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ECOLOGY

Land-Use Allocation Protects the Peruvian Amazon

F. J. C. Oliveira et al.

Fine-scale satellite monitoring of deforestation and logging in Peruvian rainforest

sugqgests that land-use and conservation policies are effective in reducing forest losses.
10.1126/science.1146324

MEUROSCIENCE
BREVIA: Leptin Regulates Striatal Regions and Human Eating Behavior
I. 5. Faroogi, E. Bullmore, |. Keogh, . Gillard, 5. O'Rahilly, F. €. Fletcher
Abrain-imaging study of two leptin-deficient individuals suggests that this
appetite-suppressing hormone acts to diminish the perception of food's
rewarding properties.

10.1126/5cience. 1144599

GEMETICS

Common Sequence Variants in the LOXLI Gene Confer Susceptibility to
Exfoliation Glaucoma

G. Tharleifsson et al.

A genome-wide study reveals that a syndrome that is found in 10 to 20 percent

of the world's population over 60 and leads to a form of glaucoma is associated
with variation in a gene that modifies elastin fibers.

STRUCTURAL BIOLOGY

LeuT-Desipramine Structure Reveals How Antidepressants Block

Neurotransmitter Reuptake

Z. Zhou et al.

The structure of an antidepressant drug bound to a bacterial transparter reveals how

these drugs may work on neurotransmitter transporters in humans.
10.11264f5c00ence. 1147614

CLIMATE CHANGE

20th-Century Industrial Black Carbon Emissions Altered

Arctic Climate Forcing

1. B McConnell et al.

A Greenland ice core shows that black carbon particles have altered snow reflectivity and

Arctic climate and were particularly abundant in the atmosphere from 1850 to 1950.
10.1126/5cience. 1144856

PERSPECTIVE: "C"ing Arctic Climate with Black Ice

>> News story p. 735 ) R. B. :"i”t"]r'
10.1126/science. 1146554 10.1126/5cience. 1147470
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Scientist (1867-1934)

We work to encourage vision and creativity that extends well beyond the short-term. Shimadzu believes in the value of science to
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medicine to flat-panel displays. We have learned much in the past hundred years. Expect a lot more.
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CHEMISTRY

Direct Synthesis of Amides from Alcohols and Amines 750
with Liberation of H,

C. Gunanathan, Y. Ben-David, D. Milstein

A ruthenium catalyst enables efficient amide synthesis with no need
far coupling reagents and minimal generation of by-products.

CLIMATE CHANGE

Orbital and Millennial Antarctic Climate Varability 793
over the Past 800,000 Years

I Jouzel et al,

Adeuterium isotope record from an Antarctic ice core shows

that during some interglacials, temperaturas there were up o
4.5"Cwarmer than they have been dunng the Holocene.

ATMOSPHERIC SCIENCE

Improved Surface Temperature Prediction for the 796
Coming Decade from a Global Climate Model

D. M. Smith etal.

Accounting for El Nifio events and other natural climate variations
substantially improves how well a global climate model forecasts of

surface temperatures over the next decade by a global cimate model.

== Mews itorny p. 74§

BIOCHEMISTRY

Mechanism of Na*/H* Antiporting 799
I. T Arkin et al,

Molecular dynamics simulations of a Na*/H* antiporter allow

the proposal of an atomically detailed model for the mechanism

of ion transport, pH regulation, and cation selectivity.

MEDICINE

Augmented Wnt Signaling in a Mammalian Model 803
of Accelerated Aging

H. Liu et al.

Increased Wnt Signaling During Aging Alters 807

Muscle Stem Cell Fate and Increases Fibrosis

A S. Brack et al.

In older mice, overexpression of a signaling pathway may inhibit
muscle regeneration by accelerating stem cell senescence while
decreasing their proliferation.

ECOLOGY

International Conservation Policy Delivers Benefits 510
for Birds in Europe

P F. Donald et al.

A European effort to protect endangered bird species initiated in
1979 seems to have increased the populations of targeted species.

EVOLUTION

Adaptive Mutations in Bacteria: High Rate and 813
Small Effects

L. Peifeito, L. Fermandes, C. Mota, f. Gordo

The beneficial mutation rate for bacteria appears to be

1000-fold greater than classical estimates.

AVAAAS

of Scierace. The Hike SO0 NOE far

EVOLUTION

Divergence of Transcription Factor Binding Sites B15
Across Related Yeast Species

A. R. Bommeman et al.

In yeast, gene regulatory elements evalve much mare rapidly

than the genes they contral and so may be responsible for much

of the diversily amang species.

> Pergpective p. 758

NEUROSCIENCE

High-5peed Imaging Reveals Neurophysiological 819
Links to Behavior in an Animal Model of Depression

R. D. Airan et al,

Neural activity in the hippocampi of rats with depression-like
symptoms reflects the degree of abnormal behavior, providing

a clue to the brain circuits underlying depression.

= Perspective p. 757

NEUROSCIENCE

Characterizing the Limits of Human Visual Awareness 823
L. Huang, A. Treisman, H. Pashler

Briefly examining a scene visually, humans can pay attention to only
one color at a time but may be able to see it in multiple locations.

VIROLOGY

Immunization by Avian H5 Influenza Hemagglutinin = 825
Mutants with Altered Receptor Binding Specificity

Z.-Y. Yang et al.

Mutations in a surface protein of the avian flu virus affect how it
binds to host cells, information that can help generate protective
vaccines for evolving flu viruses.
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Life From the Oldest lce?
Team claims to have resurrected microbes fram
B-million-year-old Antarctic samples.

Turning on the Female Brain
Mew work in mice suggests a simple genetic switch
is all that separates male and female behavior,

Fed Bean Revenge
Undercooked lequmes can be a source of food

poisaning.

Micotine alters neuronal plasticity.

SCIENCE'SSTKE

www.stke.org

PERSPECTIVE: Nicotine and Synaptic Plasticity
in Prefrontal Cortex

D. 5. McGehee

Nicotine's modulation of synaptic plasticity in
prefrontal cortex may contribute to its effects on
memory and reward circuitry.

CONNECTIONS MAP: TGF-J Signaling in
Development

K. Kitisin et al.

This pathway highlights the role of the TGF-B
signaling pathway in key aspects of mammalian
development.

ONLIN

WWW.sCiencemag.org

Poverty makes an impact later in life. 5
W

SCIENCE CAREERS

www.sciencecar eers.org F.

U.5.: Opportunities—The Power of Poverty

P. Fiske

The lessons Peter Fiske learned as a starving student
have served him well in his professional life.

U.5.: The Past-Bac—One or Two Years That Make Careers
5. Webb

Ashort hiatus before graduate school, say many students and
faculty members, is almost always time well spent.

ITALY: An Astrophysicist at La Citta della Scienza

E. Pain

Alessandra Zanazzi turned astrophysics training and
communications skills into a career at ltaly's first interactive
SCIENCe museum.

FROM THE ARCHIVES: U.5. Academic Scientists at Work—
Where'd My Day Go?

I. Boss and 5. Eckert

If you want to accomplish what you need to accomplish each day,
you need lo take control of your time.

GLOBAL: Science Careers Blog
Science Careers Editors
Career development news and highlights, updated daily.

L2CIENCEPODCAST

Listen Lo the 10 August

Science Podcast to hear aboul
soot and Arctic climate, a
. S controversial treatment for
LB trauma, the limits of human
&- visual awareness, and more.

Wi sciencemag.ong/about/pode st dtl

Separate individual or institutional subscriptions to these products may be required for full-text access.
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A Layered Response

Actuators convert energy into mechanical force,
and Masmadinis et al. (p. 780; see the Perspec-
tive by Blencowe)} present a method for the
actuation of nanomechanical resonators based
on piezoelectric semiconductors, in this case,
cantilevers of epitaxially grown Gahs that form a
pin diode (an intrinsic layer, which is charge-
depleted and an active piezoelectric material,
sandwiched between p-lype and n-type layers).
The strength of the mechanical resonance
induced by an applied ac voltage can be con-
trolled by a de bias, which alters the charge-
depleted layer. The actuation can be tailored by
altering the device's band structure, geometry,
and crystallographic direction.

Heating a Monolayer

Heat is carried through crystalline solids via very
low frequency acoustic vibrations. In contrast,
the rates and mechanisms whereby isolated mol-
ecules transport heal are more obscure, but are
patentially important for applications such as
molecular electronics. Wang et al. (p. 787; see
the Perspective by Nitzan) have used coherent
vibrational spectroscopy to quantify the rate of
heat conduction

from a flash-heated

gold substrate to the

top of an alkanethiol

monolayer assem-

bled on its surface.

The technique is

sensitive to the dis-

ordering of terminal =+

methyl groups that

spreads across the

ensemble in picoseconds as heat flows through
the hydrocarbon chains. A theoretical analysis is

www.sciencemag.org SCIENCE VOL 317

4

cansistent with ballistic heat transport at an
effective rate of ~1 kilometer per second.

Straight to Amides

The prevalence of amides in biomolecules and
commercial polymers places high value on a
flexible and efficient synthetic route to mole-
cules bearing this C{=0}N motil. In general,
oxidative coupling of available alcohols and
amines ta amides requires the use of wasteful
guantities of stoichiometric activators or corro-
sively strong acids and bases, Gunanathan et al,
(p. 790) show that a ruthenium complex cat-
alyzes the direct coupling of a wide range of pri-
mary alcohols and amines to the corresponding
amides, with the endothermic reaction driven by
liberation of H, as the sole by-product. High
yields were obtained from boiling toluene solu-
tions in less than 10 hours.

Ice Through
11 Glacial Cycles

The ice core drilled at Dome C, Antarctica, pro-
vides the longest continuous record of climate
and atmospheric composition of
any polar ice site, encompassing
11 glacial cycles. Jouzel et al.
(p. 793, published online 5 July)
present the deuterium isolopic
profile for the entire 3260-meter
_ length of the core, which allows
i the construction of a climate
= record that extends back to
200,000 years before the pres-
ent, The high resolution of this
record allows the relation between shorter,
millennial-scale climate events in the northem

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

<< High-Salt Survival Tactics

The Na*/H*antiporter Nha# is an inner-membrane proteinin
Esherichia coli that is required for survival in high salt or
under alkaline stress. NhaA uses energy from proton trans-
port down an electrochemical gradient into the cell to excrete
Na*, but not K*, from the cytoplasm. Starting from a recently
determined structure of NhaA, Arkin et al. (p. 799) per-
formed molecular dynamics simulations to examine the
mechanism of ion transport, pH regulation, and cation selec-
tivity. The simulations, together with existing experimental
data and mutagenesis experiments, indicate that three

aspartates are essential to NhaA function: Asp® is the

Ma* binding site, Asp'®? controls alternating cytoplas-

mic or periplasmic access to the binding site, and
Asp'®? is involved in pH regulation.

and southern high latitudes to be examined. The
authors also used an atmospheric General Circu-
lation Model to calculate an improved tempera-
ture record for the entire interval, finding tem-
peratures during warm intervals as much as
4.5°C warmer, and during cold intervals as
much as 10°C lower, than preanthropogenic
Holocene values.

Looking Within

Global climate models have been criticized as
being overly simple representations of an
extremely complex system; for example, they
include only natural and anthropogenic external
forcing terms (like those for solar radiation,
atmospheric aerosols, and the concentrations of
greenhouse gases) and negled to incorporate the
effects of nonanthropogenic internal climalte vari-
ability that could have a significant effect on pre-
dictions. Smith et al. (p. 796; see the news story
by Kerr) report model hindcast results that include
the effects of that internal variability. They found
that surface temperature can be predicted with
substantially more skill over a decade, both glob-
ally and regionally, Their forecast of global annual
mean surface temperature for the decade begin-
ning in 2005 indicates a reduced rate of warming
for the next few years, followed by continued and
maore rapid warming, with at least hall of the years
after 2009 predicted to be warmer than the
warmesl year currently on record.

Activity of the
Depressed Brain

To try to understand how brain circuits malfunc-
tion during depression, Airan et al. (p. 819,
Continued on page 719
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CREDIT BRACK ET AL

This Week in Science

Continued from page 717

published online 5 July; see the Perspective by Insel) tracked neural activity within the hippocampus
with voltage-sensitive dyes in brain slices from rals experiencing depression-like states, Certain
aspects of neural activity predicted the degree of "depression” exhibited by the animal, including
behavioral improvements alter administration of antidepressant drugs. This indication that hip
pocampal neural activity reflects the behavioral state of these animals provides a starting point for
further understanding of the malfunctioning dircuits in depression and suggests an approach for the
study of other mental illnesses,

Wnt, the Fountain of Youth?

Wnt proteins are secreted ligands that bind to cell
surface receptors and have important effects dur-
ing development, which it now seems may also
contribute to phenotypes of stem and progenitor
cells associated with aging. Liu et al. (p. 803)
examined stem cell properties in mice carrying a
mutation in the Klotho protein, which show charac
teristics of accelerated aging. They observed increased senescence of stem cells in the mutant mice
and found that the Klotho protein physically interacted with and inhibited Wnl proteins in transfected
cells. Exposure of mouse embryo fibroblasts in culture to excessive Wnt signaling enhanced senes-
cence, and in transgenic mice also promoted senescence of skin cells. Brack et al. (p. 807) found
that Wnt signaling appeared to be more active in aging animals, Injection of Wnt34 into young
regenerating muscle reduced proliferation and increased deposition of connective tissue. Thus, antag-
onizing Wnt signals could provide a strategy to ease the effects of aging and age-related diseases.

Birds of a Feather

The European Union's Birds Directive was a pioneering international policy instrument that was
enacted in 1979 with the aim of providing a framework for the conservation of bird species considered
to be rare or vulnerable. Donald et al. (p. 810} evaluate the effectiveness of the directive in terms of the
population response of all the species at which it is targeted. As was hoped, positive pepulation changes
were observed between 1990 and 2000 for listed species compared to nonlisted species. Such interna-
tional initiatives are indeed capable of delivering measurable conservation benefits,

Regulatory Change and Phenotypes

Phenotlypic changes between related species are thought to anise from changes in gene composition
and alterations in their mode of regulation. Berneman et al. (p. 815; see the Perspective by
Kruglyak and Stern) have studied the divergence in transcription networks across four yeast species
by directly determining the binding site distribution of orthologs of the transcription factors Stel?2
and Tecl. Gene regulatory binding sites were considerably more variable than the genes themselves,
suggesting that such changes may drive phenotypic variation,

Flu Variations

A major question in the transmission of the H5N1 strain of influenza between humans is how muta-
tions might influence the ability of the virus to enter human cells and how this might affect detection
by our immune systems. Yang el al. (p. 825) reveal that specific mutations in the influenza hemag-
glutinin gene can alter host receptor binding and the recognition of the virus by neutralizing antibod
ies. However, new neutralizing antibodies specific to the mutants could be elicited by immunization,
which will be important in the design of vaccines to combat the virus.

What You See and What You Don't

What are the limits lo the visual information that can be consciously accessed by a human being at
any one time? Huang et al. (p. 823) analyzed single momentary acts of conscious perception specifi
cally with respect to location and color of briefly presented visual stimuli. They found that we can be
aware of more than one location, but not more than one color, per visual scene. The results are inter
preted within the framework of “labeled Boolean maps,” which postulates that people can attend to
multiple locations simultaneously, but only a single feature.
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Donald Kennedy is
Editor-in-Chief of Science.

Dan Koshland: A Retrospective

AS | WALK AROUND AT THE AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE,
where the journal Science has its home, | encounter one framed cover after another, Many of
them are from issues published between 1985 and 1995, when Dan Koshland was at work as its
editor, creating the journal’s process infrastructure and bringing aboard many of the Editorial
and News staff with whom [ am privileged to work today. Pick your way through this issue and
explore it; in substantial part, it is the magazine Dan created.

Two weeks ago, a few days after Dan's death, many of his colleagues spoke about his
passionate enthusiasm for good science of all Kinds. Because he had come 1o Science as its
first nonresident editor, traling extraordinary scientific credentials, it would not have been
surprising had his new stafl been intimidated. They gave that up on discovering that he liked
to manage by walking around and that he relished productive
argument. He was a regular contributor to the journal himself:
indeed, a posthumous contemporary essay classifying strategies of
scientific discovery is on p. 761 of this issue.

Readers may recall one occasional persona of Dan’s: the self-
confident Dr. Nontall. Well, he may have been Dr. Noinall for
that audience. but in house he was Dr. Letsdebate. The memories
disclosed by his former staifT colleagues are as varied as they are
rich: Dan’s love for a novel piece of science, his thoughtful holiday
habit of bringing a box of Godiva chocolates to each editor and
assistant. and his outrageous sense of humor. My colleague Monica
Bradford who was there for much of Dan's editorship, describes him
as a “transformationist.” He changed procedures, people. and projects
wherever he thought it might do some good; one innovation (among
many ) was the first Science International office in Cambridge, UK,
where many of our Editorial and News colleagues work.

Dan’s teacher Wendell Latimer brought him to Glenn Seaborg. an
extraordinary project manager with whom he worked on the Manhatan
Project. He later underwent a conversion to biochemisiry that brought him through the University
of Chicago, Brookhaven National Laboratory, and eventually to the University of Califorma,
Berkeley. Much of this history is given in a 1996 personal account in the Anmial Review of
Biochemistey (http:/ anjournals.annualreviews. org/toc/biochem/65/1 ). entitled “How to Get
Paid for Having Fun.” At Brookhaven and later at Berkeley, he performed a stunning series of
experiments demonstrating that protein conformation was flexible, and these findings led him
away from the lock-and-key model to the now widely accepted “induced-fit™ model of
enzyme'substrate interactions. Dan’ experience in breaking a paradigm was an example for his
editors: Understanding that exceptional results require exceptional evidence. he nevertheless
encouraged them not to overlook surprises simply because they seemed improbable.

After his first wife Marian Koshland passed away, Dan made a very large gift to the National
Academy of Sciences. of which Dan and Manan (aka Bunny) were both members. It honored her
by creating o museum that illustrates the value of basic science and its importance to society. A
committee was assigned to monitor the process of exhibit development, with Dan as chairperson:
as his nominal co-chair, [ soon figured out that [ was expected to support him and if necessary
calm him down when things weren't suiing him. Dan had views, and a way of expressing them
torcefully (that was fair; it was, after all, his money). It was an enjoyable exercise: Dan was right
mare often than not, and the Marian Koshland Science Museum is a jewel that teaches visitors
adults and kids—in a panticipatory way about matters such as climate change and genomics.

I am grateful w Dan for his wisdom, his friendship. and his legacy, and for encouraging me
as | considered coming to Science. The legacy is shared by a dozen present News and Editorial
staff who served in Dan’s decade. and by the young staff who later fell to his persuasiveness as
a recruiter. “Dan’s people™ in wirn created an institution strong and exciting enough wo attract a
new crop of colleagues o continue Scfence’s zrowth, We owe Dan much for his role in shaping
the place. the conditions, and many of the people with whom we work.

- Donald Kennedy

10.112 &5science. 1148461
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PHYSIDLOGY
Ensuring Milk Quality

In discussions of diet and health, fat generally
gels a bad rap. One notable exception is the
case of newborn babies, who reguire substantial
quantities of milk lipids for normal growth and
development. Indeed, to meet this need, the
mammary glands of new mothers secrete nearly
& kg of fat during a typical 6-month lactation
period.

In a study of genetically manipulated mice,
Wan et al. show that the quality of fat in milk is
as important to neonatal health as the quantity,
and they begin to dissect the mechanism by
which gualily control is achieved. The authors
noticed that nursing pups of female mice that
were genetically deficient in the transcription
factor PPAR-v (peroxisome proliferator—acti-
vated receptor—y) exhibited growth delays and
hair loss. These abnormalities were not related
to the genotypes of the fathers or the pups, nor
were they related to maternal parenting behav-
iors. Instead, they could be traced to a nutri-
tional defect in the milk produced by the
mutant mothers—namely, the presence of pro-
inflammataory lipids, which were the products
of aberrantly overexpressed lipid oxidation
enzymes in the maternal mammary glands, One
confirmatory piece of evidence that hair loss in
the pup was a consequence of inflammatory
responses was that treatment with aspirin effec-
tively prevented the alopecia. Thus, maternal
PPAR-y appears to protect nursing newborns by
suppressing the production of "toxic” fats in
milk. Interestingly, the source of the PPAR-y

www.sciencemag.org SCIENCE VOL 317

MICROBIOLOGY
Big Bacteria Sightings

Although communities of unusually large bacteria, like the gigantic 1-mm-diameter Thiomargarita
spp. found off the Namibian coast in 1999, have only recently been discovered in marine sediments, it
seems that they might occur widely in the benthos. During a long inter—El Nifio (1998 to
2004) period along the western coast of South America, Gallardo and Espinoza discov-
ered that fairly large (roughly 1 x 100 mm) filamentous bacteria could be recovered
from sulfidic sediments overlain by oxygen-deficient water. As the El Nifno=5outh-
ern Oscillation persisted, repeat sampling showed that the community shifted
from a mixed eukaryote plus megabacteria (Thioploca spp.) composition to an
exclusively anaerobic complex of the newly discovered filamentous bacteria
{with an accompanying loss of megafauna). These macrobacteria appear to be
diverse, presumably representing many ecotypes, and there are several pheno-
types, some motile and some containing refractive sulfur granules. The authors
speculate that very similar assemblages may have been present in anoxic

pre-Cambrian oceans, — CA

mediating this protective effect is nol the mam-
mary epithelium but appears to be hematopoi-
etic or endothelial cells, — PAK

Genes Dev. 21, 10.1101/gad. 1567207 (2007).

ENVIRONMENTAL SCIENCE
Silver and Its Surroundings

Silver has been prized throughout human history
for its sheen and more recently for its excep-
tional electrical conductivity and its chemical
applicability to photographic processing.
Although its toxicily is only moderate in
comparison with that of other heawy
melals, its antimicrobial properties
point to the utility of a more thor-
ough understanding of its environ-
mental impact, particularly in light
of the steadily increasing stream of
electronics waste. In this vein, Eckel-
man and Graedel have analyzed the
worldwide anthropogenic release of
silver to air, land, and water. Their analy-

sis spanned 64 countries for the year 1997

and compared releases from the mining stage
through manufacturing and waste disposal (they
note that more than half of processed silver is
recycled). The plurality of the 13 million kg of
discarded silver (~44%) went to landfills, with
the next highest category (~30%) being com-
posed of lailings released during mining.
Regional toxicological impact was estimated
based on a previously established hazard rank-
ing of various silver compounds. — J5Y

DITOR

EDITED BY GILBERT CHIN AND JAKE YESTON

Int. Micrabiol. 10, 97 (2007).

EVOLUTION
An Early Use of Androstenedione

Sex hormones such as estrogen, progesterone,
and androgen exert their physiclogical effects by
binding to proteins of the steroid hormone recep-
tor family. Studies with basal vertebrates have
mapped out the evolution of these signaling
pathways, which are important in requlating
reproduction. Prior work has suggested that the
estrogen receptor was the first
steroid receptor and that
ather steroid receptors
arase later, probably
through gene duplica-
tion. Although andro-
gens are generally
traced back to gnathos-
tomes, Bryan et al. now
identify an androgen
receptor in the sea lam-
prey Petromyzon mari-
nus, a jawless verte-
brate. The specilic
androgen, androstenedione, is a precursor of
testosterone, and when androstenedione was
implanted into male lampreys, the development
of the testis and secondary male characteristics
was accelerated. Hence, by showing that a func-
tional androgenic hormone and its receplor are
present in jawless vertebrates, this work argues
against the claim that androgen receptors evolved
after agnathan-gnathostome divergence. — BAP
Biol. Reprod. 77, 10.1095%biolreprod. 107.061093

Petromyzon marinus.

Environ. Sci. Technol 41, 10.102 Ves062970d (2007).
(2007). Continued on page 725
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Continued from page 723

ASTROPHYSICS

The Red and the Blue

All galaxies can be built up from two major
components: a central spherical bulge and a
surrounding flattened disk of stars. The relative
size of each has been widely used to classify
galaxies, so that a variety of Lypes can be iden
tified with disks of varying size, and when
there is no disk, the galaxy is classified as
elliptical. Complementing this picture, galaxies
tend to favor one of two colors, either red or
blue. Ellipticals are mostly red and spirals

blue, leading to suggestions that this color
preference is simply due to the relative contri
butions of stars in the bulge and disk to the
galaxy's overall light.

Drory and Fisher have found that this
simple view is inadequate, however, Decom
posing the shapes of tens of galaxies selected
from the Sloan Digital Sky Survey using images
taken by the Hubble Space Telescope, they find
that some particular galaxies do not follow the
expected relationship between color and
brightness expected from their bulge-to-disk
ratio. The galaxies in question instead have

so-called "pseudobulges,” or central puffed-up
concentrations of stars whose properties are
more similar to those in the disks than in ellip
ticals or normal bulges. Such dilferences imply
that it is the type of central bulge that is
important, not its size, 1n characternzing a
galaxy. Also, the characteristics ultimately
depend on the enwironment in which the
galaxy first formed, so that pseudobulges are
indicative of later, less violent formation in
comparison with the conditions that give rise
to normal bulges. — B

Astrophys. | 664, 640 (2007),

CHEMISTRY

Strong Solvent Imprint

The optical rotation of polarized light caused by
chiral molecules dissolved in solution is usually
attributed to the interaction of the light field
with the electronic distribution of the solute.

WWW.SClencemadg.ong
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However, the solvent shell around the molecule
can also exert strong effects; for example, the
sign of the optical rotation of (5)-methyloxirane
switches from positive to negative when the sol
vent is changed from water to benzene. Previ
ous theoretical work has shown that the interac-
tion of (5}-methyloxirane with water accounts
for most of the optical rotary dispersion (ORD)
in agueous media. Mukhopadhyay ef al. now
present time-dependent densily functional the-
ary calculations of ORD for Monte Carlo simula
tions of (5)- and (R)-methyloxirane solvated
with benzene. They show that for an explicit sol
vent maodel, the dissymmetric benzene solvent
shell, rather than the solute itself, dominates
the ORD. This effect was nol seen with implicit
solvent molecules or with an achiral solute
(ethylene oxide). — PDS
Angew. Chem. Int. Ed. 46,
10.1002/anie. 200702273 (2007).

CELL BIOLODGY
A Needle in a Haystack

Primary cilia are composed of a stereotypical
arrangement of microtubules that are anchored
1o a basal body and extend within a membrane
sheath from many animal cells. Primary cilia
acl as microscopic sensary organs in sampling
the extracellular environment and play a role
during development in morphogen sensing, as
well as contributing to sight and smell and
other functions in multiple organs. Defecls in
primary cilium formation are associated with
several diseases, such as retinal degeneration
and neural tube defects. Primary cilium induc-
tion and function require the coordination of
both membrane trafficking and microtubule
assembly pathways.

Yoshimura et al. wanted to define the mech
anisms involved in primary cilium formation
and undertook a systematic approach to iden
lify which members of the multitudinous Rab
GTPase family of membrane traffic requlators
were important. Only one of them, Rab8a,
localized to the primary cilum; it interacted
specifically with cenexin, a microtubule- and
basal bedy-binding protein known to be
involved in primary cilium production. Two
other family members, Rab17 and Rab23, and
their partnered GTPase aclivators also parlici
pated in primary cilium generation, whereas
other Rabs and their activators were not
reguired. This study paves the way for an
understanding of the requirements for the
specific recruitment of membrane trafficking
and microtubule assembly machineries during
primary cilium biogenesis, and how deficiencies
lead inexorably to disease. — SMH

). Cell Biol. 178, 363 (2007).
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The most authoritative voice in science,
Science magazine, brings you current
knowledge on the most pressing
environmental challenges, from population
growth to biodiversity loss.
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list of awards go to:
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Call the Hose Brigade!
This month in Hawaii's scenic Kaneohe Bay,
scientists fighting an infestation of alien
seaweed will unleash a pair of new weapons:
vacuum cleaners, Their target is an ugly,
gristly alga the color of canned peas. Called
Eucheuma, it smothers and kills coral,
creating underwalter devastation worthy of
a horror movie. "l 've never seen algal growth
with such lethal capabilities,” says Celia Smith,
a professor of marine botany at the University
of Hawaii, Manoa, involved in fighting it.
Smith’s late predecessor, Max Doty,
imported Eucheuma to his Kaneohe Bay lab
from its native Philippines in the 1970s to study
its potential as a source of the food additive
carrageenan. Methods he developed made
Eucheuma the world's most widely farmed sea-
weed, cultivated in 23 countries. But the alga
began spreading across Kaneohe Bay and now
covers nearly halfl the fringe reel. So the state,
the university, and The Mature Conservancy
teamed up lo create Super Sucker and Super
Sucker Jr., barge-mounted vacuum cleaners
capable of clearing up to 350 kilograms of
seaweed an hour. Eric Conklin of The Nature
Conservancy says the battle is winnable in
Hawaii but that little is known about how much

CREDITS(TOR TO BOTTOME A. M. FOLLARD, COURTESY ZAMNIAN MUSELM: CHRISTOPHER PALA; MGM/THE KOBAL COLLECTION
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dynasties, when the miners lived,

damage Eucheumo has wreaked in the remote,
impoverished areas where most of the farming
lakes place.

Keeping Tabs on
Tabloid Science

The Weekly World News, the
supermarket tabloid that once
claimed 12 L.5. senators were space aliens,
is ending publication this month. But there
are enough purveyors of pseudoscience, anti-
science, and quackery Lo keep the following
three Web sites in business.

Crank Dot Net” fumishes a taxonomy of
crackpot Web sites. Erik Max Francis, a computer
programmer in 5an Jose, California, rates the

DEJA VU ON DEMAND?

Time travel is possible, and you can do it without exotic particles or short-
cut wormholes, Mormal matter, a vacuum, and a spaceship are enough.
The good news comes from theoretical physicist Amos Ori of the
Technion—lsrael Institute of Technology in Haifa. In July's issue of
Physical Review D, Ori shows how gravitational fields could twist space-
time into a hollow doughnut. By zipping around the lube, a time traveler
could shake hands with her younger sell or with fulure presidents with-
out breaking any laws of physics. Other theorists have proposed similar
models, but they all required matter with exolic properties such as neg-
ative mass. Ori's tube, by contrast, is immersed in a sphere of normal
matter—"like dust from under your bed,” says ). Richard Gott I, a the-

EDITED BY CONSTANCE HOLDEN

_ Pass the Salt

Since ancient times, people have been salting meat for storage. Now
Iranian archaeologists are using the same trick to preserve the body of a
man who mined some of that salt millennia ago.

The body is the sixth found since modern mining operations resumed in the Chehr
Abad mine in Zanjan province in 1992, The other five are on display in museums in
Tehran and Zanjan, but Iran’s Cultural Heritage, Handicrafts, and Tourism Organization
says the museum specimens are degrading. o when the most recent body was unearthed
this year, archaeologists decided to reinter it. Iranian, German, and British experts will
meet in Iran this autumn to plan long-term preservation.

University of Oxford archaeologist Mark Pollard, who has studied samples from the
remains, says the six bodies most likely belonged to miners who died in cave-ins. Pollard
hopes to find out where the miners came from by comparing strontium isotopes in their
bones with the isotopes in nearby areas, which the miners would have absorbed from
their food and drinking water. Field surveys show no sign of habitation within 30 kilometers
of the mine during the Achaemenid (550-330 B.C.E.) and Sassanid (224-651 C.E.)

entries on how far they've strayed from reality.
For instance, a page on the possibility that
the sun has an unobserved twin merits only
a "fringe” classification, whereas a site that
dispenses advice on conducting diplomacy
with aliens earns the highest ranking.

Homeopaths, advocates of untested
herbal remedies, and credulous reporters
who promote them take a beating at British
doctor Ben Goldacre's Bad Science blog.!
Pharmacologist David Colguhoun of University
College London hammers similar targets at
DC's Improbable Science.t Although both sites
have a British emphasis, the quackery they
expose is often international.

" www.crank.net

T www.badscience. net

t descience.nel

oretical physicist at Princeton University who has written a popular book on time travel.

Ori's ideas are "quite promising,” Gott says, but both men agree that at present time travel is
strictly fiction. And even if it becomes possible, Ori says, his time machine won't be able to take
you into the past before it was invented. You could visit your great-great-grandchildren or vice
versa, but the family won't get front-row seats at the signing of the Magna Carta.
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SHOW YOUR AAAS PRIDE

Call for Nominations for the
AAAS International Scientific Cooperation Award
(Extended Deadline)

Buy AAAS/Science
merchandise only at the

AAAS Online Store

If you're proud to be a ARAS
member, here you can find carefully
selected quality items that will let
you wear your membership with
pride. And, as another great benefit
of AAAS membership, all members
receive a discount of 10% or more
on every iteml

The AAAS [ntemnational Scientific Cooperation Award, presented at
the AAAS Annual Mecting, February 2008 i Boston, is given to an
individual or small group in the seientific and engineening community
that has contributed substantially to the understanding or development
of science or engineering across national boundaries. The award is
open te all regardless of nationality or citizenship. Nominees must be
Iiving a1 the time of their nomimation. The recipient neceives LTS S5000
award, a commemorative plague, complimentary registration, and
reimbursement for reasonable travel and hotel expenses. Please see
our website for additional details hitp:/'www.aaas.org/aboutaaas/
awardsint/index.shtml

Nominations should be typed and include the following: As with all AAAS programs, a portion
of each sale goes toward our vital

* nominator’s name. dddress, phone number educational outreach programs.

« nominee’s name, Ntle, institutional affiliation, address, phone
number; curriculum vitae (3 page maximum): a summany state-
ment (250 words) and a longer detailed statement of the actions
for which the candidate is pominated; any documentation { books,
articles, or other matenals) illuminating the sigmificance of the
nominee’s achievement may also be submitied

! \ Enter SBNS for your discount at
5 e www.apisource.com/aaas

AAAS
members
geta 10%

discount | .‘ AAAS

Allmaterials become the propenty of AAAS. Completed nommations
should be submitted to: Linda Stroud, AAAS International Office,
Room 1113, 1200 New York Avenue, NV, Washington, DC 20005,
LUSA, Fax: (202) 2894958,

All materials must be received by September 1, 2007.

here are more opportunities for finding a
rewarding career in the chemistry
field than meet the eye. Review
some of your many options on
p. 831 of this issue.

UPCOMING FEATURES:
August 31 —Postdoc Survey
September 14 —Faculty Positions 2: Junior Faculty
September 21— International Careers Report: Germany

Science Careers

Also available online at: . : 1 .
www.sciencecareers,org/businessfeatures From the journal Science  AAAS
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CREDITS TOP TO BOTTOME ROMALD LEMOYUTRECHT UMIVERS

COURTESY OF BROOXHAVEMN MATIONAL LABORATORY. BYAN K. MORRIS/THE MATIONAL SCIENCE AND TECHNOLOGY MEDALS FOUMDATION

HONORS

INDELIBLE. The government of Greece has
issued a postal stamp in honor of Greek neuro-
physiologist George Cotzia, who pioneered the
use of L-dopa—a
chemical similar

to dopamine—rfor
the treatment of
Parkinson's disease.
Cotzia was a “rare
intellectual with a
high consciousness
of his mission,” says
Spyros Marketos, a
biologist at the
University of Athens
Medical School in Greece, The stamp marks the
30th anniversary of Cotzia's death.

EMBO PRIZE. Jan Liwe of the Medical
Research Council’s Laboratory of Molecular
Biology in Cambridge, U.K., is the winner of
this year's Gold Medal from the European
Maolecular Biology Organization, Lowe wins
the prize—which includes a cash award of
514,000—for his studies on the structure
and function of proteins involved in bacterial
cell division,

MOVERS

YOUMNG AT HEART. The head of one of the
largest biomedical philanthropies in the
United States has announced her retirement
after 13 years on the job. Enriqueta "Queta”
Bond, 68, will step down as president of the
Burroughs Wellcome Fund (BWF) next year,
but she intends to remain “involved in science
policy and philanthropy.”

WWWw.sCiencemag.org

series The Life of Mammals.

Bond oversaw a
doubling of BWF's
endowment to $800
million and led a
maovement to improve
opportunities for
young biomedical
researchers. Under her
leadership, BWF
launched several ini-
tiatives to help early-
career scientists become independent, which

CAMPAIGNS >>

TESTING HIS MEDAL. Nobelist Torsten Wiesel
has spent a lifetime championing human rights
around the world. Last manth, the neuroscen-
tist and former university administrator made
his case directly to President George W. Bush
during a White House ceremony to honor the
winners of the 2005 and 2006 National Medals
of Sdence and Technology.

After receiving his medal, Wiesel handed
Bush a letter expressing concern about the gov-

In the Dutch version, a voice-over translates * 100 million
vears ago” as “long ago” and “our closest relatives™ as simply
“apes.” Entire scenes are removed, including one in which
Attenborough, brandishing a flashlight, wanders through a
dark forest to explam mammals” modest place before the
dinosaurs died out, and another in which he explains how mar-
supials ended up in Australia and South America thanks to con-
tinental drift, And his episode on human evolution is entirely
excluded. 1 want the EO to stop censoring.” savs De Jong.

A spokesperson says the station has the right to edit the doc-
umentaries to avoid contradictions with the biblical account of ereation, which the
BBC confirms. Atenborough himself seems unperturbed, The list of omissions
faxed to him by a reporter “seemed fairly innocuous to me.” he told Science.

| _NEWSMAKERS

EDITED BY YUDHIJIT BHATTACHARJEE

CREATIONIST S5PIN. Dutch evolutionary biologist Gerdien de Jong doesn't like
how the EO, an evangelical public broadeasting group, has been editing the work
of BBC documentary maker David Attenborough. So she's put on

YouTube and on a Dutch evolution blog a sample of what
she considers egregious examples from Awenborough’s

became a model for the National Institutes of
Health's Pathway to Independence Awards
that were set up last year.

In addition to fellowships, BWF has
supported scientific career development by
co-sponsaring lab management courses with
the Howard Hughes Medical Institute and
by supporting the ABAS/Science career-
development site, Science Careers. "We need
to continue to invest in people and take risks
on young scientists,” she says.

ernment’s treatment of prisoners at Guantanamo
Bay and its policy of "not giving full recognition” to the Geneva Convention. Wiesel says Bush put
the letter in the inside pocket of his jacket without comment.

Wiesel, who along with David Hubel did pioneering research on how the visual system
works, says he was inspired by a similar act by a group of high school students visiting
Washington, D.C., this summer as Presidential Scholars. “I am not a publicity seeker, but |
thought to say nothing would be shameful,” says the Swedish-born Wiesel, a former president
of Rockefeller University who served as chair of the National Academies’ Committee on Human
Rights from 1994 to 2004. "The United States has lost its standing as a beacon of freedom. It
is much more difficult for us today to lecture other countries about human rights because they
can turmn around and ask, ‘What are you doing in Guantanamo?” ”
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BIOSECURITY

U.K. Labs Suspected as Source
Of Foot-and-Mouth Qutbreak

In what could prove an eerie replay of a
1960 incident. ULK. officials and scientists
this week were investigating what looks like
an accidental but potentially highly embar-
rassing release of foot-and-mouth disease
(FMD) in the county of Surrey. Tests had
indicated that the virus—which by Tuesday
had hit two farms—belonged 1o a strain that
has not recently circulated in animals but is
present at the Institute for Animal Health
(LAH) in Pirbright. close to the affected
farms, and ar Merial, a vaccine company
housed on the same premises,

Officials at TAH and Menal have said
they are unaware of any safety breaches, but
biohazard teams quickly visited both labs to
look for signs of a viral escape. and scientists
were further analyzing the outbreak’s
strain to shed more Light on 1ts orngins. A
government report released Tuesday night
as Seience went to press concluded that
“there is a strong probability
that the FMDWV straim involved
in the farm outbreak origi-
nated from the IAH or the
Merial sites.” Scientists were
already expressing concern
that the episode could under-
mine public support for high-
containment labs, especially
a new one planned in the
United States.

In the UK., this week's
images of cordoned-oft farms
and culling teams revived
memornes of the catastrophic
FMD outbreak of 2001, Dur-
ing that episode. the govern-
ment ordered the destruction
of some 6 million sheep, cattle. and pigs to
stamp out the disease, which also spread to
the Netherlands. Ireland. and France. This
time. the government response has been
much swifter, and the virus may be thwarted
betore more than a handtul of tarms are
affected, sayvs Neil Ferguson of Imperial
College London. one of several scientists
who helped guide policy in 2001 by build-

ANINAL
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ing models of the virus’s spread. Ferguson
and other modelers have been enlisted again,
but with only two farms affected, “there’s not
a whole lot of modeling we can do.” he says.
Even if major losses to UK. agriculture
and tounsm can be averted—the European
Union has already imposed a ban on UK,
meat exports—the hmited data so far suggest
that a biosafety breach occurred. On Satur-
day, the UK.s Department for Environment,
Food and Rural Affairs announced that tests a
IAH had shown the virus to be very close o a
strain called 01 BFS67, which was isolated in
Crreat Britain in 1967, Menal, a jomt venture
between Merck and Sanofi-Aventis, grows
that strain to create vaceines, primarily for
countries outside the European Union. TAH
also has that strain for research and diagnostic
purposes; as the global FMD reference cen-
ter. it maintains a large collection of strains,
Several groups are investigating the out-

INSTITUITL
HEALTH

PIRBRICGH ]
L ABORATORY

virus that caused foot-and-mouth disease among cattle on two nearby farms.

break. including an independent panel led by
Imperial College molecular epidemiologist
Brian Spratt: researchers familiar with the
effort say Spratt’s panel is awaiting the full
genome sequence of the virus found on the
tarms. Companng that to strns at [AH and
Menal should help pinpoint the culprit, says
Martin Hugh-Jones of Lowisiana State Univer-
sity in Baton Rouge, But Ferguson says if both

SCIENCE

ption

labs happened to have the exact same strain
and ifthere arentother signs of biosafety prob-
lemis—such as virus outside high-conainment
areas—we may never find the smoking gun.”

Pirbright has been the source of an FMD
outbreak before, In January 1960, ammals at
asingle farm close to what was then called the
Animal Virus Research Institute became
infected with a South African strain of the
virus, “which had apparemly escaped through
the Institute s ventilation system.” according

to a 1969 report on FMD by a panel of

experts, Improvements in contwnment tech-
nology and procedures were supposed to
make such accidents a thing of the past, how-
ever. At the safety level required for FMD
'l.‘ﬂfl]'l'i.. |it1‘|2‘i 1.'I|'|i_"]':!|i..' 'lII!l.!LT I!'IL':_[:III'I.'L' PTESAUTE 50
that air flows in. not out. through any leaks.
All outgoing air 15 filtered twice, wastewater
is sterilized, and garbage incinerated. Workers
must shower and scrub before going home,

A 2001 review did raise questions about
the state of facilities at LAH. however.
Although the review didn’t specifically warn
about safety, it did conelude that “some of the
laboratories and other areas of the Pirbright

estate are not close to the standard expected of

a modern biomedical facility.” The report
helped pave the way for an expan-
sive building project that started in
2003; construction of a new high-
containment lab s still under way,
an IAH spokesperson says.

On Monday. UK. Chief Veten-
nary Officer Debby Reynolds said
that the recent Noods may have
carried the virus to the farm alter it
wars released through a drain, Even
that scenario would still imply a
technica

or human error, however,
and some infectious-disease
researchers worry that the mcident
will cause public distrust. In the
United States. for instance, the
FMD outbreak could tngger wor-
ries among the five communities
that may host the new National Bio and Agro-
Defense Facility, which will also be home to
FMD work. “Its obviously a concern. It’s a sit-
uation we're going to monitor very closely,”
says David Lee, vice president for research at
the Unmversity of Georgia, Athens, one of the
five sites being considered.

-MARTIN ENSERINK
With reporting by John Travis and Jocelyn Kaiser.
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HUMAN EVOLUTION

No meeting

of minds an
hobbit fossils

Caaol
surgery

New Fossils Challenge Line of Descent in Human Family Tree

Ever since the famous fossil hunter Louis
Leakey found a skull of Home habifis in
Olduvan. Tanzania, in 1960, researchers have
thought that this 2-million-vear-old hominid
was the first member of our own genus,
Homo. This “handvmans™ relatively big
brain and association with flake tools eventu-
ally convinced many palecanthropologists
that L. habilis gave nseto M, erectus between
2 million and 1.6 million years ago, in a neat
line of descent that led w modern humans.,
Now, this gradual succession that domi-
nated textbooks for decades 15 being chal-
lenged by none other than Leakey s daughter-
in=law and granddaughter, Meave and
Louise Leakey. This week in Natnre, the
Leakevs and their international collabora-
tors descnbe the discovery ol a surprisingly
recent upper jawbone of [ Jiabilis in Kenya
that persisted untl 1.44 million years ago.

The team also found an older skull of

H. erectins in the same region, which, taken
together with earlier discoveries of this
species, extends the tme that the two types
of humans lived in the same Lake Turkana
basin to halt a million years. “Their coexis-
tence makes 1t unlikely that I, erectus
evolved from I habilis” says paleontolo-
gist Meave Leakey, an associate ol the
National Museums of Kenya in Nairobi,

Some other researchers agree. “Half a
million yvears suggests that we are dealing
with two lineages, not one with a bit of over-
lap.” says paleoanthropologist Bernard Wood
of George Washington University in Wash-
ington, D.C. But others question the identifi-
cation of the jwwbone as £, habilis, given that
it depends on three worn teeth. When it
comes to possible ancestors, “fHomo habilis
15 all weve got,” says paleoanthropologist
Philip Rightmire of Harvard Umversity. 1
don’t see any compelling reason to rgject this
species as the antecedent to Homo ercerus”

H. habilis arose during a ime. 2 million
to 3 million years ago, when there is a gap in
the fossil record. As a result, no one knows
where it came from or how itisrelated o the
smaller-brammed, more apehike australo-
pithecines such as the fossil Lucy, whose
species Australopithecus afarensis hived
3 million to 3.6 million years ago,

wWivw.sClencemag.org

M. erectus appeared about 1.8 million
vears ago in Africa and Asia, in both places
with a larger brain and other more modern
feanures. The ineage of 1 habifis 1o /1. erects

Gender gap? A tiny Homo erectus skull found in
Kenya shows that the species had a huge variation in
brain size, possibly due to sex differences.

had seemed straightforward. even though
earlier discoveries showed overlap between
them. But the new discoveries on the east
side of Lake Turkana in Kenya suggest the
two coexisted for so long that they must have
adapted to different niches, savs Leakey. If
50. the team concludes. it’s unlikely that
H. habilis gave rise wo M erecrus, “The uni-
lineal picture. where yvou start with this
smaller, more primitive thing and it gradu-
ally gets bigger brains. bodies, and limb pro-
portions—that really doesn’t work.” says
co-author Susan Anton of MewYork University,

A more likely scenario. Leakey says. is
that both species arose from another, vet-to-
be-identified ancestor. Several other fossils
have been proposed as candidates for that
role, but so far the evidence is “not satisfac-
tory™ 1o nail down a connection, says paleo-
anthropologist Willham Kimbel of Anizona
State University in Tempe,

But Rightmire detends an early “frahifis-
like creature™ as the most likely ancestor of

SCIENCE VOL 317

early M. erectus. Fossils of early I erecius
that date to 1.7 milhon yvears from Dmanisi,
Georgia, show affimties with M. frebifis and
lack some traits that appeared later in
H. erectus in Africa, suggesting that
H. evecins arose from one group of £ habilis
inAsia and later migrated to Adrica, Rightmire
says (Sefence, 5 July 2002, p. 26),

Meanwhile, the new skull of H. erecrus
from the lleret area east of Lake Turkana is
revealing that this ancestor came in many
stzes, “What is truly striking about this fossil
15 its size.” says co—lead author Fred Spoor, a
paleontologist ai University College London.
With a cranial capacity of just 641 cubic cen-
timeters, it is the smallest I erectus ever
found and is almost as small as some skulls of
H. Tiabilis. Yet it 1s not prinitive or transitional
trom M. frabilis: The new skull dates to
.55 million years ago. which “nicely shows
that there were big H. ereerny and little ones
for a long time.” says Anmton. Because the
worldwide variation is greater than that
between living male and female humans or
chimpanzees but less than that between male
and temale gonllas, some researchers suspect
that male /. erecms might have been signifi-
cantly larger than female I, ereeius,

The skull also shows features that had
previously been seen only in Asian fossils of
H. erectus, such as a keeling (or ridge) on its
frontal and parietal bones. These traits had
persuaded a growing number of researchers
in recent vears to split the fossils of ML erectis
mto two species, with /. erecrus from Asia
and H ergaster from Africa. But the skulls
mix of traits shows . erectus cannot be
“easily divided between two species from
Africa and Asia.” savs Spoor. Kimbel and
Arizona State graduate student Claire
Terhune reached a similar conclusion atter
studying the temporal bones of 15 H. erectus
skulls, in a paper published in the July issue
of the Journal of Human Evolution.

Others who have championed £ ersaster
are taking note. “The new cranium blurs the
distincnonbetween M erecnes and M, ereaster”
says Wood, I am not willing to sell my
shares in ff, ergasrer just yet, but I am not
relying on them for my retirement!™

-ANN GIBBONS
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High-Risk Glaucoma Gene
Found in Nordic Studies

Glavcoma can be an insidious disease, It

often develops painlessly, robbing its victims
of their sight so gradually that they barely
notice at first. Conventional wisdom holds
that a buildup of pressure in the anterior
chamber of the eve causes the vision loss by
damaging the optic nerve. But why that pres-
sure increases for the most part remains a
mystery. Now, researchers have a new clue o
the cause of a common form of the eye dis-
:ase, one that’s particularly tough to treat.

In work published online this week
In Science (www.sclencemag.org/cgl
content/abstract/1 146554 ), a team led by
Kari Stefansson of deCODE
Genetics Inc. in Revkjavik,
leeland, and Fridbert Jonasson
of the University of Iceland
reports the discovery of a
gene variant that confers an
extremely high risk of devel-
oping exfoliation glaucoma.
This form of glaucoma
accounts for perhaps as many
as 10% of all cases in the
United States, yet it responds
poorly to the current treat-
ment of eye drops that lower
pressure in the eye. The
genetic find might lead to better ways to
diagnose and prevent the slow descent into
blindness. “I think it’s a great paper. ... Peo-
ple with this glavcoma have a much higher
risk of going blind.” says Mary Wirtz, an
expert in glaucoma genetics at Oregon
Health and Science University in Portland.

Stefansson and his colleagues found the
gene using a genomewide association study,
a method that 1s fast becoming the standard
way to track down discase genes (Science,
11 May, p. 820). This technigue wdentifies
small variations in gene sequences known as
single-nucleotide polymorphisms (SNPs)
that occur in greater frequency in people
with the disease under studv—in this case.
195 Icelandie glavcoma patients—than in
unaftected persons, One SNP variant stood
out as being associated with glaucoma,
but only in the 75 people who had the exfoli-
ation type. A subsequent study of a Swedish
population confirmed the association,

This particular SNP turned out to be only
indirectly related 1o glavcoma risk, however,
It’s located 1m a gene that makes an
enzyme called lvsyl oxidase-like protein |
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(LOXLI1), but the SNP is in a so-called
intron that doesn’t encode any part of the
enzyme. Still. the enzyme made sense as a
possible contributor to exfoliation glau-
coma, which develops when tiny flakes
slough off the lens and iris of the eve. These
eventually deposit in the trabecular mesh-
work, a small structure that allows fluid to
drain from the anterior eve chamber. Block-
ing this drainage presumably produces the
very high intraocular pressures. The extoli-
ated material contains tiny fibrils of a pro-
tein called elastin, which may be where
LOXL I comes into play, The enzyme helps

Damage signs. Exfoliation deposits appear as a rough peripheral ring
around the anterior chamber of the eye (left), whereas in the view at
right, the light central region indicates a deterigrating optic nerve.

form elastin fibrils, so s mal function might
well lead to exfoliation glaucoma.

Ina closer look at the gene, Stefansson and
his colleagues tumed up two more SNPs asso-

clated with exfoliation glavcoma. neither of

which was examined in the original screen.
These two do appear to play a role in
glacuma risk. They reside in the protein-
coding portion of LOXL 1, and a person carry-
ing both of the highest nsk variants is up to
700 times more likely o develop exfoliation
glaucoma as persons with low-risk vanants,
The analysis showed, Stefansson says, that
“the vaniant accounts for ... all or most cases
of extoliation glavcomas.”

Exactly how the changes to the LOXLI
gene lead to exfoliation glaucoma remains
to be determined. Studies of animals geneti-
cally engineered to have the high- and low-
risk versions of the gene should help elarify
this issue. Stefansson says. Once that issue
is resolved, it might be possible to develop
ways to correct the problem given that the
eye 15 50 accessible o treatment. And that
could mean a brighter day for some glau-
Coma patients. -]JEAN MARX
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Educating India

Over the next 7 years, India plans to invest
roughly $33 billion in new universities and
institutes. The plan, announced las! week, will
add eight elite Indian Institutes of Technology
and 20 regional engineering colleges, along
with scores of new research, computing, and
management campuses. Indian Prime Minis-
ter Manmohan Singh said the system will be a
“symbol of excellence” and emphasized his
commitment to offer scholarships to increase
the gross enrollment rate at the college level;
of India's 1.1 billion population, only 9.2 mil-
lion are higher education students. The gov-
ernment has ordered a 50% hike in the start-
ing stipends for grad students and postdocs.
=PALLAVA BAGLA

A Western Slant?

Young scientists from Western Europe were
about three times maore likely than Eastern
European researchers to make the first cut in
a grants competition in all disciplines from
the new European Research Council (ERC).
Last month, the ERC announced 559 finalists
for the 250 so-called Starting Grants it plans
to award before the end of the year, and only
21 work in the mostly Eastern European coun-
tries that have joined the E.U. since 2004,
Although some politicians might complain
that their country is being slighted, Pavel
Exner, a physicist al the Czech Academy ol
Sciences in Prague and a member of the ERC
Scientific Council, thinks that the peer-review
process did its job in sifting through the 9167
applications. “The point is not fairness; the
point is excellence,” he says.

