letter of intent, curriculum vitae
with publication lists, reprints of 1-3 representative
publications, a brief of research and teaching
proposal, and three recommendation letters to:

Dr. Wei-Hsin Sun

Chairman of Recruitment Committee
Department of Life Sciences
National Central University
No.300, Jhongda Rd

Jhongli City, 32054, Taiwan
E-mail: weihsin@cc.ncu.edu.tw
Fax: 886-3-4228482

VICE CHANCELLOR FOR RESEARCH
UNIVERSITY OF MISSOURI - COLUMBIA

The University of Missouri-Columbia {MU) is seeking a scholar and
administrator of national prominence for the position of Vice Chancellor
for Rescarch. The position is responsible for leadership and administra-
tion of rescarch and technology development. The Vice Chancellor pro-
vides leadership for infrastructure and incentives that will enable faculty
to achieve emnence m their research and scholarly goals. Responsibilities
include administration of: (1) the Division of Sponsored Programs; (2)
programs 1o generate increased funding and to diversify sources of fund-
g (3) a strategic plan that enables the Umversity to excel i identified
arcas of current or emerging research strength; (4) MUs research initia-
tives at national institstes and foundations; (5) mine research centers and
Office of Research operations with over 700 staff: (6) the University's
responsibilities for compliance with Federal regulations and other legal
restrictions on research; and (7) the MU Technology Management and
Industry Relations Program. The Vice Chancellor is a key member of
hoth the Chancellor™s and Provost’s stalls.

The successful candidate will have a terminal degree. In addition to an
exemplary record of rescarch, the person will have proven expenence
with national, state and private funding sources. Proven adnumistrative
and budgetary expenence, good interpersonal skills, strong public speak-
ing abilitics, and a commitment to collegial, creative leadership in a
highly diverse university svstem are expected,

The University of Missouri-Columbia was cstablished in 1839 as the first
public university west of the Mississippi River. Itis the flagship of the
University of Missouri System and is one of the most comprehensive
and diverse universities in the United Staes. MU is a research extensive
institution, a land-grant university, and a member of AALL It offers bac-
calaureate, masters, first professional and doctoral degree programs, The
University has a vital campus life with faculty and over 28,000 students
dedicated 1o excellence in teaching and research. MU is situated in the
aftractive community of Columbia and ranked as one of the five most liv-
ahle cities in the United Siates. Based on data from the National Science
Foundation, MU ranks No, 2 among all institutions in the Association
of American Universities in growth of federal research funding from
1995 10 2005, In fiscal year 2006, MU spent 5215.2 million in research
and development, rovaltics and patent applications have doubled in the
past vear, and a technology business incubator 15 currently being built.
In the humanities, MU holds a large number of national awards and
fellowships from public and private agencies. Visit the Umversity of
Missouri-Columbia’s website at www.missouri.edu.

How to Apply: Nominations, appheations, and inguines will be treated
in stret confidence. Please send all corréspondence and applications to:
Dean Carolyn Herrington and Chair/Division Director Gerald Hazel-
bawer, co-chairs, Search Committee, Vice Chancellor for Research,
clo Office of the Provost, University of Missouri-Columbia, 1144
Jesse Hall, Columbia, MO 65211, Electronic submission is encouraged
and may be forwarded 10: researchyicechansearchia missouriedu.

Applicants please submit: a detailed curriculum vitae; addresses, email
addresses, and welephone numbers for three references; and a two- to
three-page personal statement of the applicant’s research leadership
philosophy. References will not be contacted until advanced stages of
sereening, and candidates will receive prior notification.

Formal review of applications and pominations will begin February
4, 2008, and the scarch will continue until the position is filled. Please
contact the chairs of the Search Committee (via Linda Cook at ST3/882-
0159; cooklie missouriedu) with questions.