—GRETCHEN VOGEL

Sonar Tests Halted

The LS. Navy plans to appeal a decision this
week by a federal judge to halt use of so
called active sonar during naval exercises
planned through December in the southern
Pacific off the California coast. “Plaintiffs have
established to a near certainty that use of
[active] sonar during the ... exercises will
cause irreparable harm to the environment,”
wrate Judge Florence-Marie Cooper of the
Central District of California, mentioning the
Mavy's own forecasted losses of beaked and
ziphiid whales. The Navy says the 3 August
decision, in favor of the Natural Resources
Defense Council and allied plaintiffs, will
disrupt important antisubmarine training.
The judge did not address the plaintiffs’
contention that the sonar is illegal under
environmental laws. -ELI KINTISCH
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U.5. SCIENCE POLICY

Congress Passes Massive Measure
To Support Research, Education

In 2005, a U5, Natonal Academies” panel
drew up a blueprint for sustaining economic
growth by strengthening the country’s
research and educational svstems (Science,
21 October 2005, p. 423). Last week, Congress
adopted nearly all of its recommendations
in a bill that prescribes new policies and
programs at six federal agencies,

The academies’ report, titled Rising
Above the Gathering Storm, named 20 pni-
orities, putting more and betier science and
math teachers at the top of the List. It also
called for a sustained boost in federal
spending on research, especially for the
physical sciences and engineering. and
increased support for those planning to
become scientists. Congress folded
most of those proposals into the America
COMPETES (Creating Opportunities to
Meaning fully Promote Excellence in Tech-
nology, Education, and Science ) Act. a 407-page
han that authorizes $43 billion over

leviat
3 years for dozens of research and traiming
programs. [t passed the House by a vote of
367-537 on 2 August and, a few hours later,
the Senate by unanimous consent.

Part of the reason for the overwhelming
support was that America COMPETES 15
not a spending bill that appropriates money
for the next, or any, fiscal year. Instead. its
an authorization bill that describes broad
policies an agency should follow. specifies
programs to achieve those goals, and
endorses a desired spending level. 1t 15 the
job of the appropriations commitiees (o
decide how much money will be spent n
any particular year.
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Appropriators are still working on the
12 spending bills for the 2008 fiscal year
that begins | October. The preliminary signs
are good for the three agencies—ithe
National Science Foundation (MSF). the
Department of Energy’s Office of Science.,
and the National Institute of Standards and
Technelogy (MIST)—that are included in
the presidem’s American Competitiveness
Initiative { ACI). itself a response to the
academies’ report. Stll, the new legislation
gwves appropriators lots of suggestions,

It puts NSF on a 7-year doubling track.
for example, compared with 10 years under
ACL and increases many of its education
programs, including a huge jump ina
5 10-million-a-year program to give schol-
arships to science, math, and engineering
undergraduates who promise to teach. Ir
declares that an NSF program partnering
universities and local school districts 15

complementary to one at the Department of

Education, rather than redundant, as the
Bush Administration has argued. It greatly
expands DOLE'S role i elementary and sec-
ondary school education, giving it the
authority to create new science and math

academies affiliated with its network of
national labs. It authorizes a new version of

an industrial research program at NIST that
Republicans have long sought to eliminate,
converting the Advanced Technology Pro-
gram to the Technology Innovation Program
and starting it oft with $100 million. It also
creates grants for young scientists who have
failed in their first NSF submission. in
hopes of bolstering their chances of success

SCIENCE

Preaching to the choir. Representative Bant Gordan
speaks at a rally of business, university, and legislative
supporters of the innovation bill that includes Norm
Augustine (left) and Rep. Vern Ehlers {far right).

the next time around. The most controver-
stal element is a new agency within DOE

In addition o beefing up current efforts
and creating a cornucopia of new programs,
the legislation ties up some loose policy
ends. It enshrines the social and behavioral
sclences as an essential element in N5F's
research portfolio, a rebull to attempis last
vear by Senator Kay Bailey Hutchison
{R-TX)and others w downplay their impor-
tance, And it orders the White House Office
of Science and Technology Policy (OSTP)
to come up with a standard poliey for all
agencies on the dissemination of research
results, a reaction to a spate of reports that
federal scientists have been hindered in pub-
licizing studies that appear to contradict
Administration policies on global warming
and other hot=button 1ssues, That will hap-
pen. promises OSTP director and presiden-
tial science adviser John Marburger, “We're
a science policy shop, and we’ll do what
Congress tells us to do.” he says.

Legislators portray the bipartisan sup-
port for science as a matter of enlightened
self-interest, “This bill will help us keep our
brainpower advantage.” trumpeted Senator
Lamar Alexander { R-TN). who shepherded
the bill through three Senate panels. “Secur-
ing a brighter future for our children 15 sim-
ply not a partisan issue.” noted Alexander’s
Tennessee colleague, Representative Bart
Gordon { D-TN). who as chair of the science
committee plaved a similar role in the
House. Even so, only three Republicans
voted in faver of moving the measure to the
House floor, expressing thew ire over how
the Democratic majority handled the proce-
dural steps leading to the final vote,

Why was the academies’ report so influ-
ential when similar proposals to bolster sci-
ence have fallen short in the past? The trick
this time around. says Norman Augustine,
tormer CEQ of Lockheed-Martin and chair
of the panel that produced the report, was to
argue in terms that the public would under-

stand. “We quit talking about the virtues of

science in the abstract and started talking
about its impact on jobs.” he explained
about the 2-year lobbying effort by univer-
sity and industry leaders, “Everybody
understands jobs.”

Even one-time critics say that the final
legislation provides a useful road map

for managing the country’s scientific »
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enterprise, “It’s good for Congress to say that
STEM [science, technology. engineering,
and mathematics] education and research are
important.” says Marburger. “But we have to
pay for this stufl, and this bill is way over the
top n terms of authonzed spending and the
number of new programs, My concern is that
when the time comes for Congress to appro-
priate the money for each of these agencies,
what will they choose to support?™

Gordon praised university and business
leaders for being effective “cheerleaders™
for the new legislation. But Augustine cau-
tioned that their work is far from over, “Our
biggest challenge is to sustain this coalition
for the next 10 to 15 years, because it will
take that long for the new jobs to appear,” he
predicts. “Stll, you can’t finish if you don’t
start, and that’s what this bill does.”

-JEFFREY MERVIS
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New DOE Agency Sparks an Energetic Debate

Can a new agency within the Department of Energy (DOE) give the country a technological boost
to develop new energy sources?

Last week, as part of a mammoth innovation bill (see main text, p. 736), Congress created the
Advanced Research Projects Agency—Energy (ARPA-E} that would, as the legislation explains,
identify and fund "transformational technological advances that industry by itsell is not likely to
undertake.” To do that, the new agency's rotating program managers will fund risky projects with
aggressive performance targets and timetables, an approach modeled on the Pentagon’s DARPA.

Supporters say that it's important to keep ARPA-E at arm's length from the rest of the depart-
ment by keeping its funding separate from the 54 billion Office of Science. But critics say the new
agency will be, at best, a redundant layer of bureaucracy and, at worst, a drain on the agency’s
ability to fund basic research in the physical sciences,

Representative Bart Gordon (D-TN), who as chair of the House Science and Technology
Committee has pushed hard for the new agency, hopes ARPA-E will catalyze partnerships
among universities, companies, and national laboratories, "ARPA-E will foster a much more dis-
tributed base of energy researchers and technology developers than you see taday, with the
result being a vibrant domestic energy technology industry and work force,” Gordon explained
shortly after last week's successful vote. Last year, Steve Chu, director of DOE's Lawrence Berke-
ley National Laboratory in California, said the new agency could improve DOE science by fund-
ing “activities more applied than DOE basic-research programs and too basic for its applied-
research programs.”

But others, noting current DOE efforts to patch such holes, are skeptical that ARPA-E is
needed. “[It’s] completely pointless,” says Joseph Romm, head of DOE's renewable energy office
during the Clinton Administration and no fan of the agency's current performance. I don’t know
what DOE isn’t doing that ARPA-E would be doing.” Some observers also doubt that the new
agency will help bring new discoveries to the market. "What it can do to further commercializa-
tion is harder lo see,” says Robert Fri, a former deputy secretary of energy who has led several
National Academies’ studies of DOE's activities. "DOE’s skills in managing large science programs
and large applied-technology programs are not necessarily the right ones for the [new] job.”

The COMPETES Act authorizes up to $300 million for the new agency in 2008 and "such sums
as are necessary” for the next 2 years, Bul congressional appropriators haven't been enthusiastic
about making more money available, and the current Administration may well drag its feel
appointing a director, who must then be confirmed by the Senate. Earlier this year, President
George W. Bush objected to a smaller and less independent entity that was part of the Senate bill
(S. 761), expressing “serious doubts about the applicability of the national defense model to the
energy sector.” =ELI KINTISCH

Grnwingﬁns."!,f
b 5 ARPA 'U\

nd other speray™,
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Breaking the Ice on Icebreakers

A campaign to build two new U5, icebreakers
is picking up steam. Last fall, a report from
the National Academies said the ships are
needed to preserve full and timely access to
the region for a host of missions, including
the MNational Science Foundation's Antarctic
research station (Science, & October 2006,
p. 33). And last week, a key Senate panel, as
part of a reauthorization of the U.5, Coast
Guard, ordered the agency “to acquire or con-
struct” the new icebreakers as part of its cur
rent fleet, which includes two aging icebreak-
ers in need of major repairs.

With melting ice promising to increase
activity in the Arctic, the Bush Administration
thinks the icebreakers are needed to maintain
a 1.5, presence for economic and national-
security reasons., “| think a bill such as this
makes a lot of sense,” presidential science
adviser John Marburger told Science, Obser-
vers say the Coast Guard would welcome
such a directive, although it has not formally
requested the funds from Congress.

=]EFFREY MERVIS

Progress on Virus Deadlock

Indonesia threw global health officials into a
panic last January when it stopped sharing
H5N1 avian influenza samples with the World
Health Organization (WHO), which has centers
run by the governments of the United King-
dom, the United States, Japan, and Australia
for virus analysis. Indonesia called unfair
WHO's policy of passing viral samples on to
pharmaceutical firms, as the resulting vac-
cines developed are likely to be too expensive
for developing nations o use,

Last week, at a meeting of technical
experts from 23 countries held in Singapore, a
solution was proposed: having WHO itself
assume ownership of donated biological mate-
rials, better positioning the organization to
negotiate how those samples are used. The
idea drew the support of "almest all coun-
tries,” says Masato Tashiro, director of the
WHO Collaborating Centre for Reference and
Research on Influenza in Tokyo. He cautions
that the details have yet to be worked out,

WHO's David Heymann says that even if
WHO assumed ownership, it would still provide
viruses freely to vaccine manufacturers. He adds
that WHO is working on mechanisms Lo ensure
vaccines would be available to developing
countries during a pandemic, but he doesn’t
foresee a move to link virus sharing with virus
benefits. The issue will be taken up at a meeting
of WHO member states in early November.

~DENNIS NORMILE
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AIDS RESEARCH

Feud Over AIDS Vaccine Trials Leads
Prominent Italian Researchers to Court

Impassioned debates have swirled around
several AIDS vaceines, with proponents
aggressively pushing for larger trials in
humans and detractors contending that linle
evidence suggests that the given approach
will succeed. If no serious safety concerns
exist, the issue typically comes down to
money; peer-review committees, blue-ribbon
panels, or deep-pocketed pharmaceutical
companies ultimately decide whether the trial
receives the many millions of dollars needed.
But a dispute about the merits of an AIDS
vilceine bemg developed by a leading Itahan
researcher, Barbara Ensoli of the Istituto
Superiore di Sanita (155) in Rome, has
wound up in a different venue: the countroom.

Ensoli 15 suing another prominent lialian

investigator, immunologist Fernando Aduti of

the University of Rome “La Sapienza,” for
what she contends i1s damage 1o her reputa-
tion. Aduti, a former collaborator of Ensoli’s,
has assailed what he sees as cntical flaws in
the early clinical trials of the vaccine.

The feud rises senous guestions about the
boundaries of academic debate
and the conductof clinical rals, as
well as how the Italian government
sets 1ts HIV/ALDS research pnon-
ties. HIV co-discoverer Robert
Giallo, n whose lab Ensol worked
For many vears, says her battle with
Aduti has caught the attention of
many ltalian AIDS researchers
who are frustrated that their gov-
ernment has committed tens of
millions of euros w Ensoli’s proj-
ect while they struggle to find
funding for their own work, “It’s
disproportionate to the mone)
available to other scientists,” says
Ciallo, who now directs the Insi-
tute of Human Virology at the Uni-
versity of Marvland School of
Medicine in Baltimore. “That’s the
background to all of this.”

And there’s a dash of soap
opera in the mix, too, given that
Aduti was once Ensoli’s mentor,
emploved her brother. collabo-
rated with her former husband and
former sister-in-law, and ran one
of the centers that helped test her
AIDS vaccine. “It’s a classic
Roman infight.” says one Italian
ALDS researcher who did not want

10 AUGUST 2007

to be quoted by name. “We are all refusing 10
be dragged into this,”

Ensoli has taken an unusual approach to
developing an ALDS vaccme. Most ALDS
vaccines in development combine several
HIV genes or their proteins, but Ensoli has
focused on one HIV protein, Tat. that helps
the virus produce more copies of itsell. Ensoli
hopes that bolstermg the immune response o
Tat can prevent infections and also help peo-
ple who are already infected. Although Ensoli
has reported some success in monkey studies

‘If you're In science, you re
very well used to getting
criticisms. But scientific
criticisms based on
science is one thing and
defamation is another.”
—Barbara Ensall,

re di Sanit:

stituto Super

VOL 317 SCIENCE

with her Tat vaccine, studies by several other
labs that used different conditions have not

had the same success. “There’s no body of

data thar suggests this vaceine will work,”

savs retrovirologist Genovellta Franchini of

the LLS. National Cancer Institute (NCI) in
Bethesda, Maryland. Franchini, who collabo-
rated on a monkey study of a Tat vaccine that
failed and once worked with Ensoli in Gallos
lab, adds, “1 don’t think it has any ¢
Gallo, who says Ensoli was a tireless worker
in his lab, similarly believes her Tat vaceine
has dim prospects, and he has long cautioned
that the form of Tat in her vaccine could actu-
J”"- SUPPress some mmune FEsPONSCSs.

The saga began in January 2004 when 1SS
launched phase | inals of Ensaolis Tat vaceine
to test for toxieity in both HIV-infected and
uminfected people. Researchers conducting
the two studies aimed o recruit 88 volumeers
in 3 months. Few people mtally volun-
teered. and Alut and investigators running

ance.

other sites were allowed o continue enrolling
until the end of the year. But in November
2004, over Ajuti'’s objections, 155 decided to
stop enrolling people into both trials, which
then had a total of only 47 participants.
Although the trials were placebo-controlled
and the investigators were not told who
recetved the actual vaccine, Ensoli backed
the decision, she says, because
IS5 determined that the trial had
met its endpoints: No serious
safety 1ssues had surfaced, and
blood tests showed that a signifi-
cant number of participants had
developed immune responses to
Tat. “When you reach the end-
point. it's not ethical to continue
the tral,” says Ensoll,

On 11 July 2003, inspectors at
the Agenzia laliana del Farmaco
{ ATFEA)—Ttalys equivalemt of the
LS. Food and Drug Administra-
tion—wrote a harsh report about
the conduct of the clinical trials,
hizhlighting several “critical devi-
ations™ from the original proto-
col, In addition to noting that
researchers had not enrolled the
number of people specified and
had Fuled o seek amendments to
change the protocols, AIFA's
inspectors reported that clinicians
had difficulty removing all of the
vaceine solution from the vials,
making it wechnically impossible
in 7% of the cases o admimister
the specified dose.

Aqutl, who says he received a
copy of the document from several
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sources including the hospital he works with,
raised the 1ssues identified by the AIFA inves-
tigators in letters to several university and
government officials, Ensoli charges in her
lawsuit that he had no right to share this con-
fidential document with them. Aiuti counters
that no one tald him it was conlidential and
that it was his duty to report the serious find-
ings 1o officials.

Ina 26 July 2005 letter, AIFA Director
Mello Martini accepted 155 explanations,
writing in a letter addressed to Ensoli. 1SS
officials. and a company hired to oversee the
studies that neither the change in enrollment

nor the problem with the vaccine itself

compromised the wrials, which he wrote
indeed hit their endpoints.

Aduti stepped up his efforts to inform the
media, public officials, and colleagues about
what he saw as the shortcomings of the trials.
*It’s not enough 1o say there are no prob-
lems,” insists Aduti, who says he believes that
Martini wo readily dismissed the deviations

that his inspectors found. “Just the word of

the AIFA director is not enough. All the data
of the four inspectors were very specific.
There is not a single reply from any of the
inspectors.” Ensoli says the assertion that
Martini does not speak for his inspectors
15 ludicrous, “It's totally untrue.” she says.
Martini did not respond to e-mailed ques-
tions about Awiti’s allegation,

Ensoli was particularly perplexed that
Aiuti suggested in a letter to the health minis-
ter that conflicts of interest compromised the
study. Ensoli’s brother was appointed to run
the core lab. and her brothers ex-wife helped
run the clinical trial, “We all come from
[Aduti’s] lab, which 15 funny.” says Ensoli.
“When we were all working in his lab, every-
thing was okay. When we left, it was a conflict
ol interest, which is totally craey™

Despite Aun’s complaints, Ialys Ministry
ol Health and, separately, Ministry of Foreign
Aftairs decided w invest heavily in staging
larger phase 11 studies of the vaccine in both
ltaly and Africa. In a December 2003 press
release quoted in Ensoli’s lawsuit, Ttaly’s
then—minister of health claimed “there has
never been an AlDS vaccine, as we can see in
research from the whole world, which has seen
such success during research.” In all. the Italian
government committed €21 million for
expanded trials in Italy and another €31 mil-
lion for an extensive AIDS program in South
Adrica that includes phase 11 trials of Ensoli’s
vaccine. None of this funding was subject o
peer review, though Ensoli notes that the deci-
sions were based on results from the phase |
studies and that a scientific committee at IS5
reviewed the data, Aduti, not surprisingly, thinks
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the funding is a mistake. 1
don’t think this vaccine should
move © phase 11 mials,” he says,

Ensoli filed suit against
Aduti this May. She alleges that
he “went bevond the limits of
his legitimate right to critcize™
and damaged her reputation,
citing a newspaper article that
15 headlined “Ajuu: AIDS Vaceine a Tnck to
Find Funding.™ { Aiuti denies he said any such
thing, and the article does not directly quote
him making that statement.) Ensoli further
charges that Aluti “overstepped the line in cnit-
icism” in other statements to the press that
derided the decision o stop enrollment. She
alleges that his "inappropriate use” of the
ALFA report was a “malicious diffusion of
false information.” and she charges that he
spread “false information about her supposed
use of privilege to involve members of her
family in the research program.” The suit con-
cludes with an allegation that Aiuti. in a
“wholly arbitrary and unlawful fashion,”
wrote the mimistries of health and foreign
affairs wo “denigrate™ her work.

Ensoli is seeking €2.5 million for damages
1o her reputation and the resuliant loss of
income from speaking engagements, “If
vou're in science, you're very well used to get-
ting criticisms.” says Ensoli. “But scientific
criticism based on science 1s one thing and
defamation is another” Aiuti, she charges, is
not making a good-faith attempt to critique
these studies. "There was an intention to
sabotage here,” claims Ensoly,

At sys he has “nothing personal” against
Ensoli and was surprised that she sued him, but
he emphasizes that he has not changed his opin-

NEWS OF THE WEEK

“Criticism is less tolerant” in the ltalian
scientific community than elsewhere., ...
“I don’t think this vaccine should
move to phase |l trials.”

—Fernando Aiuti,

University of Rome “La Sapienza”

1ons, “Cnticism is less tolerant™ i the Ialian
scientific community than elsewhere, he says.
“The Latin mentality is in part responsible.”

Glenda Gray, who heads a unit at Chris
Ham Baragwanath Hospital in Soweto, South
Adfnca, that 1s considening conducting phase 1
studies of the vaceine, contacted Ensoli after
learning of Aluti’s concerns to inguire about
enrollment and other issues. Ensoli replied in
an e-mail that she thought Gray was “acting
like a court of law.” Gray wrote back that she
construed this as “threats of legal acuon™ and
decided o forward the matter to her institu-
tional review board, which she told Science
will now try to get to the bottom of what she
sees as the biggest outstanding question: Why
was enrollment stopped so abruptly?

Ensoli sayvs phase 11 therapeutic studies
will start in ltaly during the next few
months, and she’s now making a second-
generation preventive vaccine that will con-
tain the HIV envelope protein as well as Tat.
The court case against Aluti s slated to
come to trial in October, and 1S5 leaders
urged its board of directors ina 17 July
memao to file a separate suit against Ajuti o
“defend its own image and professional rep-
utation and seck payvment of the damages it
has suffered.” At says he may countersue.

-JON COHEN
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The Fellowship
Of the Hobbit

Adversaries lﬁ debate with momentous implications—
¥y

whether a tin

human fossil found in Indonesia is a new

species—mulled fresh data-an hallowe und. Buﬁ‘F& g
| ]

hobbit remains an enigina 1o many

FLORES, INDONESIA—Liang Bua cave, as big
as a concert hall, with a domed ceiling and a
wiant stalactite tor a chandeher, thrums with
the din of a portable generator and excited
conversation in many languages. Fifty anthro-
pologists plus a retinue of villagers, police.
and curious children mill about in cool air that
smells faintly of damp rock and cigarettes.
The researchers are on a pilgrimage to ground
zero of one of the most contentious debates in
human evolution, Here, in 2003, the skull and
skeleton of a meter-tall adult woman were
uncarthed. Ever since, experts have sparred
over the “hobbit™: Is it an astomshingly prim-
itive species with a tiny head, dubbed Home
flaresiensis, or a diseased member of our
species, [ sapiens?

The stakes are high. A new species
shakes to the core ideas about the defining
rale of big brains in our genus and about
relations among hominids. The hobbit bones
are dated to as recently as 12,000 vears ago,
so the diminutive hominid must have lin-
gered on Flores for thousands of vears while
modern humans colonized nearby islands.
The tiny human suggests that big brains
aren’t required for making tools—and,
according 1o a theory proposed by the hob-
bit’s discoverers, may imply that the first
hominid migrated out of Africa far earlier
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than anyone had thought. *Flores is the thorn
in the flesh. [Tt implies] that we have to
rethink everything.” says anthropologist

Marcia Ponce de Leon of the University of

Zurich in Switzerland.
The visit to Liang Bua cave was the cul-

mination of an unprecedented gathering” of

the hobbit’s discoverers and their critics. sev-
eral of whom had battled fiercely in print
and on {ilm but had never met in person. For
the most part, adversaries were on their best
behavior, hke feuding relatives gathered for
a reunion, Conference organizer Teuku
Jacob of Gadjah Mada University in

" International Seminar on Southeast Asian Paleo-
anthropology, 22=29 July, Yogyakarta, Indonesia.

¥ _

Field captain. Co-discoverer Mike Morwood
defended his team's view of Homo floresiensis,

SCIENCE

Yogvakarta has argued that the hobbit 1s a
diseased M. sapiens. Two years ago, he bor-
rivwed the bones for study over the objec-
tions of co-discoverer Mike Morwood of the
University of Wollongong, Australia; some
of the bones were broken upon return
{Science, 25 March 2003, p. 1848), But
Jacob was unfailingly smiling and polite to
all, and Morwood made a point of speaking
to each eritic. Still, divisions run deep.
among both Indonesians and foreigners,

Al the meeting, funded generously by
businessman and philanthropist Hashim
Djojohadikusumo, who paid for the ravel
and five-star accommodations for all pre-
senters, researchers heard much of the latest
thinking on crucial aspects of hobbit science
and lore, from cave geolozy w an (UnsucCess-
tul) hunt for living “orang pendek.” mythical
humanhke creatures that legends sav once
roamed Flores, The critics, most of whom
were in attendance, were unshaken in their
beliel that the hobbit is a pathological modern
human, perhaps one who suffered from
microcephaly. a disorder that results in a
tiny head, or from a growth hormone insen-
sitivity called Laron svndrome,

Meanwhile, a growing number of those
working on the bones, several of whom
were not invited or chose not to attend, are
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Cave exploration. Liang Eua, home of the “hobbit”
(inset), swarms with researchers.

convinced that they are dealing with a new
phenomenon in human evolution. *This is a
different species for sure.” says William
Jungers of Stony Brook University in New
York, who is working on the skeletal bones but
was not invited. “There is no pathology that
recapitulates early hominid morphologies and
proportions.” Others haven’t made up their
minds. perhaps in part because the bones
themselves were deemed by the Archaeologi-
cal Institute in Jakarta to be wo fragile w send
to the conference for viewing. “It was a pity
we didn't see the fossils” said Zhao Lingxiaof
the Institute of Vertebrate Paleontology and
Palecanthropology in Beijing, as she picked
up her baggage after the last trip. “1 am not
sure what [the hobbit] is.”

Reading the bones

Even for scientsts steeped in the mysteries of
the hobbit. the seminar offered surprises. One
was from archaeologist Carol Lentfer of the
University of Queensland in Brishane, Aus-
tralia, who analyzed residues and polish on the
edgesof stone tools found in Liang Bua. Under
the microscope, substances such as animal
hide. wood, and plant materials leave telltale
traces on stone. Because the tools were found
near animal bones, especially baby pvgmy ele-
phants called Sregodon, researchers had
inferred that the little people used the tools to
process meat. But to Lentier's surprise, most of
the tools she examined were used for working
with woody and fibrous plants. perhaps to crafi
spear shafis of wood or bamboo or items like
traps. ~It looks like a ool kit for making other
tools,” she said in her talk.

Whatever the tools were for. some expents
aren't sure that hobbits made them. James
Phillips of the Field Museum in Chicago, 11i-
nois, has argued that long, narrow blades
removed sequentially from blade cores are too
sophisticated to have been made by anyone
other than a member of our species. That
means that the hobbit must have been part of
a /1. sapiens population. he said. Harry
Widianto of the Centre for Archaeology in
Jakarta also believes that the wol kit belonged
to our species, The tools were made with “very
high skill,” he said. and resemble artifacts
found in other Indonesian caves. including
those occupied more recently.

But every shred of hobbit evidence has
conflicting interpretations, Morwood and two
colleagues—hobbit excavator Thomas
Sutikna of the Centre for Archacology and
archaeologist Mark Moore of the University
of New England in Armidale, Australia, who
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did his Ph.D. on the artifacts—don’t agree
that they are sophisticated. Moore, who was
not invited to the meeting, told Science that
although “blades™—flakes twice as long
as they are wide—are found at Liang Bua,
there is no evidence that they were flaked
deliberately, as seen in classic M. sapiens
tools. “These are simple stone artifacts,”
agrees Sutikna,

When it was Morwood’s turn at the
podium, he emphasized the evidence against
the theory that the hobbit was a modern
human. His voice crackling with intensity,
Morwood reminded colleagues that the
famous skull and skeleton known as LB 1s

Brain Size in Homo Older Than 10,000 Years
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Misfit? The hobbit's tiny brain {in red, top) stands out
when plotted with those of other hominids; discover-
ers say it evalved on Flores thanks to currents that
isolated the island (bottom).

not alone, To date, the team has found an addi-
tional jawbone plus various bones of the leg,
arm, and shoulder. all petite, from different lay-
ers. “We have a minimum of 12 individuals ...
going back to 95,000 vears ago,” he said.
“That’s twice the accepted date for [, sapiens
in Southeast Asia and Australia. Twice the
accepted date, okay™ He adds that the hobbit
layers show no traces of pigments, ornaments,
or formal burial—all signs of . sapiens that
are found in the cave’s upper levels,

Morwood also underscored the similari-
ties among the hobbit bones. “The rmdius and
leg bones in the deeper deposits have the
same unigue characters as seen in the higher

NEWSFOCUS

levels.” he said. Because it’s highly unlikely
that only diseased individuals died in the
cave over thousands of years, the additional
specimens rule out pathology, he said. But
critics have argued that, except for the tiny
brain, some hobbit traits are also seen in liv-
ing Southeast Asians and so aren’t signs of
either pathology or a new species (Science,
25 August 2006, p. 1028).

Not the brainiest

For others, no trove of skeletal bones can
compensate for the puzzle of that puny
brain. Short stature alone does not mean that
it 1s a distinet species. as small stature is
known from living pyemies, including those
in the village of Rampasasa near Liang Bua,
say Jacob and others. But pygmies have
brains nearly the same size as those of other
maodern humans. The minute brain that
would have fit inside LB1s skull was only
400 cubic centimeters, compared to the
roughly 1350 cubic centimeters seen on
average in living humans (see graph).
“Flores falls outside the range of anything [
have seen before.” said Robert D. Martin, a
paleoanthropologist at the Field Museum.

Martin and other presenters suggested that
LB was diseased, perhaps suffering from
microcephaly, Laron syndrome, or both, The
Laron’s hypothesis debuted in the hobbit
debate on 27 June, i a paper published online
in the American Jowrnal of Plvsical Antlin-
polagy by a tro from Tel- Aviv University who
were not at the meeting: Israel Hershkovitz,
Liora Kornreich, and Zvi Laron, discoverer of
the disease. Their paper lisis Larons symp-
toms—although with few measurements—
that are also seen in hobbits, including pillars
of bone near the nose, a short clavicle, a
curved ubia. and an upper arm bone whose
top end is not twisted. Some of these traits
have been considered signs of a primitive
ancestry for Il floresiensis. "All [Laron’s)
patients share a battery of traits, which they also
share with flomeo floresiensis.” Hershkovite
and Laron told Science.

At the meeting, Dean Falk of Florida State
University in Tallahassee, who has concluded
from computed tomography (CT) scans of the
skulls of LB1 and microcephalics that the
hobbit is a new species, tackled the Larons
hypothesis head-on. Hershkovitz and col-
leagues note that many Laron’s patients also
lack the sinuses of a normal human head. And
although in most people the texiure of the
mastoid process—the bony bump behind the
ear—is spongy and air-filled. in Laron’s
paticnts this bone is dense. CT scans of LB1 5
skull show that it has normal sinuses and a
porous mastoid process, Falk sud. “We don't
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think LB 1 comes close to looking like their
description of Laron’s,” she said firmly.
Hershkovitz responds that some Larons
patients do have normal sinuses, and so ther
presence does not disprove the hyvpothesis.

Island living

I the hobbit is a new species, who were its
ancestors? Morwood's team once postulated
that £ floresiensis evolved from N erectus,
the first human ancestor known to have lefi
Africa. Dozens of H. erectus specimens have
been unearthed on the nearby 1sland of Java.
But the team now argues for a more radical
idea of the hobbit's origins: a “pre-erecius
ancestor™—a small-bodied, small-brained,
primitive hominid, which shrank further
once on Flores. In her talk analyzing the
skull and jawbones, Debbie Argue of Aus-
tralian National University in Canberra
proposed that the hobbit shared an
ancestor with 2-million-year-old
I, hahilis (see p, T33),

When asked by colleagues, Morwood
referred o unpublished work presented at
recent meetings that unites /. floresiensis
with early fHlomo or with the even more
ancient australopithecines, He ticked oft a
few key leatures: an odd shoulder joint
(Seience, 19 May 20006, p. 983 ) awrist like
that of an ape (Science, 6 April. p. 34), and
primitive feet. Jungers agrees that the hob-
bit “has australopithecine limb proportions
and australopithecine/ape wrists and
tarsals.” Given these primitive traits,
Morwood argues for a very ancient
ancestor. 1 believe now that they split
from us 2 1o 3 million vears ago,” he said.
That would imply that an australopithecine
orvery early Homo. rather than /. erectus,
was the First hominid to leave Africa.

Skeptics are unimpressed. For starters,
they point out that there 15 no evidence of
the hobbit lincage for those millions of
years. “TFyou go back that Far, where are all
the intermediates?” asks Martin,

Other scientists, including those con-
vinced that the hobbit is a new species, think
it may be premature to eliminate f1. erecrus
as a possible ancestor. To date, the most com-
plete I erectus skeleton published is much
larger than f1. floresiensixs, but there are
other, smaller skulls of the species. particu-
larly from the [.7-million-year-old site of
Dmanisi. Georgia.

And evolving into a smaller form on an
island is a common phenomenon in other
mammals. In us talk, paleontologist John de
Vs of the National Muscum of Natural His-
tory in Leiden. the Netherlands, gave a
whirlwind tour of such island dwarling. On
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islands from the Mediterrancan o Southeast
Asia, some large species such as elephants
and hippos shrank while others such as rats
and hedgehogs evolved into giant forms,
depending on the available ecological
niches. “On islands, we get relict lineages,”
de Vos added—Ilineages that hark back to
primitive ancestors, In his view, animal and
hominid bones from Flores [t this pattern.
Dwarf island forms are also often pedo-
morphic, in that they retain childlike traiis into
adulthood, de Vos said. Thus on islands, adult
elephants, lippos. and deer retn short snouts

Meeting of the minds. Excavator Thomas Sutikna (bottam,
{eft) showed off artifacts in Liang Bua; conlerence organizer
Teuku Jacob (top) did not visit the cave,

and short legs. This could be what happened to
a f1. erecivs—like ancestor on Flores, he spec-
ulated, for many of . floresiensis’s peculiari-

ties appear to be pedomorphic: the lack of

twisting at the top of the arm and leg bone, a
fat face, and short legs. Chnistoph Zollikoter
of the University of Zurich, who works with
Ponce de Leon on the M. erecies fossils from
Dmanisi, compared them to the Flores bones
and mdependently came to the same idea:
“Homeo flovesiensis can be understood as a
pedomorphic, dwart erecris.” Zolhkoter sad.
Some degree of island dwarfing makes
sense, even if starting from a smaller ancestor,
said Morwood.

Yer skeptics aren’t swaved by the dwarfing
evidence. Martin argues that mammalian
brains are unlikely to shrink o the same degree
a5 their bodies during dwarfing. “Weird things
happen on islands, but not that weird™ he said.
He and de Vos are considenng a joint project to
probe dwarfing and brain size.

The controversy may rage until more fos-
sils emerge—and new specimens may not all
come from Liang Bua. Given ocean current
patierns, Morwood thinks that £, flovesiensis
might have originally been swept to Flores
from Sulawesi. and he’s planning to dig there
to find out. On many Southeast Asian
1slands, says de Vos, excavations stopped
at layers dated to the beginning of our cur-
rent Holocene Epoch, about | 1,000 years
ago. Morwood found the hobbit “because
he dug deep.” says de Vos. “The message
tor the future is. dig a very deep hole.”
Eusebio Dizon of the National Museum of
the Philippines in Manila. for one, is eager
to excavate, “In the Philippines, we have
the right fauna: Sregodon, giant rats, and
turtles,” he said. “It is perhaps just a mat-
ter of time until such species [as the hob-
bit] appear.”

Researchers on both sides are also pin-
ning their hopes on DNA. Genetic data
could establish or rebut the existence of a
new species, test the Laron’s hypothesis,
and perhaps even idenufy a mechanism of
dwarfing. Previous attempts at retrieving
DNA from hobbit bones failed, but clean
sampling will be done immediately at the
site if more bones are found. Morwood
says. “The issues won't be resolved here at
the meeting,” he adds,

MNor were they resolved on the brief visit
to Liang Bua cave, where Morwood and
Sutikna recounted this vear’s excavations to
a handful of colleagues, pointing to two pits
the size ol telephone booths, shored up with
wiood and with stratigraphic lavers neatly
revealed on the sides. In one excavation, the
team had just struck a layer of a whitish vol-
canic wif dated to 12,000 years ago that they
say runs through the cave. Yet skeptics such as
the Field Museum’s Phillips say cave stratigra-
phy 1s notoriously hard to decipher, and they
aren’t ready to accept the dates,

Later, after the visiting scientists troop out
ol the cave, Sutikna and other excavators wel-
come one more group: a priest and a few
dozen of his flock who have come to sing and
pray for the excavation’s success. After the last
hyvmn, the worshippers file out, and Sutikna
and the crew clean up. The next day they will
dig deeper, continuing their quest for more
tiny bones with big implications.

-ELIZABETH CULOTTA
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The Big Chill

Lowering the body’s temperature improves the chances of surviving a cardiac arrest
and other types of trauma; but as cold therapy expands, researchers are struggling to

understand why and for whom it works

PITISBURGH, PENNSYLVANIA—In the first
frantic minutes alter a trauma victim rolls
through the emergency room double doors at
the University of Pittsburgh Medical Center,
the medical leam employs an arsenal o keep
the patient’s temperature up. The trauma
rooms hold warm blankets and heated saline
fluid in a small silver cabinet. Blood ofien
runs through a warming device before a
transtusion. Heat lamps glow next to a bulky
v-ray machine.

Keeping warm helps protect the
immune system and sustain blood clotting,
but for the most grievously wounded, that’s

often not enough. More than 90% of

patients with massive bleeding who lose a
pulse will die—a Figure that has remained
stubbornly high. "What we do doesn’t
work™ to save these people, says Samuel
Tisherman, a soft-spoken, goateed surgeon
at the medical center. And so. as a last-ditch
effort, Tisherman. who has spent nearly all
his life in this industrial city, wants to try
something radical: Jettison warming, and
put the critically imured who have lost cir-
culation into a deep freeze of sorts, giving
surgeons time to repair the wound. Infusing
and draining up to 20 liters of cold saline
Auid will plunge a patient’s body tempera-
ture from 37°C to less than 10°C, “pick-
ling™ him. in the words of one researcher. in
order to bring him back 1o life,
As drastic as 1t sounds, hypothermia

albeit not normally this profound—has had a
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lengthy, bumpy history in emergency medi-
cine. At its core, the aim is to push the outer
limits of survival. *When [ was training. |
learned [that] after 4, 5 minutes
oxygen]. the brain would die,” says Lance
Becker, director of the Center for Resuscita-
tion Seience at the University of Pennsylva-
nia. With hypothermia, he says, “many of us
are beginning to think it’s possible to shift
that™ to 10 minutes and beyvond. “We don’t
really have a Nix on what death is™ or when
it’s irreversible. says Becker. Although it's
still not elear exactly how and why hypo-
thermia works. physicians are using it
against an assortment of maladies.

Mild hypothermia improves survival of
people experiencing cardiac arrest and
infants deprived of oxvgen before birth.
Clinical trials are testing it in head injury and
stroke. and a vast European study is gearing
up to refine hypothermia’s effects in cardiac-
arrest victims. Tisherman hopes that his
much colder, profound-hy pothermia trial
will open within a year or so.

But there have also been high-profile
failures and some safety concerns. a
reminder of how much is left to learn. Once
considered especially promising for those
with brain trauma. hypothermia has proven
unexpectedly fickle in this population, [t has
also proven exceptionally difficult to test in
people, especially in the United States,
where strict informed-consent guidelines
mean that emergency-medicine trials are

without
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developed at what researchers contend 15 a
glacial pace.

Beginnings

“l remember as a resident, we had patients in
hypothermia for a week or longer,” says
Patrick Kochanek, a pediatric critical care
specialist who directs the Safar Center for

Resuscitation Research at the University of

Pittsburgh, In those days in the early 19805,
Kochanek was at Children’s Hospital San
Diego in California, and voungsters with
devastatng head injuries were routinely
cooled to 30°C, and sometimes less, for
days, a trend that began in the 1950s. Pedia-
tricians led the hypothermia charge. inspired
by stories of children who had drowned in
ice-cold water and been revived. “Everyone
had their one miracle case of an amazing
recovery.” says Kochanek.

But cooling in brain injury was largely
abandoned after life-threatening complica-
tions surfaced, including pneumonia, car-
diac arrhythmias, and blood-clotiing prob-
lems. Hypothermia continues to be used in
many heart and brain surgeries to protect
cells. But in the operating room, “we apply

cooling before we deprive the system of

oxyeen.” not after, which has different
effects, says Hasan Alam. a trauma surgeon
at Massachusetts General Hospital in
Boston. The controlled conditions in sur-
gery are also a world apart from the chaos in
the emergency room.

The hypothermia field revived when a
number of labs made a fortuitous discovery.
For neurosurgeon Guy Chifton, now at the
University of Texas Health Science Center in
Houston, the insight came one winter in the
mid-1980s while he was testing drugs in
gerbils to prevent cell death during stroke.
Animals in the control group, whose brains
ought to have been seniously damaged. kept
throwing ofT the experiments by staying
healthy. The building in which Clifton was
working was 100 years old and drafty. He
found that the gerbils body temperature had
dipped 2°C—enough, it turned out, to pro-
tect them. “It was better than any drug we
ever looked at,” he says now.

A group in Miami made the same
chance observation in rats, and another in
Pittsburgh found similar responses in
dogs. It dawned on the community that
hypothermia need not be deep to be
potent. "It wasn’t just one laboratory
showing that this works, it was almost
evervbody.” says W. Dalton Dietrich, a
neuroscientist at the University of Miami
in Flonda, one of the discoverers. Cooling
a few degrees kept brain cells from dying,
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It tar from clear why, Hypothermia slows
metabolism and lowers the body’s demand for
oxyzen, which is especially useful in cases of
1schemia, in which blood supply stops and
there's little oxygen to be had. Hypothermia
may also inhibit a destructive cascade of mol-
ecules that surge through brain cells after
someone 15 resuscitated. Starting the heart up
after a minutes-long pause can do serious
harm to the brain, causing inflammation and
damage from free radicals—a process called
reperfusion injury. Reperfusion “adds a great
insult to the injury™ of 1schemia in cardiac
arrest and stroke, killing brain cells over many
days, says Stephen Bernard. a cntical-care
specialist at Alfred Hospital in Melbourne,

_ﬂ' __ &

Crude beginnings. Abathtub full of ice was ane of the earliest ways doctors induced hypothermiain the 1950s.

Australia. It is precisely this type of cellular
death some scientists believe hvpothermia
can prevent.

But scientists are now Flinding that mild
hypothermia, defined in humans as cool-
ing from 37° to about 33°C, has more
nuanced effects. “The assumption for
many years was that hypothermia was pri-
marily downregulating metabolism™ and
downregulating gene expression, says
David Beiser, an emergency-medicine
physician and biomedical engineer at the
University of Chicago in [linois, “But
there's another aspect of this that is Kind of
puzzling.” In a survey of 45.000 genes,
Beiser and his colleagues found that when
cooling clumps of cells or mice in shock
from massive bleeding, just as many genes

presented his findings at a June meeting and
is preparing them for publication,
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When the heart stops

As happens often in medicine, clinicians
are concentrating more on how to use
hypothermia than on understanding why 1t
might work. “Our focus has always been on
outcomes, not on what various molecules
are doing,” says Tisherman. This goal-
driven mentality runs deep in the field. in
part because of the man who shaped it:
Peter Safar, widely considered the father of
CPR and a believer in hypothermia long
before it was in vogue,

The amimal stuches showing benefits from
mild hypothermia immediately prompied
clinical trials. One of the first was led by
Fritz Sterz. a paramedic turned emergency-

A :q.\ﬁ;
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medicine doctor who had spent 3 years at
Pittsburgh with Safar.

Cooling at Vienna General Hospital in
Austria, where Sterz returned alter his
Pittsburgh sojoum, was a decidedly low-tech
enterprise. Sterz invited over the local fire-
fighters, who agreeably carted mammoth
ventilators into his emergency room and
blasted ice-cold air onto unconscious cardiac-
arrest victims. That lowered body tempera-
ture 2° to 3°C. Sterz later graduated to a
mattress blowing cold air, which dropped
temperature by up to 5°C for 24 hours.

Simple as it was, the technique saved lives,
Inaclinical trial run by Sterz with 273 patients,
41% of those in the hypothermia group died
within 6 months, compared with 35% in the
control group. A second cardiac-arrest tnal in
Australia led by Bernard found that 49% of
patients given hypothermia survived with
minimal disability, compared with 26% in

the control group, ( Bernard wedged ice
packs around his patients.) Both studies
appeared in 2002 in The New England
Jovrnal of Medicine,

A 2005 study described equally com-
pelling outcomes for babies deprived of
oxygen before birth—a condition that
aftects the body much hike a cardiac arrest,
Among more than 200 newborns in the
study, half were cooled to 33°C for 72 hours.
Forty-four percent of those treated with
hypothermia died or survived with sig-
nificant disabilities. As grim as that sounds,
the number was worse in the group that
received standard reatment: 62%, or a dif-
ference of 19 babies.

*1 was astonished that they were able to
show a beneficial effect.” says Kochanek.
Some of the infants could have been
deprived of oxygen for a day or two before
birth. The cardiac-arrest studies, further-
maore, suggested that doctors had been wrong
in thinking brain damage was inevitable after
more than 3 minutes without oxygen,

A knottier test

The next frontier, treating brain injury. has
been Far more difficult to cross, This is sur-
prising. because it’s brain cells that seem to
benefit most when hypothermia is used
agamst 1schenna. Pediatric chimeal-care spe-
cialist Jamie Hutchison of the Hospital for
Sick Children in Toronto, Canada, concedes
disappointment that his trial of 223 children
with sertous head injuries detected no benefit
from hypothermia, a linding he first pre-
sented at a June meeting in Switzerland. This
is consistent with an earlier head-injury trial
of almost 400 adults, led by Clifton, which
also flunked the hypothermia test.

The failures are of special concern because
hypothermia is not harmless. The larger of the
two cardiac-arrest trials, for example, saw more
sepsis among treated patents (hypothermia
depresses the immune system), more bleeding,
and more cardiac arrhythmias, These were not
considered significant, butthey have long been
associated with cooling, Perhaps the greatest
risk comes not from cooling iself but from
rewarming, which can sink blood pressure o
life-threatening lows,

Why the dispiriting results in the head-
injury trials? One possibility is that, whereas
ischemia from a cardiac arrest briefly shuts
down oxygen to the entire brain, "trauma’s a
dirty disease.” says pediatric neurosurgeon
P. David Adelson of Children’s Hospital of
Pittsburgh, Traumatic brain injury can mean
multiple injuries to different parts of the
brain, or be combined with trauma elsewhere
in the body. That variability 1s not reflected in

www.sciencemag.org
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lab studies, in which hypothermia has per-
formed so impressively, There, “you hit a
group of animals in the same place with
exactly the same force,” savs Hutchison,

Another theory is that different injuries
provoke different forms of cell death, and
hypothermia may be more suited to prevent-
ing one form than it is another. For example,
the apoptotic death of cells observed after a
cardiac arrest, in which cells “self-destruct.”
may be more amenable 1o hypothermia than
the necrotic cell death seen in head injury,
savs Kochanek.

None of these ideas persuaded Clifion,
who was baffled by hypothermia’s lackluster
showing in his head-injury trial. But parsing
the data, he noticed that vounger people
whose bodies cooled spontaneously right
after injury—a common effect of head
trawma—and who then received hypothermia
fared better. This suggested that early cool-
ing could be key.

Marrowing his focus, Clifton has
launched a second head-injury trial with
S15 million in funding from the National
Institutes of Health (NIH) in Bethesda,
Maryland. He aims to enroll 240 people
under age 45 and cool them within 2 hours
of injury. Where possible, paramedics
infuse chilly IV fluids in the helicopter en
route to the hospital.

This time constraint presents a sticky prob-
lem: It's rarely possible 1o obtain informed
consent so quickly
from a patient’s fam-
ily. Relatives might be
difficult to locate, or,
in the worst case sce-
nario, they might have
died or been badly
injured in the same
aceident. Many coun-
tres allow researchers
to waive consent in
emergency situations,
though to do so in
the United States,
researchers must alert
the community to
their trial in advance.
Clifion ran newspaper
advertisements and
met with community
groups o descnbe the
patential benefits and
risks ot cooling and
how his study would
be conducted. One
man he met in Hous-
ton asserted that “only
a MNazi would do this.”

www.sciencemag.org  SCIENCE VOL 317

A view of the brain. Half of this stroke
victim's brain is healthy (top), but the
other half is damaged by the lass and
restoration of blood flow—harm that
might be reduced by hypathermia.

savs Clifton, adding, “but the majority of
people ask a lot of guestions and don’t have a
problem with i.”

In Pittsburgh, Adelson also received an
emergency waiver of informed consent from
the university s Institutional Review Board
(IRB) for a S15 mulhion hypothermia study
on head injuries in
children, also funded
by NIH. Although
Hutchison’s trial
in Canada failed.
Adelson savs s rial,
which he hopes to
start this fall, will
patients  for
longer: 48 hours
instead of 24, And 1t
will treat children
within 6 hours rather
than 8 hours of injury.
Adelson 15 heartened
by hints from a pilot
trial he published
2 wears ago that
found that 44% of
children treated with hypothermia were still
showing improvements in cognition and
behavior 6 months later, compared to 36% of
those given standard care.

Tisherman is working toward approval
and funding for his tnal of trauma victims,
the first that will cool injured patients
dramatically, to 7° or 10°C,
Alam of Mass General
hopes to participate as well.
Some consider this strategy
especially risky because
hypothermia 1s known to
inhibit blood clotting, and
these patients are already
enduring massive internal
bleeding. But “there really
is no good alternative™ treat-
ment, says Jeannie Barone,
assistant director of the
Pittsburgh IRB.

Condition
Head injury, adults

Head injury, children

cool o ;
Head injury, children

Shock from bleeding
Stroke

Cardiac arrest

Spotty execution

Clinicians say that trials like
these. as well as at least a
half-dozen others in Europe,
Asta, North America, and
Australia, are crucial to
learning how hypothermia
might help. But the field is
fragmented. Already the
treatment is being used in sit-
uations not backed by clini-
cal data and not used in situ-
ations that are. Frustration

Cardiac arrest, children

NEWSFOCUS

creeps into Adelson’s voice as he describes
how some centers refused to join his head-
injury trial because they are reluctant to
randomize their young charges. Instead.
physicians are treating brain-injured
patients as they come i, without the nigors
of a chimical trial, says Adelson: “That’s

Trial by lce: A Sampling of Hypothermia Studies

Patients Home of Lead Center Status
240 Houston, Texas Ongoing
Complete,
22 -
3 Teronte, Canada yiot published
Pittsburgh, :
340 Pannsyivania Opens in fall
Fittsburgh, 5
100 Penasiivania Seeking funds

50 San Diego, California Ongoing

Vienna, Austria;

<lal and Lund, Sweden

Seeking funds

40 Teronte, Canada Ongoing

despite data showing it’s not effective in
probably 63% of patients.”

Meanwhile, hypothermia’s impressive
ability to boost survival after a cardiac arrest
prompted professional societies, beginning
in late 2002, 10 recommend its use. Yet a
2006 survey of more than 2200 physicians in
the United States. the United Kingdom. and
Finland found that 74% in the United States
and 64% 1 Europe had never used hypo-
thermia to treat patients alter a cardiac arrest.
Often, hospitals don't adopt hypothermia
unless it’s Foisted upon them. In Norway,
Kjetil Sunde, an anesthesiolozist at Ullevaal
University Hospital in Oslo, spent 2 years
pressing for the treatment. At first, many
doctors, he says, “didn’t believe in this.” Now
maore than 90% of the country s hospitals use
hypothermia in cardiac-arrest cases, he notes.

One reason hy pothermia hasn’t caught on
15 money, says James Growa, director of the
Stroke Program at the University of Texas
Health Science Center. Drug companies
don’t develop it. The pharmaceutical indus-
try provides “a substantial impetus for weach-
ing. education, and practice patterns.” says
Grotta, who is studying hypothermia in
stroke. When it comes to cooling, “nobody’s
pushing this. ... There's nothing really
patentable here.”

Sull, “it’s almost, to me, scandalous™ that
the treatment remains so rare, says Clifton,
“There are not that many cities where a
patient can expect to get it.”

=JENNIFER COUZIN
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For a century or more. meteorologists have
known the secret to weather forecasting: To
glimpse tomorrow’s weather, one must know
today’s. And lately they have realized that the
same precept applies to predicting climate
vears or decades ahead. Stirrings in the North
Atlantic Ocean today that have nothing to do
with the strengthening greenhouse—just pat-
ural jostlings of the climate system—could
lead to drought in Africa’s Sahel in a decade
or two, they recognmized. [gnore today’s ocean
conditions, and vour 2020 global-warming
forecast could be a bust. And such natural
variability can be far-reaching. In a recent
study, researchers found that when the
Atlantic Ocean swung from one state to
another, it apparently helped trigger a
decade-long climate shift in the late [960s
that sprang from the Atlantic and reached as
far as Australia.

But until now, climate forecasters who
worry about what greenhouse gases could
be doing to climate have ignored what's
happening naturally. Most looked 100 years
ahead, far enough so that they could safely
ignore whats happening now. No more. In
this week’s issue, researchers take their first
stab at forecasting climate a decade ahead
with current conditions in mind. The result
i5 & bit disquieting. Matural climate vaniabil-
ity driven by the ocean appears to have held
greenhouse warming at bay the past few
years, but the warming, according to the
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forecast, should come roaring back before the
end of the decade.

“This is a very valuable step forward”™ says
meteorologist Rowan Sutton of the University
of Reading, LLK. “It’s precisely on the decadal
time scale and on regional scales that natural
variability and anthropogenic effects have
comparable magnitudes.” So improved cli-
mate forecasting of the next few decades
could help decision-makers focus on where
and when the most severe climate change will
be happening. Or, conversely. they could rec-
ognize when the looming threat of global
warming will be masked—temporarily—hy
natural variability.

Jiggly climate
No one ever said Earth’s atmosphere was a
boring place. Air 15 in continually shifting

Better. A model starting from current conditions (white)
came closer to reality (black) than one without (blue.

SCIENCE

maotion, from the wafting of innumerable
summer breezes to a few roaring jet streams.
But forecasters have long recognized that
certain parts of the chaotic atmosphere are
better behaved than others. Over the North
Atlantic, for example, atmospheric pressure
over [eeland and Portugal tends 1o “seesaw™
over the weeks and months, rising at one site
while it falls at another. This North Atlantic
Oscillation {NAO) in turn switches winds 1o
and fro across the Atlantic. guiding storms
into or away from western Europe. Other
modes of natural vanability—atmospheric
Jigelings that lack an external cause such as
added greenhouse gases—tend 1o cause
atmospheric reorganizations over the North
Pacifie and the high lattudes of both hemi-
spheres. The tropical warmings and coolings
of the El Mifio-La Nifa cyele can also hold
sway in various regions around the globe.
Onee meteorologists recognized that
natural variability offered hope of predict-
ing out a few months, climate researchers
began to see that the same or similar
modes might improve forecasting a
decade or more ahead. On a regional
scale, the NAO seesaws over the decades
as well. Its dramatic strengthening in win-
ter between the 19605 and 19905 pumped
extra heat into Morthern Europe on top of
greenhouse warming, according to a new
analysis in press at the Jowrnal of Geo-
plvsical Research by climate researcher

www.sCiencemag.org
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David Parker of the Hadley Centre for Cli-
mate Prediction and Research in Exeter.
LLK., and his colleagues.

On a broader scale. natural variability over
decades is clearly rooted in the oceans. A
warm-cool cycle that spans the Pacific, both
Morth and South, has lately swung back and
forth on a time scale of 30 to 50 years. By
Parker and his colleagues’ data and model
analysis, this so-called Interdecadal Pacific
Oscillanon seems to be driven by interactions
between the tropical ocean and atmosphere
much like those that drive El Nifo: the IPO
could be the muludecadal expression of the El
Miiio eyele, they say.

Ower in the Atlantic. there’s the Atlantic
Multidecadal Oscillation { AMO) of sea surface
temperature. [t is apparently driven by the

the globe and subtracted the warming due
to rising greenhouse gases, as simulated by
16 climate models. The difference—a strong
warming over southern Greenland, a warming
Morth Atlantic, a cooling South Atlantic, and a
weak warming in the far North Pacific—looks
like the pattern and timing attributed to the
AMO. Kravisov and Spannagle conclude that
the shifting ocean circulation behind the AMO
has global effects on global warming.

The AMO may have had a hand in a
more dramatic global climate event,

according 1o meteorologist Peter Baines of

the University of Melbourne, Australia,
and climatologist Chris Folland of the
Hadley Centre, writing in the 13 June issue
of the Jowrnal of Climare. Their ¢limate
shift rattled the circum-Atlantic region over

acceleration and slowing of the 3
great ocean conveyor that carries
warm surface water into the north-
ern North Atlantic (Science, 1 July
20035, p. 41). The AMO’% vacilla-
tions have been linked to every-
thing from triggering drought in
the Sahel and the central United
States to alternately suppressing
and—in the past decade —firing up
hurricanes { Seience, 10 November
2006, p. 210),

= -
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=

Normalized variations

Sahel rainfal
Subtropical jet strean

Hurricane Index

African Hadley circu-
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shifts in storm paths, Insouthwest Australia, for
example. the shift reduced the rains and brought
long-term drought. Baines and Follands expli-
cation of a globe-girdling late-"60s climate
shift only reinforces the view that “the AMO
does affect global climate,” says meteorologist
Maoijib Latif of the University of Kiel, Germany.
“It’s not just regional climate.”

Anticipating nature
Appreciating the power and reach of natural
climate variations is a major step. To put that
informaton to use, however, climate forecast=
ers must find a way to mode] the future course
of the vaniations themselves. starting from cur-
rent conditions. Climate researchers from the
Hadley Centre, led by Douglas Smith, are the
first to try that, as they report on page 796.
The Hadley group tested
the usefulness of their new
prediction model by “hind-
casting™ the climate of two past
decades, Starting from the
observed distribution of ocean
heat content, the model out-
T performed its own forecasis
that lacked observed initial
conditions. Errors in predicting
global temperature declined by
20% or 36%, depending on the
tvpe of error, The model sue-

A global reach

Lately, researchers are finding that
the AMO may have a stronger
influence and a longer reach than
they once thought. They knew that
the oscillation affected climate around the
Adtlantic, but some suspected it had also caused
amid-century warming of the Northern Hemi-
sphere or even the globe.

This past January in Geoplvsical
Researeh Letrers, climate modeler Rong
Zhang and colleagues at the Geophysical
Fluid Dynamics Laboratory in Princeton,
Mew Jersey. showed how the AMO might
have warmed at least the one hemisphere.
They vaned the warmth of the North Atantic
in their model to mimic the way the tempera-
ture of the real Morth Atlantic varied under the
AMO during the 20th century. In the model,
the Northern Hemisphere warmed to mid-
century and then cooled slightly through the
19505 and 1960s, as it did in the real world.

In work accepted at the Jowrnal of Climate,
climate researchers Sergey Kravtsov and

Christopher Spannagle of the University of

Wisconsin, Milwaukee, extract what looks like
an AMO temperature signal from not just the
hemispheric but the global record as well. To
gauge the effect of natural vanations. they took
2iih cenwiry temperature records from around
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Doin’ the shift. All sorts of regional climate—from African rainfall to hurricane
activity—changed in the late 1960s, especially around the Atlantic,

a decade starting in the carly 1960s and
reached around the globe.

First. Baines and Folland pulled together a
range of regional changes in temperature, rain-
fall, and atmospheric circulation around the
Atlantie that could all be tied back to a cooling
of the North Atlantic. The AMO presumably

cooled the ocean—nperhaps with the help of

sun-shielding pollutant hazes—as the warm
conveyor slowed. Greenland cooled, Brazilian
ranfall swelled. hurricane acovity dropped. and
the Sahel dried to the most catastrophic drought
in more than a century. These changes, which
are most evident in the northem summer, can

all be linked 1o the reduction and relocanon of

the ocean’s transfer of heat into the atmosphere,
Baines and Folland say. Those shifis, in turn,
led to changes in atmospheric circulation and
precipitation over adjacent continents,
Searching for the most remote limits of this
climate shift, Baines and Folland looked out
along the atmosphenic circulations ulumately
driven by tropical ocean heating in the Atlantic,
There they found changes in subtropical jet
streams in both hemispheres and poleward

cessfully predicted the warm-
ing of El Nifio and the effect of
unusually warm or cold waters
around the world. An actual
forecast starting in June 2005
correctly predicted that natural variability—
the appearance of cooler water in the tropical
Pacific and a resistance to warming in the
Southern Ocean—would offset greenhouse
warming until now. But beyvond 2008, warm-
ing sets in with a vengeance. “At least half of
the 5 vears after 2009 are predicted to be
warmer than 1998, the warmest year currently
on record.” the Hadley Centre group writes,
“Smith ef al. is an important first step in
setting out the method.” says meteorologist
Tim Palmer of the European Centre for
Medium-Range Weather Forecasts in Read-
ing, UK. Now researchers need to amass
more computing power, more past observa-
tions to test the method better, and more
future observations to feed the models, he
says. And time 15 of the essence. If the AMO
in fact played a substantial role in the rapid
warming and enhanced hurricane activity of
the past decade or two, says Sutton, “there
will in all probability be a tumaround [of the
AMO)], possibly in the next decade.” It would
be nice to know for sure.
=RICHARD A. KERR
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Retraction of an Interpretation

IN THE REPORT “STRUCTURE OF THE 8200-YEAR COLD EVENT REVEALED BY A SPELEOTHEM
trace element record™ (1), we presented a 7762-um-long ton probe trace element traverse chosen
to nclude the 8200-vear event as detected in a previously published laser ablation oxygen iso-
tope study from the same stalagmite (2). The oxygen isotope anomaly was distinet and dropped
&% below baseline values to a low value for the entire Holocene of = 12%. and was reproducible
on a reverse track, However, recent reamalysis of the calcite believed to contain the oxygen iso-
tope anomaly suggests that the anomaly was probably an analyvuical artifact possibly caused by
laser ablation—induced fracturing during the original analysis (3). Consequently, without the
original 8"%0 “marker” the precise location in the stalagmite of caleite deposited dunng the
B200-vear event is uncertain,

The trace element data in this Repont, previously believed to correspond precisely with the
entire $200-year event, are now believed to represent the hydrological and bioproductivity
response in western Ireland to a cold/dry event of uncertain provenance and intensity. The U-
Th-derived dates of the event correspond approximately with the 8200-yvear event in Greenland
ice cores, but without the additional guidance of the 8"*0 anomaly. the precise timing in re
to the 8200-year event is now somewhat ambiguous. Unforunately, it is now unlikely that the
approximately 114-vear duration ion probe track coincides with the entire 8200-vear event (if at
all}: thus, the ~37-vear estimate denved for its duration is probably no longer accurate. However,
the race element data remain robust and are interpreted as reflecting colder and drier conditions
in western Ireland. followed by the retum to more mantime conditions at the end of the first-
order trace element anomaly. Additionally, the novel application of annual trace element cyeles
to build a high-resolution chronology and reconstruct paleoseasonality remains unchanged.

JAMES U. L. BALDINI,® FRANK MCDERMOTT.? 1AN ]. FAIRCHILD®

'Department of Earth Scences, Durham University, South Road, Durham DHI 3LE, UK. ‘Department of Geology, University
Callege Dublin, Dublin 4, Ireland. ¥School of Geography, Earth and Enviranmental Science, University of Birmingham,
Birmingham B15 2TT, UK.
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weak result are published, their sins are
forgiven and they can be worked into
future introductions and discussions at will.
IMRAD advocates often stretch available

The Dangers of Advocacy
in Science

IN MATTERS OF POLICY, MANY SCIENTISTS
view “advocacy™ as a dangerous word. In
peer-reviewed literature. many scientists
practice a subtler form of advocacy in push-
ing their methods, results. and conclusions.
Call this IMRAD (Introduction, Methods,
Results. and Discussion) advocacy: Once
bold claims about a poorly tested method or

10 AUGUST 2007 VOL 317

data, gloss over uncertainties in their evi-
dence, and ignore contrary results,

This occurs throughout the hierarchy of
Jjournals, One would hope that it would be

least commaon n prestigious journals. On
the other hand, top journals have limited
space; they emphasize papers with broad,
scemingly decisive conclusions but

SCIENCE

PERSPECTIVES

passively encourage readers not to worry
about methods (or rebuttals). Often, this
form of advocacy 15 obvious only 1o the small
percentage of any journal’s readers that have
scientific expertise in a specialized area—a
small pool of appropriate reviewers (/).

As with policy advocacy. there is a gray
area between objective justification and
fagrant, half-supported promotion. Some-
where in the middle sits the honest, often
acrimonious debate necessary for scientific
progress. Would anyone disagree that pub-

“Would anyone disagree
that publishing overly liberal
conclusions is poor
science...?”

—Gitzen

lishing overly liberal conclusions is poor sci-
ence. that the personal rewards of doing so
Far outweigh risks, or that the peer-review
process should strip papers of this garbage?
Humiliation could assist rebuttals and time
in the self-=correctng process ol science. For
example. each professional society should
survey members at vears end to decide on
the five papers in their field with the most
overly inflated claims. The authors, approv-
ing reviewers, and subject editors could
receive suitable prizes.

ROBERT A. GITZEN

Department of Fisheries and Wildlife Sciences, University of
Missouri, Columbia, MO 65211, USA.
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Controversy Over
EmrE Structure
TWO X-RAY STRUCTURES OF EMRE, THE SMALL-

est ion-coupled multidrug transporter, have
provided a cautionary tale about the difficulty
of determining the three-dimensional struc-
tures of membrane proteins and the dangers
of iznoring biochemical results, The struc-
tures have since been retracted (/. 2). but
the mtriguing and controversial idea that the

www.sciencemag.org




protomers in the EmrE homodimer adopt an
antiparallel transmembrane orientation con-
tinues to have support. In their Repor
“Emulanng membrane protein evolution by
rational design™ (2 March, p. 1282), M. Rapp
et al. describe results that seem to support
such an antiparallel arrangement and that are
thought to provide the missing link in mem-
brane protein evolution. However intriguing
the results may be, the starting point i1s too
fuzzy and ignores biochemical results, The
interpretation is based on the assumption that
Emrl displays a dual topology. However. the
x=ray structures have been retracted, and the
resulis that support such an assumpiion in
Rapp er al. cannot be waken ot face value, as
the authors admit. because the large fusion
proteins they used to determine the wpology

CELL BIOLOGY

of a protein two to four times smaller seem to
bias the results. This is unfortunate. and
it would be helpful w apply alternative
approaches, which may be more time-
consuming but less ambiguous.

In their Perspective “A missing link in
membrane protein evolution™ (2 Mar.,
p. 1229), B. Poolman er al. claim that our
rigorous demonstration that EmrE with a
parallel topology of the protomers is fully
functional was based on the now obsolete
structural model. On the contrary, our work
showed that this model was incorrect, rather
than being based on it ( 3).

There is suggestive evidence that some
homologs of EmrE that function as het-
erodimers or a properly mutated EmrE dis-
play an antiparallel topology of the protomers

The combination of
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relative to each other. 1f the case can be made
for anuparalle] heterodimers, what makes it
so different for a homodimer? 1T antiparallel
homodimers exist, researchers would be
faced with fascinating questions about the
insertion and assembly of these proteins in
the membrane (4). Do the protomers msert
with a random topology and wait for the next
randomly inserted one” To our knowledge.
the existence of homodimers with an anti-
parallel onentation of the monomers has not
vet been biochemically demonstrated.
SHIMON SCHULDINER
Biological Chemisiry, Silberman Institute of Life Sciences,

Hebrew University of Jerusalem, Givat Ram, Jerusalem,
91904, Israel,
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Response

IN RECEMT MONTHS, EMRE HAS TAKEN CEN-
ter stage in the world of membrane proteins
because there are opposing views on its
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LETTERS

membrane topology (/) and because two
x-ray structures of EmrE were recently
retracted (2, 3).

EmeE 15 an unusually intriguing protein.
It is by far the most well-studied representa-
tive of the bactenal small muludrug-resist-
ance (SMR) proteins. a family of potential
drug targets, and it may be the first example
of a “dual topology™ protein. iL.e., a homo-
dimeric protein composed of two identical
monomers with opposite orientations in the
membrane (4).

The final proof for a dual topology for
EmrE is stll lacking. So, what is the evi-
dence? First. the dual topology idea was orig-
inally proposed on the basis of an early elec-
tron crystallography structure (5. 6). This
structure, albeit of rather low resolution, is
still the gold standard. since the two-dimen-
sional erystals bind substrate with nM afTinity,

Second, a steadily increasing number of

SMR protemns have been shown to be het-
erodimers composed of two homologous
monomers [e.g.. (71]. In at least one case
(the EmrE homologs Y deEY dgF in £, cofi),
the two monomers have been shown to adopt
opposite orientations in the membrane (),
and topology predictions suggest that this is
the general rule for heteromeric SMR pro-
teins (Y). By extension, a dual topology for
homodimeric EmrE seems likely.

Third, by mutating positively charged
residues in the loops connecting the trans-
membrane helices, we have constructed two
ErmrE vanants that insert with either N_-C,_ or
N~ Co e Orientations. These variants are non-
functional when expressed alone, but make
cells resistant w ethidium bromide when co-
expressed (1), as does wild-type EmrE. The
complementation between the two oppositely
oriented EmrE vanants suggests that they
form an antiparallel heterodimer. like other
heteromenc SMR proteins.

On the other hand, the Schuldiner lab has
reporied that a chenucally cross-linked EmrE
dimer is active alter reconstitution in vitro
(£ 1), With the cross=linked residues chosen
such that they should not be able to form a

Le
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cross=link in an antiparallel dimer (according
to the now retracted x-ray structure), this
result provides an argument against a dual
topology. But is this biochemical finding with
solubilized, cross-linked protein compelling
enough to override the structural, coexpres-
sion, and evolutionary arguments that sup-
port a dual topology for EmrE? We think not,

In any case, given its current * 15 minutes of

fame™ (/2). EmrE will no doubt attract

enough attention for the debate over its topol-

ogy to be resolved in the normal scientific
waty: by more and better expenments.

MIKAELA RAPP, SUSANNA SEPPALA,

ERIK GRANSETH, GUNNAR VON HEIINE

Center for Blomembrane Research, Department of Bio-
chemistry and Biophysics, Stockholm University, SE-106 91
Stockholm, Sweden.
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Response

THE QUESTION OF THE MEMBRAME ORIENTA-
tion of the two subunits in the multidrug
efflux protein EmrLE is befuddled by two
separate issues. First, there are the x-ray
crystallography studies of EmrE that were
recently retracted ([, 2). Clearly, invalid

structural models cannot be used as alead in
any study, Second, there are biochemical
data that lead to different conclusions on the
subunit orientation of EmrE, Von Heijne and
colleagues have provided evidence for an
antiparallel orientation of the subunits (7).
whereas Schuldiner and colleagues support
a parallel orientation (4).

Conflicting models are proposed all the
time in the process of scientific progress, and o
choose which model 1s most probable, we have
to serutimize the available data and interpreta-
tions. Which studies are at hand? First, there 15
the only piece of structural information lefi: the
3D model of EmrE-based electron crystallo-
oraphy expernments (), which provides a reli-
able structural model of EmrEE. Unfortunately.
the resolution is too low to reach definitive con-
clusions on the orientation of the subunits,

Second, there are the biochemical studies
of the Schuldiner group (6-8)., Soskine er al.
() argue in favor of a parallel orientation of
the subunits because their cross-linking data
are inconsistent with the antiparallel orien-
tation of the subunits observed in the now-
obsolete x-ray crystallographic structural
model. Both the design of their experiments
(the positions of the engineered cysteines
and the calculated intermolecular distances
between the residues) and the interpretation
ol their data were based on the structural
maodel that has since been shown to be incor-
rect (). Moreover, the combination of high
concentrations of detergent in the experi-
ments, possibly leading to increased confor-
mational flexibility of the protein, and the
relatively large span of the applied cross-
linker severely limit the validity of the
approach. Consequently, we feel that the
cross-linking data are not necessurily in
conflict with an antiparallel orientation of
the subunits (9).

CORRECTIONS AND CLARIFICATIONS

Reports: “Synthesis of ultra-incompressible superhard rhenium diboride at ambient pressure™ by H.-Y. Chung ef al (20
April, p. 436), After publication, the original authors conduded that Robert W, Cumberland (Department of Chemistry and
Biochemistry and the Department of Materials Science and Engineering, University of California, Los Angeles, CA 20024,
USA; current address: HRL Laboratories, Malibu, CA 90265, USA), who was acknowledged, contributed sufficiently to the
work 1o be listed as an author. This change was approved by the Vice Chancellor for Research at UCLA. The authors should
now be;

Hsiu-Ying Chung,* Michelle B. Weinberger,” Jonathan B. Levine, Robert W. Cumberland, Abby Kawmer, Jenn-Ming Yang,
Sarah H. Tolbert, Richard B. Kaner

{*These authors contributed equally to this work).

Reports: "Causal reasoning in rats” by A P, Blaisdell et al. (17 February 2006, p. 10200, There are three minor typos in the
Supporting Online Materials. First, test sessions for Experiments 1, 2a, and 2b were 60 minutes. Second, the number of
background nose pokes in Experiment 1 were 2793 = 571 (Conditions Intervene-T), 3051 + 991 (Condition Observe-T),
2885 = 823 (Condition Intervene-N), and 2849 £ 514 (Condition Observe-N). Third, in Experiment 1, the F value for the
planned companison between condition Intervene-T versus Observe-T was 9.07, p < 0.05. A reanalysis of the data from
Experiment 2b revealed that the test-trial data for one subject from group Unpaired-Observe was inadverlently counted
twice in the statistical analyses. A reanalysis on the comected data results im a change of three Fvalues by a tenth of a point
of less, and thus has no effect on the outcome of the analyses. The authors failed to revise the caption in the comrected Fig.
1 [Science 314, 595 (2008)]. The F values were slighily different from those reporied. Corrected values show the main
effect of inference type = F{1, 21) = 4.57, P < 0.05, and the interaction = F(1, 21) = 5.69, P< 0.05.
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Third, there are the swdies of von Heijne
and colleagues (3). Contrary to Schuldiner’s

suggestion, the interpretation of the data of

Rapp er al. 15 not dependent on the prior
assumption that EmrE displays a dual wopol-
ogy. The expenments were designed to dis-
criminate between two alternative scenaros:
parallel versus antiparallel orientation of the
subunits. Schuldiner is correct in arguing
that fusing a large reporter domain to a pro-
tein like EmrE may influence its orientation
in the membrane. However, von Heijne and
colleagues clearly recognize this point., and
ina series of in vivo complementation stud-
1es with the EmrE protein subtly mutated to
obtain a unique ortemation, they showed
that only an antiparallel arrangement of the
ErmrE subunits is functional. Schuldiner has
proposed an alternative evolutionary model,
but the scenario presented in (4) depends on
many chance assumptions and is not very
likely. The antiparallel topological model
proposed by von Heijne and colleagues is
also supporied by the recent data of Zhang
efal (10).

We believe that both groups performed

solid experiments. Our view (%) is that the
experiments from the Schuldiner group do
not sulficiently discriminate between a dual
topology model and a parallel model. Their
evidence for parallel topology is based on
cross-linking results with protein in the
detergent-solubilized state, a nonnatural
environment. In contrast, the von Heiine
group used the native lipid membrane to
study the function of EmrE, We therefore
consider the dual topology model of EmrlE
more compelling—for now.
BERT POOLMAN, ERIC GEERTSMA,
DIRK-]JAN S5LOTBOOM
Department of Biochemistry, Groningen Biomolecular
Sciences and Biotechnology Institute, and Zernike Institute
for Advanced Materials, University of Groningen,

Nijenborgh 4, 9747 AG Groningen, The Netherlands.
E-mail: b.poolman@mg.nl
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A Clarification on
Centrifugal Force

THE ARTICLE "SPINNING A NUCLEAR COME-
back™ (News Focus, 30 March, p. 1782) con-
tains an erroneous statement about centrifu-
zal force. The article states that “centrifugal
forces pushed the gas outward, against
the spinning wall” There 15, in fact, no force
pushing the gas outward. Instead, as covered
in Newton's first and second laws, a force is
required to prevent the gas from going in a
straight line (and thereby accelerating the gas
due 1o 1ts constant change in direction). This
force (termed centripetal force ) acts inward
toward the center of rotation and is provided
by contact of the gas with the spinning wall,
ALLEN ZIMMERMAN

Ohio State University, 1328 Dover Road, Wooster, OH
44691, USA.
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HISTORY OF SCIENCE

Fame, Philosophy, and Physics

Jeroen van Dongen

n 1921 when the earliest

Einstein biography. by the

Berlin publicist Alexander
Moszkowski (2). was about to
appear, Einstein tried w halt its
publication, because seeking
the limelight was frowned
upon in the German academic
milieu of his day, His name had
been widely publicized follow-
ing the 1919 British eclipse
expedition that had confimed
central predictions of the the-
ory of relativity. In its after-
math, a group of rightist physi-
cists and agiators had started
to publicly protest the clamor
abourt relatvity and its Jewish,
liberal, and pacifist creator.

Despite Emnstein’s imtial
resistance, his fame has far
from diminished. This vear, a
great many biographies later,
two new books try to capture
again his science, politics, and private hife:
Walter Isaacson’s Einstein: His Life and Uni-
verse and Jiinzen Neffe's Einstein: A Biozraphy.
Isaacson and Nefte, both successful journal-
ists. shared a privilege that their predecessors
lacked: access 1o Einstein’s most private
correspondence that had remained closed
in the Einstein Archives at the Hebrew
University in Jerusalem until the summer of
2006, New perspectives on Einstein’s per-
sonal life might therefore be expected from
their books,

Indeed, Nefle discusses at length Einstein’s
divorce from his first wife, Mileva Mang, and
the troubled relationship with his two sons,

Einstein

Einstein

32.C
ISBN 97807

Einstemn could at tmes be harsh and selfish
toward his family, as when he presented
Man¢ (who desperately wanted to remain
miarried) with chilling terms under which he
might agree to endure living together with her;
she would practically have been reduced to his
maid. Although bad endings to bad marriages
happen to good people, others too have
observed a lack of empathy on Einstein’s part
[e.e.. Thomas Levenson (3)]. Nefte, however,

The reviewer is with the Einstein Papers Project, California
Institute of Technology, and at the Institute for History and
Foundations of Science, Utrecht University, Princetonplein
5, Utrecht, 3584 CC, Netherlands. E-mail: | vanDongen@
phys.uu.nl
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A Biography

by Jirrgen Neffe

and Giroux,
:, 2007. 487 pp
530, C537.95.
ISEN 9780374146641
Polity, London. £25.
ISBN 97807 4564;

His Life and Universe

by Walter Isaacson

Simon and Schuster,
2007718 pp.,

ISBIN 9781847370488,

seems to be short of sympathy
for his subject and consistently
portrays Einstein in the darkest
light imaginable. He even
mentions an unnamed diary
that is supposed 1o state that
Einstein was beating Mileva,
Mefle does not shy away from
sensationalism or simplistic
explanations: He offers as a
matter of course the presump-
tion that Einstein’s talent had to
be accompanied by some form
of autism. And when Einstein’s
second wife (and cousin), Elsa,
passed away after close to
200 years of marriage, Nefle
claims that her “ensnared hus-
band™ exhibited barely any
emotion and simply started
to work harder. Isaacson’s
account is better informed:
Einstemn wept when Elsa died.
He did delve inta his work, but
“ashen with grief?” as his collaborator Banesh
Hoflmann recalled.

Neffe interviewed a number of
leading { mostly German) researchers
whose work reflects themes of Ein-
stein’s physics. This effort meely con-
nects Einstein’s science to today s labo-
atories. Yet the explanations Neffe
offers vary from muddled to simply
incorrect: His account ol relativity has
an observer who “moves away from his
frame of reference,” and according o
him Max Planck held that “light is a
mass divisible in any number of ways.”
Mor is Neffe's book the source to turnto
for accounts of Einsteins fundamental
discussions about quanium mechanics
with Niels Bohr,

[saacson presents Einstein’s ideas
with greater clanty. In fact, it 15 a pleas-
ure to read his discussions of Einstein’s philos-
ophy and the philosophers of science that influ-
enced Einstein: David Hume, Emst Mach., and
Immanuel Kant. Most physicists will know that
the ideas ol the empiricist Mach were instru-
mental to Einstein’s formulation of his relativ-
ity theory, winch did away wath the unobserved
ether. According to Einstein, who studied
Hume s work in his early twenties with a group
of friends, Hume “saw clearly that certain con-

In the limelight. During their 1931 visit to the United
Gtates, the Einsteins acceptled Charlie Chaplin's invitation to
attend the premiere of his film City Lights.

cepts ... cannot be deduced from our percep-
tons of experience by logical methods.”
Einstein had read Kant when he was just a
schoolboy, and Kant had found that there was
nonetheless a category of propositions the truth
of which was “grounded in reason itselt”
Einstein contended that relativity theory had
proven Mach and Hume nght and Kant wrong;
One of the latter's a priori truths had been tha
space had to be three dimensional and adbere to
the ancient geometric axioms of Euclid. This
clearly conflicted with the dynamic and curved
spacetime perspective of Emnstem’s theory.

Eventually, the biggest influence on Ein-
stemn’s philosophy was undoubtedly his own
discovery of the relativistic theory of gravity.
Recemt historical research has shown that this
wias the result of an intricate interplay between
mathematical and physical considerations (4).
In Einstein’s later recollections, he held that
eventually mathematics had given him the final
theory, He derived a methodological maxim
from this experience—“nature is the realiza-
tion of the simplest conceivable mathematical
ideas ( 5)"—that was o stay with him in his
decades-long search for theories that should
unify all of nature’s forces (6),

lsaacson’s book 15 to be recommended, not
only because it presents us with a philosophi-
cally coherent picture of Einstein {Isaacson
wis educated as a philosopher at Oxford) but
foremost for the balanced and humane

account of its protagonist’s life and work.

MNevertheless, one exception needs to be noted:
after an extensive discussion of Einstein's
strong opposttion to MeCarthyism, [saacson
finds that “Einstein was not used to self-
righting political systems.” When MceCarthy s
influence waned, and Einstein saw parallels
with the rise of Mazism fall away, he “fmally
discovered what was fundamental abouwt
America: it can be swept by waves of what
may seem, w outsiders, w be dangerous polit-
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ical passions but are, instead, passing senti-
ments that are absorbed by 1ts democracy and
righted by 1ts constitutional gyroscope.”™
Following the Nazi takeover in Germany,
Einstein relocated to the United States in 1933
and became an Amerncan citizen in 1940, Few
Americans have had their opinions as closely
followed by the press, or as warmly sought by
their compatriots, as Einstein. Yet to Isaacson,
Einstein apparently remained an “outsider.”
America’s own version of Voltaire's ingeni.

This 15 an awkward qualification in light of

[saacson’s own discussions of Einstemn’s public
role, both in Europe and the United States. But
it resonates with that of many Emstein contem-
poraries, who found Einstein’s opinions naive,
Such judgment was usually passed by those
who disagreed with him. It might be the case
that Isaacson—who m his mtroductory chapter
stresses the need for creativity in education so
that his country could “in the face of global
competition”™ reach a “competitive advamage™
(not very Einsteinian words b—recoiled from
Einsten’s harsh judgment of the Red Scare.

Neventheless, Isaacson’s book 1s a welcome
addition to the literature on Einstein, because it
15 an accessible overview that any student ofthe
subject wall appreciate. Unlike what Einstein’s
reaction to Maoszkowski may suggest, lsaacson
believes that Einstein loved publicity as much
as he loved to complain about it. He points out,
persuasively, that those who truly dislike the
attention of journalists (Einstein’s “nawral ene-
mies” according to Neffe) do not
turn up with Charlie Chaplin at a
movie premiere, as the Einsteins
eventually did. Both then and now,
one can be surprised by the scale of
Emstem’s celebnity:. Yet. as he him-
selfsaid, “it 15 a welcome symptom
in an age, which is commonly de-
nounced as materialistic. that it
makes heroes of men whose ambi-
tions liec wholly in the intellectual
and moral sphere™ (7).
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SYSTEMS BIOLOGY

How Central Is
the Genome?

Eric Werner

raditionally the genome. DNA, is seen

as the dominant force in living sys-

tems. In The Music of Life, Denis
Moble criticizes this view. Challenging the
foundations of current biological sciences. he
questions the central dogma, its unidirectional
view of information flow, and
its imposition of a bottom-up
methodology for research in the
life sciences. Behind the scenes. a
conceptual revolution is trans-
forming biology and medicine:
systems biology applies the meth-
ods of mathematics, computer sci-
ence, engineering, physics, and,
even., philosophy to understanding
living systems.

Moble, an emeritus professor
of physiology at the University of
Oxford (and colleague of mine) 15
one of the founders of systems
biology. and his work on modeling
of the heart is a paradigm in the
field. The Music of Life offers an
excellent informal introduction to the con-
cepts and issues that form the
bedrock of systems biology,
Noble orchestrates a coherent
symphony of ideas spanning
wenes, embryology, evolution,
and consciousness,

A provoeative theme re-
curring throughout the boak is
that there is no program {or,
using the author’s musical
metaphor, conductor) that con-
trols a biological system
neither in its development nor its functioning,
MNoble states, “There are no privilezed compo-
nents telling the rest what to do.” The genome,
he holds, 1s not a program but a passive data-
base, one of many equal contributors 1o the
development and dynamics of a living orga-
nism; the interaction of many components
produces the result. Although | am sympa-
thetic to Nobles critique of reductionizsm,
his sidelining of the genome
ing it to be only a passive participant or
seems problematic,

ond the

consider-

résource

The reviewer is at the Department of Physiology, Anatomy,
and Genetics, University of Oxford, Parks Road, Oxford
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At the heart of the issue are wo questions:
Where does the complexity of a developing
embryvo come from? How 15 the development
ol organisms controlled? Many developmental
biologists, like Eric Davidson, assume that the
information required to generate the complex-
ity of organisms lies in the genome. in particu-
lar its regulatory networks, and that these net-
works control the development of the organism
(/). In contrast, Noble questions both that the
cenome 15 the source of complexity and that it
functions like a central controller.

Noble appears o identify centrality of con-
trol with the existence of a central program (or

No conductor necessary. A New Orleans jazz band.

score), Centrality of control is an ambiguous
concept. It can either mean that the genome
comains most of the control information neces-
sary for development or it can mean that the
control 1s centralized in one agent controlling
the rest. The conductor metaphor that Noble
uses and attacks suggests the image ol one
agent controlling a group. However, even
though the genome is the same in all cells, its
control is local. There is no single conductor
genome. Rather there are many copies, each in
different activation states, cach influencing the

activity of the cell in which it resides. Ttis as if

cach cell had its own conductor, with the same
score (the genome), but the individual condug-
tors direct independently, reading from differ-
ent parts of the score. The multiple conductors
are autonomous but can also react. interact. and
cooperate (coordmating their activity by com-
munication or signaling). Thus, there are two

separate issues: the source of the complexity of

organisms and the locality of control.
The view of developmental biology that
Moble presents in the book is influenced by

Enrico Coen (2), who holds that the process of

copying 1s fundamentally different from cre-
ative processes like development, For Coen, the
creative actions of an artist and, analogously,
embryological development are self-reflexive
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sive interaction with the
results of previous actions.
Coen claims there 15 no cen-
tral program. but he fails to
see that such mteractions
might well be controlled by
distributed networks, which
are, in effect, programs that
run separately in each cell
in a vast multicellubar sysiem.
In essence, genomes function
as strategies that guide the
cell agents as the system
develops ( 3). Such strategies
ar rfll'l'l:-__‘. ms can :1IH.1 iL]lL‘f:lL’i
with their environment (in-
cluding other cell agents) at
each stage of development,
Hence they can also be self-
reflexive inCoen’s sense.

Coen has a restrictive view
of programs akin to John von
Meumann’s conception of a
self-reproducing automaton,
which involves a printerlike

process generating a copy of

itself, line by line. based on a
set of instructions (which are

BROWSINGS

Marshes. The Disappearing Edens. William Burt. Yale
University Press, New Haven, CT, 2007, 192 pp. $35,
£25. 15BN 9780300122299,

For more than three decades, Burt has been stalking shy
inhabitants (especially rails, bitterns, grebes, and
gallinules) of North America's grassy wetlands with his
camera, Here he presents 90 photographs of marsh
birds, wildflowers (right, perennial salt-marsh asters,
Old Lyme, Connecticut), and scenes. He also reflects on
the marshes he has explored, their riches, their pasts,
and the threats they now face.

Sippewissett. Or, Life on a Salt Marsh. Tim Traver.
Chelsea Green, White River Junction, VT, 2006. 260 pp.
522.50.ISBN 9781933392141,

Biologists (including Louis Agassiz and Rachel Carson)
have long been drawn to the palch of Cape Cod marsh
where Traver spent his boyhood summers and to which
he still returns. His reflections on the fauna, flora, habi-
tats, and human culture eloquently weave together ecol
ogy, history, and memory. He offers enticing discussions
of tidal flows, spawning runs, eelgrass beds, clam hunts,
and even the microbial communities in the muds. And
his treatment of somelimes contentious conservation
issues demonstrates his recognition of the challenges
facing those who wish to sustain their sense of home.

also copied) (4). In contrast,

living cells with their genomes,

rather than emulating the von Neumann archi-
tecture for self-reproducing automat, are more
hike distributed strategic agents,

Because Coen and Noble do not consider
distnbuted programs as the source of develop-
mental control. they are forced to rely on the
problematic notions of interactionism and
emergence—1n which organisms are generated
by the interactions of simpler parts, Yet. the
problem of the source of information for the
generation ol the complex space-time event we
call embryogenesis cannot be avoided by stat-
ing that embryogenesis is the result of a com-
plex interaction—doing so does not help us
understand the process, Rather, we need w link
control information in the genome with the
process of development (1, 7).

According to Noble, the ezg contains ana-
log information whereas the genome contains
digital information. Because analog informa-
tion 15 continuous, the egg carries potentially
infinite amounts of informaton that over-
whelm the finite digital information present in
the genome. One must, however, consider the
relevance of the information (5., 6). At detailed
levels of resolution (approximations of the
continuous state ), the molecular state of the
eee is vinually random and in that sense very
'i.'ﬂﬂ'l]"h."?«'.. An enormous amount of informa-
tion would be required to characterize the
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ege'’s state, But such random information does
not make a relevant contribution to the gener-
ation in space and time of the morphology of a
multicellular organism. Most of the informa-
tron at the lower level of ontology, namely the
protein state of the egg. is irrelevant to the
development of the organism. Indeed, the ran-
dom fuctuations in the ege and its environs
have to be damped or avoided in some way for
the process of development to work,

Suppose we inserted a dinosaur's genome
ko 2 chicken egg. I the egg then developed
into a dinosaur, we would have o conclude
that the genome and not the information in
the egg was responsible for the ontogzeny.
Undoubtedly, we would have needed to pro-
vide maternal dinosaur transcription factors o
bootstrap the developmental process. And
there may be other relevant factors such as the
size, nutrients, and thickness of the egg shell.
But it would be clear that they do not contain
the crucial control information required to
venerate the dinosaur, Although this thought
experiment verges on science fiction, it makes
the point that the genome. rather than the egy
or the maternal matrix, contains the informa-
tion necessary for the generation of multicel-
lular orzanisms. For Moble, the developmental

not bemng controlled by any pro-
is the result of a mysterious interaction

Process
oram

of equal partners. [ am simply saying they are
far from equal in information content,
Thought-provoking. The Music of Life 15 a
surprisingly, if deceptively, easy read. One
learns as much, it not more. on a second read-

ing as on the first. Noble presents his case for
the systems approach with elegance and a
simplicity that hides unnecessary detail. His
conversational style wogether with personal
vignettes give readers the feeling they are with
him sharing in an active process of discovery.
The book can be recommended to anvone,
novice or professional, interested in systems
biology and the foundations of life,
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Globalization of Conservation:
A View from the South
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arge international nongovernmental
organizations (INGOs) are increas-
ingly setting the global conservation
agenda, These INGOs have developed a rmnge
of tools. e.g.. Biodiversity Hot Spots (/).
Global 2000 Ecoregions (2), and others (3) 1o
set prionties and to compete with each other,
They often use a corporate “branding™ strat-
egy to help raise funds and to define and com-
municate their niches in a crowded and com-
petitive market, This corporate model has
been very successful for fundraising: Con-
servation International’s “Hot Spots™ strategy
accompanied an increase in overall annual
expenditures from US.527.8 million in 1998
to U.S.589.3 million by 2004, and World
Wildlife Fund ULS.As "Ecoregions” program
accompanied a nise in expenditures from
LS. 580 million to USS5121L.7 million be-
tween 1997 and 2005 (4). This helped offset
declines of ~30% in government and multilat-
eral agency mvestment in biodiversity conser-
vation over the past decade (5) while expand-
ing the influence of these INGOs globally.
These factors have led some o equate the
operations of laroe INGOs with trmnsnational
corporations ().
Although these brands are derived from
conservation science. they are vulnerable to
scientific criticism (7). For example, prior-
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Successful global strategies for biodiversity
conservation require increasing reliance on
local leadership and major investment in
local capacity.

itv=setting plans that target fixed |
areas for conservation (e.g.. Hot
Spots and Ecoregions) are msuf-
ficient w deal with fast-moving
threats such as pathogens or
invasive species (8), the alter-
ation of species’ ranges due to
climate change (¥), or spatially
dynamic marine ecosystems (1),
Furthermore, large-scale inter-
national development initiatives,
designed centrally and top-down,
have rarely met expectations
(/1). This does not bode well
tor globalized conservation ap-
proaches, which require that the
often inadequately
strategies of developed country
INGOs be adopted by develop-
ing countries (2, 13}, Such top-
down approaches can fail to link
agendas of a broad constituency
of local communities, scientists,
conservation practitioners, and
policy-makers ( /4, 153).

In some cases, the investuments
of foreign conservationists are
SCCNAas i [l‘.l reat 1o !-T'l.'ll‘l.'l..‘l'l_'i.:_._'l'll}" and dan I]'I'IF'H.FHI-
tion on local peoples. For instance. in Bolivia,
where INGOs like Wildlife Conservation
Society and Conservation International have
helped establish and manage national parks,
there have been calls for the “nationalization™
of protected areas, Although protected areas
have never been out of government control,
foreign organizations are seen by some
Bolivians as usurping control of national ter-
ritory and as having disempowered grass-
roots efforts. Here. it has proven difficult to
convince government and local communities
that conservation INGOs are free of hidden
intentions { [6-/8) Similarly, calls made by
international conservationists to remove tribal
people from parks in India to better protect
tigers may have further polarized positions,
making the search for workable solutions
even more difficult (£9),

It can be argued that INGOs are funda-
mentally different from globalizing corpora-

evaluated

tions. What leads to success in commerce 15

profit, whereas success in developing country
conservation typically hinges on local support
to sustain results, Globahizavon of industry
followed three phases (20): first the 19th-cen-
wry “international model.” with companies
selling goods through overseas sales offices:
then, the 20th-century classic mulunational
corporation, where the parent created smaller
versions of itself overseas: and finally. the
2lst-century globally integrated enterprise,
where the corporation acts as a single global
entity. able to place people and operations
anvwhere around the world. The most effec-
tive modern multinationals recognize the
importance of local knowledge. e.g., for
product sales. However, generalized global
approaches fail for biodiversity conservation
at local scales, because solutions must inte-
erate extremely diverse natural, socioeco-
nomic, and cultural syvstems and usually
require a sense of community ownership,
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One wrend i the globalization of conserva-
tion is that INGOs are increasingly register-
ing in developing countries. For example,
Conservation International and The Nature
Conservancy are now legally registered in at
least 18 and 23 developing world countries,
respectively (21, 22). This provides greater
accountability to national governments and
donors, but also enables them to compete for
funds with local NGOs, which may decrease
efforts to stirengthen local institutions. This
can result in developing-world conservation-
ists. with locally tuned priorities but lacking
donor connections, being obliged to obtain
funds from INGOs pushing global agendas.
Ultimately, this can lead o INGOs edging out
local institutions essential for sustaining long-
term conservation ( /9). It also means that
changes in donor or INGO prionities can
lead to abrupt withdrawals of support. Con-
servation efforts then fail if local conserva-
tionists have not been trained or local institu-
tions have not been developed with their own
programs and funding. Training is usually
insufficiemly supported: e.g., only 4% of the
11.5.53.26 billion invested in Latin American
biodiversity conservation between 1990 and
1997 was specifically spent on capacity
building (23). Similarly, the ULS. Agency for

International Development. a key supporter of

international conservation, has cut back uni-
versity scholarships in all fields for develop-
ing world students o 900 per vear from a pre-

vious 20,000 (24). Furthermore. the lack of

long-term career structures olten results in
scarce local practitioners migrating to devel-
oped countries. weakening conservation
infrastructure in front-line countries.

Biodiversity conservation continues to
require improved integration with human
welfare concerns. This has been central to
a long-standing debate among environ-
mentalists stretching back at least to the
19705 when the Club of Rome think-tank,
in its “Limits o Growth.” emphasized the
global risk to humanity and ecosystems
from natural resource depletion, greatly
influencing the modern environmental
movement {23). At the same time, developing-
world scientists from the Bariloche Foun-
dation in Argentina produced the “Latin
American World Model.” which stressed
the need to address socioeconomic con-
cerns to build what we would now call a
sustainable society (26).

Investment will be most effective where
such issues (as well as social justice and gov-
ernance regimes) are addressed adequately
and where local capacity exists; however, con-
servatiomists need not abandon countries that
score poorly on development criteria. Here,
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support can be targeted and managed so that
local capacity 15 built and marginalized
indigenous peoples and other local stake-
holders become equal partners to maximize
prospects for success (5). Part of the solution
is to increase local pools of practitioners at all
levels, from community parabiologists 1o uni-
versity professors and government officials
27 INGOs could provide funds for salary
and staft retention at local organizations.
Investment in scholarships for first-world uni-
versities could be matched with funds for
strengthening developing country universities
and technical programs where studentships
tvpically cost much less.

Bolstering independent local mstitutions
{e.g.. civil society organizations. universi-
ties, and local government agencies) is key
to keeping conservation on national agendas
in developing countries. Small, locally
focused organizations working at the front
lines of biodiversity loss are often the most
effective; witness the rise of community-
based conservation projecis across the
developing world with examples including
the Mamiraui Sustainable Development Re-
serve and the Pontal do Parapanema area in
Brazil, the Kaa-1va del Gran Chaco National
Park in Bolivia, and other similar areas in
Africa (28, 29). In these cases. although
international assistance sometimes provided
essential help. key 1o success has been the
existence of strong local organizations to
take the lead in implementing management.
This may hold true even in developed coun-
tries. where local chapters of national con-
servation NGOs are often the groups that
elfect change (e.g., regional chapters of the
Audubon Society in the ULSAL) Although
such institutions are weak in much of the
developing world (30), they are critically
important, because they can adapt the con-
servation agenda for local implementation,
waorking collaboratively with government
institutions and policy-makers. The bottom
line is that biodiversity will only be con-
served if local people and interests want to
save it for ethical and broadly utilitarian pur-
poses, This level of support has to be large
enough to resist a minority that may seek
alternative land uses for narrowly selfish
utilitarian reasons.

Some INGOs have fostered collabora-
tion by setting up egalitarian networks of
local conservation organizations that are
mutually supporting, around the world.
Examples include Birdlife International
{34 and the Wildlife Trust Alliance (32). In
these cases, developed country NGOs help
raise funds for agendas set by local partners.
We recognize that INGOs have efficiencies

of scale and operation, as well as an 1m-
portant role in influencing global policy.
However, we argue that leadership in con-
servation has to be decentralized and better
integrated into local conditions. Locally
produced strategies and agendas. imple-
mented by strong local institutions and indi-
viduals are key 1o success,
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NEUROSCIENCE

Shining Light on Depression

Thomas R. Insel

ust as research during the Decade of the

Brain (1990-2000) forged the bridge

between the mind and the brain,
research in the current decade 1s helping us
to understand mental illnesses as brain dis-
orders. As a result. the distinction between
disorders of neurology (e.g., Parkinson’s and
Alzheimer’s diseases) and disorders of psy-
chiatry (e.g.. schizophrenia and depression)
may turn out to be increasingly subtle. That
is. the former may result from focal lesions
in the brain, whereas the latter arise from
abnormal activity in specilic brain circuits
in the absence of a detectable lesion. As we
become more adept at detecting lesions that
lead to abnormal function, 1t1s even possible
that the distinction between neurological
and psychiatne disorders will vanish, lead-
ing to a combined discipline of clinical
neurosclence ().

But before we can understand depression
as a brain disorder, we need information on
the specilic neuronal circuits that contribute
to the hopeless despair that forms the core of
this illness. Neuroimaging studies of people
with depression might be helpful for identify-
ing brain regions of interest, but the temporal
and spatial resolution of current functional
magnetic resonance imaging and positron
emission tomography may not capture the
real-time dynamics of brain function that are
most relevant to mood and cognition. In a new
approach. Airan ef al. report on page 819 of
this issue the use of optical imaging to capture
cellular activity at millisecond resolution in
bramn shees (2). Ther study, which uses
rodents with some of the behavioral features
of depression, does not define the neurobiol-
ogy of depression in humans, but it demon-
strates how ﬂ[![I:C:II maging mn il'l.l.\'» CAasC,
using voltage-sensitive dyes—can identfy
changes in brain activity, enabling correla-
tions between real-time cellular activity and
changing affective state.

The findings of Airan ¢f af. are consistent
with other results that implicate the hip-
pocampus in rodent studies of depression.
Chronic or intense stressors, such as social
defeat, result in behaviors that resemble
human depression, and these siressors have
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Subgenual prefrontal cortex

Real-time, high-speed optical imaging is a
pramising approach for elucidating networks of
braim activity associated with depression.

In search of the core of depression. Imaging brain activity in
human patients suffering from depression or in animal models of
the disease will help to link brain activity in regions such as the
hippocampus and prefrontal cortex to behavioral disorders (10, 11).

been reported to reduce hippocampal neuro-
venesis (3), They also down-rezulate the hip-
pocampal expression of brain-derived neu-
rotrophic factor (4), a molecule that promotes
neuren survival, proliferation, and differentia-
tion. Clinically effective antidepressants in-
crease hippocampal neurogenesis (). and
blocking neurogenesis during treatment pre-
vents the antidepressant elfect nrodents (),
What about the hippocampus and human
depression? Major depressive disorder is
associated with cognitive deficits and dysreg-
ulation of the hypothalamic-pituitary-adrenal
(HPA) axis. part of the neuroendocrne sys-
tem that controls the stress response. Because
the hippocampus is involved in both forming
new memaories and regulating the HPA axis,
one might expect a link between depression
and the hippocampus. Indeed, some human
neuroimaging studies have reported a subtle
reduction in the size of the hippocampus in
patients with depression ( 7), and postmortem
studies have reported alwerations in hippo-
campal gene expression (). But the evidence
thus far is unconvincing. Humans with hippo-
campal lesions have memory deficits but not
mood disorders ( ¥). And none of the imaging
or postmortem findings have been shown
to be specific to the hippocampus or to
major depressive disorder. Although the

absence of evidence is hardly evidence of

absence, most recent clinical studies of the
neurobiology of depression have been fol-
lowing a different lead.

Neuroimaging studies of humans with
major depressive  disorder have largely
pomted to prefrontal sites, especially impli-
cating an area in the midline subgenual ante-

rior cingulate cortex. often denoted as area 25
(see the figure) (J0, f1), Not only does this
region appear abnormal on structural and
funcuonal scans ( /1, £ 1), but also itis enriched
with the serotonin transporter, a target for
many antidepressant drugs. Individuals inher-
iting a risk allele within the promoter of the
serotonin transporter gene have reduced vol-
ume of area 25 and reduced functional cou-
pling of this region o the amygdala, a subcorti-
cal region implicated in the regulation of emo-
ton £ 2). An inital study of treatment-resistant
depressed patients reports that deep bran stim-
ulation adjacent to area 25 relieves the svmp-
toims of major depressive disorder (£ 3).

How do we resolve the differences be-
tween rodent studies that implicate the hip-
pocampus and human studies that implicate
the midline prefrontal cortex? Of course. the
discrepancies mught be attnbuted to neu-
roanatomical differences between rodent and
human brains. Rodents have at most a primi-
tive subgenual anterior cingulate cortex,
whereas this region in the primate brain shows
extensive connections with subcortical and
cortical trgets (/4). But other fundamental
issues should be kept in mind when jumping
from studies of rodent behavior to human psy-
chopathology. Human psychiatrie disorders
are complicated amalgams of affective. cogni-
tive, and behavioral abnormalities. We might
model aspects of one of these dimensions,
stich as helplessness or memory loss, inrodents:
but we are then studying an aspect of the dis-
order. not the disorder iself.

Major depressive disorder, the result of an
unfortunate convergence of genetic and envi-
ronmental factors, is certainly more than the
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sum of its observable parts, Identifving brain
regions correlated with “the parts™ will be an
important next step for human imaging stud-
ies, but the field will need to avoid high-tech
phrenology. Understanding the neurobiology
of abnormal mood regulation will not be
accomplished through the identification of a
focal lesion or a single explanatory hot spot,
The task will be to define altered actvity
within a functional neuronal network that
might well include both the ventral hippocam-
pus and midline prefrontal cortex (/5). The
importance of the new report by Airan er al.
is the demonstration of abnormal network

dynamics in a defined circuit through the use
ofa technique with combined spatial and tem-
poral resolution that we have not even begun
to consider for human studies. We are not able
to apply voltage-sensitive dye imaging to peo-
ple with major depressive disorder. but studies
in model animals that help us to link behavior
to real-time circuit information will be the
foundation for understanding depression as a
brain disorder.
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EVOLUTION

An Embarrassment of Switches

Leonid Kruglyak and David L. Stern

hat makes a human different from

a chimpanzee or a mouse? Of

course, we know the answer in
broad outline. Mutations in the genome, sifted
by natural selection. cause changes in appear-
ance, physiology, and behavior—what geneti-
cists call the phenotype. But we have only a
vague picture of a more detailed answer.
Precisely which mutations generate pheno-
typic evolution? Its not that we can’t find the
mutations. Today’s DNA sequencing technol-
ogy readily identifies all differences between
two genomes, There are simply too many dif-
ferences—tens of millions between human
and chimp, for example (/). Anunknown frac-
tion of these mutations alter the phenotype.
Monetheless, the molecular effects of muta-
tions provide a rough guide to their pheno-
typic effects. Some mutations change the
amino acid sequence of proteins. thereby
altering their functions, and some change so-
called cis-regulatory regions, altering when
and where proteins are produced. We know a
lot about the first class, but much less about
the second. Several recent papers, including
one by Borneman er al. on page 815 of this
issue ( 2), demonstrate a surprising abundance
of cis-regulatory changes between closely
related species.

It is easy to identify mutations that alter
proteins, because of the simplicity of the
genetic code. Linear strings of DNA nucleo-
tide triplets encode proteins, and each triplet
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A surprising abundance of evolutionary
changes in transcription factor binding
sites may obscure the causes of phenotypic
divergence,

Target gene X in human

Protein-coding region

Species difference in regulatory region of gene X

Target gene X in mouse

Man or mouse? Both the presence and absence of transcription factor binding sites in a genome, as well as
the binding of transcription factors to sites that are present, can differ between species and may account for

differences in gene expression and phenotype.

always specifies a particular amino acid.
Thus. mutations that alter a protein can be
immediately read ofT from the DNA sequence.
By contrast, we are only beginning to under-
stand how the cis-regulatory code works (3),
Cis-regulatory regions contain short strings
of nucleotides. from 6 to 20 nucleotides in
length, scattered irregularly in the vicinity of
the protein-coding DNA. Proteins called tran-
scription factors bind to these short DNA
strngs—transcription factor binding sites

to regulate the production of messenger RNA
and thus the syvnthesis of proteins, In 1975,
King and Wilson found that only about 1% of

SCIENCE

amino acids differed between a set of human
and chimpanzee proteins (4). They thus
proposed that changes in cis-regulatory
regions—evolutionary switching of ranserip-
tion factor binding sites—might cause the
majority of phenotypic differences between
species. This hypothesis has gained support
from studies over the past decade (3).