The University af Missouri Svstem ix an Equel Opparianin
Affirmative Action institation and is nondiscriminatory refative fo
race, neligion, color wafiona origin, sex, sexual orieniation, age,

divabifity or status av a Vietnam-era veteran. The University of
Missowri i in complionee with Tide VEafthe Civil Rights Act of 1964,
Title 1X of the Education Amendment of 1972, Section 504 of the
Rehabilitotion Aot of 1973, and the Americans with
Dhisabilities Act of 19940,
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ASSISTANT PROFESSOR, TENURE-TRACK
Geomicrobiology/Molecular Biogeochemistry - #07920

Lovcated in fihaca, N.Y.. Cornell University is a bold, inmovarive, fnclusive and dveamie teaching and research university where siaff. foculty, and
students afike are challenged o make an endiuring contriburion to the betterment of Ruarniry.,

The Department of Microbiology in the College of Agriculture and Life Sciences at Cornell University invites candidates with outstanding records of
achievement to apply For this position. which is on an academic year basis. Development of a leading research program (60% effort) supported by
external funding is expected. We are wnterested particularly in candidaes conducting cross-disciplinary research that spans frontiers in both the
biozeosciences and molecular microbiology, Kescarch skills may include fundamentals in microbial physiology or molecular biology, biogeochemistry,
metagenomics and/or nanoscience. The appointee will participate (40% effort) in both graduate- and undergraduate-level courses related 1o
environmental biogeochemistry and microbiology, Cross-disciplinary and interdepantmental rescarch and teaching will be encouraged. In addition 1o
close associations with colleagues in the Microbiology Department (see hitpa/fwww.micro.cornell.edu/cals/microfacult v/index.cfim) and the
broader graduate field of Microbiology, Comell offers an innovative armay of collaborative research opportunities - especially with scientists in
biogeochemistry, ecology, evolutionary biology, and earth sciences. Established interdisciplinary Comell programs include: the New Life Sciences
Initiative, the Nanobistechnology Center, the Comell Center for Materials Research, and the Biogeochemistry and Biocomplexity Initiative.
ualifications: Ph.D. in Microbiology, Geosciences, Microbial Ecology, or a closely related area. Posidoctoral expenence is strongly preferred.
Demonsirated research and teaching ability is essential. We are interested particularly in candidates conducting cross-disciplinary research that spans
frontiers in both the biogeosciences and molecular microbiology. Rescarch skills may include fundamentals in microbial physiology or molecular
hiilllj!ng}, biogeochemistry, metagenomics and/or nanoscience. A competitive salary and fringe benefits are offered. commensurate with background
and cxperience.

E@sciencecareers.org

online

Applications: Applicants should submit (1) a letter of application, (i) a curriculum vitag, (1ii) 2 statement of cument and future research interests, (iv)
a statement of teaching goals, and (v) names plus contact information for three referees willing 1o send letlers upon request L
Chair, Geomicrobiology Scarch Committee
Department of Microhislogy, Wing Hall
Cornell University
Ithaca, NY 14853-8101

For electronic submissions, place " Geamicrabiolagy Application™ in the subject heading and send via e-mail to PLL2& cornell.edu. Applications will
be reviewed starting on February 1, 2008, and continee until a successful applicant is identified. The appointment should begin August 25, 2008, or
as negotiated.

%
3
:
:

Cornell University

Cornell University is an Affirnative Acion/
Egual Qpportunity Emplover and Educator.

hitp:/fehroniele.com jobs/profiles/2377. hiim

THE HONG KONG UNIVERSITY
OF SCIENCE AND TECHNOLOGY
DEPARTMENT OF BIOLOGY

Faculty Positions

Georgial = iutis (55 EMORY UNIUER‘:}!‘LY

" Tech SCHOOL OF MEDIC

Georgia Tech and Emory

Applications are invited for tenure-track positions at the levels of y : : . .
Joint Biomedical Engineering Department

Assistant or Associate Professor, specifically in the areas of molecular
and cellular biology wsing well-defined plant or animal model systems.
Applicamts of other disciplines of biology will also be considered.
HEKUST is a publicly-funded research university with strong graduate

The Wallace H. Conlter Department of Biomedical Engineering ar
Creargia Tech and Emory University, a joint department between Geor-
gia Tech's College of Engineering and Emory University's School of

programs,  The Departiment of Biology is a dynamic depanment with
well-equipped modem facilities and has active research programs in cell.
molecular, developmental, cancer, plant, marine wnd environmental
biology. Information about the Department can be oblained from
httpewoww.ust. hk~webba/,

Applicants must have a PhD  degree, posulocioral experience
and the ability to  establish  independent  research  programs.
Teaching responsibilities nclude undergraduate md graduate courses.
Starting salary will be commensurate with qualifications and experience.
Initial appointment will nomally be on a  three-year contract,
A gratuny will be pavable upon successiul completon of contract.
Re-appoimment will be subject to mutual agreement. Fringe benefits
including medical’dental benefits, ammuwal leave and housing will be
provided where applicable.