Recent computational studies across
species llustrate that many transcription fac-
tor binding sites have evolved quickly. That is,
binding sites present in one species are ofien
absent in another (4-4), New findings provide
expenmental evidence for this conclusion,

www_sCiencemag.org
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These studies use a wechnique called chro-
matin immunoprecipitation o capture from
cells a particular transeription factor along
with its bound short DNA strings. These DNA
strings are then identified by hybridization to
DNA microarrays (Y, [1).

Using this approach, Borneman ef al.
examined binding of two transceription factors
in three yeast species. In only about 20% of
cases did a transeription factor bind to the
same site (meaning, approximately the same
position with respect to the target gene) in all
three species. In some cases, the absence of
binding corresponded to a loss of the appro-
priate binding site. Surprisingly. in other
cases, the absence of binding in one species
occurred despite conservation of the DNA
sequence. In a similar study that compared
transeription factor binding between human
and mouse genomes, Odom er al. (/1) found
that 41 1o 89% of cis-regulatory regions
bound in one species were not bound in the
other. Even when the same gene region was
bound by a particular transcription factor in
both species. the precise position of the bound
site with respect wo the target gene ofien dif-
fered between species,

Do all of these evolutionary switches in
transcription factor binding sites cause pheno-
typic differences? For two reasons, it seems
likely that many do not. First, change of a sin-

gle site may not alter gene expression,
Transcription factors often bind o multiple
sites within the same cis-regulatory region
and act synergistically o regulate gene
expression (3) (see the figure). Thus, individ-
ual binding sites may be gained and lost dur-
ing evolution while the phenotype remains the
same( /2, 13). Second. the phenotype is robust
to some changes in gene expression (/4). For
example, changes in enzyvme concentration
often have little effect on the output of a meta-
bolic pathway (/3).

Thus. while the new results support a
major role for cis-regulatory mutations in evo-
lution, they leave us lintle closer to the ques-
tion we first posed: Which DNA changes
make species different? The definitive way to
identity the mutations causing phenotypic
differences 15 to perform a genetic cross
between species, and then trace the associa-
tion between genomic locations and pheno-
types in offspring. But most species pairs are
oo diverzed o mate and produce viable off=
spring, and this approach is morally untenable
for humans and chimpanzees. Therefore, the
discovery of the specific genomic changes
that make species different will rely langely on
computational and expenmental searches for
putative functional differences.

The experimental approach discussed
here begins to identify the DNA ditferences

PERSPECTIVES

that may influence gene expression, The
large number of changes discovered, how-
ever. emphasizes the difficulty of the prob-
lem, Distinguishing between DNA changes
that merely alter transcription factor bind-
ing and those that actually alter the pheno-
type requires innovative approaches for
inferring the phenotypic consequences of
molecular switches.
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CHEMISTRY

Molecules Take the Heat

Abraham Nitzan

roblems of heating and heat transfer are

ubiquitous in everyday life, from plan-

ning efficient air conditioners 1o deal-
ing with overheated car engines. Such heat
transfer is also of entical importance for the
stability and performance of the extremely
small systems considered in nanotechnology
applications. In this regime, new scientific
questions arise. In particular, advances in
molecular electronics (where molecules are
active components in nanometer-scale elec-
tronic ¢ircuits) require heating and heat trans-
port o be understood and controlled on the
molecular scale. On page 787 of this 1ssue,
Dlott and co-workers (/) report an important
step in this direction. The authors describe and
apply anovel method for measuring heat con-
duction through a monomolecular laver.

The author is in the School of Chemistry, Tel Aviv University,
Tel Aviv 69978, lsrael. E-mail: nitzan@post taw.ac il
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Heat Now into or out of a macroscopic sys-
tem can easily be monitored by measuring the
chimge in the system temperature with a con-
ventional thermometer. Carrying out such
measurements on the molecular scale is much
more difficult. First, in a heat-conducting
molecular wire. local temperature may
change along the molecule, requiring temper-
ature to be gauged with submolecular resolu-
tion. Second, the thermal response may need
to be detected at the picosecond (1 ps = 10712
s) time scale that characterizes molecular
relaxation processes. Finally, researchers have
to guard against artifacts associated with noise
and cope with competing energy transfer
processes to and from the surrounding macro-
scopic environment,

Schwab er al. have previously scaled ther-
mal measurements down to a few microme-
ters(2), and Kim er al. have measured the heat

ransport properties of carbon nanotubes of

Advances in understanding how heat is
transported through molecules will help to
guide the development of molecular
electronic devices.

similar length (3). Dlott and co-workers now
take a bottom-up approach, studying heat
transport through monomolecular hydro-
carbon layers of varying chain lengths with
6 1o 24 carbon atoms. In these insulating
systems, heat transport is dominated by vibra-
tional motions,

R.Y. Wang er af. have previously reported
experiments in which a monomolecular layer
connects gallium arsenide and gold surfaces
via sulfur end groups. They inferred the ther-
mitl conduction of the layer from the electrical
resistance 1o an oscillatory driving current on
the gold (4). Dlott and co-workers use a differ-
ent approach: They attach the molecules at
one end via sulfur bonds to a gold layer
deposited on glass; the other ends, terminated
by methyl groups. point outward. These
methyl ends form a two-dimensional surface,
situated above the gold substrate at a distance
determined by the length of the molecular
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How molecules heat up. In the experiments reported by Dlott and co-
warkers, heat is transferred from the heated gold substrate along the
molecular chain, causing the chain to become increasingly disordered.

chain and its tilt with respect to the surface.
The authors use a short laser pulse to heat the

gold substrate to an estimated temperature of

B00°C and measure the rate at which thermal
energy reaches the methyl end of the mole-
cules (see the first figure). They do so by using
a method called sum-frequency generation to
follow the disorder that develops as the methyl
groups heat up.

Analysis of the observed time evolution
vields two characteristic times. both propor-
tional to the molecular chain length. Dlott and
co-workers interpret the time delay, ¢,
between the heating laser pulse and the onset
of disorder at the methyl end of the monomol-
ecular layer as the time it takes
for the heat pulse to travel
between the hot gold substrate
and that methyl end. Its linear
dependence on chain length indi-
cates the ballistic (that 15, inter-
ruption-free) nature of this travel.
The other time, T. governs the
relaxation of this energy pulse
and the evolution of thermal dis-
order; its dependence on molecu-
lar length reflects the fact that the
rate of temperature increase in
the monomolecular layer is inversely propor-
tional to its heat capacity and, therefore, o
its thickness.

The ballistic heat rransfer observed in (/. &)
is similar to the free propagation of energy
along a chain of beads connected by harmonic
springs after the first bead is pushed (see the
second figure. bottom panel). In contrast,
macroscopic heat conduction is an energy-dif-
fusion process (see the second ligure, top
panel). governed by collisions with impurities
and anharmonic interactions, in which heat
spreads like a drop of ink inserted into water.

Dlot and co-workers find that 7, and 1
extrapolate to essentially #ero at chain lengths
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shorter than four carbon
atoms. If we think of the
molecule as a collection
of ballistics pathways for
energy transfer (called nor-
mal modes), most of these
pathways appear to be op-
erational for chains shorter
than four atoms but be-
come blocked (localized)
beyond this length. These
observations are consistent
with calculations (3) and
earlier observations () of
chain-length dependence
of vibranonal energy trans-
ter in alkane molecules.

These studies ([, 4) con-
tinue a string of recent exciting expeniments
on heat transport in panojunctions, which
demonstrated the existence of a fundamental
quantum unit of heat transport (that is, a limit
on the maximum conductance per pathway )
(2, 7). thermal recufication (that is, preferred
conduction in one direction) (8) and a transis-
tor-like nanorefrigerator (¥). These experi-
ments raise important issues regarding the
nature of heat conduction in such junctions,
including molecular junctions.

First is the analogy between energy trans-
fer and electronic transport in such systems. In
their ballistic regimes, both of these transport
phenomena can be described by Landavers

()

[ —

Diffusive conduction

Ballistic conduction

theory for electronic conduction. For exam-
ple. the gquantum unit of heat conduction has
the same origin as the analogous unit in elec-
tronic conduction. Considerations of molecu-
lar heat rectification (8, /() were motivated by
earlier studies of rectification in molecular-
conduction junctions, Ge ¢f af. (/1) have
reported first steps toward addressing the rela-
tion between structure and function in molec-
ular heat conduction. a problem much studied
inelectronic conduction.

Second is the realization that a full des-
cription of molecular conduction junctions
requires consideration of both electronic and
heat conduction, which together deter mine

SCIENCE

the temperature rise in such systems under
operating conditions. Theoreticians have only
recently targeted this important problem ( f0),
and a first attempt to determine junction tem-
perature was recently made (/2). The same
framework can be used to discuss the thermo-
electric eflect in molecular junctions (13, 14),
whose first experimental manifestation was
recently published (/.5).

Next is the observation that molecular
{vibrational ) heat transport 1s closely related
to the long-studied problem of molecular
vibrational energy redistribution. which deter-
mines the amount of energy available 1o the
reaction in many chemical processes. Future
eftorts o elucidate energy transfer pathways
and identily efficient carnier modes in molec-
ular heat conduction will benetit from experi-
ence gained in these earlier studies.

Finally, the ballistic heat transport on the
molecular scale must become diffusive in
larger systems, where anharmonic interac-
tions and external collisions become effective.
The role played by such mteractions and the
nature of this change are other important
issues for future studies.

Thermometry, heat conduction, and ther-
moelectricity are old problems that pose
new fundamental questions and experimental
challenges when studied on the molecular
scale. Heating issues in molecular electronics
and visions of future applications to molecular
heat engines and nanorefrigerators add a
strong technological motivation for these
stucies. The experiment of Dlott and co-workers
and other recent advances (4, 7-9. /1, 12, 13)
are first important steps in what promises to
be an exciting endeavor,
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PHILOSOPHY OF SCIENCE

The Cha-Cha-Cha Theory of
Scientific Discovery

Daniel E. Koshland Jr.

cientific discoveries are the steps

some small, some big—on the staircase

called prozress, which has led 1w a bet-
ter life for the citizens of the world. Each sci-
entific discovery i1s made possible by the
arrangement of neurons in the brain of one
individual and as such is idiosyneratie, In
looking back on centuries of scientific discov-
eries, however, a pattern emerzes which sug-
gests that they fall ino three categories
Charge, Challenge. and Chance—that com-
bine o a “Cha-Cha-Cha™ Theory of Sci-
entific Discovery. (Nonscientific discoveries
can be catezorized similarly, )

“Charge™ discoveries solve problems that
are quite obvious—cure heart disease, under-
stand the movement of stars in the sky—Dbut in
which the way to solve the problem is not so
clear. In these, the scientist 15 called on, as

D. E. Koshland Jr. passed away on 23 July 2007, He was a
professor of biochemistry and melecular and cell biology at
the University of California, Berkeley, since 1965. He served
as Scrence's editor-in-chief from 1985 to 1995,

Nobel laureate Albert Szent-Gydreyi putit, “to
see what evervone else has seen and think what
no one else has thought before.” Thus, the
movement of stars in the sky and the fall ofan
apple from a tree were apparent o everyone,

but Isaac Newton came up with the concept of

eravity o explain it all in one great theory,
*“Challenge” discoveries are a response 1o
an accumulation of facts or concepts that are
unexplamed by or mcongruous with scientific
theories of the time, The discoverer perceives
that a new concept or a new theory 1s required
to pull all the phenomena into one coherent
whole. Sometimes the discoverer secs the
anomalies and also provides the solution.
Sometimes many people perceve the anom-
alies, but they wait for the discoverer to pro-
vide a new concept. Those individuals, whom
we might call “uncoverers.” contribute greatly
to science, but it is the individual who pro-
poses the wdea explaining all of the anomalies
who deserves to be called a discoverer,
“Chance™ discoveries are those that are

CATEGORIES OF DISCOVERY

PERSPECTIVES

Dividing the discovery process into three
categories can aid in understanding the
genesis of small, everyday advances as well as
breakthroughs that appear in history books.

often called serendipitous and which Louis
Pasteur felt tavored “the prepared mind.” In
this category are the instances of a chance
event that the ready mind recognizes as
important and then explains w other scien-
tists, This category not only would include
Pasteur’s discovery of optical activity (pand L
isomers ). but also W. C. Roentgen’s x-rays and
Roy Plunkett's Tetlon. These scientists saw
what no one else had seen or reported and
were able to realize its importance,

There are well-known examples in each
one of the Cha-Cha-Cha categories (see the
figure). Two conclusions are immediately
apparent. The first is that the orniginal coniri-
bution of the discoverer can be applied at dif-
ferent points in the solution of a problem. In
the Charge category, originality lies in the
devising ofa solution, not in the perception of
the problem. In the Challenge category. the
onginality is in perceiving the anomalies and
their importance and devising a new concept
that explains them. In the Chance category,

Problem that needed solving
Movement of stars, Earth, and Sun
Structure of t.'iHﬁ

Clear spots on petri dish

Constant speed of light

Preventing heart attacks

Crystals of p- and -1 tartaric acid

Atomic spectra that could not be explained
How DMA replicates and passes on coding
Reagent "stuck” in storage cylinder

Why offspring look like their parents
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Discovery Discoverer
Gravity Newton
Benzene structure Kekulé
Penicillin Fleming
Special relativity Einstein

Cholesteral metabolism
Pasteur
Bohr

Optical activity

Quantum mechanical atom
Base pairing in double helix
Teflon Plunkett

Laws of heredity Mendel

Brown & Goldstein

Watson & Crick

Category of discovery
Charge

Challenge

Chance

Challenge

Charge

Chance

Challenge

Challenge

Chance

Charge
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the original contribution is the perception of
the imporance of the accident and articulat-
ing the phenomenon on which it throws light.

Second most important discoveries are usu-
ally not solved in one “Eureka™ moment, as
movie seripts sometimes suggest. True, there
are moments in which a scientist has been
mulling over varous facts and problems and
suddenly puts them all together, but most major
discoveries require scientists to make not one
but a number of original discoveries and to per-
sist in pursuing them until a discovery is com-
plete. Thus. to solidify his theory of gravity.
Mewton developed caleulus and laws of physics
that he descnibed in his Principia. In a modern
example, Michael Brown and Joseph Goldstein
not only studied the metabolism of cholesterol
but also discovered the role of lipoprotein recep-
tors and the movement of key proteins from the
outside to the imenor of cells. Great discovenes
are frequently covered in textbooks witha single
word or phrase, but the concepts actually
become solidified as scientific understanding
by a series of discoveries.

It is also pertinent to define “the prepared
mind™ that is required for all of these inno-
vations. Such a mind must be cunous and
knowledgeable, Curious refers to the fact that

the individual is interested in phenomena
and is constantly seeking to understand and
explain them. Knowledgeable means that the
individual has a background of facts and theo-
ries as a fertile incubator into which the new
facts can fall.

The Cha-Cha-Cha Theory pertains to
small everyday Nindings by scientists as well
as the big discoveries that appear in history
books. When, for example, a researcher dis-
covers a new chemical isolated from a plant,
there is so much understood today that the
“charge™ 1o that scientist is to find the for-
mula and structure of the compound. There
are now many ways to find the structure of an
unknown chemical, Along the way there may
be anomalous results that present challenges
to the scientist and unexpected findings that
must be interpreted by the prepared mind. So
each of these represent real discoveries, not
as big as a theory of gravity, but important
Just the same,

Finally, scienuific discoveries are not that
different from nonscientific discoveries.
In the earliest days. there was an obvious
“charge” for a set of rules to guide conduct in
the close environment of a village that led 1o
social customs and religious guidelines such

as the Ten Commandments. As more complex
societies emerged. the idea of a democratic
vole probably resulted from a “charge™ that
saw the importance of getting consensus. The
Magna Carta and the Bill of Rights came out
of “challenges™ to an entrenched social sys-
tem. So when Einstein said that scientific
thinking and general thinking were not that
different. he probably meant that the pattemns
of thought of those with “prepared minds” in
covernment and law operated by some of the
same general principles as science. even
though the methods of science and law are
very different.

Someday we may understand the arrange-
ment of neurons in the brain enough to
understand how originality can arise. A wild
ouess would be that the brain of a discoverer
has a greater tendency than the average indi-
vidual to relate facts from highly separate
compartments of the brain to each other. As
a step to making that Herculean problem
tractable, we can at least follow the traditions
of scientific reductionism and use the
Charge, Challenge, and Chance categories to
make the interpretation of brain imaging
experiments easier to analyze.

10.1126/5cience, 1147166

APPLIED PHYSICS

How to Strum a Nanobar

Miles Blencowe

anotechnologists are increasingly
interested in using mechanical vibrat-
ing structures as fast, sensitive detec-
tors of such properties as electric charge (/).
magnetism (2). and mass (3). These devices

make good detectors because, just as a bit of

sealing wax changes the frequency of a tun-
ing fork. the properties of a nanoresonator
will change in response to external forces,
Nunomechanical resonators may also be suit-
able as ultracompact, high-frequency filters
and mixers for electromagnetic signals (4),
That is, by tailoring the vibrational properties
of the structure, only select frequencies are
detected. For these applications to be feasible,
it is crucial that we have the ability to drive the
manomechanical resonator into motion with
an electromagnetic force (i.e., “actuate™ the
resonator) in an efficient and controllable
way, At the same time, the delicate quivering

The author is in the Department of Physics and Astronomy,
Darimouth College, Hanover, NH 03755, USA. E-mail:
blencoweg@dartmouth.edu
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of a nanomechanical resonator as it responds
to a local stimulus must be efficiently trans-
duced into an electromagnetic signal that can
be amplified to measurable levels. These
requirements ol efficiency, compactness, and
speed favor methods of actuation and trans-
duction that are part of the nanomechanical
resonator isel f,

On page T80 of this issue (3), Masmanidis
ef al. demonstrate an intrinsic actuation met-
hod ideally suited to nanoscale mechanical

resonators. The method relies ona property of

some crysials called piezoelectricity (6),
deriving from the Greek piezen, meaning “to
press.” As the name suggests, stressing such a
erystal will produce a corresponding voltage
between certain faces of the erystal. Con-
versely, applying a voltage between the same
faces will generate a corresponding mech-
anical deformation or strain of the crystal.
Masmanidis et al. use both singly clamped
cantilevers and doubly clamped bridge res-
onators (see the micrograph) that are fash-
ioned from gallium arsenide (GaAs) (7). The

SCIENCE

A method for vibrating a nanocantilever may
yield much more sensitive measurement tools
and computers based on mechanical logic
devices.

underlying GaAs crystal onentation is chosen
such that applving a voltage between the top
and bottom faces will cause it to either elon-
gate or shorten, depending on the polarity of
the applied electric field.

To understand better how the motion 15
produced, consider a GaAs cantilever and
suppose that an ac voltage source 15 applied
between its top and bottom faces. IFthe fre-
quency of the ac voltage matches that of one
of the cantilevers longitudinal wvibration
modes (1.e.. stretching modes along the direc-
tion of the cantilever). then the cantilever will
ring at this frequency. However, longitudinal
modes are difficult to detect because of their
relatively high frequencies and small dis-
placement amplitudes. As with stringed musi-
cal instruments, it is preferable to excite the
lower frequency. bending modes of the can-
tilever, especially the fundamemal mode, The
method of actuation should also be internal to
the cantilever and not require external elec-
trodes attached to 1ts top and bottom faces.

Masmanidis er af. elegantly meet both of

www_sCiencemag.org
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these challenges by selectively doping the top
and bottom regions of the cantilever crystal
with negatively and positively charged donor
impurity atoms (see the diagram), respectively,
The n-type impurity atoms contribute excess
negative charge carriers (electrons) to the top
laver, whereas the p-tvpe impurity atoms con-
tribute excess positve charge carriers (holes)
to the bowom laver. The conducting charge lay-

but not both simultaneously.

rate reverse-biased de voltage. such that the
electrons in the top n-type laver and holes in
the bottom p-type layer are pulled away from
the depletion region, causes the latter to
increase i width and also to shift relative to
the cantilever’s center axis. Depending on the
initial location of the depletion region in the
unbiased case. the ac-actuated flexing ampli-
tde could be made enher larger or smaller, as

Cantilever logic. A nanomechanical
logic device studied by Masmanidis et
al. that is the analog of a conventional
logic element called the “exclusive-0R™
(XOR) gate. The three different doping
densities of the 200-nm-thick PIN diade
arms have been shaded for clarity (pur-
ple to blue). The inputs to the logic gate
are represented by the two cantilevers,
which are isolated electrically but con-
nected mechanically. The output is rep-
resented by the collective motion of the
L-shaped structure. There is appreciable
vertical deflection anly when a signal is
applied to either one of the two inputs,

ers function as built-in elec-
trodes, sandwichig a much
higher resistance middle layer
called the depletion region,
where most of the piezoelectr-
cally induced stress occurs. The

combined layer structure of

p-type. intrinsic, and n-type
materials is called a “PIN”
diode. If the n- and p-type lay-
ers are made with different
thicknesses, the depletion reg-
1on can be located off center
with respect to the cantilever’s
axis, Thus, an induced stress 15
not applied evenly across the
cantilever cross section, caus-
ing it to bend or flex, as desired,

This method of actuation is
remarkably efficient and sensi-
tive at the nanoscale. With a
resonant ac l.!l'l‘\']E'I; K'H]l;!é_‘l.,‘
having an amplitude equiva-
lent to varving the charge on
the electrode by just a single
electron, it was still possible o
measure a plezoelectric dis-
placement of the cantilever. In
this case, the sensitivity was
only limited by the random

thermomechanical jiggling of

the canilever.
An unanticipated function
was the ability o control the ac

voltage actuation strength of

cantilevers. Applving a sepa-

— Gals cantilever
e ——ET pnally
Intrinsic
p J

E-field ¢
p*Gads substrate

Gaining leverage. (Top) A voltage V, is applied between the top and
bottom faces of a cantilever via metal electrodes (yellow) and the p-
doped substrate (greend. The field in the intrinsic depletion region
(blue) induces a longitudinal strain. Depending on the doping profile,
and hence the depletion region location with respect to the cantilever's
center axis (dashed line), the cantilever can be engineered to bend
either upward (center) or downward (bottem) for the same electnc
field direction. When the applied dc voltage is increasingly reverse
biased (that is, the polarity shown) the ac voltage-actuated amplitude
of the cantilever bending can be controlled.
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the de volage was increasingly re-
verse-biased. This method of actuation
strength control 1s unigquely suited to
the nanoscale, where varitions in the
depletion width are comparable to
the beam cross sections themselves.
In contrast. cantilevers larger than
nanoscale (that is, devices larger thana
few hundred nanometers ) would show
mareinal actuation efficiency control,

Masmanidis ¢f al. achieved addi-
tional control by applying a sepanately
adjustable dc voltage to the top
and bottom electrodes of a doubly
clamped bndge resonator. The resuli-
ing induced piezoelectric strain is con-
verted into a stress that changes the funda-
mental mechanical frequency of the resonator,
in much the same way that a stnnged instru-
ment can be wined by either tightening or loos-
ening Its pegs,

Transduction is at least as important as
actuation in nanomechanical sensing and sig-
nal processing applications. It would be mosi
natural to transduce the motions of the GaAs
resonators via the same piezoelectric mecha-
nism as used for actuation (&), However, large
stray capacitances at the input stages of the
electronic amplifiers can effectively short out
the tiny prezoelectric signals at the MHz and
higher radio frequencies of interest.

IF such problems can be overcome and the
methods of ransduction and actuation further
refined, then we might look torward one day
to machines with all mechanical nanoscale
logic elements (¥), wihich are both electncally
controlled and electrically monitored. We will
then have come full cirele, emulating the ideas
of full mechanical control and computation
mvented by individuals such as Jacquard (/)
and Babbage (//) in the 18th and | 9th cen-
turies. only now nearly six orders of magni-
tucle smaller in design.
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INTRODUCTION

The Electron Stopwat

THE PRECISION ATTAINABLE IN TIMING EVENTS ONCE DEPENDED ON HOW
I';|.~;1 H | ]L'||I1|;|JI |'u.'i1|:,: |.'|1|,|1|,| press l|:||: |'||,|1|:L11| o1 @ nlil|'n.'.,'1'|-.,'h ““Ik‘ |\'g'|:l'|ll}._ |'|1||.-|¢|.| |;|.~.|,'|'
sources have taken the place of those hand-held devices for measuring the fastest
phenomena. The wechnology for tracking the time scale of nuclear motion n free
molecules and sohds was hmited by the duraton of a single cyele of visible Light;
approximtely O.000000000000001 sccond, or | femtosecond. Electrons move even
Faster than that, and for a long tme. sciennsts could only watch therr rearrangements as
an indiscrete blur. Over the past several years, however, laser technology has crossed the
threshold into the attosecond regime (a thousandth of a femtosecond). This series of
three Reviews highlights the methods underlving this advance and the scientific
prospects they have enabled.

Bucksbaum ip, 766) lavs out the essential physics of high harmonic generation, a
Ix:u.‘|'||'|i|.||u.: W |!'..,'1'5,"|‘|5. anintense laser Neld |‘lu|lx an atomic clectron aw dy from the nucleus
like a loaded slingshot and then sends it carcening back, giving rise to the emission of
an attosceond hight pulse. The Review also descrnibes in general terms what events such
light pulses can be used to track, ranging from electron rearrangements i chemical
bonding to conduction dynamics in metallic solids.

Gouliclmakis et af. (p. 769) take a more in-depth look at the laser techniques that
create and detect attosecond pulses. Their Review also details the prospects not only of
passively probing electron motions, but of actively manipulating and controlling them.

[n keeping with the uncertainty principle, compressing a light pulse’s duration must
also broaden its spectral bandwidth, Thus, attosecond pulses extend into the x-ray
I'u:_'_i-.rlh of the L"||..'L'1[ﬂ|!'|.‘!52['l|..‘|.i.L' SPCCIrUm. Ku|‘ll¢_'.!l &f il . T75) describe efforts 1o
harness this feature of the technology in diffeaction and imaging experiments, which
would otherwise depend on much more claborate x-ray genemtion apparatus.

Optical technology continues to evolve. It seems that just as events at the atomie
scale are at last observed with precision, they bring inte view a new senes of blurs,
previously unappreciated. Then the quest begins for an even [aster stopwateh.

= IAN OSBORNE AND JAKE YESTON
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REVIEW

The Future of Attosecond Spectroscopy

Philip H. Bucksbaum

Attoscience is the study of physical processes that cccur in less than a fraction of a cycle of visible
light, in times less than a quadrillionth of a second. The motion of electrons inside atoms and
malecules that are undergoing photoionization or chemical change falls within this time scale, as
does the plasma motion that causes the reflectivity of metals. The techniques to study motion on
this scale are based on careful control of strong-field laser-atom interactions. These techniques and
new research opportunities in attosecond spectroscopy are reviewed.

ime is measured in human-scale units,

with | s eguivalem 1 a heartbeat, more

or less: but the physical world encom-
passes enormous ranges of tme, from the orgin
ol the universe some 14 billion vears ago (—40)
quadrillion seconds, or 4 = 107 s), to times that
are as short compared to a second as a second is
shon compared 1o the age of the universe, These
bricl instants, a few billionths of a billionth of a
second, or 107" 5, are called attoseconds (as),

Attosceond-scale phenomena have been
studicd indirectly for veas. For example, the
neutal pion (ma) particle, which appears when
high-enerey electrons, protons, or y-rays collide
with matter in cosmic mys or in panicle accel-
crator experiments, has a measured liletime of
82.0 as, plus or minus 2.4 as (/). Yeu, despite this
precision, the time interval between the produc-
tion and decay of a neutral pion has never been
observed. The lifetime is inferred from careful
measurcment of the Kinematics of colliding par-
ticles and the decay debris, which in the case of
the mg is quite simple: It decays into two photons
emitted back-o-back with equal energy in the
rest frme of the paricle. These measurements
show that the rest energy of the mg is indefinite by
a lfew elecron volts, which vields the lifetime
through the guantum mechanical uncertainty
principle. In more complex systems, such as the
clecions in a molecule rearanging afier the
scatierng of an x-ray, indircet observations can-
not reveal many details of the process. There is

cally no substitute for direct observation, The
techniques 1o perform these ulirafast measure-
ments and the science they enable have come o
be known as “attoscience.”

If we use the oscillations of light waves & a
clock, the shortest time that we can measure
with a beam of visible light depends on how fast
we can tum the light on and off, Lasers have
been developed over the past two decades that
have special fcatures o produce exiremely shon
optical pulses. These technical innovations, such
as light valves inside the laser based on the

PULSE, Stanford Linear Accelerator Center, Stanford
University, 2575 Sand Hill Road, Menle Park, CA 94025,
USA, E-mail: phbg@slac.stanford.edu
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nonlinear Kerr effect (2), and extemal spectral
broadening based on the intensity dependence
of the index ol refraction of gases (3. /), can
now produce pulses nearly as short as a single
optical eyele (5, 6). These shontest pulses are on
the scale of the laser wavelength b divided by
the speed of light ¢, about 2 = 107" 5, or 2 f5,
for a red laser (L = 600 nm). A single optical
cycle seemed until recently to be a natural lower
bound on dircet measurement of shont imtervals
of time.

Recently, scientists have broken this femito-
sceond barder of the single optical cvele by
using a new kind of nonlinear optical phenom-
enon that can create pulses of light substantially
bricler than 1 & (7) because the wavelength is a
factor of 10 or more shorter than a cyele of
visible radiation. These “atosecond” pulses of
vacuum ultraviolel (VUV) radiation have led in
recent vears 1o laboratory demonstmtions ol pre-
viously unobserved dynamics in atomic and mo-
lecular processes, The time evolution of collisions
between electrons in atoms, such @ occurs in
Auger relaxation or two-clectron jonization, has
been recorded in the labomtory with the new ools
of anesccond science. These wols may also help
o reveal the cardicst sieps in chemical reactions,
or hep us 1o see in rcaltime the proccsses
responsible for the optical propertics of matermls,

What Happens in Less Than a Femtosecond?
Betore discussing how subfemiosecond pulses
arc made and used, we should summarize the
scienee motivating rescarch at this time scale. It
tums out that this case is quite sirong,

The atomic unit of UME 5 Tagmic = 2R
where fi is Planck’s constant divided by 2r and
Ry 15 the Rydberg constant, the binding encrgy
of hydrogen, cqual w 136 ¢V, The value of
Tomie 15 ~24 as. This time has a dyvnamical sig-
nificance in the old Bohr theory of the atom:
It 15 the tme 0 akes for a Bolr clectron o
complete | rad of its orbit in the ground state of
hydrogen. So attoscience 15 fundamentally the
study of electron motion inside atoms, or on the
atomic scale.

In modem quantum theory, the electron in
the ground state of hydrogen does not orbit the

proon like a moon around a planct. The wave
function that describes iis position is stationary
cven though the electron sill has momentum
due to quantum confinement. That is. the uncer-
tainty principle guarantecs that an electron con-
fined to an atomic mdius @p has a momentum
uncertaimty on the order of flag so0 the elec-
tron’s state contains a distabution of momenta
and positions, but the average values of these
quantitics do not evolve. In an excited atom,
however, the clectrons need not be stationary.
The average positions and momenta of excited
clectrons cin evolve on many time scales, from
attoscconds 1o microseconds, This motion gives
fse 10 a number of phenomena and applications,
including multiple ionization, atomic clocks, and
quantum winneling, These phenomena inside the
atom have been studied carelully over the past
century, but the fastest motion has not been di-
rectly observed before because science has not
had the measurement tools to capture such shon
intervals of tme unil now.

A common example of an attosecond-scale
atomic process is the phenomenon ol Auger re-
laxanon, which occurs when multiple-clectron
atoms are onized by photons with energy i
above the atomic binding enensy. When kilovolt
x-rays ionize such atoms, the ions almost never
remain in their ground state. The x-ray is very
likely to remove a deeply bound electron, leaving
the ion in an excited state with a vacancy in an
inner electron shell, which must relax through
subsequent motion of the electrons. Auger relax-
ation accomplishes this task by moving two
electrons from a more weakly bound outer shell.
One electron fills the hole; the other is cjected,
so that the whole process can conserve encrgy.
The evolution of the atom from a neutral ground
state before the x-ray absomtion, 10 a doubly
charged 1on following the Auger process, 15 a
challenge for theory, and until now it has been
impossible 10 observe. All we know abowt it
comes from examining the debnis: the electrons
and ions [ollowing the event. The electron ener-
gies tell us that the process is very fast; that the
two electrons ejected rom the atom can aflect
cach other dunng the ejection event; and tha
there are sometimes a number of different elec-
tron states that can participate. What we would
like 1o sce is the evolution of the process itsclf,
on its own time scale.

When atoms are bound into molecules, we
must consider the imemplay between the motion
of the electrons and the nuelen. Ulumately this 1s
the basis for all chemistry, The chamcteristic
vibrational motion of atoms in chemical bonds
occurs on the time scale of ens 0 hundreds of
femtoseconds, and the imponance of femio-
second processes in chemistry has been widely
recognized, including by award of a Nobel Prize
(&) but there are critical intervals during a
chemical reaction when the outcome is deter-
mined by dynamics that are still faster, on the
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time scale of a fow fermoseconds or less, These
are moments when the atoms involved in the
reaction are in transition-staie  configurations,
and the clecirons rapidly rearrange 1o guide the
nuclear motion into the final state,

It s convenient to imagine the ¢lectron-
drven dynamics between the atoms as motion
ol the atoms on potential energy surfaces, hke

miarbles rolling around on a curved landscape of

many dimensions, guded by gradient [orees and
their own inertia. This piciure comes naturally
out of the Born-Oppenheimer approximation,
which states that the clectron motion and nuclear
motion occur on such different time scales that
they may be considered sepamtely in secking
solutions 1o the quantum mechanical equations
of motion for the molecular system. Inthis picture,
the tmnsition states ocour a1 high points in the
pllh,'n1i.;|| CNeTEY |.:|!|4,im;:|]‘n,', or at il:[;:rm,'u"-lj'.illn
between two different potemial energy surfaces,
known as “conical imtersecuons” (Fiz. 1), Con-

ficld on the surface of the mimor drives electrical
curments that produce the reflected light beam.

There are several related time scales that
control the physics of optical reflection, and they
are all in the range of femtoseconds o alto-
seconds for typical mimors, which seems instan-
tamoous o a visual observer. A central concept is
the plasma frequency ey, 2r. The inverse of this
frequency s Just the natural penod of oscillation
ol an electron density perturbation i the sohid,
duc 1w the restoring foree created by the charge
imbalanee. In a wpical metal like alummum, that
peried 15 about 200 a5, The value of @y, 1s related
o the electron density N and s effective mass
ar® in the sold:

5 Net

mf'_

:'n..ur*

If" the mewden=hght frequency s lower than
. then the electnons m the plasma can respond
to the force of the light helds in tme to produce

Fig. 1. Conical intersections describe the connection between two electronic states, represented by the
two cojoined coins and nuclear motion, represented by a dotted arrow trajectory along lines on the
cone surface, during nonradiative molecular transitions in the Bomn-Oppenheimer approximation. This
standard and powerful picture is no longer valid when the viewing time is so short that the Heisenberg
uncertainty in the electron energy is larger than the difference between two potential energy surfaces.
Attosecond science requires a reconsideration of these ideas.

ical intersections are points where the Bom-
Oppenheimer approximation breaks down, and
the many-body quanium dynamics is no longer
simple. Naturally, these are regions of intense
imterest in physical chemistry, and these are arcas
that mizhit be addressed by attosecond-scale probes
of the molecules,

Solids are also held together by clectrons,
which are typically delocalized over muny atomie
sites and fomm continuous bands of energies sep-
arated by energy paps, mther than shamp energy
levels in single atoms. To get an idea about the
ulimfast time scales in solids. consider the
phivsics of opical retlectuon from a metal maror,
A metal murmor can be wreated as a dense plasma

of fee electrons, moving in a background of

atomie ions 10 neutrmlize the overall charge. A ligh

WWwww.sClencemad.org

the rellected radiation; but if the light frequency
is higher than the plasma lrequency, then the
oscillating clecirons cannot respond to cancel the
light field in the material. This condition is called
“ultraviolet transparcncy,” because light waves at
frequencies higher than this limit can travel throuzh
the metal without reflecting from the surface,

A sull faster ume scale 15 connected o the
clectneal conductivity o ol the metal. The con-
ductivity relates the cumrent J (charge per tme
per arca) produced by an applicd ficld E {units
of charge per arca) through Ohm’s Law:

J = ok

. the resistivity, evident-
Iy has units of time. The common unit for p, the
€2 — o, is approximately equal o 1 ps (10" as)

The quantny Ve
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The resistivity of aluminum, a common mirmor
miaterial, is about 2.7 pf2 - om. or about 3 as.
The physical importance of this extremely shon
time is the establishmenm of the conditions for
Ohm's law - like behavior in the metal. When an
clectron first feels an clectric field, it does not
mstantly move with a velecity propoional o
the force. Instead, it accelerates i the ficld and
only reaches 1ts wermmal velocity by a balance
between the dnvimg torce, which speads 1t oup.
and plasma scatening forces, which slow it down,
The resistivity scts the tme scale for that balance.

How Do We Make Attosecond Pulses?

The wechnology for producing and for measunng
e, pulses with a
duration between | as and | 05 = [0 as—is
bascd on the interaction of strong visible or

attosecond pulses of light

|n['|:111:|,1 1i,1:,. |u1t]_'__'-1.'.;1~.1.'|1.'|l'__:lh| I.:Im,.']' |'Hl|m.'h *.'.i[||
atoms. The use of infrared lasers 10 produce
attosecond pulses may  seem countenniuitive,
because an optical penod of 1 15 comesponds
light with a wavelength of 300 nm, in the near-
ultravielet range, and a period ol | as implics a
wavelength of 0.3 nm, which 15 considered an
x-ray. The comnection 15 made because of the
strength of the laser held

Focused pulsed lasers can concentrate all
of their power inlo an arca only a few laser
wavelengths across, or a few micrometers lor a
red or infrared laser. This concentration increases
the cleciric Dield in the laser inversely o the
diameter of the focus, Typical liclds available in
cven a modest modem atomic physics lab are
100-15 pulses with 100 p) of energy and
wavelength 300 nm, focused to 30 pm. In this
case, the peak Deld is 3 VAL The typical bind-
ing energy g of an clectron inan atom is anly
on the order of 10 ¢V, and the stee of the atom is
an angstrom; 50 11 s clear that a 3 ViA lield can
distont the electron trjectories. A simple caleu-
lanon based on these ideas. which 1s well ver-
ificd in experiments (9). shows that the electron
orbit becomes unstable, and the electron is pulled
out of the atom alogether, when the applied laser
fichd reaches a small fraction of the average mag-
nitude of the Coulomb fiekd el by the bound ekec-
tron. We can also put this critical field amplitude
L i temms of @y

; dy (4meq )
<L _1‘.“1.

S0 atoms Neld-ioniee in the presence of high-
powered focused lasers. Furthenmore, because
the laser oscillation penod 15 2 15 or more, which
5 very long compared 10 the eleciron orbital
period of a fow tens of attoseconds, we can
picture the electron leaving the influence of the
ion in much less than a laser field cyvcle

Adter jonization, the elecwon sull fecls the
laser feld, It accelermes away from the atom,
but soon (afier about a quarter of a laser cvele)
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the field reverses, and the cleciron stans o de-
celere, stop, and accelerate in the other dinec-
tion, The trajectory of the electron is therefore a
wigely drifting motion, and most of the phenome-
na that have been observed in strong-field atomic

ionization can be traced back to the propertics of

the dnfting electron (/7). The wiggle nsell can
bre quite energetic on an atomic scale. The av-
crage wigele energy, called the ponderomotive
energy (Upl can be many tmes greater than the
binding encrzy of the atom.,

The ponderomotive energy for an electron in
an oscillatmg feld s given by the ollowing
CXPression:

:'34’:'3
(dreg MHmer

2 FT)2

Up
(dmeg)] tmd et

Up has a value of -3 ¢V in the case ol the
modest focused laser Held jonization exper-
ment considered above, The trajectory of the
electron depends sensitively on the precise
instant of ionteation over the laser eyvele. [Mhe
atom ionizcs just when the electne field evele
15 reaching its peak, the clectron will first move
away, and then return back 1o ns starting pomnt at

the atoom qust as il comes W0 rest at the end of

one full eyele of oscillating field. 11 the electron
departs a bit carly, before the peak field. then the
period of acceleration is slightly longer, and the
clectron cannotl retum 1o ils slaning point; il
drifts slowly away,

The most interesting case is for electrons that
depart a bit afler the field peak. They do not
travel as far fromm the atom, and when they retum
they still have quite a bit of ponderomotive en-
ergy. These electrons can retum to their original
state in the atom, and when they recombine with
the on they give up their Kinetic energy in the
fomm of a high-cnergy photon.

This phenomenon 1s known as “high har-
monics generation” (HHG), becavse the emis-
sion spectra can consist of a serics ol nearly
cqually intense discrete frequencies at the po-
sition of the odd hammonics of the laser (£1, 12).
We now understand that separation ol the
cmission spectrum ino a serics of high harmon-
ics is due o interference among many re-
combination photons emitted by many different
atoms over several ditferent cveles of the laser
pulse. On the singlecvele time scale. the spec-

trum s continuous and  follows the spread of

recombination cnergics. The peak return ener-
g2y 15 for an clectron wonized at about 177 past
the peak of the oscillating held. Its energy 1s
37U + gy (100},

This clectron recombination process, known

as the “rescatering piciure.” docs not by isell

appear w0 lead o the prediction of attosecond
pulses. The HHG spectum is composed of -
diation produced by recombination over a mnge
of eleciron enerzies, distributed over the entire
315 duration of the optical cvele of the drive

10 AUGUST 2007 WOL 317

Fig. 2. (Left) Wave function simulating the most
weakly bound electron in carbon dioxide, consisting
of two p, orbitals separated by 2.32 A. Red and
blue parts of the wave function are n radians apart
in quantum phase. (Right) Coherent scattering of
a 25-eV electron from the carbon dioxide orbital
out of which it was recently ejected by a strong
laser field. The returning electron is incident from
the right, and several views are shown over a 120-as
time interval. The relative time (in attoseconds) is
shown in the top right of the frames. Motion of the
wave function is due to interference with the in-
coming electron,

laser, and repeated over many cyeles. For exam-
ple. according 1o both the quantum and semi-
classical formulations ol the rescatlenng process,
different pans of the HEG spectrum are coused
by recombination of the itinerant electron at dif-
lerent times during an optical cvele, so the entire
spectrum appears 1o have a frequency sweep, or
“chimp™ (/3) Actally, there are two different
chims: Electrons that ionize near the peak of the
cvele exccute relatively long trajectories, and
their recombination radiadion appears  chimped
from high to low frequency. Electrons that io-
nize alter 17° of phase past the peak ol the Licld
execute shon trajectories, and the mdition 15
chirped from low to high requency. To make
the shonest attosecond pulse, all of the frequen-
cies must be in phase, i.e., they must all appear
at the same time.

This frequency chirp can be removed alier
the light leavies the atom, by a varety of clever
techniques. When VUV radiation from HHG
passes through a very thin film of aluminum a
few thousand angstroms thick, for example, the

loweer frequencics have a lower velocity, which is
a direct consequence of the ulmviolel tansparency
deseribed above, This removes the chirp from
the radimion for short tmjectories, which can lead
to shom, nearly perfect atiosecond pulses (f4).

To date (mid-2007), the only sources of
attosecond coherent mdiation use the technique
described above. However, there are more 1deas
about how o do this m the future.

For example, as mentoned above, laser high
reflected from a metal mimor has a charctenstic
delay of a few atosceonds because of the non-
zero resistivity of the metal. But consider whan
happens i the laser intensity is increased 1o
more than 1 = 10™ Wiem?®, Such focused in-
tensities have been achieved in the laboratory.
The optical electric fields in this case are
hundreds of tmes higher than the atomic
binding Nield, and they accelerate the clectrons
in the metal o nearly the speed of light in a
fraction of an optical cvcle. The electrons fonn a
temrifically hot plasma that starts w0 expand away
from the surface of the metal, The plasma is a
moving mirror, and the light bouncing ofl
expenences a severe Doppler shift and pulse-
length contraction. Smmulations show compres-
sion factors and frequency shills of 10 tmes or
more, so that ultralast visible pulses could refleat
from the mimor as VUV attosecond pulses (15).

The most powerlul sources ol x-rays will
be the new x-ray frec-electron lasers (XFELs),
under comstruction in the United States, Germeny,
and Japan. XFELs can in principle produce
attosecond pulses, but the weehnology o do this
has not vet been demonstrated (f6).

Viewing and Using Attosecond Pulses: Creat-
ing Attoscience

Attosecond pulses are so recent and unusual that
new technigues are required o make full use of
their resolving power. For example, the HHG
spectrum itsell, the source of attosccond radiaton.
15 also a sensitive detector ol atiosecond processes
in the atomic or molecular nonlinear medium
(/7). Recent experiments that delve into this issue
using HHG in molecules have found that the
harmonic specirum is nch in features that relate
directly back 0 the atiosccond physics of the
clectron evolution in the molecule ( £8, 19). There
hawe been recent suggestions that this information
permits tomographic reconstruction of the active
clectron orbitals mside the molecule, 11 this
concept can be developed, it may be possible in
the Tuture w watch the clectrons in molecules as
they form and break bonds dunng isomerzation,
ionization, or other chemical processes,

This ability to detect the shape of a guantum
orbital in HHG depends on the electon’s quantum
coherence. The electron that is pulled away from
the atom or molecule and then recollides a
femtosecond kater has wavelike features, These
are nol waves of charee, but rather oscillations
in quannum phase, a nonclassical quality of electrons

SCIENCE www.sciencemag.org



that is responsible for such guantume-mechanical
phenomena as clectron diffraction through ervstals,
Likewise, the bound electron stale possesses a
quamum phase, which can change sign from
place to place in the molecule. The quanium
phases of the returning clectron wave interfere
with the different parts of the molecular bound
state wave function, creating attoscoond modu-
lation of the electronic structure that is reconded
in the shape of the HHG spectrum (Fig, 2),

The physics of HHG is stull under active
discussion, and this coherent scattening picture
has many subtletics that are still unresolved,
MNonctheless, the effect of molecular shape on
the HHG spectrum is genuine and dramatic. For
example, two simple molecules Oy and N, are
similar enough in their gross stracture, cach
consisting of two atoms separated by about an
angstrom, and a difference of only two electrons
out of more than a dozen; but their highest
occupied orbitals, the ones that will field-toneee
i an imense laser Oeld, have very different sym-
metries. HHG spectra reveal this difference, and
recent experiments have used the spectra o per-
form tomographic reconstructions ol the wave
lunction responsible [or onization.

Conclusion

Only a lew years ago, the direet measurement of
transicnt phenomena lasting less than an optical
evele seemed a supreme challenge. Now scien-

tists have brought weether techniques from atomic
and laser physics 10 make these measuremenis
possible, if not vel routine. Adtoscicnee is a new
field, with the promise w reveal some of the
fastest processes of chemistry and atomic phys-
ics, or to frecze motion that will allow us to view
the structure of matter under extreme conditions.
The subpect s stull dominated by attempts o
understand and improve the sources, and 1o n-
terpret the data, and there are stll frontiers in
source development: For example, attosecond
pulses at subingstrom wavelengths have not been
demonstrated. There are even more challenges
in the theory of attosecond molecular dynamics:
One of the most difficult issues yet to be re-
solved in attoscience is how we should describe
the structure and motion of electrons wd nuclei
in physical chemistry and molecular physics 10
accommodate processes that are so fast that cher-
ished concepts such as potential energy surfaces
or the Bom Oppenhcimer approximation ane no
longer valid, Despite these difficuliies, the rapid
progress in attoscience over the past few vears is
not abating, and we may anticipate new physical
insights in the coming decade.
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Attosecond Control and Measurement:
Lightwave Electronics

E. Goulielmakis,* V. 5. Yakovlev,” A, L. Cavalieri,® M. Uiberacker,” V. Pervak,® A. Apolonski,®

R. Kienberger,* U, Kleineberg,” F. Krausz™**

Electrons emit light, carry electric current, and bind atoms together to form molecules. Insight into
and control of their atomic-scale mation are the key to understanding the functioning of biological
systems, developing efficient sources of x-ray light, and speeding up electronics. Capturing and
steering this electron motion require attosecond resolution and control, respectively (1 attosecond =
107 seconds). A recent revolution in technology has afforded these capabilities: Controlled light waves
can steer electrons inside and around atoms, marking the birth of lightwave electronics. lsolated
attosecond pulses, well reproduced and fully characterized, demaonstrate the power of the new
technology. Controlled few-cycle light waves and synchronized attosecond pulses constitute its key tools.
We review the current state of lightwave electronics and highlight some future directions.

uantum mechames predicts the charic-

teristic tme scale for the rapidity of

microscopic dynamics as A~ WA
where AN is the spacing between the
relevant energy levels of the microscopic system
and fi is Planck’s constant. The milli-clectron

volt and multi-clectron volt energy spacing of

vibrtional and clectronic enerey levels, respec-
tively, imply that structural dynamics of mole-
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cules and solids as well as related chemical
reactions and phase ransitions cvolve on a fomto-
second time scale, whereas electronic motion on
the atomic scale is o be clocked in attoseconds.

Before the invention of the laser, the neso-
lution of time-resolved spectroscopy was limited
by the nanosecond duration of pulses of inco-
herent light. The laser and the successive weh-
nological developments for the generation and

measurement of ultrashort laser pulses im-
proved the resolving power of pump-probe
spectroscopy rom several nanoseconds 1o sev-
eral femtoseconds (f). The birth of femtosecond
technology permitted real-time observation o the
breakage and Tommation of chemical bonds (2.

We review the recent developments in the
optical technology that have led to the breaking
of the fermosecond barrier and provided real-time
access 1o intra-atomie electron dynamics. Con-
sequences include the observation of electronic
motion deep inside (i.c.. in inner shells of ) atoms
(3) and its control in real time (). We address the
underlving physical concepts and highlizht the
current siatus as well as future prospects of alo-
second technology (5).

Femtosecond Technology: Control and
Measurement with the Amplitude and
Frequency of Light

Control and measurement of dynamics are
interiwined.  Time-resolved measurement relics
on a physical quantity varying in a controlled,
reproducible fashion on the relevant time scale.

Max-Planck-Institut  flr Quantenoptik (MPQ), Hans-
Kopfermann-Strale 1, D-B5748 Garching, Germany.
“Department fir Physik, Ludwig-Maximilians-Universitat,
Am Coulombwall 1, D-B5748 Garching, Germany.
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Femtosecond technology is the result of control-
ling the nonlinear polarization of matter with the
amplitude of light. Controlling the absorption
and'or refractive index in this way has yiclded
along with group delay dispersion control
femtosecond pulses from laser oscillators by means
of passive mode locking (7). Measurement of
the pulses relies on the same physical etlect:
control of the nonlinear polarization of matter
by a replica of the pulse in the presence of the
pulse to be chamcterized (6, 7).

The controlled, well-charactenzed evolution
of the amplitude covelope and Gurier-frequency
swoep (chimp) of ulmshont laser pulses pennits
measurement () and control (%) of quantum
transitions on a femtosecond time scale. Reliance
on these oyele-averaged quantitics implies that
measurement resolution and control spead are
ultimately limited by the carrier wave cvele, The
carrier wave evele period is abowt 3 15 m the near
mfrred, where low dispersion Bivors the gener-
ation of the shortest laser pulses.

Toward Attosecond Technology:
A-ray=Pump/X-ray=Probe Spectroscopy?
Femtosccond measurement and control  tech-
niques utilizing nonlinear material response could,
in principle, be extended into the attosecond time
domain by using intense attosceond pulses of ex-
treme ultraviolet (XUV) or x-ray light. Unlortu-
nately, in these regions of the oplical spectrum, the
probability of two-photon absomption is prohibi-
tively low, Xeray - pump/s-riy - probe spectroscopy
and x-ray quantum control therelore rely on x-ry
intensities that can be attained only with large-scale
{ree-electron lasers (9). Even though these sources
are expected 1o evenually deliver their radia-
tion in subfemtosecond pulses (/) and XUV
sources pumped by large-scale, high energy
losers have already pushed the frontiers of
nonlinear optics 1o the range of several wens of
electron volis (11, 12), proliferation of atosec-
ond technology and its widespread applications
call for another approach—one that relies on light
sources suilable for small laboratories.

An Alternative Route: Light-Induced
Electronic Motion Within the Wave

Cycle of Light

The electric field of visible, nearinfrared or
infrarcd (henceforth, refered 1o collectively as
NIR) laser light, £700), exerts a force on clectrons
that vancs on a sublemiosccond scale. The use of
this gradient for inmating and probing the
subsequent dynamics with antosccond  timing
precision and resolution has led o the emerzence
of an attosccond wehnology that does not rely on
the existence of intense x-ray pulses.

According to theory, strong-field-induced
ionization of atoms is conlined 0 subfemio-
second intervals near the peaks ol the oscillating
NIR field (Fig. 1A) sening a sublemiosecond
electron wave packel Wg(r) free: this prediction
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was recently confirmed by real-time observation
(13). The subfemiosccond fonieation process,
locked to the peak of NIR field oscillation with
comesponding precision, may serve as a sub-
fenmitosecond “starter gun”™ for a wide range of
dyvnamics (including clectronic and subsoquent
nuclear motion and related dynamics of molec-
ular structurc),

The encrzetic mdition concurrent with optical-
ficld ionization in a lincarly polarized laser ficld
(/4 provides a means of rigeering motion in a
more gentle way, without applving an intense
ficld. The broadband XUW light building up
during the propagation ol the driving pulse
through an ensemble of atoms was predicted 10
emerge in a sublemiosecond burst within every
hall optical cvele that is sulliciemly intense for
ionization (£3). Inthis Review, we focus on these
photonic Wwols of attosecond technology, noting
that the recolliding clectron wave packet isell
can also be used 1o explore dynamics ( /6~ 18},

The electronme {and concument) phenomena
[ollowing the attosecond trigger can be tracked
with comparable resolution with the use of the
generating NIR ficld, the oscillations of which are
synchroneed with the tngger event (tunnel
iontzation, recollision, or XUV burst from recol-
lisionh. Let us consider an electron ejected dunng
the unfolding evolution of the system under
scrutiny. In the presence of a lincarly polarizcd
NIR field. outgoing electrons collected along
the direction of the laser cleciric field Epfr)
(Fig. 1B) sulfer a momentum change Apl(r) =
eIPE (1)t = edp(1). Here, ¢ is the charge of
the electron, 7 is the instant ol its emission, and Ay
(1) 15 the vector potential of the laser Hield, This
change vanes monotonically within a hall wave
cycle of the laser ficld, mapping the temporal
evolution of the emitted subfemtosecond electron
wave packet to a cormesponding Ninal momen-
tum and energy distribution of the emitted elec-
trons. We recognize here a new embodiment of
the basic concept of swreak imaging, with the
streaking comrolled by the NIR field in this case.
The electrons can gain or lose an encrgy of
several electron volis depending on whether they
have been emitted some hundred attoseconds
sooner or later than the peak of the field cycle
(Fig. 1 B). endowing this light-lield- driven streak
camera with attosecond resolution (19, 200).

The physical concepts and mechanisms out-
lined above have openad a realistic prospect of
measuring and controlling clectron dynamics on
an auesecond time scale. However, ull exploi-
tation of the potential offered by this concepiual
framework requires precise control over the ap-
plied laser ficld,

Steering Electrons with the Electric

Field of Controlled Light Waves

Ina laser pulse comprising many feld eyeles, the
sublemtosecond clectron and photon bursts bom
in the ionizing field emerge every hall’ cyele,

resulting in a trmin of subfemiosecond bursis (2f).
lis spectrum consisis of cquidistant lines that
represent high-order odd hammonics of the
driving ficld (22). The subfemtosecond pulse
train and its multicycle driver constitute power-
ful tools for controlling and tracking electron
dynamics that temminate within the NIR ficld
oscillation cycle (23-23) The charactenistics
of the individual bursts in the tram can be dif-
ficult o control and measure. Extension of atto-
second control and metrology 10 a wide range of
clectronic phenomena (including all those extend-
ing in time over more than halt an optical cvcle)
calls for the isolation of one to several attosecond
pulses and precise control of their properics (26).

Isolation was predicted 1o be achievable by
manipulating the polanzation state (polanzation
gating) of the driving ficld (27) or shonening its
durtion o nearly a single evele of the camer
wave (28 In fact, intense few-cyele laser pulses
lasting several femioseconds () led 1w the first
observation of light lasting for less than | f5 (29).
Full control ofthe number and propertics ol bursts
isolkned, however, requires precise control of the
driving electrie-lield wavelform £ (1),

Intense few-cvele laser pulses with controlled
wavetorm (#)—along with cancful bandpass lilter-
ing of the highest-cnerzy (cutoft) hammonics
have indeed permitted the reproducible gencration
of single and twin sublemtosecond pulses with
cosine- and the sine-shaped clectric field wave-
foms, respectively, as well as their reliable mea-
surement by means of attosecond streaking (30, 37)
(fig. S 1) The series ol streaked clectron spectra
shown in Fig. 1C vields complete information
about the driving laser ficld and allows deter-
mination of the temporal shape, duration, and a
possible chirp of the emitted subfemtosecond
XUV pulse (Fig. 1D) as well as the degree of
its synchronism with its driver (37-33), These
experiments reveal that few-cyele light with
controlled waveformm permits eproducible gen-
cration and complete characterization of sub-
femtosecond light. Owing 10 the attosecond
synchronism between them, these wols allow
attosecond metrology without the need for high-
intensity X-ravs,

Lightwave Electronics: Versatile

Technology for Control and Chronoscopy

on the Electronic Time Scale

Controlled light ficlds permit control of” micro-
scopic electne currents at the atomic scale just as
synthesized microwave ficlds permit control of
currents it the mesoscopic scale in scomiconductor
chips. By analogy o microwave clectronics, we
propose 0 name this new technology lightwave
electronics, In marked contrast with previous
quantum control through controlling transitions
between quantum states with the amplitude and
lrequency of light (8), Tghtwave electronics gives
way 1o controlling dynamics directly by the force
that the electric feld of intense light exens on
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clectrons. This new approach is powerful in that
(i) it provides a dircet way of affecting the position
and momentum of electrons and (i) control is
matched in speed 1o the electronic time scale.
The first notable manifestations of the
power of lightwave electronics include controlling
subtemtosccond XUV emission (4, 25, 3/-35);
miokecular dissociation (36); measurmg sublanio-
second XUV and ekecron pulses (24, 3/-33, 35);
and imaging dynamic changes i molecular
structure (f6-F8) by means of steermg clectron
wave packets with light fiddds. Sub-wave cycle
(e, sublemtosccond) control of electron wave
packet motion can be accomplished by mixing
multicyele fields (23, 33). However, [ull control
over the entire system evolution from attosecond
o [emesecond time scales—and, consequently,
precision attosecond  measurements—relics on

optical wavefomns that can be accurately con-
tolled in shape and polarization state (, 37)
and confined o several cyeles. Exploitation of
the full potential of lightwave electronics for
attosccond control and  metrology  requires
wavelorm-controlled broadband light.

The atosccond streaking spectrogrim shown
m Fig. 1C yields the complete history of photo-
clectron emission induced by a subfemtosccond
XUV pulse as well as of the streaking optical ficld
(.34}, Similar spectrograns cn also be reconded
with sccondary ( Auger) clectrons, which uncover
the history of a quanium transition of an ¢lectron
deep inside an atom in real time (F), Attosecond
streaking is not the only way of observing the
temporal evolution of atomic-scale electron mo-
tion, Energetic excitation of atoms, molecules, or
solids is ofien accompanied by the promotion of
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valence clectrons o excited states (refemed 10 as a
shake up). The ransient population of these stales
provides information about the instantancous
{electronic) state of the system. This population
can be probed by means of attosecond winneling
induced by the time-delaved wavelform-controlled
few-cyele lascr ficld (43).

In attosccond streakimg and wnneling spoc-
troscapy, the subfemtosecond XUY pulse serves
as a pump and the controlled optical wave as the
probe, Their roles can be interchanged: The op-
tical ficld may—by means of wnnel jonization
(13— imitiate an clectronic process and control
the unfolding dynamics (36), and the sublemto-
second XUV pulse may probe this process by, for
example, photoclectron spectroscopy (3V),

Attosecond technology based on a controlled
optical wave and a synchronized sublemiosecond
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Fig. 1. The birth and measurement of a subfemtosecond (XUV) light
pulse. (A) The field of a femtosecond NIR laser pulse, Ey(t), is able to
suppress the Coulomb potential in atoms sufficiently to allow a valence
electron to tunnel through the narrow barrier and release a subfemto-
second wave packel, wieelt), near the peaks of its most intense os-
cillations. The wave packet is subsequently removed from the vicinity of
the atomic core and less than a period later pushed back by the reversed
field (green trajectory). Upon recollision, it interferes with the bound-
state portion of the electron wave function. This interference results in
high-frequency oscillations, emitting broadband XUV light. The highest-
frequency portion, with intensity fy{t), is temporally confined to a small
fraction of the optical period. (B} Concept of optical-field—driven streak
imaging of electron emission from atoms. Electrons released by an XUV
pulse parallel to the direction of electric field (red line) suffer a change in
their initial momenta that is proportional to the vector potential of the
field (black line} at the instant of release, mapping the intensity profile of
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the emitted electron and hence of the fonizing subfemtosecond XUV
pulse into a carresponding final momentum and energy distribution of
electrons. (C) Streaked spectra of photoelectrons released from neon
atoms by a single subfemtosecond XUV pulse (Finy = 95 eV) recorded for
a series of delays between the XUV pulse and NIR field (streaking
spectrogram). The laser field causes only a moderate broadening
(streaking) of the electron spectra; its main effect is the shift of the
center of mass of the electron spectrum. In the limit of large initial
kinetic energy of the electrons, this shift is linearly proportional to the
vector potential of the field at the instant of impact of the XUV pulse (see
white line). (D) Electric field of the NIR wave and intensity of the XUV
pulse as retrieved from the streaking spectrogram shown in (C). The
measurement confirms that the few-cycle waveform must be near cosine-
shaped to warrant the production of a single subfemtosecond pulse and
reveals a near-Fourier—limited XUV pulse of a duration of 250 atto-
seconds. arb. ., arbitrary units.
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pulse is both versatile and sulliciently compact
and affordable 10 allow proliferation in small
labormtones. The core infrastructure requined is
sketched in Fig. 2. The scope of the echnology
largely depends on the chamctenstics and flexi-
bility of its key tools: synthesized fields of laser
hight and attosecond pulses synchronized to them,

From Controlled Light Waveforms Toward Optical
Waveform Synthesis
Lightwave clectronics benefits from ever-broader
optical bandwidth in several ways. Superposition
of spectral components beyvond an octave per-
mits subcyele shaping of the light wavefonm
and hence sculpting of the clectric force on the
electronic time scale for steering clectrons in
atomic systems, The increased bandwidith and
improved dispersion control also lead 1o shorter
optical pulses, which allow advancing subfem-
tosecond XUV pulse genemtion
i tems of all relevan pamme-
ters: durmtion, intensity, and pho-
on energy.

Intense few-cyele optical
pulses (=5 15) were first generted
(411 by spectral broadening of

cnergy (near the cutodT of the emitted spectrum
depicted in vielet) are emitted rom one recol-
lision only as

fiumg Tewina

. . 2

M:ﬂ'ﬂl.ﬁ = ll.f}(.f..?f“._.) (1
where Te and Tpwppa stand for the osaillation
period (osc) of the camier wave and the full width
at hall’ maximum (FWHM) duration of the
lascr pulse jonizing the atoms, respectively
(43}, Equation | underscores the importance of
minimizing the number of eyveles within the
driver pulse. The intense sub—1.5 cvele (Trwpm
< 15T ) laser pulses that can now be produced
with commercially available ingredients of ulira-
fast laser technology (Fig, 3, A w C) constitute a
promising tool for pushing the frontiers of
attosccond-pulse technology,

coherent radiation. The shonest intense laser pulses
also provide ideal conditions for generating the
broadest supercontinua of coherent light, extending
over more then three octaves (44). Advanced
chimped mulilayer mimor technology holds prom-
is¢ for versatile and scalable (multichannel) im-
plementation of optical wavelorm synthesis. A
prototypical three-channel symthesizer operation:l
over the |- to 3-¢% band indicates the vast vancty
of possibilitics for steering electrons in atomic
svstems with synthesized optical waves (g, 82)

From Subfemtosecond Toward
Attosecond Pulses

Equation 1 suggests that femiosccond technology
must approach the monocyele limit o push the
frontiers of XUY pulse generation toward and
below 100 as, However, there are other options.
Maodulation of the polartzation state of the jonie-

Xuv
~ NIR
Two-component MIRXUV miror delay stage
1

femtosceond pulses (initially ~25 A e AR
f5) in a hollow-core waveguide, Ba'l IV v -
and the resuliant supercontinuwm ,,...-"’".F’ ) 1
was compressed by rellection ol , 57 N Adjustable
e s 7 z ' a3 Turbo
of chimped multilayer dielectric Few-cycha » iris XUV grating
mirrors (47) (Fig. 3A). Combined - LR . | / Target
with waveform control (4), the =t G '_fm
S HHG target U - i
technology matured o become a 1 L S W / XUV
workhorse for attosecond science. . ) 1 . \\ Fiterand ' fRPEC
Iis current stae is represented by et e PJ' "N WD“'."'W asareion i s
the results summanzed in Fig, 3, B R——— pulse with gas flow: il ’,i ¥
and C. The spectrum of near- 20-15, 11 10%moer slectron or |
1 . =B Sterec-AT! eloctron ion spactrometer
LILY m pukes s 1|r.\_l br_{mlunml — dutector
by seli-phase modulation in o gas- ,;"', 7 carmiar-snvelops phase

filled capillary o a supercontine
uwm reaching from S000 o 1000
nm, followed by compression of
the ~400-ul pulses w0 ~3.5 5
with octave-spanning chirped mir-
rors (42). These pulses constilute
the shortest comtrolled optical
wavelorms demonstrated 1o date.

Figure 3D shows how a
single subfemtosecond XUV
pulse can emerge from an atom
ionized by a lincarly polanzed
few=cycle light ficld. The green
lines depict the Kinctic encrgy,
Wisne with which different por-
tions of the freed clectron wave packet {Wiee in
Fig. 1B) return to the core as a function of retum
time, determining the energy of the emitted
harmonic photon, B = Wa © W, where Wy is
the binding cnergy of the clectron. For the
optimum {near-cosine) wavelorm (Fig. 3D), we
can eatimate—in the limit of fony == Wy—the
bandwidth over which photons of the highest
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Advancing  femtesccond  technology 1o its
ultimate limit is the key 1o extending the frontiers
of both measuring and controlling dynamics with
atlosecond  precision. Metrology  benefits from
broader spectral coverage and shorter duration of
sublemtosccond pulses. The scope of control criti-
cally depends on the variety of waveforins, which
is determined by the available bandwidth of intense

Fig. 2. Schematic of an experimental setup for attosecond-pulse generation and attosecond metrology as well as
spectroscopy: the AS-1 attosecond beamline at MPQ. The intense, waveform-controlled few-cycle NIR laser pulse
generates a subfemtosecond XUV pulse in the first interaction medium (jet of noble gas). The collinear XUV and NIR
beams then propagate into a second vacuum chamber, where they are focused by a two-component XUV multilayer
mirror into a gas target. The inner and outer part of the two-component mirror reflects and focuses the XUV and the
{more divergent) NIR beam, respectively. By positioning the internal mirror with a nanometer-precision piezotranslator,
the XUV pulse can be delayed with respect to the NIR pulse with attosecond accuracy. Analysis of the generated
electrons andfor ions as a function of delay between the subfemtosecond XUV and the waveform-controlled MIR pulse
permits characterization of the attosecond tools (Fig. 1) as well as real-time cbservation of atomic-scale electron
dynamics in all forms of matter by means of attosecond streaking spectroscopy (3) and attosecond tumneling
spectroscopy (13} with the same apparatus. In the former case, the final energy distribution of the outgoing electron is
analyzed with a time-of-flight spectrometer; in the latter case, the observables measured as a function of delay are
multiple-charged ions. ACF, auto-correlation function; CCD, charged-coupled device.

ing MIR pulse (33, 37, 43) or of i amplilude by
coherent addition of second harmonic radiation
(46, 47) can efficiently increase AW gngiepulse
even by using severalevele NIR driver pulses.
Implementation of polarization gating with
wavelorm-controlled, approximately  two-cvele
NIR pulses (37) has recently led 1o a spectacular
achievement: the generation of isolated XUV
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pulses at iy grier =
Al gnglepute = 15 €V, Along with dispersion
control and tmjectory selection (48), these isolated
pulses resulied i near-singlecvele XUV pulses
that had a dumtion of 130 as (33) (see the low-
energy sireaking spectrogram in Fig. 4A)

The increased AW paise With several-cyele
pulses comes, however, at the expense of ellicien-
¢y because (1) only a small temporal fraction of the
driver pulse participates in the generation process

36 ¢V with a bandwidith of

and (1) the cycles preceding the generation mo-
ment pre-ionize the atoms, causing substantial
depletion of the ground state betore the XUV pulse

can be emitted. The unprecedentad confinement of

clectromagnetic energy inlo o single well-
controlled oscillation of light in sub-1.5-cyele
NIR pulses (Fig. 3y avouds these shortcomings and
offers several more benefits, Indeed, the high
contrast between the wave erests at f = T2 and
carlicr ones in Fig. 3D pemmits—thanks o the
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exponential scaling of ionization probability with
the fickd strength—adjustment of the pulse inen-
sity so as 1o allow the clectron 1o survive with a
high probability in its ground state umil £ = - 7,2
{in Fig. 3D) and then to be set fiee with a high
probability near this instamt through wnnding. The
resulting wave packet, Wi (Fiz, 1A}, is launched
with unprecedented amplitude. Upon s retum to
the core at about 1 = Toed, it interfens with the
ground state portion of the wave function causing

Fig. 3. Toward intense, monocycle optical pulses.
(A) Hollow-fiber/chirped-mirror optical pulse com-
pressor for the generation of intense, few-cycle
laser pulses. (B} The spectrum of millijoule-energy,
near—20-fs, phase-controlled near-infrared laser
pulses delivered at a repetition rate of 3 kHz from
a Tisapphire laser {(Femtopower, Femtolasers
GmbH) is first broadened to more than an oc-
tave (~450 to 950 nm) in a neon-filled capillary
(pressure —~ 2 bar, length -~ 1 m, bore diameter
250 pm). (€) The spectrally broadened pulses are
compressed by octave-spanning chirped multilayer
mirrars. The interferometric autocorrelation trace
indicates a near—bandwidth-limited ~3.5-fs pulse
carried at & = 720 nm. (D) Energies of XUV
photons emitted from an atom exposed to a
linearly polanzed 3.5-fs, 720-nm Gaussian laser
pulse that is sufficiently intense for efficient tunnel
wnization. The photon energies (green lines) are
depicted as a function of the return time of the
electron to the atomic core and have been
obtained by analyzing classical electron trajecto-
ries (43). The width of the energy band within
which only one recollision contributes to XUV
emission determines the bandwidth AWiinge-pulse
available for the generation of an isolated attosecond
pulse. Based on the classical trajectory analysis,
AWingie-puise 15 found to be maximum for a near—
cosine-shaped waveform, E{t) = Epgelficos(ont +
@), with the camier-envelope phase @ varying
between n/12 and n/é depending on the pulse
shape and intensity. Here, £y and uy stand for the
amplitude and angular frequency of the osdl-
lations of the laser electric field, with ¢(f) being
the amplitude envelope function. The table sum-
marizes bandwidths over which the sub—1.5-cycle
pulses are predicted to support the emergence of
an isolated attosecond pulse at different XUV
photon energies. The estimated pulse durations
derive from the conservative assumption that no
spectral components are available for the pulse
synthesis outside the given spectral window.
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high-frequency (soft-x-ray ) dipole oscillations with
unprecedented amplitude. Hence, the intense near
single-cvele wavelforms appear 1o constituie ideal
tools tor the pursuit of powerlul soft x-may pulses
with pulse durations approaching the atomic unit
of time (see table in Fig, 3D and photon encrgics
approaching the Kilo-clectron volt fronticr.

A st imdication of the potential that near
sing le-cyele NIR pulses ofler for attosecond-pulsce
gencraton 15 provided by the high-energy streak-
ing spectrogrm in Fig, 4A, I has been reconded
with sub-two-cyele (near-4-fs) NIR (750-nm)
pulses and XUV pulses filiered by a molybden-
silicon chirped multilayer miror with a high-
reflectivity band of ~16 ¢V (FWHM) centered a
~493 eV (Fig. 4B ). The bandwidth (FWHM) ol'the
bandpass filered XUV light amounts o 13 ¢V
The streaking spectrogram indicates isolated sub

Fig. 4. Current frontiers of attosecond technology.
(A} Attosecond streaking spectrograms recorded
with few-cycle NIR pulses (i = 750 nm). The low-
energy spectrogram (bottom) shows the carrier
photon energy of an XUV pulse, Moy = 36 eV, with
argon target atoms {courtesy of M. Nisoli). The
high-energy spectrogram (top) shows ey = 93 eV,
with neon target atoms (49). (B) Computed
reflectivity and group delay of the chirped Mao/Si
multilayer mirror used for filtering and focusing the
isplated sub—170-as, 93-eV pulses. (C) Computed
reflectivity and group delay of an ultrabroadband
chirped multilayer Mo/Si mirror designed for come
pensating the chirp carried by an attosecond pulse
filtered near cutoff from short-trajectory emission
{group delay dispersion ~ —0.007 fs°) and for re-
flecting a band sufficient for sub—100-as pulse
generation (bandwidth = 35 eV). (D) Spectrum of
high-order harmonics emitted from neon ionized
by -4-fs—duration NIR (-720-nm) pulses near
cutoff as transmitted through a high-pass filter
(150-nm palladium). The transmission of the Pd
foil is shown by the red curve. The spectrum has
been recorded with the carrier-envelope phase ¢
of the waveform-controlled NIR pulse set to
provide the broadest continuum, Variation of ¢
reshapes the overall distribution of the continuum
(42) rather than introducing a pronounced
harmonic-like structure, as observed with several-
cycle driver pulses for appropriate phase setting
(dashed line). The smooth continuum with a
bandwidth of =30 eV suggests the feasibility of
sub—=100-as XUV pulse generation without manip-
ulation of the driving pulse (e.g., superimposing
its second harmanic or gating its polarization).
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| Tias pulses that are near bandwidth-limited
(#9). The pulses contain more than 10® photons,
which are delivered at a repetition rate of 3 kHe,
implying a photon Mux of =3 = 10 photons per
second trmsported in o near-diffmction-hmited
b, With the Mo'Si mirmor, which has a 10-cm
focal length, used m the MPO atiosccond beam-
line AS-1 (Fig. 2), this beam can be focused 1o a
spot diameter of several micrometers,

The recently demonstrated, waveform-
controlled sub- 1 5-cyele NIR pulses are capable
of producing AW gage e = 30 eV al frny = 120
eV (Fig. 4D}, oflfenng the potential for gencrating
sub— 1 00-a5 pulses at a wavelength of - 10 nm (42).
To exploit this potential, rescarchers must develop
ultrabroadband soft-x-ry muliilayer mimors with
precisely controlled group-delay (GD) dispersion,
Figure 4C plots the reflectivity and GD of the first

Energy (eV)

chimped multilayer mimor design that  supports
sub—[00-as pulses. Chirped muliifaver mirmor
technology (both matallic and diclectric) is likely
to play as imponant a role in advancing attosecond
technology a5 it has plaved in advancing famio-
second technology to s ultimate limits,

Prospects

New rescarch wols allow scientists 10 seck an-
swers o questions that, m the absence of a means
of addressing them, have never been posad
before. Grnd questions serve as a compass
providing  directions for research that promises
the most extensive retum. We pose a fow
questions across disparate arcas ol science, con-
nected by the fundamental role that atomic-scale
dlectronic motion plays in physical, chemical, and
biological processes,

T, =170 as
hl.-.l.

93 oV

Delay (fs)

Reflectivity (%)

GD (as)

“EAES " EEEE

Intensity (arb. u.)

Transmission
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Aromic phovsics and v-ray science. How is the
energy of an x-ray photon distributed  between
clectrons upon its absorption by an aiom?! Can
clectronic transitions deep inside atoms be
affected by controlled ulirstrong extemal fields
rivaling in strength the intemal Coulomb fields,
c.z., loropening up novel routes o eflicient, com-
pract x-ray lasers?

Plosical chemistry, molecutar biology,  bio-
informatics, and photovoltaies. Can controlled
light ficlds ofler a fundamentally new way of
modifying the structure and/'or composition of
molecules by driving electron wave packets across
molecules with synthesizcd optical fields? What
are the microscopic mechanisms underdying bio-
logical information transport? Can charge-transler
in host-guest systens (e.g., dve-semiconductor
assemblics) be exploited for developing solar cells
with unprecedened cllicioncy?

fformarion teclnology:. Can clectron-hased
mfommtion processing and storage be down-
scaled o momic domensions and sped up o the
atomic ime scale (e, 1w oplical frequencies)?
Can these ultimate limits be reached by exploiting
electric mieractions (clectronics) or magnelic
mierictions (spmtromics) or collective electron
motion {plasmonics)? Which incamation of light-
wave clectronics will be the ulimate electron-
based infornution technology”

The answers to these questions will rely on
exploring and controlling the microscopic motion
of electrons, on atomic scales in space and time,
Antosccond technology now offers the wols for
tackling these and many other exciting questions,
The importance of the answers being sought will
drive its prolifemtion.
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Quest for Coherent X-rays
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Modern laser technology has revolutionized the sensitivity and precision of spectroscopy by
providing coherent light in a spectrum spanning the infrared, visible, and ultraviolet wavelength
regimes. However, the generation of shorter-wavelength coherent pulses in the x-ray region

has proven much more challenging. The recent emergence of high harmonic generation techniques
opens the door to this possibility. Here we review the new science that is enabled by an ability to
manipulate and control electrons on attosecond time scales, ranging from new tabletop sources of
coherent x-rays to an ability to follow complex electron dynamics in molecules and materials. We
also explore the implications of these advances for the future of molecular structural

characterization schemes that currently rely so heavily on scattering from incoherent x-ray sources.
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short nanosecond, picosecond, and even femio-
second pulses. Given the ongin of the laser, it was
also naural o aiempt 1o generate coherent light a
shoner and shoner wavelengths, However., this
elfont proved very challenging because of the pun-
wshing power scaling inherent in kasers. Basic phys-
ics dictates that the enenzy required o implement a
bser scales roughly as | 77: that s, a laserat a 10
times shorer wavelength () requires ~100,000
times the input power. Thus, the first x-my lasers
mmplamnentad in the [1980s used the building-sized
Nova fision laser at Lawrence Livenmone National
Labormory as a power source 10 generate soff (nela-
ovely long=wavclength) x-rmys. Since that mital
xeray laser, considerable progress has been muade in
dowrscaling the Jaser needed as the power source
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(7). Nevenheless, the generation of coherent hand
x-rays from x-my ksers remains a dounting prospect,

Forunately, i recen vears scieniists have found
a way 1o make rapid progress toward generating
coberent light at very shon wavelengths by using
altemative technigues. Large-scale  frec-cloctron
lasers promese to produce high-eneray pubes of
coherent x-rays wing, for example, the 2-km-long
electron aceelerator at the Stanford Linear Acceler-
ator Center. Extreme nonlinear optical techniques
have succeaded I upconverting visible laser light
into x-rays, making a tabktop source of coberent
x-rys possible, This ability has given ws a new
coberent light source that spans such a large wegion
of the spectrum thal we can now aoccs Processes
that occur on subfemtosecond or attosecond (1 as =
107" 5) time scales. Equally intriguing is the fact
that we have leamead how 10 use femiosecond lascr
light 10 coberemly manipulate eloctrons in atns
and molecules on their fundamental attosecond time
scakes, The nchness and complexaty of attosecond
scienee and technology are only just beginning to be
uncovered. As we discuss here, attosecond science
can capture the complex interwoven dance off
electrons in molecules and matemals. Attosecond
scnce also shows greal promse [or developmg
new ultrasensitive molecular imaging and spectro-
scopic techniques. Finally, attosecond science
represents the most promising avenue to achieve

than that of the incident laser. This high harmonic
generlion process s a result of an electron re-
scattering process (Fig. 1), When an atom or maol-
coule is exposed to a strong electric lield that is
comparable to the field binding the electron to the
nucleus, the most looscly bound electron can be
rpped from the atom. The laser intensitics
required 10" 10 10% W em™ are casily
accessible with tabletop emtosccond lasers. Onee
free, the electron will follow a trajectory controlled
by the laser ficld, firt moving away from the
parent ion and then reversing its motion as the
laser ficld oscillates in time,

Upon retuming to the vicinity of its parent ion,
this electron has some probability of recombining
with it and giving up its excess kinetic energy as a
photon, with energy comresponding to dogens or
hundreds of visible laser photons. Each time this
recollision happens, a burst of attosecond-durmation
x-rays s emitted, This burst generally ocours twice
dunng each cyele ol the driving laser field, or
every 1.3 5 for a driving laser at 800 nm
wavelmgth (because the ioniang laser field peaks
twice cach optical cvele). A classical piciure of
high hammonic generation (Fig, 1, top lefi) gives a
simple expression for the maximum energy of the
photons that can be generated (v, ). which is
simply the energy that the electron possesses when
it recollides with the ion (Eq. 1)

Fig. 1. Attosecond coherent electron rescattering from atoms and molecules. Classical {top) and quantum
(bottom) pictures of high harmonic generation. A strong laser field plucks an electron from an atom (left) or
molecule (right). After evolving as a free electron for a fraction of a femtosecond, the electron can recombine
with the ion, emitting a coherent x-ray. The quantum wave functions of the ionizing electrons (shown in
green) have many modulations that rapidly change in time as the electron is accelerated by the laser field.

what had seemead hopelessly impractical until now:
the gencrtion of brght, coherent, hard x-ray beams
using a tablotop-scale apparatus.

The Birth of Attosecond Science

Attosecond science began with the discovery of
high hamonic generation: an extreme nonlingar
process that remains to date pethaps the best
example of complex attosecond dynamics, When
driven by a strong femtosecond laser, atoms can
emit coherent light at frequencies much higher
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s = Iy + 32U, ¢ fped? (N
where [ is the iontztion potential of the atom, Uy
is the ponderomotive potential (or the averge
kinetic energy of an electron oscillating in
response 1o the driving laser Gield), and fger and
4 are the imensity and wavelngth of the driving
liser at the time of the fonization (3, 4). From this
simple piclure, one can see tha high hamonic
generation comesponds 1o the coherent version of

the x-ray wbe first demonsirated by Roentgen,
where electrons accelermied by an electric fcld
collide with atoms in a target. In high hannonic
generation, the randomly phased electron impact
that oocurs in an x-ray tube is replaced by the
coherent impact of an electron dnven by acoherent
laser ficld. Each electron starts in a bound state of
the atom and 15 npped from the om and ac-
celerated by the same coherent kaser field. There-
fore, under the correct conditions, the re-radiated
x-rty waves are identical for cach atom and add
togcther o ganerate a fully coherent laserlike x-ray

am (), Morcover, the lincar imtensity scaling
law given by the cutofl relation of Eq. 1 (for high
recollision energies == ) is remarkably favorable:
the intensitics required to generate hard x-rays
of =1 w 10 keV are readily accessible using cur-
rent tabletop lasers,

Much of the beauty and complexity that lave
sparked long-term imterest i high  harmonic
generation onginale becwse of s quanum or
wavelike properics (3, ). Dunng its tmjectory as a
free paricle, the electron wave evolves with a
deBroglie wavelength comesponding 1o & = Ip
{where pois the electron momentum and & 15
Planck’s constant) (Fiz. [, boltom). The total
quantum phase advance of the ¢lection during its
free trajectory between jonization and recombina-
tion is quite large, conesponding to dozens o hun-
dreds of mdians. Morcover, the quantum phase
accumulated by the clectron depends on the exact
shape of the electromagnetic field of the laser that
muides it during the suboptical evele time interval
between doniztion and rescatienng, This same
quantum phase accumulated by the clectron is then
acquircd by the high hamonic x-ray wave that is
emitied when the clectron recombines with the ion.
The sumpnsing end result is that the phase of the
x-ray waves 15 thus not ngidly relaed to the phase
of the dnving laser, bt rther depends on the light
field that guides the electron in its boomerang-like
Joumey first away from, and then back to, the on.
This propeny is very different from those pertaining
i any other type of nonlinear optical process and
opens up many exciting possibilitics. For example,
during the attosecond time interval between when
the electron is ejected and when it recombines with
the ion, s wave function can be manipulated in
usclul ways ( 7-%). This can be accomplished by
shaping the driving laser ficld itsell or by imposing
another extemal light ficld.,

Several remarkable scientific and technological
opportunitics have emerged a5 a result of the
micraction of strong light ficlds with matter—a
property of matier that 15 mtimately associated with
amosceond scicnee and was discovered only 20
years ago (M0, 4N Most cument research in
attosecond science falls into three broad categories:
(i) understanding how o comrol electron rescatier-
g in order o manipulae clectrons on attosecond
time scales in usetul ways, (i) leaming how 0 e
the nescattering electrons as a probe of molecular
dynamics, and ({il) using the aitosecond lime
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Fig. 2. Crystals made from light by manipulating electron rescattering. Shining a light pattern on a gas can
control where in the gas the coherent x-rays are generated (bottom left). X-rays are generated throughout
the medium, but emissions from the orange regions cancel out emissions from the blue regions, because
the driving laser field and x-ray waves slip in phase by & after traveling through each region (corresponding
to one L, or a few hundred micrometers at 70-eV photon energies). This results in a weak x-ray output from
the medium. (Bottom right) A light pattern is used to scramble and disrupt the electron and x-ray phases in
regions where the forward- and backward-propagating laser beams overlap. In these overlapping regions
(shown in the inset, and indicated by the horizontal black arrow), the laser intensity is modulated on short
distances (0.4 wm) that are much shorter than L. The modulated laser intensity modulates and scrambles
the electron phase, shown in green in the inset. This eliminates x-ray emission from the orange regions, so

that emission from the blue regions can now add constructively to generate a bright x-ray output.

structure of xrays generated by high hannonic
generation as a probe of complex electron dvnank
ics in molecules and matenals, We brielly discuss
the exeiting scienufic opporunitics in each aea

Manipulating Electrons on Attosecond

Time Scales

In exciting recemt experimental and  theoretical
developments (9, £2), the concept of manipulating
coberent electrons on attosecond time scales: has
been vsed to overcome one of the major oulstanding
problens in nonlinear oplics: the efficiem genera-
tion of coherent high-cnergy x-mys [om losers. The

major challenge in generating a wsable flux of

x-ravs from high-order hanmonic generation is in
plase-matching the process. As the driving laser
beam propagates i the gas, the hammonic signal
wave will build up constructively over a long
distance only il the driving laser wave and the
generated hanmonic wave trvel with the same crest
or phase velocity throughout the medium. In
conventional nonlinear optics, this s achicved wsmg
bircfnngence; that s, a nonlinear crystal structure 15
chosen specifically w cqualiee the propagation
phase velociiies of the two disparate colors. This
approach of structurdng the medium will not work
tor high harmonic generation, where a gas must be
used as the medium because it is Inerally npped
apart by the strong kser ficd. Moreover, free
electrons act like highly dispersive prisims, cGusing
a severe phase-velocity slip between the laser and

www.sciencemag.org SCIENCE VOL 317

the x-rmy waves, This effect greatly reduces the
distance over which the X-my waves build up
comstructively [ealled the coberence length (L] 1o
millmicters or micrometers for photon energies
between 150 eVand | ke, (Photon encrzies below
130 ¢V can be generated before the gas is fully

ionzed Under these conditions, the dispersion of

the neutral @ms and the free-clectron plasma can

A Intense driving Is laser
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balance, resuliing in perfect phase-velocity march-
mg of the laser and x-ray waves,)

The propagating phase-velocity slip that oocurs
as the laser and hamonic x-my waves travel through
the g will add to any quantum phase accumulated
ke the cloctron dunng s wajectory away from the
N, So an infnguing question anses: |s there a way
to compensate for the propagation phase ship using
the quantum phase accumulited by the clearon
durng its attosecond  excursion from the ion?
Fortumately, the answer is yves. The plase-matching
challenge for high hammonic generation at high
encrges can be overcome by patteming the Lser
fickd driving the process mther than by structuring
the medium, as is the case in visible nonlinear optics,
This s bocause high hammonic gencration & a purely
electronic process that nevenheless does not respond
instantly but mther has a sublamiosecond response
ime (3) The quantum phase resulting fom the
recollision process can be miluenced by the driving
Laser icld or by any other field that 1s simulancously
applicd to the atom or molecule { 14). This provides
a way o control electrons at angstrom spatial di-
mensions and on attosecond time scales (15).

Twao approaches for usmg a patterned light Geld
o comeal for the propagation phase-velocty slip
between the laser and x-rays have been demonstratd
experimentally to date, In one approach. the driving
bser propagates through a perodically modulated
pasfilled waveguide (/6). The x-my emission is
brightest where the waveguide dimmeter & smallest
and the laser intansity is highest. By limiting the
X-ray generation 1o cortin regions i the waveguide
where the Lser intensity s highest, the lser and
-ty winves can slip back into perfeat phase align-
ment i the regions in between, whene no x-ravs
are genertted. This quasi-phaseanatching (QPM)
scheme theretfoee automeatically ensures that in-phase
spatial regions contnbute mest o the x-my signal,
while the out-ol-phase regions are suppressed.

4— Weak cw counterpropagating lasar

Coherent zonas —* Lyt — 7
B Emitted phase Phaseshift induced by Emitted phase with
only driving laser counterpropagating counterpropagating
light - i
* NANNDY T
HHG signal
signal /7 i E—— 4

T

Fig. 3. Coherent hard x-rays produced by manipulating electron rescattering. (A) An intense laser pulse (red)
generates harmonic x-rays as it travels through a gas. Most of the emitted x-rays interfere with each other from
the different out-of-phase zones shown in yellow and purple, because the driving laser and generated x-ray
waves slip in phase by r over each zone. (B) Shining a continuous wave laser, whose wavelength matches the
coherent zone widths, can manipulate the phase of the recolliding electron on attosecond time scales, to
adjust its phase so that x-ray emissions from the entire medium can add constructively, This scheme is ideally
suited for hard x-rays around 1 keV and higher, where the coherent zone widths are in the micrometer range.
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In more recent expeniments, the quantum phase
of the recolliding clectron was manipulated wsing a
second, independent, patterned light Gield (9). While
the electron s away from the jon, it is essentially free
of its Coulomb ficld. Remarkably, wvery small
changes in the light fiekd can result e bige changes
in the plase of the recolliding electron, bocause this
phase 15 approsenately proporional o the appliod
laser intensity. Any change in the biser intensity will
therefore change the quantum phase of the clecton,
and this phase shifl is then dircctly napped mio the
phase of the x-ry cmission as a result of quanium

mechanics, As illustrated i Fig, 2, a sequence of

woak counterpropagating pulses can interfere waith
the drving laser pulse that generates the coberent
x-riys. Inany spatial region where the two pulses
collide, an interference pattem is created between the
forward- and backward-going pulses. This modu-
lated laser intensity scrambles the recolliding elec-
tron phase on very shon spatial lengths (=400 nm,
and as a result, will also scramble the x-my phase,
ellectively preventing any x-my wave buildup. In
regions where the forward- and backwand-propaga-
ing pulscs do not intersect, the x-my sigmal grows
over distances as great as L, and the x-ray signal
fronm the different regiones can add m-phase under the
cormect conditions. Such Bight sequences wene used
recently 1o selectively enhance a single harmonic
order by almost three orders ol magnitude (9).
How far can we go with these attosecond me-
nipultion technigues? s it possible 1o generate
bright, coherent, hand x-ravs using high hamonic
genemtion for applications in erystallography. bi-
ooy, meterials science, and madical imaging? In
theory, the answer is ves. As shown i Fig 3, nstead
of wsing sequences of pulses o eliminate harmonic
cmission from wide (o fraction of a millimeter) re-
gions ol the medium that would otherwise contribute
destructively, the oscillating licld of a comtinuous-
wave bser can be wed w0 coninually adjust the
phase of the recolliding clectron and x-rays (/7). This
approach shows prewt promise for gencrating brght
coherenmt beams a very high phoion enerzies well
above 1 kel where the phase-slip distance is ex-
tremely shor, on the order of micrometers, and is
well matched to infrared wavelengihs. Even more
complicated light pattems could be wsed 10 manip-
ulate x-ray wave fonts; for example, 1o focus them.

Attosecond Electron Recollisions

with Molecules

Another exciting fronticr of attosccond science is to
exploi attosecond clectron recollisions with maole-
cules. In these expenments, an clectron is pluckod
from a molecule and retums 1o the same molecule a
fraction of an optical cvcle later (Fiz 1) while
emitting a coherent x-rmy, As the electon accel-
erates in the laser Geld, # gains encrey mnging from
tens o hundreds of electron volis, comesponding 1o

a characteristic electron deBroglic wavelength of

~1 A. This clectron wavelength is well matched 1o
the spacing between atoms in a molecule. What is
intriguing about this electron recollision is that the
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clectron is coherent with its parent ion and can be
used as an in situ probe of molecular dynamics
cssentially using o molecule’s own electrons for a
new tvpe of clectron diffraction expenment. X-ray
harmonics generatead  from molecules are very
sensitive to the orientation (7, structure (/8), and
dynamic motion (19, 20) of the electrons and aloms
in a molecule. To date, this technigue has been wsed
to map the valenee electron orbital in a distomic
molecule and to observe simple shape changes and
vibrational dynamics in molecules,

As amethod for observing molocular dynamics,
high harmonie generation also comveniently probes
mations of he moleculss in their ground clectronic
state, which is particularly relevam o chemistry,
Mareover, the time resolution is high enough 1o
decouple the electronic and nuclear motions, In the
future, high hammonic genermtion from molecules
could become a broadly applicable probe of chem-
ical dynamics, combinmg ultrhigh time resolution
with the potential for obtaining structural  infor-
mation, complamentry w0 techmigues such as
femtosecond electron dillaction.

Probing Attosecond Electron Dynamics
in Atoms, Molecules, and Materials

The x-ray high hammonic bursts penerated by
recolliding electrons represent the fastest strobe
light in existence (24-23), st enough 1o caplure
the feeting motion of electrons in atoms, mole-
cules, and solids. No other probe has succeeded in
this endeavor o date. Moreover, their average
brightness compares well with bending magnet
synchmomon sources and will increase further as
more powerlul lasers are developed. Single,
isolated, attosecond x-ray bursts can be produced
with a laser pubse lasting only a few optical periods
(=5 f3) (22, 27). In this case, the ime-varying fow-
cyele field ersures that the highest harmonics ane
emitted only during one half-cyele of the laser feld.
Trains of atosecond bursts of x-ravs are generated
il a longer drving laser puke s wsed. These
antosecond bursts of x-rays (whether isoloied orin a
train of pulses, depending on the experiment) ane
ideal probes of complex correlaied electron dynam-
ics in aoms, molecules, and materials.

To date, attosecond pulses have been used o
tollow some of the fastest clectron dynamics, such
as Awger decay in atoms (24) or laser-assisied
photoemission from solids (25). In some cases,
these experiments have confirmed  information
already available from spectral studies, More so-
phisticated curmrent expenments are just beginning
1o probe electron dynamics in molecules and solids
that cannot be exammed in other ways, such as the
dynamics of muli=clectron processes, highly ex-
cited and strong field pocesses, and comelated
electron dynamics at surfaces or in nanomalerials,

Looking Forward
The anosecond physks of high-order hanmonic

generation is one of the greal success stories of

nonlinear optics in the past 20 years, The first ex-

periments were litle more than a phyvsics cuniosity,
with limited apparent use. Since that time, many
exciting applications of” attesecond bursis of coher-
ent x-rys have been demonstrated, including high-
resolution coherent x-ray  imaging  fermtosecond
holography  for studving nanothermal  trnsport,
real-time observation of molecular motion on sur-
faces, ulmsensitive molecular spectroscopics and
imaging, and captunng the motion of electrons in
atoms, molecules, and materials (26-29). As we
look forward, atosccond science is poised W revo-
lutionize how we understand and control election
dynamics in matter, wheress attosecond wechnology
may revolutionize crystalbography, x-ry specinosco-
pv. and biological, materals, and medical imaging,

References and Notes

1 AL Schawlow, €. H. Townes, Plys. Rew. 112, 1940 (1958).

. . 1. Rocea, Rev. Sci. Instrum. 70, 3799 (1999).

3. ). L. Krause, K ). Schafer, K. C. Kulander, Phys Rew. Left.

68, 3535 (1992),

4, P, B, Corkum, Phys, Rev, Lefr. 71, 1994 (1993).

5. R A Bartels ef al, Science 297, 376 (2002),

6. M. Lewenstein, P. Balcow, M. Y. lvanow, A LHuillier,

P, B, Corkum, Phys, Rev, A 49, 2117 (1994),
7. R Bartels ef oi., Nature 406, 164 (2000).
8. I, P. Chmstow, R Bartels, H. C. Kapteyn, M. M. Mumane,
Phys. Rev. Ledl. B6, 5458 (2001).
9. K fhang, A L Lytle, H. C. Kapteyn, M. M. Murnane,
0. Cohen, MaL Phys. 3, 270 (2007).

. A McPherson et af., | Opt Soc. Am. 8 4, 595 (1987).

. M. Femray et al, | Plys. B 21, 131 (1988).

. 0. Cohen et of., Phys Rev. Lett 99, 53902 (2007).

. Initial experimenis validated the quanium eleciron-
rescatiening picture by observing how the harmanic beam
characteristics {spectrum and beam shaped changed with
the driving laser characteristics (30, 31).

14, ). Peatross, M. V. Fedoroy, K. C. Kulander, |, Opt Soc.

Am. B 12, 863 {1995},

15. The first experiment o achieve coherent attosecond
eleciron mantpulation adjusted the shape of the driving
laser pulse using pulse shaping. This made it possible o
control the phase of the recolliding electrons, on a cycle-
to-cycle basis of the drving laser Fiedd, 1o a precision of
=12 as. Using a learning algorithm, an optimal laser
pulse shape was found so that for a selecied harmonic,
each attesecond burst of x-rays interlered canstructively.
Becawse x-rays emitted in adjacent harmonics interiered
destructively, a single harmonic order was selectively
enhanced {7, 8.

16, A Paul et al., Noture 421, 51 (2003),

17. R Velotia, M. Hay, M. B. Mason, M. Castillejo,

I P. Marangos, Phys. Rev, Lett. B7, 183901 (2001},

18. 1. tatani er ol, Noture 432, 867 (2004).

19, M. L Wagner et al,, Proc. Notl Acod, 5o, UL5A 103,
13279 (2006).

20. 5. Baker et ol., Science 312, 424 (2006); published
online 1 March 2006 (10.1126/ience. 112 3904).

Z1. P. M. Paul ef ol., Science 292, 1689 (2001L

22. I P. Christov, M. M. Murnane, H. €. Kapleyn, Plys. Rev.
Left. 78, 1251 (1997).

23. A Baluska erf al, Notwre 421, 611 (2003).

24, R Kienberger ef al., Nature 427, 817 (2004),

25, L Miaja-fwila ef al,, Phys. Rew. Leirt, 97, 113604 (2006).

26. H. C. Kapteyn, M. M. Murnane, |. P. Christav, Phys. Today
58, 3% (2005},

27. H. M. Chapman et al, Nal. Phys. 2, B39 (2006}

28. R I Tabey et al, Opt. Left. 32, 2B6 (2007).

29. M. Bauer ef o, Phys, Rew. Lett. 8702, 5501 (2001},

30, Z Chang et al, Phys Rev, A 58, R30 (1998).

31 P Balcou, P. Salieres, A L'Huillier, M. Lewenstein,

Phys. Rev. A 55, 3204 (1997).

32. The authors gratefully acknowledge support lor their

research fram NSF and the U.S. Department of Energy.

10.112605cience, 1143679

]

BREB

wWWw.sCiencemag.org




Rapid Population Growth of a
Critically Endangered Carnivore

M. B. Grenier,“?* D, B. McDonald,* 5. W. Buskirk®

ndangered species taken captive for breed-
E'mg and then reinroduced 1o the wild
commonly il o produce sell-susaining
populations (/). Such costly filures result from
the persistence of the environmental factors that
causcd the specics 0 become endangered, the
eflects of inbreeding in small populations, and
the behavioral and physiological consequences
of a captive environment, However, the first re-
mtroduced population of the most endangered
mammal species n North Amenica, the black-
footed femret (Mustele nigripes), is recovering
rapidly in the Shirley Basin of Wyoming afier a
lag that seemed 10 portend population extinction.
The population recovery is notable because
the bottlencek of the 19805 reduced genctic
variability (2) and captive breeding affected
various phenotypic traits (30, Funher, endan-
gered verebrates commonly exhibit “slow™ life
history strmtegics (4, 5). producing low rates of
population increase, unlike the 33% annual
imcrease estimated by our matnx  population
model for the period 2003-2006. Remarkably,
an evien higher annual rate of increase, 39% (r =
0.47), was estimated from an exponential it w
the minimum numbcer alive for the period 2000
2006 (Fig. 1) Also, two potentially devasiat-

ing infections discases, plague and canine
distemper, occurred shortly afier the releases.
Naotably, the primary prey at this site is the
white-tailed prairie dog (Cvnomis lencirns ),
which is considered suboptimal because i hi-
bemates for exiended periods and has low pop-
ulation densitics (5).

The last known wild population of ferrets,
discovered in 1981 near Mecteetse, Wyoming,
formed the basis for the captive breeding pro-
gram (§). From seven genetic founders in 1987,
over 4800 juveniles have been produced, and
many were reintroduced to sites in the ferret’s
historical range. Shidey Basin received 228
caplive-bom animals during 19911994 (Fig. 1)
There, diseases triggered a decling: fewer than
25 ferrets were observed in 1996, By 1997, only
five ferrets werne found, and monitoring effons
were intermittent over the next 5 years: popula-
tion extinction seemed imminent. In 2003, how-
ever, surnveys revealed a sumprising increase o
532 anmimals, and monitoring intensified. Three
seasons of demographic data now permit a mark-
recapture estimate of population size [N= 223,
93% confidence interval (CTy is 192 1o 401 ] with-
in the 8100-ha swdy arca, which mcludes only
about 14% of the contiguows praine dog habita,

400 -
2 e
o — Predicted abundance
I Number released
B 200 - Bl Minimum number alive
E [ Estimated abundance
(=
I
100 -
0 -

$&S

?99’

§& FE55

Survey year

Fig. 1. Rapid population growth of black-footed ferrets in Shirley Basin, Wyoming, since 2000. Releases of
captive-born animals ended in 1994, and abundance was so low by 1997 that monitoring was intermittent
during 1998-2002 (no data for 1998-99 or 2002). Since 2003, more-intensive monitoring has revealed a
rapidly growing population [223 animals in 2006 (95% C1 192 to 401)], which has expanded beyond the
study area boundaries. The predicted abundance s exponential growth fitted to the minimum number alive
{r = 0.47). The estimated population growth rate (&), from our matrix population model, is 1.35.
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The specics” potential for mpid  population
growih seoms o contradict the slow hfe lnstory
strtegy common o endangerad vertebrates: low
fecundity, high longevity, and high age at first re-
production (<, A mawix population model (6)
based on our estimates of vital rates (including
birthrates, survival rates, and monality rates) re-
vealed unexpected attributes (7). Matrix-based
clasticity analysis showed that success in the first
year of life is the key 1o demographic success.
Elasticities assess the impact on the population
growth rate (&) of proportional changes in the vital

rtes (6 for the black-footed ferret, more than hall

of the wial elasticity is attribuable o survival
{2y = 02Ty and ferility (e = 0.31) through the
first year of hife (fig. S1). Thus, carly survival and
recruiiment are the crucial factors in this anmmal’s
life history, mther than the later adult survival tha
commonly matters 1o endangered specics (4.
Black-footed ferrets have bred successfully
in the wild for 7.5 (+3.8 SD) generations (fig.
511, largely obviating fears that inbreeding de-
pression of caplive propagation would impair
population establishment or short-tenm persist-
ence (J). Vulnerbilitics 1o infectious diseases
and potential declings of prairic dog populations
remain serious concerns, We suggest, however,
that mamegement could include more opportun-
istic and widespread  reintroduction  attempts
without shon-term postrelease monitonng. Al-
though some attempts may not vield immediate
success, the Shirley Basin example shows tha
species recovery s possible, given the ferret’s
capacity to persist a1 low population levels and
to inerease rapidly in favorable environments.
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Multifunctional Nanomechanical
Systems via Tunably Coupled
Piezoelectric Actuation

Sotiris C. Masmanidis,” Rassul B. Karabalin,® Iwijn De Vlaminck,? Gustaaf Borghs,?