Applications indicating areas applied for, together with a cumriculum
vitae, a short stalement on research interests and the names
and addresses of 3 referees should be sent to: The Chair of
Recruitment Committee, Department of Biology, The Hong Kong
University of Science and Technology, Clear Water Bay, Hong Kong
(E-mail: bovacanti@ ust.hk) before 29 Fehruary 2008,

fInformation provided by applicamess will be wsed for recruitment and
ather emplovment-refated prrpases, )

Medicine, invites nominations and applications for tenure track faculty
positions at all levels: assistant, associate and full professor. We seck
mnovative, collegial mdividuals to enhance and contnibute o ongomg
research imitiatives inthe following research focus areas: mol ccular/opti-
cal imaging. systems biology, bionanotechnology, and vaccine develop-
mem with applications in cancer and infectious diseases. For information
on our research areas please see Research Overviews on our website:
www.bme.gatech.edu.

Candidates most hold a doctoral degree in biomedical engineering
science or a related discipline. Candidates should have the ability o
develop a funded rescarch program and 1o participate 1n teaching and
advising in our undergraduate and graduate programs. Candidates
mecting these minimum requirements are encouraged o submit a: (1)
lener of application, (2) curnculum vitae, (3) statement of rescarch
interests and their relationship to the aforementioned thrusts, (4)
statement of teaching interests and their relationship o the Coulter
Depariment’s educational programs and (5) three letters of refer-
ence (o the department chair via the BME online application system.

Toapply visit: https/fwww. bme.gatech.edo/welcomejobs.shtml.

Application deadline: March 1, 2008

Applications from women and inderrepresented minorities are
enconraged Georgla Tech is an Affianative Action'Equal Emplovment
Cppartunity Engplover:




	1.jpg
	2.jpg
	3.jpg
	4.jpg
	5.jpg
	6.jpg
	7.jpg
	8.jpg
	9.jpg
	10.jpg
	11.jpg
	12.jpg
	13.jpg
	14.jpg
	15.jpg
	16.jpg
	17.jpg
	18.jpg
	19.jpg
	20.jpg
	21.jpg
	22.jpg
	23.jpg
	24.jpg
	25.jpg
	26.jpg
	27.jpg
	28.jpg
	29.jpg
	30.jpg
	31.jpg
	32.jpg
	33.jpg
	34.jpg
	35.jpg
	36.jpg
	37.jpg
	38.jpg
	39.jpg
	40.jpg
	41.jpg
	42.jpg
	43.jpg
	44.jpg
	45.jpg
	46.jpg
	47.jpg
	48.jpg
	49.jpg
	50.jpg
	51.jpg
	52.jpg
	53.jpg
	54.jpg
	55.jpg
	56.jpg
	57.jpg
	58.jpg
	59.jpg
	60.jpg
	61.jpg
	62.jpg
	63.jpg
	64.jpg
	65.jpg
	66.jpg
	67.jpg
	68.jpg
	69.jpg
	70.jpg
	71.jpg
	72.jpg
	73.jpg
	74.jpg
	75.jpg
	76.jpg
	77.jpg
	78.jpg
	79.jpg
	80.jpg
	81.jpg
	82.jpg
	83.jpg
	84.jpg
	85.jpg
	86.jpg
	87.jpg
	88.jpg
	89.jpg
	90.jpg
	91.jpg
	92.jpg
	93.jpg
	94.jpg
	95.jpg
	96.jpg
	97.jpg
	98.jpg
	99.jpg
	100.jpg
	101.jpg
	102.jpg
	103.jpg
	104.jpg
	105.jpg
	106.jpg
	107.jpg
	108.jpg
	109.jpg
	110.jpg
	111.jpg
	112.jpg
	113.jpg
	114.jpg
	115.jpg
	116.jpg