Mark R. Freeman,? Michael L. Roukes**

Efficient actuation is crucial to obtaining optimal performance from nanoelectromechanical systems
(NEMS). We employed epitaxial piezoelectric semiconductors to obtain efficient and fully integrated
NEMS actuation, which is based on exploitation of the interaction between piezoelectric strain and
built-in charge depletion. The underlying actuation mechanism in these depletion-mediated NEMS
becomes important only for devices with dimensions approaching semiconductor depletion lengths.
The induced actuation forces are controlled electrically, and resonant excitation approaching
single-electron efficiency is demonstrated. The fundamental electromechanical coupling itself can be
programmed by heterostructure band engineering, externally controllable charge depletion, and
crystallographic orientation. These attributes are combined to realize a prototype, mechanically based,

exclusive-or logic element.

he domain at the nanometer scale presents
I new opportunities for realizing electro-
mechanical transducers with ultralow
power consumplion, high sensitivity, intearted
large-scale army architecure, and coupling to
mesoscopic phenomena (). As an advancciment
of microclectromechanical systems, which have
become mamstream deviees such as optical
switches, ink jots, and acceleromaters, nanoclec-
tromechanical systems (INEMS) have shown great
promise as highly sensitive detectors of mass
2, 31, dsplacement (), chage (5), and energy (6),
However, as electromechanical devices ane scaled
downward, transduction becomes increasingly dif-
ficult, hampering effons o ercate finely controlled
inegrmied systems. In spite of substantial progress
in the ficld { 7). an efficient, integrated, and custom-
taable wechnique for actively dnving and uning
NEMS resonators has remained elusive, Conven-
tional approaches such as magnetomotive, clectro-
static, and elecirothermal wechniques (7, &) sulfer
from either low power efficiency, limited potential
for integration, or poor nanoscale control over
clectromechanical coupling. In contrast, one of the
carlicst and most straghtforward actuation meth-
ods, based on the picaoclearic effect, provides a
means of dircetly converting an electric ficld into
micchanical strin. Discovered by the Curie brothers
in 1380 (9, it has since been widely applicd in a
multitude of systems rmnging from clocks w0 mi-
crowave electromechanical fillers and bosensors,
However, new nanoscale functionality enabled by
piesnelectric coupling has not vet been system-
atically explored with top-down NEMS devices,
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We investigated the use of piczoclectnic semi-
conductors as aclive structural materials for
NEMS resonators, The active region ol our nano-
mechanical devices consists of a 200-nm-thick
epitaxially grown GaAs ptype/inirinsic/n-type
ipin) diode (fi) The clamped ends of the sus-
pended structures lie on wp of a sacnficial
AlpsGagaAs laver, which 15 doped along with
the substrate to allow the back side of the wafer 1o
be used as a ground electrode. An n-doped laver
serves s the op electrode, and Ninally, the charge-
depleted  high-resistance region in the muddle
fomms the piczoclectrically active layer. Details
on the pin junction doping profile and device

A

fabrication are presented in (/7). We first focused
on NEMS cantilevers, as depicted in Fig, 1A,
which we used to gauge the efficiency of piczo-
electne excitation. To ensure that the mechanical
readout scheme was decoupled  from charge-
depletion effects, we employed optical interfer-
ometry (£2) o sense motion so that unnecessary
complications were not introduced into our analy-
sis, During a typical measurement (Fig. 1B), an ac
signal applied across the pin junction actuates the
device al or near its resonance frequency, while
the addition of de voltage wnes the depletion-
region width, Within the device, o mnsverse
cectric fickd, £, produces a longitudinal strain
¢ = iy, where oy is the anisotropic piezo-
cecmic cocllicient (/3) A bending moment
develops when the stmin is asymmetrically dis-
tnbuted around the beam’s neutral axis, which
results in mechanical resonance under a suitable
range of driving frequencies. The particular canti-
lever shown in Fig, | s found 1o have a resonance
frequency of 8 MHz and a quality factor () of
2700 (Fig. 1C). Our measurements are in agroe-
ment with the expected value for this strocture’s
liest out-of-plane vibrational mode. The piczo-
clectric effect is capable of driving the device with
ac signals as low s 5 pV before the onsel of
thermomechanical Muctuations (Fig, 1C, inset),
corresponding 1o approximately a single electronic
charge on the cantilever itsell Assuming a maxi-
s current How of 1 oA 5 pVolac drive (4,
the minimum required power consumpdion of this
device approaches 5 W, with =1 nW being more
representative ol typical opermting conditions (an
¢ drive of 10 mV) during actuation. Further mm-
provement s expected from semiconductor band-
structure optimization.

L5 ].V_

7.92 7.93
Frequency (MHz)

Fig. 1. Nanomechanical piezoelectric actuation. (A) Gahs cantilever with embedded pin diode
structure. The dimensions are: length, 4 um; width, 0.8 um; and thickness, 0.2 um. Scale bar,1 pm. (B}
Measurement setup. The bias T allows both dc and ac signals to be applied. All measurements were
performed at room temperature and a pressure of 5 millitorr. (C) Frequency response around the
resonance of a diode-embedded cantilever (pin-1) under 0 dc bias. Each line corresponds to a different-
amplitude ac driving signal across the diode junction. (Inset! Response to drive signals of a few
microvolts, (Each line, in order of increasing amplitude, corresponds to the addition of 5 uV.) The black
line labeled "0 uV" corresponds to thermomechanical noise at a 10-Hz bandwidth and sets a lower limit
on the ac driving signal that is required to generale an observable response. RMS, root mean squared.
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These measurements demonstrate the efficien-
¢y of this integrated excitation technique, both in
terms of charge and of power required. For com-
parison, magnetomotive and  electrothermal
NEMS actuation schemes are not easily realizable
with comparable power efliciency, bocause their
comparatively low impedanee results in substan-
tial curment Now. Morcover, many alternative ac-

Fig. 2. \btage-unable depleon A

mediated strain manifests itself

tuation schemes rely on extemal clectromagnetic
lields mediated by gates (electrostatic), solenoids
(magnetomoetive), or bsers (optothenmal ) henee,
they are not readily incomporated into the active
vibrating structure of a nanoscale device,

The simin generated by an electne ficld s
concentrted within the highly resistive change-
depletion region, This allows us to adjust the

(]
(]

as a change in actuation effi-
ciency. (A) Frequency response
of the same device as in Fig. 1,
but with a fixed ac drive (10
m\V) and a different dec bias. (B}
Model electric-field distribution
in a stereotypical pin junction.
The colored lines correspond to

— " ]

Amplitude (nm)

the field under increasing ap- Frequency (MHz)

plied voltage. The field lines ' ST e e
are skewed toward the lower- 1.2

doped side (in this case, the pin

pink p-type layer), resulting in 1.0

a different piezoelectric strain iz

distribution that alters the ac-
tuation efficency. (€} Normal-
ized resonance amplitude versus
dc bias voltage for three different
pin diodes embedded in identi-
cally shaped cantilevers. For ease
of comparison, the response of
each device was normalized to
its own amplitude at 0 dc volts.
The ac driving signal was fixed
at 10 mV. (Inset) Predicted s

e
(=]

o
£
T

Normalized amplitude A(V__VA(0) ©
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behavior of the diodes (11).

Fig. 3. Piezoelectric resonance-
frequency control. (A) Doubly
clamped beam structure with
the same dimensions as in Fig.
1A Scale bar, 1 pm. (B) Fre-
quency response near the
beam's fundamental out-of-
plane resonance mode. Each
line corresponds to a different

dc bias applied across the diode
junction. The ac driving ampli-
tude is fixed at 70 mV. (C)
Phase-locked—loop measure-
ments of resonance-frequency
shift as a function of voltage.
The blue and red lines corre-
spond to beams fabricated
along the [110] and [-110]
crystallographic directions, re-
spectively. Their slopes have
opposite signs because of pi-
ezoelectric anisotropy. (Inset)
Time-dependent frequency shift
under the stepwise addition of
10 mV. About 500 electronic

100

, Frequency shift (kHz)
8 o

-

charges were added to the
beam at each step.
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DC bias (V)

REPORTS

piczoclectne actuation efliciency by altering the
depletion widih with an applied voliage, in much
the same way a5 capaciance s systematically
altered in varactor diodes. This actuation clfect,
however, is unique to nanoscale semiconductor
structures, where the chameieristic device length
scale (i.e., the thickness of the pin heterostructurch
can become comparable o the depletion width, To
verify this formm of electromechanical coupling, we
measured the performance of the cantilever under
different de bias conditions (Fig. 2A) As
expected, the mechanical amphiude of the
devices response strongly  depends on the de
voltage, We developed a simple analytical model
that combines two competing mechanisms that
control actuation () (1) depletion-mediated
strun (Fig. 2B and fig. S1) and (n) varable
resistance of the pin diode junction (fig. 52).
Because strain is proporional 1o he vollage across
the junction, lowenng the resistance via excessive
forward or reverse buasing of the diode leads 1o a
reduction of actuation efficiency. However, this
effect is not evident as long as the diode bias value
lics below its “on™ state and above breakdown,
which are respectively determined o be at 0.7 and

3 V. To validate our predictions, we fabricated
identical cantilevers from three pin diode junctions
and memsured their resomance amplitludes as a
function of de voltage, The diodes” doping pro-
liles were designed o demonstmite three qualita-
tively different effects of depletion-mediated strain
on actuation: (1) increasing resonance amplitude
under deercasing voltage (pin-1 ), (1) constam am-
plitude (pin-2), and (i) deereasing amplitude
(pin-3). We found good agreement between the

observed and predicted mechanical response ol

these deviees (Fig. 20°).

Another remarkable feature of NEMS
fabricated from piczoclectric maienials is voliage-
induced resonance-frequency control. To demon-
strate this, we patterned doubly clamped beams
such as those shown in Fig, 3A. These struciures
are driven 1o resonance in the same Fashion as are
cantilevers. Shifis in resonance are clearly
observed upon the de-biasing of the device (Fig.
3B}, because piczockeciric strain is convented into
stress as a result of clamped-clamped boundary
conditions (/5). In the case of small pertur-
bations, this behavior can be quantittively de-
seribed by the ollowmg expression ( /6)

PENTEN R,

(1)

The elastic Young's modulus Fis 101 GPa, the
density p is 5.3 gam’. ¢ s the wtal device
thickness (200 nm), Afis the change in frequency,
and Fis the voltage. The above expression implics
linear frequency-voltage dependence. In addition,
because of the anisotropic nature of the piceo-
cectric coeflicient, we expect o be able w
conmrol the slope of A by fabrcating the beam
alomg a prescribed direction, Both predictions arce
verfied by the measurements displayed in Fig,
3C. The equal and opposite wning slope of de-
vices aligned along the [110] and |-110] direc-
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tions is characteristic of the opposite sign of
i3 along these directions. Fitting the slope of
the steepest line to Eq. | vields a value of dyy =

1.33 pm/V, n excellent agreement with the
aceepted measured value along the [110] dince-
tion (J/.3). Because stresses in cantilevers can relax
by expanding or comracting, their frequency
tunability is substantially lower than that of beams,
as is evident by companng Figs. 2A and 3B, The
combination of intcgration, lincanty, voltage ef-
ficiency, and erystallographic anisotropy of pieeo-
electric frequency ning presents an advantage
over other wning mechanizmes that rely on electro-
static force (5) or thermal stress (/7). Devices that
may benelit from the added Tunctionality include
parametnic amplifies (/8), nmnsically cooled
nmanomochanical resonators (/¥), and  voliage-
controlled mechanical osallators in frequency
standards or sensing applications,

As a further example of the potential appli-
cation of voltage-dependent requeney uning, we
demonstrated  piczoclectric nanomechanical
charpe sersing. The inset of Fig. 3C shows the
time progression of frequency during stepwise
10-mV increases in DO biss. Each step come-
sponds 1o the addition of -2 kV/iem of field across
the depletion region or - 500 clectronic charges on
the resonant device (20) The highest achicvable
resolution at room tamperature is -1 00 clectrons,
and it may be possible to approach single-clectron
resolution by using enhanced readout techniques,
an optimized quality factor, and higher aspect-
ratio beams (20). This suggests that, unlike other
NEMS resonator sensors, which typically miea-
sure only mass acerction, tunable prezoclectne
transducers could also serve as detectors ol ionic
specics, making them atractive candidaes for
mass spectrometry applications ().

Our ability w0 finely control the mechanical
response of NEMS devices in a vanety ol ways

Fig. 4. Radio-frequency nanoelectrome- A
chanical analog of an XOR logic gate. (A}
L-shaped cantilever with electrically
isolated but mechanically connected in-
puts. Scale bar, 1 um. (B} Measured fre-
quency response to a 5-mV ac driving
signal applied to the inputs: A not B, red;
B not A, blue: and A and B, black. (Inset)
The real component of the response ©C

signal, indicating the 180° phase shift 25
between the response due to driving at
input A and that due to driving at input B. 20

(C) Schematic illustration of the mechan-
ical XOR logic gate's operational princi-
ple, exploiting piezoelectric anisotropy.
When an ac drive was applied across only
one of the inputs, the device responded
with equal mechanical amplitude but
opposite phase (the “on” state). This

=
w

Amplitude (nm)
5

raises the intriguing possibility of creating ele-
ments for nanomechanical logic and computation.
It 15 wonth recalling that some of the carlicst
computers were mechanical, and interest in this
concept has resurfheed with the advent of non-
volatile carbon-nanoube memory elements (22,
As an initial implementation of piczoclecinc
NEMS logic, we ook advantage of the crystallo-
graphic anisotropy of oy The prototype device
(pictured in Fig, 4A) consists of an L-shaped
cantilever with two separmely addressable inputs
for actuation. The wop conducting portion of the
structune wis removed al the tip, resulting in a pair
of mechanically bound b elecirically isolated
aciustors, When driven from only input A or B,
the entire structure resonates with a fundamental
frequency of 10 MHz and a O of 20000 (Fig. 48).
Because the two halves of the structure ane aligned
along crvstallogrmphically othogonal directions,
wie observed that a stimulus at mput A resulls inoan
equal-magnitude but opposite-phase mechanical
response as the same stimulus applied at input B
|Fig. 4. B (inset) and C] (23). Thus, when the a
driving stimulus of the same nagnitude was
simultancously applied 10 both inputs through a
O-degree power splitter. the response of the device
wis found to be substantially attenuated, as one
would expect from a cancellation of motion. This
device represents a prototype mdio-frequency
nanomechanical analog 1o an exclusive-or
(XOR) logic gate with a demonstrated on/ofl ratio
of 8:1. We envision the integration of NEMS logic
in large-scale arravs that could cary ot prelim-
inary computations in the clectromechanical
domain before conventional  digital processing
(24). Potennal advanages of this approach include
lower net power consumption and greater func-
tionality i computation.

We have demonsiraied an approach 1o de-
signing nanoclectromechanical svsiems  from

..II'|||1.|I A ;

resulted in an effective cancellation of oS5l .
motion ("off” state) when the drive was ]
simultaneously applied to the two inputs. on rAGB
10.04 1006 1008 10.10 1042 10.14
Frequency (MHz)
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piczoclectric semiconductors with tailoned band
structure, geometry, and crystallographic direc-
tion. The mesulting clectromechamical coupling
phenomena, which wely entirely on intrinsic
matenal propenties, facilitate the creation of com-
pact, tunable NEMS amays for mulidimensional
sensing (23) and nanomechanical computing
applications (24). The ability 1o regulate actua-
tion ¢lliciency through depletion-mediated strain
in the semiconductor heterostructure™s low

operating-power regime raises the prospect for
developing efficient, high-speed electrome-
chanical switches, Such devices may play an
important role in selectively addressing individ-
wil clements in lorge-scale amays of NEMS,
Furthermore, the integration of a reliable and
customizable frequency-tuning method adds a
usclul laver of functionality that has so far been
absent in NEMS. Allhough not explored here, the
reversibility of piczoclecine phenomena oflers
the potential for ultrasensitive clectrieal measure-
ment of nanomechameal moton (26-29), Finally,
all of the concepts presented here are translenable
Lo a wide varety of other materials beyond GaAs
isuch as AIN, SiC, or Zn0), which may provide
enhanced electrical and mechanical propenties.
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Label-Free, Single-Molecule
Detection with Optical Microcavities

Andrea M. Armani,* Rajan P. Kulkarni,® Scott E. Fraser,™* Richard C. Flagan,®* Kerry . Vahala®

Current single-molecule detection techniques require labeling the target molecule. We report a
highly specific and sensitive optical sensor based on an ultrahigh quality (Q) factor (Q = 10F)
whispering-gallery microcavity. The silica surface is functionalized to bind the target molecule;
binding is detected by a resonant wavelength shift. Single-molecule detection is confirmed by
observation of single-molecule binding events that shift the resonant frequency, as well as by the
statistics for these shifts over many binding events. These shifts result from a thermo-optic
mechanism. Additionally, label-free, single-molecule detection of interleukin-2 was demonstrated
in serum. These experiments demonstrate a dynamic range of 10*? in concentration, establishing
the microcavity as a sensitive and versatile detector.

ingle-molecule fluorescence  experiments
S have improved our understanding of many
fundamental biological processes, such as
protein folding kinctics (/) molecular transpon
(2, 3), and aspects of DNA replication (4),
However, all of these breakthrough experiments
required labeling of the target molecule (5, 6). In
the case of surlacc-cnhanced Raman spectosco-
py (SERS), wtal intemal reflection Nuorescence
microscopy ( TIRF) and contocal microscopy, this
label behaves as an amplifier for an otherwise
undeiectable single-molecule signal; however, i
also restricts an experiment’s scope, because there
miust be prior knowledge of the targat’s presence
and the wrzd molecule must be modified 1o
incomorate the label (7-£2) There have been
several atiempts o overcome this need 1o label the
analyte by developing label-free sensing technol-
ogies, mnging from fiber-optic waveguides (/.3)
and nanowires (/4) o nanoparticle probes (/.5),
biochips (/4), and mechanical cantilevers (17),
but none has achicved single-molecule sensitivity,
Optical microcavitics have been proposed as a
powerlul method to achicve label-free detection
of single molecules because the resonant recireu-
lation of hight within a microcavity allows the
light to sumple target molecules many more times
(18-21). For example, in a simple optical wave-
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cuide sensor, the input light has only one oppor-
tunity to interact with the target molecule. In
contrast, by using a planar microcavity with a
quality () factorof 10% (Fig. 1A), the molecule is
sampled more than TOG00 times, This increascd
sampling manitests itscll both as a shift of the
resonant wavelength and as a decrcase in the
factor as the target molecules dircetly change the
optical path length and/'or the cavity loss of the
sensor (M8, J9) The curment work extends these
ideas by adding a new mechanism through which
molecules can induce a resonant wavelength shifi.
In panticular, it will be shown that a thermo-optic
mechanism greatly enhances deteetion sensitivity.
Biochemically functionalizing the surface of the
resonator 1o recognize the target molecule should
provide an excellent platform for ulirasensitive

detection and specilic identification of dissolved.
unlabeled target molecules (22, 23),

We fabricated planar aravs ol silica micno-
tooid  whispering-gallery  resonators (Fig, 1A)
using a simple threestep process: (i) circular
oxide pads were lithographically delined; (i) the
silicon wafer was sclectively @ched with xenon
difluoride, forming amays of silica microdisks:
and (1) the microdisks were rellowed with a 00,
laser (24, 25). Microtoroids ofler () factors in ox-
cess of 100 mullion for enhanced detection sen-
siivity, and their sihea surfaces are readily
linctionalized for specific detection of biomol-
ceules (24). The microtoroids were coupled o a
tunable lser and detector by a tapered optical fiber
waveguide and were immersed in water within a
microacquarium with svrnge inlets for introducing
samples (26). The apered optical fiber waveguide
lavinches light into the whispering-gallery mode a
the periphery of the microtoroid. The resonant
whispering-gallery mode is partially confined in-
side the silica microtoroid, but it evancsces inio
the lquid environment (Fig, 1B). Thus, the light
interacts strongly with the molecules once they are
captured on the toroidal surface, ina manner sime-
tlar o the way that o surface plasmon resonance
(SPR ) sensor interrogates a sample (27), The silica
surfaces were sensitized cither with biotin or amti-
bewdics 1o capture specilic molecules |avidin or the
tangzet antigen, respectively (26)). This binding
interaction creates red shifts of the resonant waye-
length that can be monitored in real time (26).
In the static condition withowt the presence of
biclogical molecules, the opposing thermo-opic

Fig. 1. The microtoroid resonator biological sensor. (A) A scanning electron micrograph (SEM) image of
the UHO microtoroid optical resonator. The silica microtoroid is fabricated on a silicon wafer using planar
lithography and reflowed using a CO, laser. The typical microtoroid diameter used in this work was 80 pm.
(B) A finite element model [FEMLAB (COMSOL, Burlington, Massachusetts, USAJ] of a 4-um minor
diameter microtoroid resonator immersed in water, Although the majority of the optical field resides in
the silica toroid, a portion of the field evanesces into the environment (indicated by a white arrow). The
interaction of the whispering-gallery mode with the environment, specifically molecules bound on the
surface of the toroid, enables the ultrasensitive detection.
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elfeets of water and of silica balance to stabilize
the conventional thermally induced shifi (26).

The working mnge of this device was deter-
minad with interleukin-2 (IL-2), a cytokine re-
leased in response o immune system aclivation 1o
extnnsic and inrinsic  stimuli, Concentrations
rnging from 1 = 107" Mo 1 = 107* M were
controllably fowed past the microtoroid resonator
using a svringe pump (26). For [L-2, the highest
sensitivity occurred in the lower concentration
range. The dose-response curve (Fig. 2) is
sigmoidal, as would be expecied from antibody-
antigen binding il there were a finite number of
binding sites. An easily detectable response was
obtained at 5 = 107" M, with greater than 10:1
signaldo-noise rano (Fig. 2, mset A). With
increasing concentration, the responsivity dimin-
ished: however, wavelength shifts were datect-
able for concentrations as large as 107® M (Fig. 2,
inset B), This working range is a | 2-decade
concentration range ( 10'2). This can be compared
with that for other label-free room-temperature
detection techniques, such as nanowire sen-
sors (107) (28) and microcantilevers (10°)(29)
and is comparable 1o or greater than fuores-
cent or luminescant assays such as chemilumines-
cenee (30).

For the lowest concentrations where shifls are
observed, small numbers of molecules would be
expected o interact with the tomid, which
suggests that the sensor might accomplish label-
free single-molecule detection. To investigate this
regime further, a data acquisition system was usoed
o measure resonant wavelength versus time at
fixed concentrations and Now mies. Figure 3A
shows shifll responses versus nme at three
concentrations. of IL-2 {26). By optimizing
solution  concentration, solution injection rale,
and data acquisition rate, shilts caused by
individual molecules binding o the surface of
the wroid were resolved. We observed siepwise
shifts. and their frequency scaled lincarly with
concemration. Using raw data like that presented
in Fig. 3A, we plotied a histogram of the
distribution of shilis over a given period of time
fior several concentrations of 1L-2 (bin size is
0001 pm) (Fig. 3C). In cach case, the histogram
has a maximum shift value that s independent off
the concentration. This behavior s expected
because wavelength shalts will depend on the
strength of interaction between the bound mole-
cule and whisperng-gallery optical mode. The
interaction will be strongest for binding o the
cquatorial plane and diminish mpidly as mole-
cules bind even a few micrometers ollset from this
plane. Henee, these histogram plots are consistent
with somewhat uniform binding of molecules
over the toroid surface, thereby creating a
distribution of shifts with a maximum given by
molecules o the equintorial plane (26),

To further venfy the single-molecule nature of
these binding events, the statistics in time were
studied in (26) and confimmed a Poissonian
behavior for binding events, A single-molecule
photo-bleaching experimen was also designed
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using a Cyv3-labeled antibody (37). The expen-
mental detals and the resulis demonstrating
sigle-modecule bleaching usimg the toreid as the
excitation source are contauned in (26).

The single-molecule shifts observed here are
frge based on previowsly proposed  detection
mechanisms (/8, 19. However, at the fun-
damental level, these theones assume that bi-
ological moleoules have only a dircet offect on
cither optical path length or O factor by way of
their complex polarizability. In such cises, it is
straightforward o show that sensitivity scales
lingarly with microcavity £ lactor and that
wavelength shills produced by single-molecule
binding events are several orders of magnitude oo
small to explain the cument observations, We
propose instead, and verily through a senes of
measurements, a mechanism ol detection that
attains a greatly enhanced sensitivity by leverg-
ing the high ¢ fhctor of the silica microtoroid
twice (Le., quadratie dependence ol sensitivity
with {2 factor). This mechanism, not previously
considered I a microresonator sensor, esulls
when the high circulating intensities within the
resonator locally heat molecules attached to the
whispering gallery. This temperature increase
resulis in a rad shift of the resonant wavelength
through the thermo-optic effect, when the
whispering-gallery material itsell (in this case,
silica) is heated by the molecule. Contrasting this
mechanism with the conventional method of
microcavity detection based on directly inducad
changes in optical path length of the whispering-
rallery resonant mode shows that the optical path
length in the present case 15 vaned indireetly and
in proporion o the ntensity-induced heating of
the molecule. This mechanism theretore receivies
adouble benefit (i.e., quadratic) from the ulwahigh
O factor (LHOQ): fist, from the namrow linewidih
{i.e., improved resolution in measuring shifis), and

second, from an incrcase in the intrinsic shift by
way af the thenmo-optic cfleat,

The expected thenno-optic wavelength shifi is
straightforward to predict. Beginning with the
wave cquation and adding a perturbing thermal
contribution 1o the susceptibility, the theoret-
ical wavelength shift produced by a single
molecule (bound at the intensity maximumy by
the thermo-optic mechanism can be shown 1o
be given by (32):

O nirj-:

e }".’Ml'ﬂr

or | dr (1)

.\ w_annzrcl" r+e
where & is the wavelength, o is the absorpion
cross secion of the molecule, dnddT 15 the
optothermal constant of silica (1.3 = 10 "K' x
is themial conductivity, i is the effective relractive
index of the silica toroid, 1715 the optical mode
volume, €2 15 cavity O lactor, and 7 is the couplad
opiical power. The integral in this expression
accounts for the spatial overdap of the whispenng-
gallery mode ficld [w(r)], with the temperature
profile ercated by the nearly pointlike molecular
heat source, The parameter £ is on the order of the
physical radius of the molecule (33) and, as shown
below, has a negligible role in determining the
magnitude of predicted shifts. As noted above,
the strength of the thenmo-optic effect depends on
the circulating intensity within the toroidal whisper-
ing gallery, as evident in Eq. | by the dependence
ol the resonance shift on the coupled optical
power, cavity O, and modal volume,

Using this expression, we can cstablish the
absomplion cross section required to create a shifl
equal o onc-cavity linewidth (34),

1 8t J- ulr)?

= —_= fr (2)
e2r o id+e

Gy

Fig. 2. The working range
and dose response of the
microtoroid sensor was in-
vestigated using a series of
IL-2 salutions ranging from
107" Mto 107° M. The Q of
the cavity used in this study
was 1.83 x 10% This re-
sponse is sigmoidal, as
would be expected from
antibody-antigen binding
if there were a finite num-
ber of binding sites. The first
reliable signal was obtained
at 5 x 107® M. The total
working range of the sensor
is from 5 aM (5 x 107%) to
1 puM (1 x 107%); the
response of the sensor is
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not linear over this entire concentration range. The error bars are smaller than the symbols in the main
graph and are shown in the insets. (A) Enlarged view of the low concentration response. The first
concentration that has a detectable response is 5 aM. The error in this data is + 0.005 pm. (B)
Enlarged view of the higher concentration response (after considerable site saturation has occurred).

The error in this data is = 0.005 pm.
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This figure of merit illustrates how the sensitivity
brenelits quadratically from the cavity 2 factor, As
an example, fora cavity O factor of 2530 million, a
coupled power of 1 mW, a molecular mdius in the
range of 3 10 50 nm (34), a wavelength ol 680 nm,
a toroid of diameter 80 pm, and the optical and

thermal constants of silica, ay is between 1.1 =
1077 em® and 1.5 % 1077 em®, This value is well
below the values for many biomolecules and
docs not represent a fundamental limat of de-
tection because, in principle, detection of sub-
Imewidih shifls is possible provided that the
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Fig. 3. (A) The position of the resonance wavelength as a function of time at three different
interleukin-2 concentrations. As molecules bind to the surface, the resonant wavelength position
jumps, creating the steps seen. When the concentration is increased, the general slope of the trace
increased because the binding rate increased. It is important to note that discrete binding events can
be resolved at this data acquisition rate. (B} The position of the resonance wavelength as a function of
time at three different IL-2 concentrations in fetal bovine serum. Also shown is the case of pure
serum. As molecules bind to the surface, the resonant wavelength position shifted, creating the steps
seen. Similar to the data shown in (A), the slope is related to the concentration, and individual events
are resolved. (C) A series of histograms formed from steps like those in (A), showing the relation
between total resonant wavelength shift and number of molecules that bound to the surface of the
toroid. As the concentration increased, the number of binding events increased; however, the largest
shift remained constant. This shift is a result of molecules binding at the highest intensity region on
the surface of the toroid. The largest shift achieved agrees very well with the expected shift from the
thermo-optic theory based on the @ factor of the microcavity used in this experiment (1.20 x 10%).
This histogram is formed from 5 min of data, and the bin size is 0.001 pm. (D) Histogram showing
single-molecule binding events like those in (C). Two features are noteworthy: The largest shift is
independent of concentration, and the number of binding events increases in proportion to
concentration. The largest shift achieved agrees very well with the expected shift from the thermo-
optic theory based on the Q factor of the microcavity used in this experiment (1.05 = 10%). This
histogram is formed from 1 min of data, and the bin size is 0.001 pm.
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signal-to-noise mtio is adequate { 24). Conversely,
if @ cross section of 2 * 107" em” is assumed
(typical of several molecules used in this study),
then a single-moleeule wavelength shilt of be-
tween 50 and 33 fm is predicted, which is casily
detected tora UHQ microcavity, We nowe that the
thermo-optic mechanism is not limited to UHGQ
silica resonant cavitics and can be generalized 1o
other lower-(? resonant cavitics, provided tha
power levels ane substantially boosted 1o over-
come the reduced ¢,

We verilied the proposed thenmo-optic de-
tection mechanism and investigated its universal-
ity by performing a series of single-molecule
datection experiments using molecules of varving
absorption cross sections, rmnging from 10 6 1o
1" 1,:mz at low concentrations (35). The
dependence of the resonant shilt on ) was
verified by using cavitics with O factors of either
=1 = 108 or =2 = 10% (26). The lowest cross
section molecules used were the IL-2 antigen (Fig.
3), protein G oand streptavidine Two different
polyelonal antibodies were also used and servad
as intermediate absorption cross section mole-
cules. Two high-cross section Nuorescent dye
moleaules were also used: CyS-labeled antibody
(Nuorescenmt dye) and QSY-21 {a quencher
mwlecule designed o absorb light like a Muores-
cent dve but not 1o re-emit photons) o provide

funther cross-sectional dynamic range in the test. [

we assume that the largest shift in the histogram
corresponds 10 the case of a single-molecule
binding event at the region of highest intensity
(i.e., the equatorial plane of the whispenng
gallery), this maximum shifl can be plotted versus
the molecular cross sections 1o verify Eqg. 1.
Figure 4 sumnurizes the theoretical predic-
tions and experimental resulis by plotting  the

104
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Fig. 4. The expected theoretical relation between
absorption cross section and maximum resonance
shift is confirmed experimentally for IL-2, strepta-
vidin, protein G, two different IL-2 antibodies,
and two synthetic fluorophores (Cy5 and Q5Y-21).
These shifts are determined using the method
described in (26). The solid symbols were taken
using microresonators with @ ~ 1 x 10% the
hollow symbols were taken using microresonators
with @ ~ 2 x 10% The two solid curves are the
theoretically predicted dependence based on

Eq. 1.
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largest measured single-molecule resonance shili
versus absorplion cross seciion. For small cross
sections (that do not lower cavity (1), a lincar
dependence is expected based on the thermo-
optic model presented above (we assume a
negligible impact of the size pammeter £). The
coupled input power and toroid diameter were
constant throughout the measurements. With the
exception of the shift data for QSY-21, single-
molecule data were obtained for multiple binding
evenls on a single toroid. QSY-21 appreciably
lowers the & factor, which made muliiple single-
molecule memsurements untenable, From Fig, 4,
it is apparent that there is excellent alignment of
the data across all of the distinct molecules and
for bonhy €} factors. Furthenmore, it should be
noted that the ligher O lactor provides a
proporionally lareer shifl, as expected from the
proposed mechanism. The solid lines in Fig. 4are
the theoretical predictions based on the previous-
v outlined thenmo-optic model, using a single ¢
value of 35 nm.

The detection mechanism is not purely linear
in cross section because a single molecule that is
highly absorbing can decrease the cavity © factor
(26). This phenomenon occurs both with CyS and
QSY-21, which impact the O factor even at the
single-molecule level. Because the O laclor is
decreased, the circulating imensity is reduced,
and the themmo-optic induced heating s also
decreased. Thus, the linear fit for smaller cross
section molecules (which assumes a constant {J
and hence constant circulating power) s ex-
pected o break down in these cases in precisely
the manner observed.

To verify the application of the microtoroid
sensor as a disgnostic wol tor medical applica-
tions, detection of [L-2 in [eal bovine scrum was
chosen. As mentioned previously, 1L-2 is a
cyiokine which is released in response o immune
sysiem activation. However, the concentration of
IL-2 in serum has been shown 1o change in
patients with childhood leukemia and 10 be an
indicator of an impaired immune system (36),
However, IL-2 is present ot very low concen-
trations (107" 10 107"* M) and, therefore. it can be
difficult to detect these changes quickly.

To demonstmte detection of IL-2 in serum,
three scrum solutions were made that containod
300 aML, 600 aM, or 900 aM of IL-2 (26). Ad-
dinonally, pure serum was flowed over the
tfunctionalized toroid (26). Figune 3B shows the
resonant wavelength shifis that resulied from
these deiection evenis. Several features of this
data are signilicant. First, the total resonant wave-
length shill increases as a direat function of the
concentration, and the individual binding events
can be resolved, as in the previous detection
evenis in pure solution (Fig. 3A). Second, the
shift from the pure serum is negligible, which
indicates that none of the additional components
in the serum interferes appreciably with the de-
tection (26,

From this resonamt shift daa, a histogram is
created for cach of the [L-2 concentrations. Figure
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D shows the distribution of wavelength shifis
for all o the single-molecule binding events. The
largest shift that occurred (which, as noted be-
fore, corresponds to binding at the highest inten-
sity region of the microtoroid) was the same at all
three JL-2 concentrations, This value agrees very
well with the theoretically predicted value based
on the cavity ¢ tor the woroid used in this exper-
iment and the absorption cross section ol [L-2.
Additionally, the number of molecules that bind
increases as a function of the congentration, as
would be expected (26),

Although there are many other single-molecule
detection schemes possible, this UHQ optical

microcavity does not require specific labeling of
the analyte or antigen in question, This method of

detection functions al oom temperature and s
capable of performing both label-free single-
molecule measurements and higher concentration
measurements on a single platform. 1t wall cnable
a new class of biological expenments, including
monitoring growth factors that are emitied from
living cells in vivo., Because our deviee is bio-
compatible and can operte in aqueous envi-

ronments, it can be used for direet detection of

proteins within biological samples without label-
ing, or even separation, and it should be applicable
for the detection of tumor markers present at low
concentration in a serum sample or mre growih
factors secreted from cells in culture,
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Ultrafast Flash Thermal
Conductance of Molecular Chains

Zhaohui Wang,™* Jeffrey A. Carter,™ Alexei I..aguttheu," Yee Kan Koh,? Nak-Hyun Seong,™*

David G. Cahill,>* Dana D. Dlott™*+

At the level of individual molecules, familiar concepts of heat transport no longer apply.

When large amounts of heat are transported through a molecule, a crucial process in molecular
electronic devices, energy is carried by discrete molecular vibrational excitations. We studied heat
transport through self-assembled monolayers of long-chain hydrocarbon melecules anchored to a
gold substrate by ultrafast heating of the gold with a femtosecond laser pulse. When the heat
reached the methyl groups at the chain ends, a nonlinear coherent vibrational spectroscopy
technique detected the resulting thermally induced disorder. The flow of heat into the chains
was limited by the interface conductance. The leading edge of the heat burst traveled ballistically
along the chains at a velocity of 1 kilometer per second. The molecular conductance per chain was

50 picowatts per kelvin.

cat trmnspor is central o the operation
Hui’:mﬂnuﬁcnl and electronic machinery,

but at the level of individual molecules,
the familiar concepis of heat diffusion by pho-
nons in bulk materials no longer apply. Heat is
trnsported through a molecule by discrete mo-
lecular vibrations, An emerging arca in which
vibrational energy transfor becomes crucial s
the ficld of molecular electronics, where long-
chain molecules attached o tiny electrodes are
used to transpon and switch electrons. When an
electron is tansported through a molecule, a
portion of the electron’s kinetic energy can be
lost, appearing as molecular vibmtional en-
ergy (/). In swdies such as this one, in which
molecular energy levels are not individually
resolved, it is conventional to call such pro-
cesses “heat dissipation”™ or “nanoscale ther-
mal transport” (2), even though an equilibrium
Bolzmann distnbution is not nocessanly achieved,
Mitzan and co-workers (3) have cstimated that
10 1w 30%% of the clectron energics could be
converted 1o heat, so that a power of 10" evis
may be dissipaed on a molecular electronic
brdge cammying 10 nA under a bias of 1 ¢V,
Using classical and guantum mechanical meth-
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ods, they and others (1) have caleulated steady-
state temperatures resulting from such dissipation.
Steady-state caleulations, however, do nol en-
tirely caplure the essence ol this phenomenon.
The energy lost when clectrons are transporied
through a molecular wire in a Faction of a
plecosccond appears as staccato bursts, up 1o
1 eV per burst. On a [O-carbon alkane mol-
ceule, for instance, leV is enough encrzy 1o
produce a trmnsient temperature jump AT =
225 K. At the temperatures associated with
these ultrafast energy bursts, Nitzan and co-
workers (J) suggest that, instead of the usual
phonon mechanisms prevalent in ordinary ther-
mal conduction processes (/). much of the heat
is carried by higher-energy molecular vibrations

Fig. 1. (A) Concept of the ultrafast
flash thermal conductance mea-
surements. IR and visible pulses
combine to generate SFG in an
~200-um-diameter region contain-
ing ~10™ alkane chains. SFG is
sensitive to thermal disordering
of the alkame terminal methyl
groups of SAMs, which occurs
when heat propagates from the
Au surface to the ends of the
alkane chains. (B) Alkanethiol
molecule of length i bound to
Au surface. (C) Ultrafast thermal
reflectance measurements show
that the Au layer heats up to
80% of its final temperature in
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such as carbon-carbon bending and  stretching
and carbon-hydrogen bending, which are de-
locahized over a few carbon segments ().

To study molecular encrgy transport in the
regime of short distances, short time intervals,
and large temperature bursts, we have used an
ultrafast lash thermal conductance apparatus
to study densely packed self-assembled mono-
lavers (SAMs) of long-chain  hvdrocarbon
molecules anchored 1o metal subsimies, Laser
flash-heating increased the temperature of the
metal substrte o ~RO0°C in | ps. Heat fowed
from the metal laver into the base of the mo-
lecular chains and then through the chains. A
vibrational spectroscopy method was used that
selectively probed the thermal-induced disorder
of the methyl groups at the ends of the chains.
The alkane chain lengths viclded a ballistic
velocity for heat low through the chains, and
the measured thermal conductance plus the
area per chain vielded a molecular thermal
conductance.

The concept of the thermal conductance ap-
paraius is illustried in Fig, 1AL A femiosecond
laser pulse flash-heated an ~300-pm-diameter
region of an Au layver crafied for a fast ume
response of ~1 ps. The SAMs were formed
from m-alkancthiol molecules HS<{CH)-CH;
with an ¢even number of carbon atoms from C6
o C24 (e, o from 5 10 23). A nonlinear coher-
ent spectroscopic method () termed broadband
multiplex vibrational sum-frequency  genera-

tion spectroscopy ( SFG) probed an ensemble of

~10" alkane chains at the center of the heated
region. We determined an overall rate for heat
transport from Au into the alkane chains, and a
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1 ps. (D) 5FG spectra of alkane thiol (n = 17) SAM at ambient temperature (blue) and after an

ultrafast temperature increase to 800°C (red).
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time for heat to propagate from the base o the
ends of the chains, as a function of the length /i
of the alkanc molecules.

An S00-nm, 300-fs-duration laser pulse from
an amplificd anivm-doped-sapphire laser (5)
incident on the Awglass interface (the back
side) of the 30-nm-thick Au layer generated hot
clectrons within a skin depth of =15 nm (6).
Because the hot ¢lectrons have a large diffusion
coeflicient, the electron temperatures at the front
and back of the Au laver equalized even belore
electron-phonon coupling brought the hot clec-
trons into equilibrivm with the lattice (6). Within
=1 ps. the Au laver was in thermal equilibri-
um and uniformly heated throughout (6). To
mmprove the adhesion of Aw o glass 11 was
necessary o add a Cr laver bencath the Auw,
Unfortunately, heat transfer rom a Cr layer w
Au s relatively slow: to minimize this effect, we
made the Cr layer just 0.8 nm thick, An ultafast
thenmorellectance apparntus (2, 7) was used o
charmetertae the lemperatune nse of the Au layer.

As shown in Fig. 1C, there is a fast increase of

the Au surface wemperature to 80% of the final
temperature within 1 ps. There is also a slower
(1.5 ps time constant) fse o the fnal wemper-
ature due to the Cr laver. The same transient
response was observed with cither front-side or
back-side flash-heating and with or without a
SAM. The Au layer remained sl an approxi-
mately constant high temperature for several
nanoseconds, subsequently cooling by heat
diffusion into the glass, In the SFG experiments,
the mtensity of the heating pulse was varied to
locate the threshold for melting the Au, and then
the pulse was atienuated by 20%. Because the
mehing empermiure of Au T, = 1064°C, this
procedure resulted in Dash-heating of the Au
laver 1o ~H00°C,

SAMs have been siudied exiensively by
SFG since 1991 (&), but ulirafast probing of a
lash-heated SAM requires some elabortion. In
the SFG wechnique we used, a femtosecond in-

frared (IR) pulse at 3.3 pm with a bandwidih of

150 em™' is incident on the SAM, coherently
exciting all the alkane CH-stretch transitions in
the 2850 w0 3000 cm™' range, along with
clectrons in the Au skin layer, producing an
oscillating polarization in both the Au and the
SAM lavers, At the same tme, a pioosccond-
duration B0C-pm pulse (“visible™) with a band-
width of 7 em ™' is incident on the sample. The
visible pulse interacis with this oscillating polar-
tzation through coherent Raman scatiering o
create a coherent output pulse at the [R + visible
frequency. This combined IR-Raman inleraction
is forbidden (in the dipole approximation) in
centrosymmetric media because the second-
order susceptibility ¥ vanishes in such media.
Because the methylene - CHsy- groups of the
alkane SAM form a nearly  controsymimetric
solid, the SFG signal that we observed originated
predominantly from the Au surface and the
terminal methy]l -CHs groups, The well-known
SFG spectrum obtained in ppp poladeation (),
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from a SAM with n = 17 (ie.. an | S-carbon or
CI8 SAM), 5 shown in Fig. 1D, Molecular
vibrational tmnsiions appear as dips agamst a
broad nonresonant background from Auw, These
methyl transitions have a spectral width Av = 15
em”', comesponding to a coherence decay time
comstant T3 = 0.7 ps, which indicates that SFG
signals arc emitted dunng an ~1 ps time win-
dow. Thus the time resolution of these SFG
measurements is ~1 ps.

Three intense vibrational transitions were
observed, originming rom the symmetric v CH;
and antisymmetric v,CHy methyl streiching vi-
brations and from the SCH;y bending overtone
transition, which draws imensity from a 21
Fermi resonance with the CH stretches (4, ).
All methylene wransinons are weak, which s
indicative of a high degree of order (4). Figure
1D shows the spectrum of a C1I8 SAM — 400 ps
alter Mash-heating, where the SAM is in equi-
librium with Au at ~80C, All three methyl
transitions have lost intensity as a result of
themmal disordering of the methyl groups. The
286CH; band evidences a red shift. The red shift
is caused by thermal excitation of the ~1500 cm™!

Fig. 2. Results of molecular simu-
lations of alkanethiol SAMs. (A)
Structure of alkanethiol SAM (7 =
15). Simulations were performed
on a unit cell of 27 alkanes with
periodic boundary conditions. When
T is increased to a high tempera-
ture, the methyl head groups be-
come orientationally disordered.

vo= 1 ostae, which imtoduces an additional
contribution from the anhammonically red-shifted
v = | — v =3 mnsition. 1 s notable that
methylene transiions remain weak at high
temperature and that the trnsient intensity loss
is reversible once the SAM retums 1o ambient
temperature, This indicates that chains remain
upright and remain bonded to their original
sites, Under ordinary  circumstances, alkane
SAMs on Au desorb o form the disulfide
CH3A U1y =5-54CHa by -CHy a0 175 10 225°C
(i, 4, which displays enhanced methylene
SFG tmnsitions, so the unexpected stability of
these SAMs at 800°C must be attibuted 1o the
bricl duration of the temperature Increase,

We performed molecular simulations of a
Cle SAM on Au (27 molecules with periodic
boundary conditons) o better understand ther-
mal disordenng of the terminal methyl groups.
When the SAM was equilibrated at 300 K,
the well-known (1) all-trans structure with a
chain tilt of ~35° and a wenith angle (angle

between surface normal and final C-C bond)
of ~25% was obtained. The v, CHy transition
has an IR transition dipole moment of mag-

fiig)? = SFG inten
(B) The SFG intensity for the viCHy i = ons Y Sl
transition is approximately propor-
tional to the square of the nor- i . ®
malized ensemble—average IR dipole ;
moment !QJ}J';J'J’. which is temper- :
ature dependent. (C) With an 05~ WS o - - --
: i 500 1000 b5 10 15 20
instantaneous temperature jump to
1100 K, the methyl head groups PR i
become arientationally disordered in less than 2 ps.
Fig. 3. (A} 5FG spectra 1B SR
of (8 n=7and 18 e Cie ¢
{n = 17) SAMs without | ,
heating pulses (blue) and m{ \ ,"-II \ /\' \ "-L_'""m‘ N, i e
with flash-heating to y v 2ead ' i of
800°C (red). (B) VRF for e PR Sal it
a C8 monolayer. (O VRF 5 | ~. | NIV AW T
for a C18 monolayer. L é "J \n:f \{ \ '\N\\‘ T AT B
& § = sos| delay time (ps)
= A P
2 |~ A 1
= O AW
0 ll} d #u: ¥ ‘llfll:l )
w I"_ 'H. ™,
™\ WY ’ﬂ\fr m
I VY \ |
A T AR |
AN, SN, 2N, S0 o 5 10 15 20
SFG vibrational wavenumber (cm'') delay time (ps)
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nitude, pgr. which s parallel o this final C-C
hond. Becawse polanzed Raman scattenng from
a methyl group s not very sensitive o methyl
onentation, the SFG intensity of the v CHs
trnsition would be expected to be approximate-
Iy proportional 1o the square of the normalized
ensemble-averaged IR tmnsition dipole moment,

P i & .
W /bg* = [&Tll .I-IJ .-"I-'im]

was increased in the simulation, the methyl
groups became ordentationally disordered, which
decreased the magnilude of (¥, As shown in
Fig. 2B, the 5FG imensity in the 300 K = T =
GO0 K regime can be used as a molecular ther-
mometer, and this molecular thermometer s
approximately 1.5 A thick, the width of a single
CHa group. Above 600 K, SFG becomes in-
sensitive to T3 in our experiments, this helped o
smooth ol the effeets of nonuniformity in laser
heating. Figure 2, A and C, shows how thermal
disordenng progresses alfer a simulated fast
temperature increase to 1100 K. On the <1-ps
time scale, the labile terminal methyl groups
undergo orentational Nuctuations. On the ~2-ps
time scale, multiple gauche defects are created
below the surface (12, 13). On a metal surface
in ppp polarization, these gauche defects do
not enhance methylene SFGoinmensitics sig-
nificantly as long as the chains remain upright
(12, 13).

Figure 3A shows a time serics of SFG spee-
tra after Nash-heating of the Au to 200°C for C8
and CI8 chains. SFG intensity loss is clearly
taster with the shorter chains. The imensity-loss
time dependence was similar for all three methyl
vibrational transitions, so we now consider only
v,CHs. the most imense wansition. To quantify
the intensity loss. we define a normalized vi-
brational response lunction (VRF) (5, 13} as

2

. As lemperature

3 A L.
- -
‘. »
i 1 f
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- ¥
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Fig. 4. (A) Dependence on chain length of the
delay time f between the flash-heating pulse and
the arrival of the initial burst of heat at the
methyl head groups. (B} Dependence on chain
length of the time constant t for thermal
equilibration between flash-heated Au and alkane
chains,
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VRAD = [N Teors) — KDV Teora) — KTl
where fiTeqal 1s the vyCH3 vibrational intensity
at ambient temperature and A Tha) the mtensity
after a few hundred picosceonds when Au and
SAM have equilibrated, The VRFs for C8 and
C' 18 chains are shown in Fig, 3. B and C, where
¢ = 0 denotes arrival of the Nash-heating pulsc,
Near £ = 0, there is a coherent artifact caused by
interactions between the SFG pulses and the
small portion of Nash-heating pulse that leaks
through the Au layer. This antifact s a Nducial
time marker that locates ¢ = 0. For all alkane
chains, the VRFs increased exponentially towand
unity with time constant 1. However, the VRF
increase did not begin at ¢ = 0, There was a time
delay 1p before this buildup. As a result of the
delayed buildup, we fit the data 1o the function,
VRF(t) =0 lorr < fgand VRF(ry = |1 —exp] -2
ighit]} for i = rg. Toextract the parmeters £ and ©
from the data, we plotted bl — VRF) versus |
as m Fig. 3, B and C, and wsed lincar least-
squares fitting in the ¢ > fy region. The slope
gave . and the abscisa intercept gave & In
Fig. 4, A and B. we plot 4 and 1t versus chain
length. The chain length /., based on conventional
molecular bonding parameters (/7). obeys the
relation Mnmy = 0,127 # + 04 Both p and 1
increased linearly with chain length,

The delay time fg cmerges from the ability of
SFG o selectively probe alkanes at the terminal
methyl groups. The heat burst from the Au
substrate travels along the chains, but only after
the leading edge of this heat burst reaches the
tenminal methyl groups does the SFG o optical
themmometer begin 1o register an effect. Thus, &
is interpreted as the tme for heat w wravel from
the Au surface to the ends of the alkane chains.
The linear dependence of fp on chain length
indicates that the leading edge of the heat burst
propagaies ballistically along the chains, and the
slope of the datx in Fig. 4A gives a velociy of
0.95 (<0.1) nmps = 0.95 km's,

The pammeter t is the time constam for
SAM thermal disordering. Our simulations
with infinitely fast heating indicate that ther-
mal disorder can be created in about 2 ps,
much faster than observed values of ©. Figure
2B mdicates that the VRF stops increasing
alter the SAM reaches a temperature of ~600 K.
Thus we interpret 1 as the time for a SAM in
contact with a hot surface to attam a lemperature
of =600 K.

In Fig. 4, both fy and 1 go w0 zero at a finie
chain length of ~0.8 nm. This indicates that the
hot Au layer does not transfer its heat 1o an
individual atom at the base of the SAM, but
instead Au transfers encrgy 1o a region at the
base of the SAM 0.8 nm in kngth, which is about
four carbon segments, This result s in good
agreement with the predictions of Segal o af. (3,
which find that the heat-carrving vibrations of
shon-chain alkanes are delocalized over four 10
live carbon segments.

The lincar dependence of ©on chain length
is indicative of a heat-tmnsfer process domi-
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nated by interlace thermal conductance (2, [4).
In this case, heat trmnsfer from Au to alkanc
chains 15 the rate-hmiting step, the rate is
controlled by the strength of coupling between
Au phonons and alkane vibrations, and the
interface thermal conductance & = phC,,
where p is the SAM density and (), the SAM-
specilic heat. & 1s independent of chain length,
but longer chains nead more heat to reach the
same temperature, so longer chains heat up
more slowly, To estimate O, we need 0 cormect

the value of © 10 account for the insensitivity of

the SFG thermometer above 300°C and
estimate the specific heat Cp of the SAM layvers
up o 300°PC, as descnbed in the supporting
online material. Because 1 nepresents the time o
heat to 300°C, a lincar extrapolation would give
the tme 1o heat o 80°C as 2.8t We cstimaned
an average specific heat €, = 3000 J Kg ' K™
in the 25 1o 300°C mnge, based on a high-
temperature extrapolation ol low-density poly-
cthylene data. Using the results in Fig. 4B, we
obtained G = 220 (£100) MW m* K. This
value of G is similar 10 what was previously
obtained in swudies of SAM-decorated nano-
particles in agqueous solutions (/.5),

The SFG probe technique can be seen 1o
confer two important advantages, In the past,
thermal conductance measurements of SAMs
were based on measunng heat Now across two
interfaces (6, /7): the ability w probe the
SAM itsell’ eliminates one interface. Even
though the Mow of energy into the SAM is de-
termined largely by imterface effects, the ability
to selectively probe the atomic groups that ter-
minate the chains, rather than the thermal ex-
pansion of the entire chain (/8), allows us ©
investigate energy transpon through the chain
molecules themselves.

The quantum mechanical models of Nitan
and co-workers (/. 3) show that TOPC heat
trmnsport along alkane chains attached 1o a pair
of metal clectirodes involves molecular vibra-
tions ranging up t© 1500 cm . The ballistic
velocity of 1 km's for heal transport along
alkane chains should be understood as resulting
not from acoustic phonons, which in poly-
cihylene propagaie at =23 km/s, but nstead
from a mix of mramolecular vibrations with
slower velocities. The caleculated values of ther-
mitl conductimces at TOO°C (3) were found to be
approximately chain-length independent for n =
7 and slightly less than 100 pW K™, Using our
value of ¢ and an arca per alkane chain of 2.2 »
107" m® (41), we obtain a single-molecule ther-
mal conductance of SOpW K '=03 eV is 'K\
Thus, our measurements are in good agreemen
with quantum mechanical calculations that pre-
ceded our work.,
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Direct Synthesis of Amides
from Alcohols and Amines
with Liberation of H,

Chidambaram Gunanathan, Yehoshoa Ben-David, David Milstein®

Given the widespread importance of amides in biochemical and chemical systems, an efficient
synthesis that avoids wasteful use of stoichiometric coupling reagents or corrosive acidic and
basic media is highly desirable. We report a reaction in which primary amines are directly
acylated by equimolar amounts of alcohols to produce amides and molecular hydrogen (the
only products) in high yields and high turnover numbers. This reaction is catalyzed by a
ruthenium complex based on a dearomatized PNN-type ligand [where PNN is 2-(di-tert-
butylphosphinomethyl)-6-(diethylaminomethylpyridine], and no base or acid promoters are
required. Use of primary diamines in the reaction leads to bis-amides, whereas with a mixed
primary-secondary amine substrate, chemoselective acylation of the primary amine group takes
place. The proposed mechanism invelves dehydrogenation of hemiaminal intermediates formed
by the reaction of an aldehyde intermediate with the amine.

mide formation is a fundamental reaction
in chemical synthesis (/). The impor-
tance of amides in chemistry and biology

15 well recognized and has been studied exien-
sively over the past century (2-4). Although

several methods are known for the symhesis of

Department of Organic Chemistry, Weizmann Institute of
Science, Rehowvat 76100, Israel.

*To whom the comespondence should be addressed. E-mail:
david. milstein@weizmann.ac.il

Catalyst 1

Fig. 1. Structure of dearomatized PNN pincer
complex 1.
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amides, preparation under peutral conditions and
without the generation of waste is a challenging
goal (f, 3). Synthesis of amides i1s mostly based

Fig. 2. Proposed mecha-
nism for the direct acyla-
tion of amines by alcohols
catalyzed by complex 1.

on activated acid denvatives {acid chlorides and
anhydrides) or rearangement reactions induced
bv an acid or base, which often produce toxic
chemical waste and involve tedious procedures
(5 Transition metal-catalveed conversion of
nitriles ino amides was reported (6-8). Cata-
Ivtic acylation of amines by aldchydes in the
presence of a stoichiometric amount of oxidam
and a base is known (9, 70). Recently, oxidative
amide synthesis was achieved from terminal
alkynes (). Cuilcatalveed reaction of sulfonyl
wrides with terminal alkynes 15 a [acile method
for the synthesis of sulfonyl amides (12, 13), A
desimble goal is the direct catalytic conversion of
alcohols and amines into amides and dibhydrogen
{Eqg. 1)

coknlysl, A
R = alkyl aryl

RNHCOR + 2Hs (h

R-NH, + RCH,OH

This unknown, environmentally benign reaction
(1418 might lkead 1o a diverse library o amides
from very simple substrates, with high atom

WwWw.sCiencemag.org




cconomy and no stoichiometric activaling agents,
generating no waste, Although such a reaction is
expected o be thermodynamically uphall, it s
envisioned that the liberated hydrogen gas

(valuable in itscll) will shifi the equilibrium and
drive the reaction,

We recently reported the dehyvdrogenation
ol alcohols catalyzed by 2.6-bis-{di-ters-

Table 1. Direct dehydrogenative acylation of amines with alcohols catalyzed by the ruthenium complex
1. Catalyst 1 (0.01 mmoll, alcohol (10 mmoll, amine {10 mmol), and toluene (3 ml) were refluxed
under Ar flow (33). Conversion of alcohols was 100% [by gas chromatography (GC) analysis]. The
following reaction illustrates the transformation: R*CH,OH + R*~NH, %— R®NHCOR?

Entry RCH,OH RZNH, {:;’:;} Amide "’;::;'
A ™NaH PR NH o~ i/\/\
1 ’ 7 Ph N 96
jW
T PR NH
2 ’ 7 PR 97
o
A P NH o~ ﬁ\,
3 oOH 2 9 Ph H 0‘\ 99
0
/\I/\f‘“ PR NH ~
4 . 12 oy 701
o ™ w
5 8 1 78
o

ANANon PONTPR
6
NH;
8 M‘DH Wma

s NH;
- w H
10 o U

@aﬂ}!’/\/\

8 sat
N
i i
8 11./\0, 99
H
]
i Tk

g
3 O \lgl»/\D 99

*Isolated yields.

"The remaining alcohal was converted into the correspanding ester. In the reactions involving hexanol and

pentanal, trace amounts of the corresponding secondary amines wene detected (GC—mass spectrometry).
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butvlphosphinomethylpyridine (PNPy-Ruill)
and PMNN-Ru(I1) hydride complexes (9. Where-
as secondary alechols lead w ketones (290, 27).
primary aleohols are efficiently converted into
esters and dihydrogen (/9-2/1). The dearoma-
tized PNN pincer complex 1 (Fig. 1) is particu-
larly eMicient (19, 22); it catalyzes this process
in high yiclds under neutral conditions, in the
absence ol acceplors or promoters, We have
now discovered that complex 1 catalyezes the

gction of alcohols with amines 1o form
amides and Hs, leading to a varicty of amides
(Table 1).

Al the outset, when a toluene solution of
complex 1 (0.2 mole percent) with beneylamine
and |-hexanol (1:1 ratio) was refluxed in a closed
system for 6 hours, 63% conversion of 1-hexanol
to N-beneylhexanamide was observed. Contin-
wing the reaction up 1o 40 hours resulted in a
mixture of products. In order to facilitate for-
mation of the product amide by hydrogen
removal, we heated [-hexanol and benzylamine
with complex 1 (0.1 mol %) under a flow of
argon in refluxing toluene for 7 hours. This setup
resulted in the formation of N-beneylhexanamide
in % vield and a tmee of A-beneyl-hexyl-1-
amine (1%). We observed no formation of hexyl
hexanoate, which forms quantitatively in the
absence of amine (Table 1, entry 1), Repeating
the reaction with 1-pentanol under identical
conditions led to selective direct amidation,
providing N-benzylpentanamide in 97% vield
{Table 1, entry 2). 2-Methoxyethanol underwent
clean debyvdrogenative acylation by reaction with
the pnmary amines beneyvlamine, pentylamine,
and cyclobexylamine o give methoxy-acery lmed
amides in almost quantitative vields (Table 1,
entrics 3. 8, and 10).

The amidation reactions are sensitive 1o sleric
hindrance at the o positions of cither the alcohol
or the amine. Thus, when 2-methy-1-butanol
reacted with benzyvlamine, the corresponding
amide was obained in 70% yicld, with the rest
of the alcohol being convened o the eswer 2-
methylbuty] 2-methylbutanoate (Table [, entry

RCH,OH
'Hzl1
RCH,OH RCH,NH,
RCHO
a
Y (b) (a)
OH
o b
R R
R707R N
11 H, 1 l-H;
0
0 RCHsMNH5 .J'L
i BT CNT R
R’ﬂ‘o’”‘n e H
Scheme 1.
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Table 2. Bis-acylation of diamines with alcohols catalyzed by complex 1. Catalyst 1 {0.01 mmaol),
alcohol (10.5 mmol), diamine (5 mmol), and toluene (5 ml) were refluxed under Ar flow (33).

i Time : ; Yield
Entry Diamine S Bis-amide (%)
Ho~ 2o
S 'iu"ﬁ"“ .
1 Ethylenediamine 9 Df‘g H 99
o) H 0
2 Diethylenetriamine 8 H H 88
H
- /rr;l‘wr\'\*“ﬁ
3 Hexamethylenediamine H 0 95

4). A similar pattem wis also observed when 2-
methylhexylamine reacted with hexanol, keading
to 72% yield of the comesponding amide (Table
Loentry 9). 142-FuryDmethylamine provided 78%
yield of amide when it reacted with [-hexanol
(Table |, entry 5). When aniline was subjected 1o
acvlation with [-pentanol, the amide was ob-
taimed in 8% vield (Table 1, entry 7). The lower
reactivity ol aniline may be attributed 1o its
lower nucleophilicity as compared with that of
the alkylamines. Secondary amines do not react,
Thus, heating dibenzylamine with [-hexanol
under the experimental conditions resulted in a
quantitative vield of hexyl hexanoate (Table 1,
entry 6),

We have also examined the scope ol ths
method with respect 1o bis-acylation processes
with diamines. Upon relluxing a slight excess of
a primary alcohol and catalysi 1 with diomines
(300 equivalenis relative to catalyst 1) in toluene
under argon, we produced bis-amides in high
yields. Thus, reaction of’ 2-methoxyethanol with
cthvlenediamine, and |-hexanol with hexa-
methylene diamine, resulied in quantitative vields
of the corresponding bis-amides (Table 2, entrics
1 and 3). The high selectivity of the dehydrogen-
ative amidation reaction o primary amine func-
tionalinies enabled the dircct bissacylanion of
dicthylenctriamine with [=hexano! 1o provide the
bis-amide in 88% vicld without the need w
protect the secondary amine functionality (Table
2, entry 2).

The direet acylation of amines to amides with
Hy liberation may in prnciple proceed in two
wiays, as shown in Scheme 1: "a”) dehy-
drogenation of the alcohol 1o the aldehyde
followed by its reaction with a primary amine 1o
form a hemiaminal tha is subsequently dehydro-
genated o the amide and (YD) formation of a
hemiacetal (from the aldehyde and alcohol) that
15 subsequently dehydrogenated o the ester (/9),
which rcacts with the amine o form the amide
(23), The later possibility was ruled out because

10 AUGUST 2007 WVOL 317 SCIENCE

refluxing a toluene solution of hexy] hexanoate
(1.25 mmol) and benzyvlamine (2.5 mmol) under
argon for 8 hours, cither in the presence or
absence of catalyst 1, did not result in the
formation of N-bemeylhexanamide. Thus, the
reaction probably proceeds via the hemiaminal
pathway,

On the basis of the above resulis and the
known chemistry of PNN-tvpe and PNP-type
pincer complexes (/9, 22, 24), we teniatively
propose the mechanism depicted in Fig. 2. After
a catalvtic evele for dehwdrogenation of the
alechol w the comesponding aldehyde, reaction
with the amme can fonm the hemiaminal B,
which {upon reaction with complex 1) can lead 1w
the aromatic intermediae C. B-H climination
lrom C can form the observed product amide and
generale the known frans Ru dihydride complex
2 (79 22 Elimination of dihyvdrogen from
complex 2 (/% 22) would regenerate catalyst
1. completing the caalytic cycle. The dehy-
drogenation of the hemiaminal B 1o the amide
prevails relative 1o the expected facile water
climination 10 give an imine, which on hvdro-
genation would provide the secondary amine
2527, that was obscrved in our system only in
Ree amounis.

These results highlight the substamial scope
for the preparation of the fundamental amide
motil by dircct acylation of amines with alcohols,
which is a clear departure from the conventional
synihetic procedures,
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Orbital and Millennial Antarctic
Climate Variability over the Past

800,000 Years
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A high-resolution deuterium profile is now available along the entire European Project for lce
Coring in Antarctica Dome C ice core, extending this climate record back to marine isotope stage
20.2, ~800,000 years ago. Experiments performed with an atmospheric general circulation
model including water isotopes support its temperature interpretation. We assessed the general
correspondence between Dansgaard-Oeschger events and their smoothed Antarctic counterparts for
this Dome C record, which reveals the presence of such features with similar amplitudes during
previous glacial periods. We suggest that the interplay between obliquity and precession accounts
for the variable intensity of interglacial periods in ice core records.

he European Project for lee Corng in
I Antarctica (EPICA) has provided two
deep ice cores in East Antarctica, one
(EDC) at Dome C (), on which we focus here,
and one (EDML) in the Dronning Maud Land
area (2). The Dome C drlling [fig. 81 and
supporting online material (SOM) text] was
stopped o a depth of 3260 m, about 15 m above
the bedrock. A preliminary low-resolution 8D
record was previously obtained from the sur-
face down o 3139 m with an estimated age
at this depth of 740,000 years before the
present (740 ky B.P), cormesponding o marine
isotope stage (MIS) TR2 (7). Other data, such as
egrain radius, dust concentration, dielectric
profile, and clecirical conductivity, as well as
chemical data (3), are available down to this
depth, and analyses of the entrapped air have
extended the greenhouse gas record—i.e.. CO4,
CHy. and Na0-—back o MIS 16, <630 ky B.P.
(4. 3.
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We completed the deuterum measurements,
6D at detailed resolution from the surface
down to 32597 m. This new data scl benelits
from a more accurate dating and temperature
calibration of isotopic changes based on a senies
of recen simulations performed with an up-to-
date sotopic model. In wm, this very detailed
Antarctie surface temperature record sheds light
on climate analyses e four ways: (1) It allows
reliable extension of the climate record back 1o
MIS 202 (800 ky B.) (n) 1t resolves Ant-
arctic millenmial vanability over cight successive
glacial penods; (i) it allows quantitiable com-
parison of the strengths ol the successive inler-
glacial and glacial periods; and (iv) the improved

time scale allows more accurate investigation of

the links between Antarctic temperature and
orbital forcing.

This detailed and comtinuous 80, profile is
shown as a function of time in Fig. 1 and on a
depth scale in igs. 82 and S3. For our analysis,
we adopted a more precise time scale (SOM
text), in which EDC3 has o precision of =5 ky
on absolute ages and of +20M% for the duration
of events (6, 7). This scale clearly indicates that
the Anmtarctic counterpart of MIS 151 wis 0o
long by about a factor 2 n EDC2 (1), as alrcady
sugeested from the comparison with the decp-
sea core record (&), wherneas the scale conlirms
the long duration of MIS 113 (/).

The deep-sea benthic oxveen-18 record (8)
and the 6D Dome C record are in excellent
overall agreement back 1o ~800 ky B.P (MIS
20.2}, which suggests that our extended EPICA
Dome C record now entirely encompasses glacial
stage MIS 18 and imerglacial MIS 19, This

agreement does not hold wrue for the carlier pan of

the record below ~3200 m, and we have strong
arguments that the core stratigraphy has been
disturhed over its bottom 60 m (SOM text). In
contrast, the stratigraphic continuity of the recond
above ~3200m is supported by all available data,

REPORTS

including preliminary OO- and CHy mcasure-
ments performed along the transition between
MIS 20.2 and 19 (SOM text). We are thus con-
fident that the Dome C 8D record provides an
~B00-ky-old reliable climatic record,

Results dernived from a serics of experiments
perdonned with the European Centre/Hamburg
Model General Circulation Maodel mplemenmed
with water isotopes (9) for different climate
stages (SOM 1ext) allowed us 10 assess the validity
of the conventional interpretation ol ice core
isotope profiles (8D or 8"™0) from inland Antarc-
tica, in terms of surface wemperature shifis (g, S4).
W inferred that the change in surface wemperature
(AT range, basod on 100-year mean valugs, was
=15°C ower the past 800 ky, from - 10.3°C for the
coldest 100-vear mterval of MIS 2 to +4.5°C for
the warmest of MIS 5.5 (Fig. 2). Despite some
differences, the three long East Antarctic isolopic
reconds, Dome C, Vostok (0, M), and Dome F
{42y, show avery high level of similanity over their
common pant and the EDC temperature recond is
expected to be representative of East Antarctica.
All glacial stages before 430 ky B are wanmer
than MIS 2. by ~1°C for MIS 12, 16 and 18 and by
-2°C for MIS 14 (Fig. 2).

We conlinm that the carly imterglacial periods,
now including MIS 19, were charcterized by
less pronounced warmth than those ol the past
four climatic cveles (F) Whereas peak temper-
atures in the warm interglacials of the later pan of
the record (MIS 5.5, 7.5,9.3, and 11.3) were 2710
4.5%C higher than the Jast mallennium, maximum
tempertuncs were ~1° 1o 1L.3%C colder for MIS
13, 15.1, 15.5, and 17, reaching levels wwpical off
imterstadials, such as 7.1 and 7.3, MIS 19 shows
the warmest temperature lor the period betore
T, (= -0.5°C). For MIS 11 1o MIS 17, with the
exception of MIS 15,1, peak warmth occumred
at the end ol the wam periods in contrast with
the more recent interglacials for which earlier
peak warmith was typical (Fig. 2).

Although isotopic records from  Antarctica
do not exhibit the mpid and large climate vari-
ability observed in Greenland records for the so-
called Dansgaard-Oeschger (DO) events of the
last glacial period (/3-1.5), they clearly exhibin
millennial-scale variability with muted and more
symmetrical events, Synchronzation based on
eas indicators unambiguously showed that large
DO events have Antarctic counterparts (£6, {7,
and there were indications that shoer events
also have such coumermparts both from Vostok
and Dome C corgs (f8-20),

The recent high-resolution EDML  isotopic
profile over the last glacial perod has unambig-
wously revealed a one-to-one comespondence be-
tween all these Amarctic [soope Maxima (AIM)
and DO events (), which with a few exceplions
holds true for the EDC core over the entire Jast
glacial penod back 10 DO 25 (Fig, 2 and fig. S5).
At Dome C, the tvpical amplitude of larger events
15 ~2°C, much lower than for comesponding DO
warmings in Greenland, which are often larger
than 8°C and as high as 16°C (21, 22).
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Although some AIM events are more prominent
in one of the two EPICA sites (lig. S5), they recond
millennial vanabality of comparable magnitude
{SOM text), despite the fact that EDML s
situated in the Adlantic scetor whercas Dome C
is facing the Indo-Pacific Ocean. Atmosphenic
circulation and/or efficient circumpolar oceanic
cuments can contribute to distibute such climatic
signals around Amarctica. This detailed compar-
ison between EDC and EDML records further
supponts the thenmal bipolar seesaw hypothesis
(23), which postulates that abrupt shutdowns and
inititions of the Atlantic mendional ovenuming
circulation produce slow warmings and coolings in
the Southem Ocean and Antarctic region,

Our record exhibits quite similar millennial
clomate variabality duning the past three glacial
penods, m erms of both magnitude and pacing
(lig. S5), suggesting this was also the case in the
North Adlantic, as indicated by sediment data
{24) and inferred from CHy data from Antarctic
cores (5, 25). Our lower temporal resolution
prevents clear detection of small AIM for cadier
glacials, but the amplitude of laree AIM, thus
presumably of large DO events, does not appear
to be substantially influenced by the smaller
extent of Northem Hemisphere ice sheets belore
Temination V. In paticular, a very well featured
sequence is displayed by the additional eyele
prowided by the extension of the core from 740
and 800 ky B.P. (Fig. 2 and fig. 85) with three
well-marked oscillations that have not vet had
coumerpants identificd in the MIS I8 ocean
record (4) Finally, our record shows that during
cach glacial period, AIM events appear onee
Antarctic emperatures have dropped by at least
4°C below late Holocene temperature (Fig. 2).
We suggest that decreases in Antarctic temper-
ature over glacial inceprions modified the forma-
tion of Antarctic bottom waters and that the
associated reorganization in deep ocean circula-
tion is the key for the onset of glacial insiabilitics,

Obliquity changes were previously invoked
to explain the change in amplitude between gla-
cial and interglacial periods at the time of the
Mid-Brunhes Event (MBE). 430 kv B.P. (/).
This kev charmcteristic of the EDC 8D record is
now fully supported by our 800-ky detailed
temperature record and its improved EDC3 time

scale (Fig. 3). Dominated by a penodicity of

=1 00 ky, the power spectm of AT, (hig, S6) also
reveal a strong obliguity component and point
to the influence of the precession, at leasi for 0
to 400 ky. The relative strength of the obliquity
and 10ky componenis increases when going
from past to present, which is consistent with the
increasing amplitude of obliquity varations over
the past SO0 Ky due 1w a 1.2-million-vear modula-
tion (26) The 40-ky component is particularly
strong, accounting for onethind (4.3°C) of the
total range of temperature in the S800-ky recond
{Fig. 3). Also noticeable are its strong coherency
with 653°N summer insolation in the obliguity
range (0,97 and its substantial —5-ky lag with re-
spect to obliquity (fig. 57),
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Intermediate-complexity climate models in-
deed capture a high-latitude signature in annual
mcan femperaiune in response to extreme config-
urations of obliquity, albeit hall of that observed
here (27) With respect to the strong lincar rela-
tionship between 8D and obliquity, the link may
be local insolation changes, which at 73°5 vary
by ~8% up to 14 W/m?® (28). Such changes in
high-latitude insolation may be amplified by as-
sociated changes in heat and moisture transpon
in the atmosphere (including water vapor and
sea-ice Teedbacks at high latiwdes ). They can thus

generate changes in the density of ocean surface
waters and therefore in occan thenmohaline cir-
culation; such processes mvolve deep occan heat
storage with constants of millennia. Notably, the
obliquity components of temperture records
from the wopical Pacilic ind from Antarctica are
in phase (29 within age scale uncenaintics, They
are thus in phase with the mean annual insolation
at high latitude but out of phase with the oblig-
ity component of the mean annual insolation
in the tropics. This indicates that mechanisms
transfeming the high-latitude effect of obliguity

Fig. 1. Comparison of

the 40 Dome C record on 380 -
the EDC3 time scale {with
all data points in light g""‘"
gray and a smoothed Q 420
curve in black) with the @

a0 )

benthic oxygen-18 record
{bue) on its own time
scale (8), The 3259.7-m
4D record, which includes
published results down to

25 &

3.0 =

788 m (38}, benefits from
an improved accuracy
(1o of = 0.5%) and a
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much more detailed resolution of 55 cm all along the core, whereas the previowsly published record was based
on 3.85-m samples (). The agreement between the two time series back to ~800 ky B.P. justifies the use of
oceanic sediment nomenclature (MIS) for describing the ice core record.
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Fig. 2. Dome C temperature anomaly as a function of time over the past 810 ky. Back to 140 ky B.P., we
report 100-year mean values, whereas for earlier periods (middle and lower traces), AT, is calculated from
0.55-m raw data; a smooth curve using a 700-year binomial filter is superimposed on this detailed record.
In the upper trace (which is plotted on a more highly resolved time axis), we show the correspondence
between the DO events as recorded in the North Greenland Ice Core Project isotopic record (2, 15) and
AIM events recorded in the EDC temperature record during the last glacial period and the last
deglaciation. We have indicated the successive MIS, and the transitions are labeled from T, to Tix.
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toward the tropics may involve changes in heat
expont from the tropics,

Our EDC 1ee core shows no indication that
greenhouse gases have played a key role msuch a
coupling. Not only does the obliquity component
of the mdiative forcing —calculated accounting
for both CO» and CHy changes (30)—have a
small amplitude over the past 630 ky (0.5 Wm?,
Fig. 3) but it also scems 10 lag Antarctic and
tropical temperature changes, Nor can this in-
phase wemperature behavior be explained by local
insolation, given that this parameter is in anti-
phase between low and high latiudes. Rather than
assuming that this is caused by greenhouse coupl-
ing, we sugeest that it results from a ransfor of the
high-latitude obliquity signal to the tropics
through mpid processes mvolving atmosphenc
circulation or intermediate occanic walers, possi-
bly linked, as documented from present-day ¢li-
mites (3) and examined for past climates (32),
with changes in sca-iee around Amarctica. The
amplitude of the radiative greenhouse forcing,
however, is very important in the 100-ky band
(~25 Win® comparable to the additional green-
house forcing due o anthropogenic activitics).

This points 10 a strong carbon-cyvele leadback
involved in the magnitude and possibly duration
of e ages (33) and to a global chamcter of the
Antarctic lemperature record.

One key question in this frequency band con-
cems the relative role of the differemt orbital
parameters in driving eminations, Some authors

suggest that terminations occur al multiples of

obliquity (34, 25) or precession cycles (36). The
latter includes the insolation canon hypothesis
that calls wpon the inteplay of precession and
obliguity with considerations ol total energy input
and threshold effects (37), With our current age
scale, the insolation canon approach works well
for 77 to Ty bat not lor carlier tenminations, \We
support the view of combined effects of preces-
ston and obliquity i daving 1ee age dynamics but
suggest that the mle of obliquity is underesti-
mated by this approach [e.z.. high-latitude insola-
tion should not be considered for mid-month but
mtegrated over several months (35)].

The strength of interglacials is highly varia-
ble along the record. We suggest that this varia-
tion results from an interplay between obliguity
and precession (Fig. 33 When 65°N summer
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Fig. 3. (A} Precession parameter displayed on an inversed vertical axis (black line). (B) EDC temperature
[solid line, rainbow colors from blue (cold temperatures) to red (warm temperatures)] and its obliquity
component extracted using a Gaussian filter within the frequency range 0.043 + 0.015 ky™ [dashed red
line, also displayed in (D) as a solid red line on a different scaling]. Red rectangles indicate periods during
which obliquity is increasing and precession parameter is decreasing. (C) Combined top-of-atmosphere
radiative forcing due to €O, and CH, (solid blue} and its obliguity component [dashed blue, also displayed
in (D) as a solid blue line on a different scaling]. (D) Obliquity (solid black line), obliguity component of
EDC temperature {red line), and obliquity component of the top-of-atmosphere radiative forcing due to
C0; and CH; (blue). Insolations were calculated using the Analyseries software (39).
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insolation (or the invened precession parameter)
and obliquity changes peak in phase (within 5 ky),
their combined efleets induce strong mterglacial
penods (MIS 1, 5.9, 11, and 19}, When they are
in antiphase, compensating eflects induce weak
interglacial imtensities (MIS 13, 15,17, and 7.3).
In this ling, we calculated for cach interglacial the
cumulative warmth defined with respeet 10 a
temperature threshold; we then explored the rela-
tionship between this index and insolation. This
analysis accounts for the effects of both preces-
sion (in the timing of glacial-interglacial tan-
sitions) and obliguity (through the mean annual
high-latiwde insolation), The most robust result
is obtained when comparing the cumulative
wanmth with the cumulative high-latitude msola-
tion (above its averge value and taking nto
account the phase lag of 5 kv). Whereas for small
changes in insolation. there is no clear relationship
between these two, a lincar relationship is ob-
served when the cumulative insolation 1s larger
than ~ 1700 G)/im? (fig. S8). In tum, we suggest a
causal link between the change of amplitude
observed in the EDC tempermture record and the
modulated amplitude of obliguity.

Our new high-resolution Antarctic climate
record s able to resolve systematic long-term as
well as millennial changes over the past 800,000
years, Whereas the former may be controlled by
local insolation changes largely induced by the
obliquity cvele, the latter are induced by changes
in North Atlantic deep water formation through
the thenmal bipolar seesaw. Clearly shown for the
last glacial evele, this s also suggested for cardier
glacial periods. Overall, our Antaretic temper-
ature record points o an active role for high
southern latitudes in the dynamics of climate
change both at orbital and millennial tme scales.
rather than o a picture of these polar regions
simply recording variability onginating  from
olher parts of the climaie sysiem. This climate
record will now serve as o benchmark for ex-
plodting the many propertics that arc, or will be in
the near future, measured on the Dome C core,
both in the ice (elemental and isotopic com-
position of dust and of chemical compounds ) and
in the gas phase (records of greenhouse gases,
other atmosphenc compounds, and their isotopic
sigatuncs ).
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Improved Surface Temperature
Prediction for the Coming Decade
from a Global Climate Model

Doug M. Smith,* Stephen Cusack, Andrew W. Colman, Chris K. Folland,

Glen R. Harris, James M. Murphy

Previous climate model projections of climate change accounted for external forcing from natural
and anthropogenic sources but did not attempt to predict internally generated natural variability.

We present a new modeling system that predicts both internal variability and externally forced changes
and hence forecasts surface temperature with substantially improved skill throughout a decade,

both globally and in many regions. Our system predicts that internal variability will partially offset the
anthropogenic global warming signal for the next few years. However, climate will continue to warm,
with at least half of the years after 2009 predicted to exceed the warmest year currently on record,

over the coming ceniury in response o

changes in mdiative forcing arising from an-
thropogenic cmissions of greenhouse gases and
acrosols (/) There is, however, paricular in-
terest in the coming decade, which represents a
key planning horizon for infrastructure upgrades,
imsurance, energy policy, and business develop-
ment, On this time scale, chimate could be dom-
mated by intemal varability (2) ansing from
untorced natuml changes in the climate system
such as El Nimo, Muctuations m the thermo-
haline circulation, and anomalies ol ocean heat
content. This could lead 10 short-tenm changes,
especially regionally, that are quite different from
the mean warming (3-5) expected over the next
century in response o anthropogenic forcing,
Idealized studics (6-12) show that some aspects
of intemal varability could be predictable several
years in advance, but acwal predictive skill as-
sessed against real observations has not previ-
ously been reponted beyvond a few seasons (/3]

Il is very likely that the climate will wamm
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Cilobal elimate models have been usad 10 make
predictions of climate change on decadal (/4. 15)
or longer time scales (4, 3, 76), but these only
accounted for projections of exiernal forcing,
neglecting initial condition information needed
1o predict iniernal variability. We examined the
potential skill of decadal predictions using  the
newly developed Decadal Climate Prediction
System (DePreSys), based on the Hadley Centre
Coupled Model, version 3 (HadCM3) (7 7)., a dy-
namical global chimete model (GOM), DePreSys

(/&) takes imo account the observed state of

the atmosphere and occan in order 1o predict
internal variability, together with plausible
changes in anthropogenic sources of greenhouse
gases and acrosol concentrations (/%) and
projected changes  in solar irmadiance and vol-
canic acrosol (209,

We assessed the accuracy of DePreSys in a
set of 10-year hindcasts (21), stanting from the
first of March, June, September, and December
from 1982 10 2001 (22) inclusive (80 start dates
in teval, although those that project imo the fu-
ture cannol be assessed at all lead umes), We
also wssessed the impact of initial condition in-
formation by comparing DePreSys against an

additional hindcast s¢t (hercafier refermed 10 as
NoAssim), which is identical to DePreSys but
docs not assimilate the observed swte of the
atmosphere or ocean. Each NoAssim hindcast
consists of four ensemble members, with initial
conditions at the same 80 start dates as the
DePreSys hindeasts taken from four independent
transient integrations () of HadCM3, which
covered the period from [860 o 2001 (J8). The
NoAssim hindeasts sampled a range of inital
sates of the atmosphere and ocean that were
consistent with the imernal vanmability of HadCM3
but were independent of the observed state. In
conrast, the DePreSys hindeasts were initialieeed
by assimilating atmosphere and ocean observa-
tions into one of the ransicnt ntegrations { 18).
In order 1o sample the effects of error growth
arising [rom imperfect knowledge of the ob-
served state, four DePreSys ensemble members
were initialized  from consecutive days  pre-
ceding and including each hindcast start date
{230 Fig. S0 summarizes our experimental
procedure.,

We measured the skill of the hindcasts in
terms of the root mean square error (RMSE)(24)
ol the ensemble average and tested for differ-
ences over our hindeast period between DelPreSvs
and NoAssim that were unlikely 1o be accounted
for by unceraimics arising from a finite cnscme-
ble s1zc and a finite number of validation points
(/&) We tound than global anomahies (25) of
anmeal mean surface iemperature (15 were pre-
dicted with significantly more skill by DePreSys
than by NoAssim throughout the range of the
hindcasts {compare the solid red curve with the
blue shading in Fig. 1A) Averaged over all
forecast lead times, the RMSE of global annual
mean T, is 0.132°C for NoAssim as compared
with 0, 105°C for DePreSys, representing a 200
reduction in RMSE and a 36% reduction in
crror vanance () Furthermore, the improve-
ment was even greater for multiannual means:
For S-year means, the RMSE was reduced by
38% (a 61% reduction in £), from 0.106°C 1o
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0L006°C; and for 9-year means, the RMSE was
reduced by 49% (a 74% reduction in £}, from
OL090°C 1o 0467C,

Because the imternal vanability of the atmo-
sphene s essentially  unpredictable beyond a
couple of weeks (26), and the external lorcing in
DePreSys and NoAssim is identical, differences
in predictive skill are very likely to be cused by

dilTerences in the mitialization and evolution of

the ocean. Durng 600 vears of the HadUM3,
control integration 75 is highly correlated (come-
lation & = 0.89) with global annual mean ocean
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Fig. 1. Impact of initial conditions on hindcast
skill. (A} RMSE (24) of globally averaged annual
mean T, anomalies (relative to 1979-2001) as a
function of forecast period. We compare DePreSys
{solid red curve) with the NoAssim hindcasts [the
blue shading shows the 5 to 95% Cl region where
differences between DePreSys and NoAssim are
not significant (18)]. The dashed red curve shows
the effect of remaving from the DePreSys hindcasts
differences between DePreSys and NoAssim that
are linearly attributable to the state of El Nino.
The dotted red curve shows the effect of removing
from the DePreSys hindcasts the mean difference
between DePreSys and NoAssim hindcasts of T; for
the coming 9 years. Observations are taken from
the HadCRUTZ2vOA data set (36-38). (B) As (A},
but for H (relative to 1941-1994). Ohservations
of H are computed from analyses of ocean tem-
perature observations (39). (C) Time series of roll-
ing decadal mean global anomalies (relative to
1941-1996) of H from observations (39) and the
four transient HadCM3 simulations (models 1 to 4)
(3} that provided initial conditions for the NoAssim
hindcasts. Values are plotted annually, with the
year representing the mean of the next 10 years.
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heat content in the upper 113 m (H). Funher-
maore, the comelation is higher when # leads T
by | wear (R = 0.56) than when T leads H by
| year (R = 0.32), providing strong evidence
that vanations n & can force 7o We also (ind
that H s predicied with significantly more skill
by DePreSys than by NoAssim (Fiz. 1B), and we
conclude that the improvement of DePreSys
over NoAssim in predicting T, on interannual-to-
decadal time scales results mainly from initializ-
ing upper ocean heat content,

We now examine the factors that control the
predictability of & and 75 on annual-to-decadal
time scales, Time series of hindeasts of ¥ for
| vear ahead (Fig. 2A) show that both DePreSys
and NoAssim capture the observed  generl
warming trend, but the mterannual vanalbaliy
of T is predicted better by DePreSys (detrended
RMSE = 0.0665C) than by NoAssim {detrended
RMSE = 0.084°C7), A statistical forecast method
(/4 5 also able o capure the trend and -
terannual variability of T, for the coming year
{green triangle in Fig 2A). The statistical method
accounts for interannual varability using pre-
dictors based on the state of El Nifio and recent
voleanic activity. Volcanic activity cannot explain
the difference between DePreSys and NoAssim
bocause both include forcing rom volcanic acro-

A

Fig. 2. Time series of hindcast
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sol in the same way., We assess the impact of El
Nifo on the difference between DePreSys and
NoAssim as follows, From the tansient HadCM3
simulations, we compute lincar regression co-
efficients that relae the state of El Nifo, as
mesured by 58T in the Nifio3 region (210°
270°E, 5°8 to 5°N), to T,. Using thesc
cocllicients, we compute the contnbution to T,
from El Nifwo for cach DePreSys and NoAssim
hindeast and remove the difference from the
DePreSys hindeasts, We lind that the increased
skill of DePreSys over NoAssim is consistem
with an improved ability 1o predict E1 Nifio for
the first 15 w0 |8 months, but not at longer lead
times (compare the dashed red curve with the
Blue shading in Fig. 1A).

The hindcasis for vear 9 capture the ob-
served mean wanming but not the interannual
varability (Fig. 2B). This is expected because
the main factors govemning interannual variabil-
iy, namely El Nino and volcanie eruptions, are
nol predictable ot this lead wme. The 90%
confidence limits (27) diagnosed from the
ensemble spread (red shading) generally capiure
the observations |supporting online material
(SOM) text and fig. S5, apart from the cooling
affer the eruption of Mount Pinawbo { 28). This
is unavoidable unless voleanic eruptions can be

and observed anomalies (relative
to 1979-2001) of globally aver-
aged surface temperature. (A)
Hindcasts of the first annual mean
{forecast period of 1 year) com-
pared with observations from
HadCRUT2vOA (black curve). Roll-
ing annual mean obsenations and
DePreSys and NoAssim hindcasts
are plotted seasonally from March,
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shading) is diagnosed from the
standard deviation of the DePreSys
ensemble, assuming a ¢ distribu-
tion centered on the ensemble
mean (white curve). Only the
ensemble mean is shown for the
NoAssim hindcasts (blue curve).
The mean uncertainty in the
observations is +0.056°C (5 to
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predicted, and we note that our decadal forecasts
assume that no major volcanic eruptions will
occur dunng the forecast period. We therclore
expect both NoAssim and DePreSys hindcasts
of perods containing volanic eruptions 1o be
too wamm on average. However, the warm bias
i5 significantly smaller in DePreSys, This s
cleardy illustrated in hindcasts of 9-year mean T,
(Fig. 2C), for which the DePreSys bias of 0.016°C
represents a 79% reduction from the NoAssim
bias of 0.O75°C. I we remove the dilference in
these biases (-0.059°C) from the DePreSys
hindcasts of annual mean T (dotied red curve
in Fig. 1A), the RMSE is no longer signilicantly
different from NoAssim m forecast periods
greater than 135 months. The cooling of DePreSys
relative o NoAssim 15 consistent with a wamm
bias of H in the NoAssim mitial conditions
prowided by the transient HadCM3 integrations
(Fig. 1C from 1982 onward). Furthenmore, the
magnitude of this bigs is consistent with the
level of internal multidecadal varability of
found m both the observations and the mdivid-
ual HadCUM3 integrations used to initialize the
NoAssim  hindeasts (Fig. 1C) We therelore
conclude that the increased predictive skill of
DePreSys over NoAssim at forecast periods
longer than 15 months results mainly from
initializing the low-frequency variability ol M,
therehy removing errors of M from the NoAssim
initial conditions (SOM text).

Because forecast errors generally  grow
with time, differences between the RMSE of
NoAssim and DePreSys would be expected to
be largest at shon lead umes. This was not the
case in our experiments (Fig. 1, A and B). We
investigated this unexpocted behavior using a
simple energy balance model (EBM) (29) 10
predict the evolution of the average difference in
H between the DePreSyvs and NoAssim initial
conditions (SOM text and fig. 52). We [ound
that the detiled evolution of this difference
[which increases in magnitude for the first 4
yvears, decreasing thercafier (fig. 53)] is govemed
by an atmospheric feedback response o the ini-
tial anomaly of A (fig. S4). Funhermore, the
RMSE of the trend in global T, during the first
5 wears of the hindcasts is lower in DePreSys
than MNoAssim (30, These results mdicate that
the evolution of the climate system is predicied
better by DePreSys than NoAssim and that some
of this improvement results from atmospheric
fecdbacks simulated by the coupled climate
model.

Although global T; is imporant for informing
ercenhouse gas emissions policy, many applica-
tions in industry and commerce require regional
predictions. We found significant dilTerences be-
tween DePreSys and NoAssim RMSE in 9-year
mean Ty in many regions (Fig, 3, A to C) Much
of the regional improvement in DePreSys rel-
ative o NoAssim is coincident with improve-
ments in A (Fig, 3D), particularly in the Indian
Ocean and Australasian sector of the Southern
Hemisphere [consistent with (1.2)], although there
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are also some regions where DePreSys gives
larger emors than NoAssim. Furthermore, there
are significant differences n RMSE over land,
the largest improvements occurting in North and
South America and castern Australia (Fig. 3C).
The strong comespondence (R = 0.73) be-
tween regional differences in T, and H (Fig. 3, C
and D) lurther supponts our conclusion that
improvements in DePreSys relative 1o NoAssim
on decadal time scales result mainly from ini-
tializing M. Although our hindcast perod is
limited o 20 years, the existence of natuml low-
frequency variability of H(3/) (Fig. 1C) strongly
suggests that DePreSys would also improve on
NoAssim in other decades, although the region-
al details could be different. Funthermore, a sub-
stamtial mcrease in the pumber of subsurface
ocean observations through the Argo program
(22 should substantially improve our ability
to imtialize the ocean i future, thereby leading

to further improv ements in DePreSys relative to
NoAssim both globally and regionally.

Having established the prodictive skill of
DePreSys, we issued the first GCM-based fore-
cast of global 7 for the coming decade (33, 34)
{Fig. 4). The DePreSys forecast is based on 20
ensemble members, 10 starting from consceu-
tive davs leading to 1 June 20035, combined with
10 from consecutive days leading 1o | March
2005, We assessed the impact of initial con-
ditions on this forecast by comparing it with a
NoAssim forecast, consisting of cight ensemble
members, We also compared two cight-member
DePreSys and NoAssim hindeasts with obscr-
vittions, The DePreSys hindeast sarting from
June 1985 correctly predicted a mpid warming
during the transition from the weak La Nina of
1985 1o the El Nifo of 19861987 and conectly
predicted the wamming trend  throughout the
peniod until the eruption of Moum Pinatubo.

A MoAssim T, ,

B T

C NoAssim—DePreSys T.

B DePreSys T,

i -

o 0.1 0.2 0.3 0.4

=0.15-0.1-0.05 0 0.05 0.1 0.5

Fig. 3. Impact of initial conditions on regional hindcast skill. (A) RMSE of 9-year mean T, anomalies
(relative to 1979-2001} for the ensemble mean MoAssim hindcasts, verified against observations from
HadCRUT2v (36-38). (B) As (A), but for DePreSys. (C) NoAssim minus DePreSys RMSE of 9-year mean
T,. Differences are shown only where they are significant at the 5% level (18). (D) As (C), but for 9-year
mean H anomalies (relative to 1941-1996). In all panels, each 5° latitude by 5° longitude pixel
represents the RMSE for predictions of T; spatially averaged over the 35° latitude by 35” longitude box

centered on that pixel.

Fig. 4. Globally averaged annual
mean surface temperature anom-
aly (relative to 1979-2001) fore-
cast by DePreSys starting from
June 2005. The Cl (red shading)
is diagnosed from the standard
deviation of the DePreSys en-
semble, assuming a ¢ distribution
centered on the ensemble mean
(white curve). Also shown are
DePreSys and ensemble mean
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Nofssim (blue curves) hindcasts

starting from June 1985 and 1955

1890

1895 2000 2005 2010 2015

June 1995, together with observations from HadCRUT2vOA (black curve). Rolling annual mean values
are plotted seasonally from March, June, September, and December. The mean bias as a function of
lead time was computed from those DePreSys hindcasts that were unaffected by Mount Pinatubo (SOM
text) and removed from the DePreSys forecast (but not the hindcasts).
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The DePreSys hindeast stanting from June 1995
comectly predicted an initial cooling, followaed by
a general wanming. As expoctad, the NoAssim
hindcasts predicted only the general warmming
trend, although the NoAssim hindeast from June
1995 is generally wo wam, In the DelPreSys
forocast, imemal vanability offsets the effects of
anthropogenic forcing in the list few  years,
leading 10 no net wamming before 2008 (Fig. 4),
In contrast, the NoAssim forecist wams during
this period, Regional assessment 1o February 2007
(fig. S3) indicates that this initial cooling in
DePreSys relative 1o NoAssim results from the
development ol cooler anomalics in the wopical
Pacilic and the persistence of newtral conditions in
the Southem Ocean. In both cases, the DePreSys
Torecast 1s closer w the venfving changes observed
sinee the forecast stant date. Both NoAsam and
DePreSys. however, predict furher wanming
during the comung decade, with the vear 2014
predicted 1o be 0.30° = 0.21°C [5 1w 95%
confidence interval (CT)] warmer than the obscerved
value for 2004, Furhermore, at least hall of the
vears after 2009 are predicted to be wanmer than
1998, the wannest vear currently on recornd.
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Mechanism of Na*/H* Antiporting
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Na*/H* antiporters are central to cellular salt and pH homeostasis. The structure of Escherichia coli
Nhah was recently determined, but its mechanisms of transport and pH regulation remain elusive.
We performed molecular dynamics simulations of NhaA that, with existing experimental data,
enabled us to propose an atomically detailed model of antiporter function. Three conserved
aspartates are key to our proposed mechanism: Asp™®* (D164) is the Na*-binding site, D163
controls the alternating accessibility of this binding site to the cytoplasm or periplasm, and D133
is crucial for pH regulation. Consistent with experimental stoichiometry, two protons are required
to transport a single Na* ion: D163 protonates to reveal the Na*-binding site to the periplasm,
and subsequent protonation of D164 releases Na*. Additional mutagenesis experiments further

validated the model.

hai is the archetypal Na™/H™ antiporter
N:L:]d the only member of the fwmily that is
absolutely required by £ eofi for surviv-
al in high-sali conditions, under alkaline siress, or
in the presence of otherwise wxic LiT concen-
trations (f, 20 [1is a membrane proicin consisting
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of 388 nesiducs that raverse the inner membrane

12 times, with both wermini ending in the cy-
toplasm (). The structure of NhaA exhibits a
distinctive fold of 10 contiguous ransmembrane
helices and 2 amtiparallel, discontinuous helices
(v and x) aligned end w end o span the
membrane ().

NhadA excretes Na™ or Li° (but not K') from
the cytoplasm using the energy from the colrans-
port of protons down their electrochemical
gradient into the cell, with a characieristic
dectrogenic stoichiometry of two prolons 1o
onge Na® or Li™ (3, 6), NhaA's activity decneases
by three orders of magnitude when shifting from
pH 8w pH 6.5 (7), enabling it o regulate cellular
acidity in addition to cellular salinity.
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Using recently developed algorithms for the
high-speed, parallel execution of molecular dy-
namics (MDY simulations (8- 11), we performed
simulations of membranc-cmbedded NhaA with
an aggregate length approaching 3 ps, allowing
us 0 examinge ion transport, pH regulmion, and
cation sclectivity and to thereby deduce a detailed
mechanistic picture of the function of NhaA,

Crystallization ol £ coff NhaA was performed
at pH 4, a stane in which the protein is inactive, and
accordingly, no Na™ was scen in the structure (4),
Hunte e al. (4) inferred, however, that the Na'-
binding site is near D163 or D164 (/2), because
these have been shown o be the only carboxylic
residucs absolutely  indispensable for wranspon
activity (/7). Because these residues are likely
candidacs 10 undergo protonation state changes
that drive Na™ transport, we simulated NhaA under
all four possible combinations of the prolonation
states of D163 and D164, Afier oquilibrtion, we
initited MD simulations (12 10 100 ns each) from
cach of these four configurations, with Na™ placad
adjacent o D163, We then repeated the process,
placing Na™ adjacent 10 D164

When Ma® was placed adjacent 1o D163,
imespective of the protonation state of D163 or
D164, the ion became trapped by the protein, and
waler was unable o penetrate the prolein o
hydrate ity this linding sugzgests that D163 is not
the Na -binding site. The behavior of Na™ was
entirely different when placed adjacent to D164
I D164 was deprotonated, Na™ remained bound
regardless of the protonation state of D163, with
water able to reach and hydeate the 1on. Placing
MNa" adjacent o proonated D164, however,
provided the swongest clues as to how the
transporter might function. In this case, the ion
was expelled from the protein 1o the aqueous
environment, with the direction of Na™ relcase

determined by the protonation state of D163, If

D163 was protonated. Na™ was expelled 10 the
periplasm: in contrast, if D163 was deprotonaied,
Wa' was expelled w the cyioplasm (See Fig, 1A)

We therefore propose that D163 and D164
play different mles in the Na™ tmnsport mecha-
nism. D164 s the binding site for Na'; lis
protonation state determines whether Na© binds
to the profein or is released. When DI64 s de-
protonated and, consequently, negatively charged,
Na' remains tghtly bound as a result of Cou-
lombic atrmacton, When D164 s protonated, the
electrostatic interaction is diminished and Na™ no
longer binds. In contrast, D163 is the acoessibility-
control site of the protein: [is protonation siate is
the molecular switch that determines whether the
MNa -hinding site (e, D164) s accessible to the
periplism or o the cytoplasm. Bound Na™ can be
expelled o the periplasm il D163 is protonated
or 1o the cyloplasm if D163 is deprotonated: in
cach case, expulsion is accompanied by pro-
tonation of D164,

Our simulations provide a structuml explana-
tion for how D163 acts as a conformational
switch, The carboxylate group of deprotonated
D163 makes strong hydrogen bonds with the
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amide hydrogens of residues MIOS and T132
(Fig. 2). Upon protonation, these interactions
vanish, and D163 forms a new hydrogen bond
between its carboxylic hvdrogen and the carbon-
vloxyeen of M 105, This movement cawses helix
v 1o tilt, which shifis the Na™-binding site (D164)
in the dircetion of the peniplasm,

The local structural changes clicited by
D163 prowonation lead 1o global conformational

changes (Fig. 2). When D163 is protonated, the
cytoplasmic entrance is closed while the peri-
plasmic exit 15 open. Deprotonation of D163
leads to the closure of the periplasmic Na™ exit
and the opening of the eyloplasmic entrance.
Taken together, our data provide a molecular
realization of the aliernate accessibility mecha-
nism postulated by Jardetzky more than 40 years
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Fig. 1. Na* transport and alternating access. D163 and D164 are colored in blue and red, respectively.
(A) Series of Ma* (purple) positions when D163 (not shown) is deprotonated or protonated, leading to
Na* expulsion to the cytoplasm or transport to the periplasm, respectively. The rightmost panel depicts
Na™ position as a function of time in different D163 and D164 protonation states. (B) The four graphs
show water penetration into the occupied Na*-binding site at D164 (top graphs) and the regulatory site
at D163 (bottom graphs) as a function of pesition (2} across the membrane. The average density and 5D
were computed from two 60-ns trajectories, with D163 protonated (left) and deprotonated (right). Blue
and red lines in graphs represent positions of D163 and D164, respectively, The top panel shows
representative snapshots from the simulations, with water molecules shown in pink and white. (C)
Mutagenesis studies of NhaA, Wild-type (WT) and mutated antiporters were assayed at different Nacl
concentrations. Negative control bacteria (pBR) expressed no antiporter. The top panel shows locations
of the different mutation sites (green) in the NhaA structure. Substrate pathways from the cytoplasm and
periplasm are indicated by blue arrows. Molecular imagesin Figs. 1, 2, and 4 and Fig. 51 were produced
by VMD (29), and Fig. 1 and Fig. 53 were generated by PyMOL (30).
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The hypothesis that the protein contains a
Na'/H"-binding sitc at D164 and a H -binding
site at D163 implics that protons and Na” must be
able to reach D164 and that protons must be able
toreach D163, A putative Na™ transport pathway,
notably blocked in the inactivanted x-ray siucture,
has been suggested (4), starting from a Jarge
crevice on the eytoplasmic face of the protein,
lcading 1o D164, and ending in the periplasm,
However, the existence ola pathway to D163 has
not been previously considered.

To identify possible ion tmnspon pathways,
we determined the water accessibility of the two
sites for different protonation states of the protein,
Water can reach both D163 and D164 from both
sides of the membrane (Fig. 1B), but in no pro-

tonation siate is there a continuous water density
across the protein; such water connectivity might
deplete the prodon motive toree. Instead, when
D163 15 accessible to the cytoplasm, D164 is
accessible to the periplasm (Fig. 1B, el pancls),
and when D163 is accessible w0 the peniplasm,
D164 is accessible 1o the evioplasm (Fig. 1B,
right panels),

We undenook mutagencsis expenments o
substamiate our computational linding of these
water pathways 1o D163, We hypothesized that
replacing smaller amino acids with larger ones
along these pathways would block access of
protons 1o D163 and thus inhibit the antiponer.
Activities of wild-type and mutam antiporters
were assayed for their ability 1o sustain growth

Fig. 2. Effects of D163
protonation state on
antiporter conformation.
D164 is protonated, such
that bound Na* would be
expelled. The top panels
depict the local interac-
tion of D163, whereas
the bottom panels illus-
trate the global confor-

D163 deprotonated

D163 protonated

mation of the protein.
The structures in which
D163 is protonated (or-
ange) and deprotonated
{white) are superposed
by C, atoms (D164 is
protonated in both struc-
tures), The C, root mean
square deviation (RMSD)
between the structures is
~2.3 A when comparing
the central helices ii to v,

ix, and 1.
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of bacteria that do not harbor any of the three
native antiporter genes (/3). Unlike the wild-type
antiporters, all mutant antiporiers aside from
Ala"™—Leu"™ (A100L) failed to support
erowth in clevated concentrations of NaCl (Fig.
1C). Because the G3 361 mutant protein dogs not
support bactenial growth even i a low concen-
tration of NaC'l, it is possible that this protein may
be unstable and nonfunctional. The Tunctional
comparsons between the mutant antiporiers were
conducted in vivo, and the concentrations of the
differem proteins may thus differ despite identical
handling.

The inhibitory effects of mutations at A127
and GIM are consistent with blockage of a
water-mediated proton pathway to D163 from
the periplasm, whereas the inhibitory effect of a
mutation of A 160 is consistent with blockage ol a
water-mediated proton entry 10 D163 from the
cytoplism. Moreover, we explicitly simulated the
effect of mutating A127 to leucine (g, S3) and
found that water and, therelore, proton pene-
tration from the periplasm 1o DI63 are indeed
blocked. Additional mutagenesis results are re-
ported in the supporting online material (SOM),

Based on these results, we propose a mech-
anism for the Na"/H" antiporting cycle of NhaA
that consists of the following four sequential
steps (labeled as in Fig. 33 (A) The acoessibility-
control site (D163) is deprotonated, resulting
in cytoplasmic accessibility of the Na™-hinding
site. The Na'-binding site (D164} therefore
releases a HY 1o, and mkes up a Na™ from, the
cvloplism. (B) The accessibility-control site
(D163} is proonated by a H7 that enters from
the penplasm. This resulis in a confommational
change (Fig. 2) that exposes the Na™ -binding site
to the periplasm. (C) The Na'-binding site
(D164) exchanges the bound Na™ with a H”

Transport Summary
Eapipias

Fig. 3. Schematic representation of the transport model of NhaA. The carboxylic group of D163 in the accessibility-control site is colored blue, and

D164 in the Na*-binding site is red.
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from the periplasm. The replacement of bound
Na by H' could be considered a “knock-on™
like mechanism { £6) acting through clectrostane
reputlsion (170 (DY D163 deprotonates, leading to
a protein conformational change that again
eaposes the Na'-binding site (D164) w0 the
cytoplasm. Overall, two protons are taken up
from the perplasm in pancls B and C and
released w the cvtoplasm in pancls A and D
(Fig. 3}, while a single Na™ is taken up from the
eytoplasm in panel A and then pumped 1o the
periplasm in panel C, which is consistent with
NhaA's electrogenic soichiometry of one Na' 1o
two protons (5),

Very recent simulations of NhaA (J8) have
explored conformational changes associated with

the simultancous deprotonation of a group of

residucs (not including D133, discussed below),

but a detailed understanding of the mechanism of

its pH sensitivity and the Wentity ol its pH sensor
has remained elusive. Although the pl activation

range of NhaA closely resembles the pk, of

hisidine (where K, is the acid dissociation
constant), no single histidine is requined for Na”
transport or is part of the phl sensor (19, 20). We
thus focused instead on carboxvlic residues as
possible pll sensors. because some carboxylic
n.:c.:'duu-‘- are known to have highly elevated pky's
(24, 22). Recently, phy's of all ionizable residucs
were -:.l]tut-llu.i lfor acid-mactivated NhaA (23).
Six carboxylic residues (D78, ES2, E124, D133

D163, and D164) were found to have abnormally
high pK,'s, with D133 having the highest value,
Having already conducted simulations  with
protonaed D163 and D164, we performed four

additional simulations (6 ns cach): In cach of

these additional simulations, either D78, EX2,
E124. or D133 was protonated (with D163 and
D164 protonated in all cases). Protonating the
“real” pH sensor should lead the protein o adopt
a structure similar o the x-ray siruciure, which
was determined o low phl (<), conditions under
which the pll sensor is presumably protonated.

Our simulations suggest that 2133 is a key
component of the pH sensor. D133 resides
between the N termim of helix fv and helix ),
thercby neutralizing their opposing  helical
dipoles (Fig. 4). Upon protonation of D133, the
two opposing helices shift such that their dipoles
no longer converze on a single point, because a
protomated carboxylic group cannot efleetively
neutralize the opposing dipoles, This confor-
mation is similar o the acid-inactivated x-ry
structure (), Morcover, among those carboxylic
residucs exhibiting elevated pRs (23), D133
was the only one whose protonation resulted in
such a conformational change,

Mechanistically, the shift of the two helical
dipoles observed in our simulations upon D133
protonation causes D164 in the Na™-binding site
to face the protein lumen rather than the Na”
entry and exit pathways (Fig. 4). In this position,
DIt is unable to bind Na™, resulting in an
mactve proteim. D164 also fees the prolein
lumen in the low-pHl s-my structure, further

pointing to D133 as the pH sensor. Mutation of

D133 1o the neutral residue asparagine has boen
shown experimentally (13, 24) to result in nearly
complete inhibition of transpon, similar to the
inactivation caused by lowering of pll. More-
over, mulation of G338, located at the juncture
between the helical dipoles, makedly reduces the
phl response of the tansponter (251

The antiporier must be, and is (6), extremely
selective for Na™ over K7, and is slightly sclective
for Li" over Na© (26, 27), To investigate NhaA's
selectivity among different cations, we conducted
frec-cnergy  perturbation caleulanons (28) and
found that NhaA (1) binds Li™ more strongly than
Na™ (by 16 KJmoly and (i) binds K™ more
weakly than Na™ (by 14 klimol) (fig. S4A).
Potential of mean force analvses (28) show that
neither Na® nor Li encounters a substantial
kinetic barrier to hinding (fig. S4B). Our results
indicate that NhaA's ion selectivity can be ex-
phained thermodynamically.

Fig. 4. Effect of D133
protonation on Nha#
structure. The leftmost
and middle panels dis-
play the structures result-
ing from simulations in
which D133 was depro-
tonated or protonated.
The rightmost panel dis-
plays the x-ray crystal
structure obtained at pH
4 {4). Due to the resolu-
tion of the x-ray analysis
(3.45 A), no hydrogen is
seen in the structure. Red
arrows highlight the posi-
tions of the helical axes.
The helix coloring is as
described in fig. 51. The
change from the x-ray
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structure in a simulation with D133 protonated is noticeably smaller than the corresponding change
when D133 is deprotonated (Cc: RMSD of 2.0 A versus 2.5 A when comparing helices i, fv, v, and x1).
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Our combinatonial approach, based on mul-
tiple long-time-scale MD simwlations, led 1o the
formulaton of a model of NhaA's tmnspon
mechanism, pH regulation, and cation sclectivity
that is consistent with both our own and
previously reported experimental data,  Future
studics will be needed 1o (1) idenufy the exact
source of coupling between Na™ and proton
transport, which is necessary 10 avoid proton
leakage by NhaA, and (i) determine whether
mammalian Na“/H" exchangers, which differ in
their Na":H' stoichiometry and pll response, use
a trmnsport mechanism similar 1o that proposed
for Nhad,
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Augmented Wnt Signaling in a
Mammalian Model of

Accelerated Aging
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The contribution of stem and progenitor cell dysfunction and depletion in normal aging remains
incompletely understood. We explored this concept in the Klotho mouse model of accelerated aging.
Analysis of various tissues and organs from young Klotho mice revealed a decrease in stem cell
number and an increase in progenitor cell senescence, Because klotho is a secreted protein, we
postulated that klotho might interact with other soluble mediators of stem cells. We found that klotho
bound to various Wnt family members. In a cell culture model, the Wnt-klotho interaction resulted in
the suppression of Wnt biological activity. Tissues and organs from klotho-deficient animals showed
evidence of increased Wnt signaling, and ectopic expression of klotho antagonized the activity of
endogenous and excgenous Wnt. Both in vitro and in vivo, continuous Wnt exposure triggered
accelerated cellular senescence. Thus, klotho appears to be a secreted Wit antagonist and Wnt proteins

have an unexpected role in mammalian aging.

esident and circulating stem and progen-
R-:'lur cells are eritical for ongoing tissue

maintenance and repair, and it is often
postulated that stem and progeniior cell depletion
or dysfunction might contnibute 1o aging (/). We
therefore examined stem cell dynamics in a ge-
netic model of accelemted aging. Mice lacking
kKlotho expression, hencefonth termed Klotho
mice, have a shorened life span and exhibit a
number of carlv-onset age-related changes, in-
cluding arteriosclerosis, decrcased ferility, and
skin atrophy (7). Klotho is a tansmembrane pro-
tein with a large extracellular domain composed
ol two repeats (KL and KL2 domains ) that share
stmilarity 1o Family [ glveosidases. In addition wo
being cell-associated, the extracellular portion of
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klotho is seenvied and can be detected in the cir-
culation of animals and humans (F). [t is gener-
ally believed that secreied klotho is the form most
likely mediating the protein’s longevity elfects.
One alteration in Klotho animals is the carly
appearance of age-related changes in the skin. To
assess whether these phenotypic changes were
accompanied by alterations in stem cell number,
we identified the number of long-tenm 5-bromo-
2 -deoxyundine (BrdUy-retaining cells in the
skin of cither wild-type or age-matched Klotho
animals (4). These label-retaining cells (LRCs)
are a convenient method o identily stem cells
within their niche (5). At an age of 2.5 months,
Klotho mice had sigmbicantly fewer LRCs than
their wild-type litermates [wild ype: 80 = 3
LRCs (450) per st of three follicles versus
Klotho: 35 + 3 LRCs, n = 30, P < (.05 paired ¢
test]. Skin LRCs are confined to a specialized
region of the follicle known as the bulge region,
and the stam cells contained within this niche are
enriched for CD34 expression (6). The bulge
region in Klotho animals was consistently
smaller with reduced CD34 expression (Fig,
1AL Hair follicle epidermal stem cells are also a
source of ransient amplitying ( TA) cells induced
by acute wounding (7). Consistent with a delect
in the number of LRCs, cpidermal wounding
restlied in a diminished number of TA cells in

the Klotho animals (Fig. 1B) and a deficit in
wound closure (Fig, 1C).

Age-matched wild-type and Klotho skin see-
tions also exhibiied differences i senescence-
assocuted endogenous B-galactosidase (SAR-gal)
activity (Fig. 1D). The observed SAB-gal stain-
ing oceurred in the outenmost epidermal layer
including the acellular strtum comeum. The
spectlicity and physiological sigmificance of this
staining 15 unclear Examination of numerous
random follicles revealed that the Klotho animals
also had intense frealactosidase staining within
the follicles, especially within regions known to
comain rapidly dividing progenitor cells (). We
observed little 1o no SAR-gal staining in the intrm-
follicular regions. Sencscemt eells often activate
the DNA damuage response (DDR) pathway, as
evidenced by the development of nuclear loci of
protcins such as phosphorviated histone (H2AX),
ataxia telangicetasia mutated (ATM), and binding
protein 1 (533BP1) (9). The DDR pathway was
activated in multiple random Klotho follicles b
not i age-matched wild-aype mice (Fig. 1D)

Klotho animals also demonstrated inereased
SAf-zal stining in the small intestine, especially
within intestinal crypis, an arca enniched for stem
and progenitor cells (Fig. 1E) Similar analysis of
the testis in male animals also demonstrated evi-
dence of increased progenitor cell senescence
ifig. 511 In the bone marow of Klotho mice,
there was also a reduction in the population of
cells bearing the cell surface phenotype of c-kit’
sca-17 lineage negative that encompasses the
hematopoietic stem oell (HSC) (Fig. 1F). This
reduction of HSC in Klotho animals was
accompanicd by a marked increase in the
percentage of stem cells that were actively
dividing (Klotho HSCs: 284 1% in Gy
versus wild-type HSCs: 102 = 1 1% in Gy, n =13
animal pairs per group, P < .05 paired 1 test)
(Fig. 1G).

Giiven that stem cell biology is regulated by a
number of secreted factors, we wondered wheth-
er there might be a functional interaction between
Klotho and one of these known stem cell regu-
lators. In the course of our experiments, we noted
that the subccllular distribution of klotho and
Wit proteins within tansfecied cells overlapped
(fig. 821 Thus, we sought 1w determine whether
klotho and Wni3 could form a dircet molecular
complex. Epitope-tagged Wil and mye-tagged
Klotho were readily detectable in transiected cell
lysates (Fig. 2A). Klotho associated with immu-
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noprecipitated Wint3, and the reciprocal imm-
noprecipitation of klothe contained Wm3 (Fig.
2A) A sigle extraccllular KL domain was
suthicienm 1o mediate the observed micraction
with Wint3 (Fig. 2B} The Wit binding domain
wits contained within the amino-terminal portion
of klothe's KL1 demam (amino acids 1 o 285)
(fig. 53). Full-length Klotho also immunoprecip-
itated with a number of other Wit isoforms
including Wntl W, and WiSa (lig. 54).

We funher analyzed the biological effects
of the observed klothoWnt inleraction, We
cogxpressed Wntd and klotho in human cm-
brvonic kidney (HEK) 293 cells along with a
Wint-responsive reporter. The presence of Wl
mercased reponer activity by approximately 7
times, whereas the addinon of increasing
amounts of klotho meduced Wil activity in a
dose-dependent fashion (Fig, 20}, Various strue-
tural mutants contaming a single KL 1 domain or
altering conserved amuno acids believed 1o be
mmportant in klotho™s B-glucuromdase activity
[ailed o abogate Klotho-mediated Wt inhaba-
tion (fig. 53). In contrst, klotho constructs that
[ailed to physically interact with Wnt3 also failed
to inhibit Wt activity (fig. S6).

We next asked whether klotho could inhibit
Wt activity in a cell-free system. Conditioned
media with and without either Klotho or Wnt3a
were prepancd and mixed in vanous combinations
brefore being placed on HEK-293 cells transfected
with a Wt reponer construct. These results indi-
cated that seercted Klotho could inhibit soluble
Wit activity (Fig. 2D). In contrast, sccreted
klotho-conditioned mediom was ineflectve n
mhibiting Wit signaling direetly stimulated by
intracellular -catenin expression (fig. 87).

We next tested whether animals lacking
klotho expression had incrcased Wit activity.
We crossed Klotho amimals with the TOPGAL
reporter strain in which the activity of a B

galactosidase reporter s under the comtrol of

Wnt-responsive clemems (/). Analysis of the
skin of Klotho/ TOPGAL animals demonsirated
an increase in Pepalactosidase reporter activity
compared with that of age-maitched wild-tvpe
TOPGAL controls (Fig. 3A) Quantitative anal-
vais confimmed this avgmented Wit activity in
the skin and small mestine of Klotho mice and
demonstrated that the increased expression of the
Wit-dependent  fegalactosidase reporter was
similar 1o that of Axin2, a known Wnt target
gene §lig. S8), Other potential transenptional tar-
gets of the Wit pathway also showed increased
transcription in Klotho animals (fig. S9).
Whereas nomal aging is associated with
bone loss, studies in mice and humans have es-
tablished that augmened Wit signaling leads w
increased bone mass (/7). We therefore monitored
Wt activity in bones of aged-maiched wild-
tvpe or Klotho litermates. Using the TOPGAL
reporter, we detected augmented reporter activity

in scetions obtained from the proximal tibia of

2-weck-old Klotho mice (Fig. 3B and fig. S10),
At this time point, Klotho mice lack any
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discemible phenotype, suggesting that the in-
crease in Wat activity precedes the apparent
onsel of accelerated agmg. We also analyzad by
microcomputerzed wmography (pCT) the nbias
of 3-month-old wildype or Klotho ammals.
Klothe mice demonstrated neardy 3 times as
much tibial trabecular bone mass (Fig. 3, C o E).
An mercase in overall tibial and vertebral column
trabecular bone density has actually been previ-
ously noted but unexplained in Klotho mice (£2).

A B

SAf-gal

r-H2AX

53BP1

F

In contrast, other bones in the Klotho animals
cxhibit decreased bone density (2), The basis for
this regional diflerence in bone density 1s unclear
but may relate o the complex mierplay ol
Elotho's abality both te alter Wit signaling and
o regulate other pathways imvolved in caleium
and vitamin D homeostasis (/3-76),

To test whether augmented klotho expression
could inhibit Wit signaling in vivo, we analyzed
TOPGAL reponter mice in the lirst fow weeks of
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Fig. 1. Altered stem and progenitor cells in Klotho mice. (A) LR within the skin follicles of 80-
day-old wild-type (WT) or Klotho (Klo) mice (top). Higher magnification of representative bulge
regions stained for CD34 (bottom). (B} TA cells, identified by positive brown nuclear BrdU staining,
after skin wounding. (C) Assessment of skin closure 4 days after creating a 1-om wound (n = 4
pairs, "P < 0.05 paired { test). (D} Evidence for senescence within the hair follicle of Klotho animals
as assessed by [-gal staining (SAp-gal) and nuclear foci of v-H2AX and 53BP1 (red) in 4,6™-
diamidino-2-phenylindole (DAPI)=stained nuclei (blue). Percentage of positive nuclear staining in
either wild-type or Klotho follicles is shown = 5SD. (E) SAf-gal staining of small intestine. (F)
Determination of the absolute number of c-kit"sca-1" Lin™ HSCs in bilateral femur and tibias of
either wild-type or Klotho animals {n = 3 pairs, *P < 0.05 paired { test), (G} Representative cell
cycle analysis of HSCs from wild-type and Klotho animals demonstrating a decrease in HSC
quiescence (% Gp) and increased proliferation (% G,). DNA content is displayed along the x axis;
RNA content determined by Pyronin Y (PY) staining is displayed along the y axis.
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life, when the kinetics of the hair follicle cyvele are
synchronized (7). On postnatal day 8, mice were
mjectad subcutancously with one of three dil-

Fig. 2. Interaction of
klotho with Wnt and
inhibition of Wnt sig-
naling. (A) HEK-293
cells were transiently

A we;
IP: Kio-myc | HA

IP: Wntd-HA |myc

transfected with myc- HA
and hemagglutinin Input
(HA)~tagged expression myc

constructs encoding

Wnt3-HA - + - +

ferent recombinant adenoviruses encoding cither
klotho (Ad.Klo), the Wnt inhibitor DEKK-1
(ALDKKL)Y or an adenovimus encoding the

o BT BT

— w1

il
b 7

o] [

- e~

Wnt3 and murine klotho e HA

(Klo). Reciprocal coim- NONHIY e inpuat _
munopredpitation (1P} Fiag -

of klotho and Wnt3 WsHA & 4 & ¢
from cell lysates is also KioFlag - + - -
demaonstrated. WB, West- KloD1-Flag - - + -
ern blot. (B) Schematic KioD1.5-Fleg - - - +
diagram of klotho dem-

onstrating the two extra- C .- D a4 -

cellular kotho repeats

(KL1 and KL2) followed 8 .l 2 3

by the single-pass trans- g ]

membrane domain (), % S 2-

Flag-tagged full-length e =

Klotho (Klo) and truncation 3 2 2,

mutants were assessed for - e

Wt binding. (C) HEK-293 0 o

cells were transfected with Wnitl - + + + + Conditioned | ceil L ced L-Wnils L-Wnils
a Wnt3 expression con- Kio(ug) - - 0.1 05 1.0 o [cser 1e vecter 10

struct (100 ng DNA) and
the indicated amount of

a full-length klotho expression vector along with either an active (TOPFlash) or inactive (FOPFlash) Wnt
luciferase reporter. (D) Conditioned medium mixes were incubated for 24 hours with HEK-293 cells
previously transfected with either the active or inactive Wnt luciferase reporter. All Wnt activity
measurements represent the ratio of TOP/FOP activity obtained from a single experiment performed in
triplicate and are representative of at least three similar experiments.

Fig. 3. Inhibition of Wnt signaling by klotho in
vivo, (A} Endogenous Wnt activity in skin from 14-
day-old wild-type or Klotho mice crossed with the
TOPGAL reporter strain. (B} Wnt activity in tibias of
14-day-old KlothoTOPGAL or wild-typeTOPGAL
mice. {C} Longitudinal microcomputerized CT
sections from the tibia of 3-month-old Klotho (top)
or wild-type (bottom) animals. (D) Horizontal three-
dimensional reconstruction of cortical bone (yellow)
and trabecular bone (green). (E} Calculation of the
trabecular to total bone volume from the tibia of
three pairs of 3-month-old wild-type or Klotho
animals. (F) Quantification of the percentage of
[i-galactosidase positive follicles from 12-day-old
TOPGAL mice injected 4 days earlier with either a
control virus (Ad.FC), an adenovirus encoding the
Wnt inhibitor (Ad.DEK1), or an adenovirus encod-
ing klotho (Ad.Klo). Approximately 500 random
follicles were assessed per condition. (G) Hyper-
plastic skin phenotype of K5riTA/tet-Wntl trans-
genic mice treated with doxycycline is blocked by
prior injection of an adenovirus enceding for either
DKK-1 or klotho., Mice were killed on postnatal
day 2L
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immunoglobulin G Fe fragment (AdFC) that
served as a control. Four days afier injection
{postnatal day 12), we harvested the injected arca
and assessad Wit activity in the harr follicke. In
control-injected skin, Wit activity was clearly
visible around numerous growing hair follicles,
whereas this activity was reduced in both the
DKEK-1 and klotho injectad skin (g, S11).
Assesament of more than 300 random follicles
in cach condition revealed that klotho was
roughly equivalem to DKK-1 in the ability 1o
quantitatively suppress Wnt's biological activity
(Fig. 3F).

To assess whether the expression of klotho
could also block the eflects of pathological Wit
expression, we crossed two strains of mice, one
that expressed the wimaeycline-inducible  tran-

seriptional activator (TA) under the control of

the cytokeratin 3 promoter (K3nTA ) and another
that expressed Wt | under the control of multiple
fef-responsive clemonts (fee-Wntl) (18, 19). The
resultant cross generated the expenmental line
ESnTA rer-Watl, which provided etracyeline-

inducible expression of Wit in the basal laver of

stratified epithelivm. In our transgenic animals,
ectopic expression of Witl from postnatal day
1210 21 resulied in increased epidenmal thickness
and marked follicular hyperplasia (Fig. 3G). The
local injection of either DKK-1 or klotho, but not
the control adenovirus, blocked these patholog-
ical Wint-induced skin changes (Fig. 30G).

To begin o dircctly assess the mole of Wt
prodeins in aging, we tested whether continuous
Wit exposure induced cellular sencscence. We
grew primary mouse embryvonie ibroblasis
(MEFs) in the presence or absence of Wni3a-
conditioned medium. Consistent with W pro-
teins having mitogenic eflects, analysis ol BrdU

ALFC ARaDENT Ad Ko

Bu.l. - * 1-

WT Klo
L5504 ] B P TA Nt it
Adada Ad.FC A Kia

Ad DEK Y
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Fig. 4. Senescence induced by increased Wnt
activity. (A} BrdU incorporation for MEFs grown in
the presence or absence of Wnit3a conditioned
media, Cells were assayed from passage 1 (P1)
through passage 4 (P4). (B} Senescence associated
fi-galactosidase staining (SAfi-gal) for MEFs (P4}
grown in standard media {—) or mixed with the
indicated L-cell conditioned medium. (€} MEFs
(P4) with or without continuous Wnt3a exposure
were assessed for senescence-associated hetero-
chromatin (HP1-c1) and the activation of the DNA
damage response. (D) Level of BrdU incorpora-
tion (P4} for MEF cells continuously treated with
L-Wnt3a conditioned media (CM) mixed with either
vector-transfected or klotho-transfected condi-
tioned medium. (E} Growth of MEFs in standard
medium (diamonds), or supplemented with Wnt3a
at 10 ng/ml (squares) or 30 ng/ml (triangles).
(Inset) P7 cells were stained for activation of
H2AX. (F) Skin sections obtained from KSriTA/tet-
Wntl transgenic mice either treated or untreated
with doxycycline (Dox) from postnatal days 2
through 21. The senescence-associated marker
y-H2AX is induced in the setting of continuous
in vivo Wntl (+Dox) exposure.

incorporation revealed that Wnt-conditioned
medium initially acted 1w increase MEF cell
proliferation (Fig, 4A). However, over time, con-
tinuous Wit exposure resulted in a moarked de-
crease i proliteration (Fig. 4A and fig. 512).
Wit exposure did not inerease the level of
apoptosis (Ng. 513); mther, asscssment ol cells
grown in the continuous presence of Wnt3a
demonstrated a llatiened momphology with evi-
denee of increased SAB-gal activity (Fig. 48 and
fig. S14). Similarlv. continuous Wnt3a exposure
triggered the DDR pathway as well as nuclear
foci of HIP1-a, a marker of senescence-pssociated
heterochromatin formation (Fig. 4C). The inhib-
itory eflects of long-term Wik a-conditioned
media on MEF proliferation (fig. S15) and BrdU
mcorporation (Fig, 40) were attenuated by the
addition of soluble klotho, Similar resulis were
obtained with punfied Wnt3a protein rather than
Wntia-conditioned medium (Fig. 4E and fig.
S16} and when using human rather than mousc
cells (fig. S17)

Finally, we tested whether Wit could induce
senescence in vivo by analyzing the skin of
K3nTASer-Wntl ransgenic animals. Beginning
on postnatal day 2, litermate transgenic animals
were placed on a diet with or without doxyey-
cline (Dox) and skin samples were collected for
study on day 21, Analysis of multiple random
follicles (1 =100) demonstmted an increase in
senescence markers in those animals exposed 1w
continuous Wit expression, On day 21, 70% of
the follicles in Wintl-cxpressing animals cxhib-
ied staiming for y-H2AX, whercas less than 3%,
of uninduced follicles demonstrated this pheno-
type (Fig. 4F), Similary, whercas follicles from
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voung animals without Dox treatment showed
litthe 10 no evidence of senescence, their Winl-
induced linemmates demonstrated multiple arcas
of discrete SAP-gal staining (fig. S18).

We demonstrate that klotho acts as o Wit
antagonist and that chronie Wt stimulation may
contribute to stem eell deplation and aging.
Dunng the course of our studies, two other
studies appearcd demonstrating that lorced con-
stitutive Wit signaling within HSC led o a rapid
exhaustion of long-tenm repopulating siem cells
(20, 21 These resulis, as well as the observa-
tions in Brack ef af. (22). are broadly consistent
with our observations of Klotho mice. Previous
attempis 10 understand the basis of the observed
Klotho aging phenotype have implicated alter-
ations in insulin signaling as well as, more re-
cently, the fibroblast growth factor 23 pathway
(f4- 16, 23). Further analysis is therelore requincd
1o fully understand how these various klotho-
regulated pathways potentially  intersect and
whether any biological hicrarchy exists. None-
theless, our results provide an unexpected con-
nection between aging and the well-sudicd Wit
signaling pathway and suggest that stmicgics
targeting soluble mediators of stem cell function
may provide new therapeutic strategies 1o combat
aging and potentially age-related discases.
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Increased Wnt Signaling During
Aging Alters Muscle Stem Cell
Fate and Increases Fibrosis

Andrew S. Brack,® Michael ). Conboy,* Sudeep Roy,* Mark Lee,” Calvin ). Kuo,?

Charles Keller,? Thomas A. Rando**

The regenerative potential of skeletal muscle declines with age, and this impairment is associated
with an increase in tissue fibrosis. We show that muscle stem cells (satellite cells) from aged mice
tend to convert from a myogenic to a fibrogenic lineage as they begin to proliferate and that
this conversion is mediated by factors in the systemic environment of the old animals. We also
show that this lineage conversion is associated with an activation of the canonical Wnt signaling
pathway in aged myogenic progenitors and can be suppressed by Wnt inhibitors. Furthermore,
components of serum from aged mice that bind to the Frizzled family of proteins, which are
Wnt receptors, may account for the elevated Wnt signaling in aged cells. These results indicate
that the Wnt signaling pathway may play a critical role in tissue-specific stem cell aging and

an increase in tissue fibrosis with age.

ging of skeletal musele is characterized
by an inercase in fibrous conncctive
tissue (F) and an impainment of muscle
regencrative potential (2, J), manifested by a
replacement of muscle by fibrous connective
tissue and adipose tissue (fig. S1). In the
muscular dystrophics, there is also progressive
muscle fibrosis with age (4). We examined the
cellular and molecular mechanism of this age-
dependent incresse in skeletal muscle fibrosis.
The regencration of aged muscle can be
cnhanced by exposure to a vouthlul systemic
environment, an elleet mediated at least in pan
by restoration of nommal signaling of the Delia-
Noich pathway (5, 6). Therefore, we tested
whether exposure of old tissue 0 a vouthful
sysiemic environment, established by pambiotic
pairings of old animals © young animals
(heterochronic pairings) (7). might also reduce
the librotic response of old muscle. Indeed. there
wias a reduction of collagen deposition in
regenerating areas i muscles of aged mice in

heterochronic painngs compared with that of
aged mice in isochronic pairings (pairings of

mice of the same age), and this was accompanied
by enhanced proliferation of myogenic progeni-
tors (Fig. 1, A and B). Conversely, collagen
deposition was nercased and progenitor prolif-

cration was reduced in voung partners of

heterochromie parings compared with young
pariners i isochronic paiings, Thus, sysiemic
influences that change with age are imponant
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Stanford University School of Medicine, Stanford, CA
94305, USA 2De;:-arlmllﬂ'n of Medicine, Division of Hema-
tology, Stanford University School of Medicine, Stanford,
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and Clinical Center (GRECC) and Neurology Service, Veterans
Affairs (VA) Palo Alto Health Care System, Palo Alto, CA
94304, USA.
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rando@stanford.edu
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in mediating the Obrotic responses of aged
tissues,

We examined cells derived from muscles of
young (~6-month-old) and aged (-24-month-
old) mice for any chamcleristics that might
account for the age-related fibrotic response. In
single-fiber cultures, we found 99% of the fiber-
associated mononucleated cells appeared w0 be
myozenie as defined by expression of combina-
tions of myogeme markers (Pax7, MyoD, and
Desmin) 2 days afier liber isolation from young
animals, and 98% of the cells from fibers from

Fig. 1. Prevention of age-
related increase in fibro-
genesis during muscle
regeneration by hetero-
chronic parabiosis. (A) lso-
chronic or heterochronic
parabiotic pairs were es-
tablished for 4 weeks, and
hind limb muscles were
subjected to freeze inju-
ries. Bromodeoxyuridine
(BrdU) was injected intra-
peritoneally 2 days after in-
jury. Three days later,
muscles were sectioned
and {left} stained with
Gomori trichrome (red, mus- B

REPORTS

aged animals were myvogenic (Fig, 2A). Alter
another 1%:
nonmyogenic cells from the voung cultures
remaimed ~1%, but the percemtage trom the aged
fibers had increased to ~17%, and they exhibited
morphological changes chameteristic of a {Thro-
blastic incage (Fig. 2B). No loss of cells due w
detachmem or apoplosis was detected, and the
proliferation of nonmyogenic cells from aged
muscle was, i anything, lower than that from
young muscle (lig. S2), Therelore, the increase in
the percentage of ibrogenic cells in cultures from
aged mice most likely arose by conversion of
previously myvogenic cells into nonmyogenic
cells,

With age, there 15 a decline in satelline cell
functionality (51 That aged muscle regeneration
can be enhanced by direet activation of the Notch
pathway (5) or by exposure 10 a vouthlul sys-
temic environment (6) indicates that those fune-

tional changes are largely reversible. To test for
reversibility of the age-related myogenie-to-
fibrogenic conversion, we examined satellite cell
progeny from voung and aged mice in hetero-
chronic parabiotic pairings (6). Aged tissues
exposed 1o this heterochronic systemic environ-
ment exhibited a reduction in the myogenic-to-
librogenic conversion (From 17 to 107%), whereas
the yvounger tissues exhibited an increase (from
~1 10 9%} (Fig. 2C). We also exposed voung and
aged cells in vitro o serum from voung or aged
animals (“voung serum”™ and “aged serum,” re-
spectively). Aged serum increased the myogenic-
to-librogenic conversion of yvoung cclls, whereas

Isochronic

Heterochronic

Aged

cle fibers; green, connec-
tive tissue} or (right)
immunostained for BrdU
{green), 4°6-Diamidino-
2-phenylindole (DAP) (blue)
labels all nuclei. (B) Quanti-
tative analyses of histologic
studies as in (A). (Left)

Fibratic index (%)

-d
A
]
‘]
»
®
»

g

[
th
"l

BrdU” cells (%)

Fibratic index (percentage
of the injury area occupied
by connective tissue in

Iso  Halamo

I;'.u HI.H-BI'CI lse  Hetero Ilso Hetero

Gomori-stained sections). (Right) Proliferative response {percentage of DAPT* mononucleated cells that were
also BrdU*). "Young" and "aged" refer to young and aged mice, respectively; “iso” and “hetero” to isochronic
and heterochronic pairings, respectively. (*F < 0.05; **P < 0.01}
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young serum had the opposite effect on aged
cells ”I_L 20, \\\.'.ll'!} 100%: of YOLng cells
previously mamtained in young serum expressed
myosin heavy chamn under diflerentiation con-
dinens, but that declhined 1w ~7
young cells previously maintained in aged scrum
(fig. 53) Together, these results suggest that
myopenic progenitors tend o deviate from their
myogenic lincage in the aged environment.

We used genctic lincage tracing o confinn
that the aged sysiemic environment promotes a
myogenic-e-librogenic conversion, To idenufy
fibrogenic cells, we used an antibody 1o a
[ibroblast-specilic marker (ER-TR7) that was
|1i}.!|fl|} .-q‘h.'uiliu (s of Pax7™ or .\1}.1![}' cells

were ER-TR7) and highly sensitive [93% of

nonmyogenic cells (Pax?
ER-TR7'| (fig. S4). For myogenic lincage
studies, we used Pax7.Cre-ER.ROSA26G mice,

and MyoD') were

a strain in which tamoxifen admimistration leads
to penmanent f-galactosidase (B-gal ) expression

Fig. 2. Influences of age and systemic environment on muscle stem cell

5% m cultures of

When myogenic progenitor cultures from these
tamoxifen-treated mice were incubated in voung
serum, all f-gal” cells had a myogenic pheno-
type (either MyoD™ or Pax7", and ER-TR7 ).
However, in aged scrum, 18% of Breal” cells
were Pax 7 and MyoD ™ and 10% were ER-TRT
(Fiz. 2, E and F), which confimmed that the aged
Cnviromment promaoilcs a myogenic-o- librogenic
CONVETSIoN.

Activation ol the W pathway can lead w
fibrogenic conversion of cells in other lineages
(8, 9). Thus, we examined markers of the
:‘11|.";||.|_"|.-.‘|.'|l,l[5.' acuvation H[. ||'.\' .\1'| mnt |'|i|'|I|"-'.1"I_\ ill

|!u|x|,'|¢ '.Lm,l |'||.|r:I-|L.*|,| .\.;L[;”llq \'\'Hh | I|~._I S J'u1!||

young and :|j,_'n:i,! mice, as well as the effects of

modulating Wit signaling on myogenic-to-
librogenic conversion and the ibrote responsc,

We analyeed a direct downstream targel of

Wit signaling, Axin2 (71}, in uninjured muscle
from voung and aged mice. Axin transcripl
levels were mencased in aged musele (lig. STA)

muscle expressed more Axin2 than did such
cells from yvoung muscle (Fig, 3A). In addition,
analysis of TOPGAL mice [in which [-gal
expression is a read-out of Wit signaling (/7]
revealed a progressive mercase i Wt signaling
in myogenic cells during aging (Fig. 3B),

We also mnalveed other components of the
camonical Wit signaling cascade, glycogen syn-
thase Kimase 33 (GSEAR) and 1 substrte f=catenim.
In aged satellie cells, fuorescence-activated
cell sorting (FACS) analvsis demonstrated tha
the amounts of actve GSK3P decreased and
active f-catenin increased (Fig, 3C), both changes
being indicative of active Wt signaling (/2. 1.3).
Furthermore, these changes were due 10 Wm
signaling, because systemic adenoviral-medimed
cxpression of Dickkopl-1 (DKKL) (/4), a Wm
antagonist, decreased the percentage of myo-
genic progenilors expressing active f-calenin
(fig. S7TB)

To analvze the Wt signaling cascade in

only in myogeme cells m the adult (fig. 85).  Furthermore, punfied satellite cells from aged  myogenic progenitors dunng muscle regenera-
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fate. (A) Myogenic progenitors were obtained from single muscle fibers

from young or old mice. A panel of antibodies to myogenic markers
{Desmin, Pax7, and MyoD) was used to assess myogenic phenotype at an
early stage of satellite cell activation (2 days after isolation). (B) The fate of fiber-
associated cell progeny at a later stage of satellite cell activation (3 days after
isolation). An antibody to fibronectin ("FN") highlights the morphology of the
fibroblastic cells. (C) Relative abundance of nonmyogenic cells (Pax7 /MyoD™ or
Desmin™/MyoD™) in “late” cultures [as in (B)] derived from myofibers obtained
fram mice in parabiotic pairings. Axis labels as in Fig. 1B. (*P < 0.05; **P <
0.01.) (D) Analysis of cell fate in vitro after exposure to young or aged serum,

F

Young

Aged

Pure myogenic progenitor cultures from young or aged mice were incubated in
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plating media for 1'% days, exposed to young or aged serum for 1% days, and analyzed for the percentage of nonmyoegenic cells. (*P < 0.05; ""P <
0.01.) {E} Effect of young or aged serum on myogenic stem cell fate. Myogenic progenitors isolated from Pax7.Cre-ER.ROSAZ26 mice were incubated in
young or aged serum for 2 days. Cells were stained for i-gal with 5-bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-gal, blue} and with antibodies
to MyoD (green) and Pax7 (red). Arrow indicates a cell that has undergone myogenic-to-fibrogenic conversion. (F) Myogenic progenitors isolated from
Pax7.Cre-ER.ROSA26 mice were incubated in young or aged serum for 2 days. Cells were stained with an antibody to [i-gal (red) or to a fibroblast-
specific marker, ER-TR7 {green). White arrows in the bottom panel indicate previously myogenic cells showing early fibrogenic phenotype.
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tion in vive, we isolated progenitors 2 days alier
mjury of yvoung and aged muscle and analyeed
them by FACS, The percentage of progenitors with
detectable levels of active f-catenin was increased
inaged myogenic progenitors (lig. S7TC). Increesed

[-gal activity was observed in injured arcas of

muscle and also in solated muscle progenitors

from aged TOPGAL mice (Fig. 3D and fig. 57,
D and E) When we incubated myogenic pro-
genitors from TOPGAL mice in young or aged
serum (Fig. 3E)L Wit signaling was incrcased in
progenitors exposed 10 aged serum, and this m-
crease was prevented by a soluble Wit inhibitor,
Frizeled-related protein 3 (sFRP3).
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Fig. 3. Enhanced Wnt signaling in aged muscle and in myogenic progenitors exposed to aged serum. (A}
Axin2 transcript levels assessed by real-time reverse transcription polymerase chain reaction from satellite
cells obtained by FACS-sorted Syndecand™ cells (fig. 56 from uninjured muscles of young and aged mice.
(B} [-Gal activity (normalized to DNA content) in fiber-associated cells isolated from uninjured muscle of
TOPGAL mice of different ages. [-Gal activity of aged-matched wild-type controls was subtracted to
normalize for any endogenous activity. (*P < 0.05.) (C) FACS analysts of active G5K3p and [i-catenin
(GSK3[3* and [}-catenin®, respectively) in myogenic progenitors isolated from myofibers cultures from young
and aged animals. Graphs show the percentage of all myogenic progenitors (Syn-4) that were also positive
for GSK3[3* or -catenin®. (*P < 0.05.} (D) Muscles of young and aged TOPGAL mice were injured, and the
muscles were analyzed 2 days later. Cryosections were incubated with a [-gal substrate (X-gal} that is blue
after enzymatic conversion (top) and DAPI (bottom). X-gal staining in aged, wild-type littermate showed
negligible endogenous [3-gal activity. (E) Analysis of Wit signaling activity in myogenic progenitors derived
from muscle fibers of TOPGAL mice. Cells were incubated in young or aged serum for 17 houwrs in the
presence or absence of a soluble Wnt inhibitor, sFRP3. The [3-gal activity was quantified and normalized to
DMNA content. The data are presented relative to the levels of f-gal activity in cells exposed to young serum.
(*P < 0.05.) (F} Analysis of GSK3[3* in myogenic progenitors isolated from parabiotic pairs. Labeling as
in Fig. 1B. (*P < 0.05; P < 0.01.) (G) Wnt reporter gene expression in LSL cells exposed to serum
obtained from young and aged mice and incubated with agarose beads conjugated with chimeric Frizzled
receptors (Frzl-Fc, Frz7-Fo) or IgG control. Cells were incubated for 24 houwrs, and luciferase activity was
quantified and normalized to [i-gal activity. (*P < 0.05.)
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We tested whether the observed hetero-
chronic parabiotic effects (Fig. 1)} were associ-
ated with corresponding changes in the Wit
signalmg pathway. Indeed, m heterochrome
painngs, cells from the aged partners exhibited
decreased Wit signaling, and cells from the
young partners showed increased Wit signaling
comparcd with that seen in cells in isochronic
controls (Fig, 3F) Thus, circulating factors in
aged animals appear to convey signals that result
in enhanced Wit signaling.

To st for the presence of components of
serum capable of activating Wit signaling by
binding to Frizzled receplors, we used a chi-
meric Wit recepror fusion protein, Frizeled-Fe,
tor deplete the serum of such activity (fig. S8),
Serum was incubated with conjugated Frzeled-
Fe or mmunoglobulm 1g(-Fe control and sub-
sequently tested for its effects on a cell line
(LSL) mm which luciferase expression is de-
pendent on activation of the W pathway (1 3).
When imcubated with Frizeled-Fe, the activity i
aged soum that promoted Wil signaling de-
creased: there was no change in the activity of
young serum subjected to the same treatment
(Fig. 3G

We altered Wit signaling experimentally 1o
test directly for its effects on cell fate and muscle
regencmiion. Addition of Wnt3A protein 1o young
serum resulted inoan inercased myogenic-to-
fibrogenic conversion of yvoung progenitors in
vitro. Conversely, the myogenic-to-librogenic
conversion by aeed serum was abrogated by
Wit inhibitors (Fig. 4A)

In vivo, the injection of Wni3A ino young
regencrating muscle 1 day after imjury resulted n
mereased connective tssue deposition (Fig. 48,
phenotypical ly similar to regencerating aged mus-
cle (fig. S1). Exogenous Wit also reduced cel-
lular proliferation in young regenerating muscles
(i, S9A) We therefore tested whether inhibiting
Wit signaling in aged muscle would reduce fi-
brosis and enhance muscle regeneration. Indeed.
there was reduced fibrosis in aged regenerating
muscle injected with DEKKL, whereas no change
was observed in voung muscle similarly trcated
(Fig. 40, Inmjection of sFRP3 also enhanced myvo-
genic progenitor prolifermtion in aged muscle
(fig. 59, B and C).

These (imdings demonstrate that, with
age, the systemic environment is less effce-
tive i maimaining the myogenic fae of mus-
cle stem cells and, instead, facilitates conversion
ter a [hrogenic fate. In vivo, this is associated
with impaired muscle regeneration and an en-
hanced fibrotic response. These effcets are as-
sociated with increased Wit signaling in the
myogenic progenitors, possibly resulting from
increased amounts of Wnt or Wat-like mole-
cules in the serum of aged animals. This gen-
cralized role of Wt signaling in promoting an
aging phenotyvpe 1s consistent with the find-
ings ol Liu ¢r af. from swdies of the role of
Klotho in tssuc aging (fa), It is clear tha
Wnts have multiple actions both developmen-
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Fig. 4. The effects of the aged environment on
myogenic progenitor cell fate and muscle regeneration
are mediated by the Wnt signaling pathway. (A} (Top)
The fate of myogenic progenitors from young mice
incubated in young serum, with or without exogenous
Wnit3A, or incubated in aged serum, with or without the
Wnt inhibitor sFRP3, for 1%z days. (Bottom) Fate of
myogenic progenitors from aged mice incubated in
young serum or in aged serum, with or without sFRP3 or
DEK1, for 112 days. The percentages of cells that
acquired a nonmyogenic cell fate were analyzed
morphologically and immunohistochemically as
described in Fig. 2. (*P < 0.05; **P < 0.01.) (B) Effects
of exogenous Wnt on muscle regeneration. Muscles of
young mice were injured, and either Wnt3A (200 ng/10
ul) or control solution [10 ul of 0.1% bovine serum
albumin (BSA)] was injected into regenerating tissues
1 day after injury. Cryosections were stained with Gomori
stain. (C} Effects of Wnt inhibition on fibrosis in
regenerating muscle. Muscles of young and aged mice
were injured, and either DKK1 (500 ng/10 ul} or control
solution (10 pl of 0.1% BSA) was injected into
regenerating tissues 1 day after injury. Muscles were
analyzed 5 days later. Cryosections were stained with
antibodies against collagen VI (green) and embryonic
myosin heavy chain (red). The histogram represents the
fibratic index {as in Fig. 1B). (**P = 0.01; *P < 0.05.)

tally and postnaally (7). In contmst to the in- 14
hibition of myogenesis reported here, Wit sig-
naling may promote myogenic lineage progression
dunng development (18) Such pleiotropic ¢f- 16.
fects may relate to dillerences in the timing of 17
Wt signaling with regard o the state of cellular 18
differentiation or 1o changes in other interact-
ing signaling pathways during development and
aging. Our resulis may provide a sirtegy o im-
prove tissue repair, particularly under condi-
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International Conservation Policy
Delivers Benefits for Birds in Europe

Paul F. Donald,’* Fiona ). Sanderson,” lan ]. Burfield,” Stijn M. Bierman,?
Richard D. Gregory, Zoltan Waliczky!

Conservation of the planet’s biodiversity will depend on international policy intervention, yet
evidence-based assessment of the success of such intervention is lacking. Poor understanding of
the effectiveness of international policy instruments exposes them to criticism or abandonment
and reduces opportunities to improve them. Comparative analyses of population trends provide
strong evidence for a positive impact of one such instrument, the European Union's Birds Directive,
and we identify positive associations between the rate of provision of certain conservation
measures through the directive and the response of bird populations. The results suggest that
supranational conservation policy can bring measurable conservation benefits, although future
assessments will require the setting of quantitative objectives and an increase in the availability
of data from monitoring schemes.

ecause global threats w0 biodiversity arce
largely anthropogenie, already consider-

(1), their solutions will depend Langely on imer-
national policy intervention. This was recognised
in the formulation of intemational agreements
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such as the Convention on Biological Diversity
(CBDY: at least 20 regional or global conserva-
tion agroements currently exist, absorbing a high
proportion of global conservation resources (),
Evaluation of the impact of intemational conscr-
vation policy intervention lags far behind that of
most other policy fields (3), largely because of a
paucity of data on the response of the specics 1o
which intervention is targeted (4, 5) This leads
to a poor understanding of the cost elfectiveness
of the relevant policy instruments (4), reducing
opportunitics 10 improve them (7) and exposing
them w crticism from both within and outside
the conservation lobby (8, Although propery
implemented conservation legislmion can bring
measurable benelits w wildhile (9-17), evaluation
has hithero had its basis cither 0 an assessment
of the provision of conservation resources, rather
than the population responses of the tangel
species o such provision, or in the responses
of a small, possibly unrepresentative proportion
of the species or countries 10 which such leg-
islation was targeted. We assessed the impact
of an international bird conservation policy
that covers all member states of the European
Union (EU) by using data on all the species
and countries to which the agreement applies.
We aimed 1o provide an independent assess-
ment of the extent to which a major intlema-
tional policy instrument has resulted in the
delivery ol measurable conservation outcomes.

Biodiversity conservation legislation in the
EU 15 founded primanly on two directives,
Council Directive T9409EEC of 2 Apnl 1979
on the conservation of wild birds (the Binds
Directive) and Council Directive 92/43/EEC
of 21 May 1992 on the conservation of natural
habitats and of wild fauna and flora (the Hab-
itats Directive). The Birds Directive set out 1o
establish a (ramework and objectives for the
conservation of all birds throughout the ELU,
although the precise legal mechanisms for
achieving this aim were left 1 the discretion of
individual member states. Central 1o the direc-
tive was a list (Annex [) of species considered 1o
be paricularly vulnerable or mre or o require
special conservation measures (/2). Member
states are bound by the directive 1o improve
the conservation status of these specics by pro-
tecting or enhancing their habitats, for example,
through the designaton of special protection
arcas {SPAs) (12 Funhermore, a number of
zenerml measures 1o proteet populations of all
bird species was also agreed upon. No quanii-
tative targets were set in the directive, so we
developed five expectations that should be met
for us 1o conclude that the directive has had a
detectable positive impact. (i) We expected 1o

YRoyal Seciety for the Protection of Birds, The Lodge,
Sandy, Bedfordshire 5G19 20L, UK. *Birdlife International,
Wellbrook Court, Girton Road, Cambridge CE3 ONA, UK.
Ygiomathematics and Statistics Scotland, University of
Edinburgh, The King's Buildings, Edinburgh EH? 3]Z, UK.

“To whom correspondence should be addressed. E-mail:
paul.donald@ rspb.org.uk
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detect an improvement in the population trajec-
tory of species listed on Annex | after the
implementation of the directive, relative to that
ol non-Annex 1 specics, within the original 15
member states of the EU (EULS) (1) We ex-
pected any improvement in the population -
jectony of Annex | species relative 1o non-Annex
[ specics in the EULS 1o be significantly greater
than that recorded in pants of Europe w0 which
the directive docs not apply. (ili) We expected
trends of Annex | and non-Annex | species 1o
be more positive within the EULS than oulside

it (iv) We expecied any positive impacis of

Annex | listing 1o be most apparent in specics
that have been histed for longest, (v) We ex-
pected 1o detect a positive association across
participating countnes between the extent 1o
which the dircctive’s conservation initiatives
were deployed and trends in bird populations.,
Our analytical approach has its basis in the
statistical testing of these live expectations.
Major inventories on the status and popula-
tion trends of all of Europe’s breeding birds,
colleeted at a country level and coverng the
perdods 1970 1990 and  [990-2000 (13, 14),
provided the opportunity 1o evaluate the impact
ol the Birds Directive. In each penod, population
trends of each species in each European country
were allocated a single population trend score;
these have already been published (13, 14) and
formed the data we modeled to test the expec-
tations described above, The availability of data
from two time penods, and from within and
outside the EUL penmitted an analysis with ser-
endipitous charaeteristics of a highly replicated
betore-alter-control-impact (BACI) approach
{ 13). This permined comparison of rends belore
Fig. 1. Odds ratios 3 -
(£95% confidence lim-
its} from proportional
odds models (16). Each
bar indicates the ratio
of two groups of spe-
cies in their cumulative
odds of being in a more
positive trend band in
one of two time periods,
with significant devia-
tions from 1 indicated
(*P < 0.05, **P < 0.01,
***P = 0.001). The odds
ratios indicate how many
times higher the odds
were of populations of
Annex | species having
more positive trends than
populations of non—Annex

25 4

05
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and after 1990, between Annex | and non
Amnex | species within the ELL and between
Annex 1 species i the EU and the same group
of species outside the EU (/6). The use of a
semi=experimental design based on both hori-
comal and Jongimdinal comparisons and the
testing of multiple expectations maximized the
likelihood that the observed pattems were caus-
ally related 1o vanables identilicd by the models
as having significant explanatory power,
Because the aim of the analysis was o ex-
amine the impact of Annex | listing by using
trends over the period 1990-2000, we limited
compansons to data from the EULS, all b

three of which joined the EU before the start of

the 9902000 census penod (/7). For the same
reason, we restneted our st of Annex | species
1o those added 1w the Annex before 1993 (/2).
Because trends were recorded in bands ol un-
equal width {ordered from increasingly negative
o ncreasingly positive population trends), we
treated the response variable as ordinal and used
the proportional odds model to assess dilfer-
ences between groups of species in the cumu-
lative probabilitics of being in higher ordered
trend bands (16). Alter controlling for known
vanation within the datbase in trends between
specics using different habitats (/%), between
migrants and nonmigrams (/9), and for the non-
independence of wends within countries and
species, we detected a highly significant effect
of Annex [ listing (Fig. 1). In the EULS, Annex
I species were significantly more likely to be
assigned o a lower population trend class than
non-Annex | species in 19701990, However,
this pattern was reversed in 1990-2000, when
Annex [ species were significantly more likely

E1970-1990
B 1990-2000

W

E. All species

C. Annex |
Me% L . Non-Annex|

Rk

B. Non-EL15

| species in the EU15 (A} and outside the EU15 (B) in each time period. Significant positive
deviation from an odds ratio of 1 indicates a significantly higher probability that Annex | species
had more positive trends than non—Annex | species; odds ratios that are significantly smaller than
1 indicate the reverse. The cumulative odds of species in the EU15 having a more positive pop-
ulation trend than those in non-EU15 countries are shown for Annex | species (C), non—Annex |
species (D), and all species combined (E). All models controlled for the known effects on trend of
each species’ habitat and migration strategy and controlled for the non-independence of trends

within species across countries.
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to be recorded ina higher population trend band
than non-Annex | species (Fig. 1AL thus meet-
mg our first expectation. Outside the ELS,
although trends of Annex 1 specics improved
significantly compared to those of non-Annex |
species, they were no more likely to have more
positive wends than non-Annex | specics in
199402000 (Fig. 1B} The difference in tend
between Annex [ and non-Annex [ species did
not differ between the EULS and non-EUILS
countrics in 19701990 [difference in log(odds
ratios) = 0,17 + 0.22 SE] but was significanily
ercater in the EULS than in non-EU 1S countries
in 199020000 |difference i log{odds mtios) =
(.52 + 0L.18 SE]. Thus, our second expectation
wils miet,

There was no significam difference in trends
ol Amnex | specics within and outside the EULS
in 19701990, However, by 19902000, Annex
I species in the EUTS were significanily more
likely o be recorded inoa higher trend band than
the same group of species outside the EUILS
(Fig. 1C). a pattem that was not apparent in
non-Annex | species (Fig. 1D) or across all
species combined (Fig. 1E). Our thind expecta-
tion was therefore partly met

Between 1990 and 2000, species listed on
Annex | of the Birds Directive lared significam-
Iy better on average than non-Annex | specics
within the EULS, a pattern not apparent in the
same groups of species outside the ELIS. This
difference withstood controls for phylogenetic
nop-independence (£6) and was due  almost
entirely to trends of species that had been listed
on Annex | for longest(lig. 51), supporting both
our fourth expectation and a previous estimane
(99 that the lag between policy intervention and

a detectable population-level response excoeds
140 yvears, Because the effects of both habitat and
migration strtegy were controlled m the analy-
scs, s difference could not be ascnbed w0
Annex | species being disproportionately repre-
sented in habitat or migration classes that farcd
better than average, Nor could the difference be
accounted for by the deliberate or foruitous
allocation 0 Anncx | of species that were al-
ready increasing, because most ol these specics
were listed well before 1990, when their rends

were significantly more negative than those of

non-Annex | species (Fig. 1AL Lasily, the dif-
ference in trends between Annex 1 and non
Annex | species in the EU could not be ex-
plaimed by a general global increase in Annex |
species, for example o response w0 climate
change, because outside the EULS Annex |
trends were no different from those of pon
Annex | specics,

Evidence for a causal lnk between policy
intervention and specics response (our fifth
expeetation) was found in the positive associa-
tion across EULS countries between mean spe-
cies trend and the proportion of land designated
as SPAs (Fig. 23 This pattern was apparcit for
all species combined, and for Annex | and non
Annex | species separately, and was significant-
Iy stronger for Annex | than for non-Annex |
specics, Pammeters of proporional odds models
suggested that, for every additional 1% ol a
country’s land area designated as SPAs, the odds
of o species being in morne-positive population
trend classes inercased by around 4% across all
species and for non-Amnex [ species and by
around 7% for Amnex [ species (/6). The sig-
nificantly stronger response of Annex [ species

Fig. 2. Plot of country %
estimates of loglodds g 0.8 -
ratios} against the per- 'E
centage of land area = 0.6 -
designated as SPAs in :—,.E
the EU15 member states 0.4 1
for Annex | and non— E 0.2 -
Annex | species combined 3z
(means + SE and black O3 - .
regression line; slope = 2 2
0.042). The odds raties 5 0.2
indicate the extent to 7§ p—
which species are more E :
or less likely to appear § 0.6 -
in more-positive trend =
classes than spedes in 2 -0.8 T r 1
the reference country 0 5 10 15
(UK}, which has a value
%SPA

of zero and no S5E. In
order to graphically rep-

resent this relationship, country effects of odds ratios were extracted from a proportional odds model of
trend class, with migration strategy and breeding habitat also fitted as fixed effects and spedies fitted as
a random effect. The regression coefficient differed significantly from zero (P < 0.02) and was estimated
by fitting percentage of SPA cover directly as a covariate in a proportional odds model and including a
random country effect (16). A similarly significant positive association was apparent for Annex |
(regression line only shown in blue, slope = 0.068) and non—Annex | {regression line only shown in red,
slope = 0.036) species separately. A significant (P < 0.01) interaction term indicated that the slopes for

Annex | and non—Annex | species differed.
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1o the provision of SPAs is consistent with a
causal lmk between the delivery of conservation
measures through the directive and the response
of the target species bocause SPA designation
and management are tarpeted largely toward
Annex | specics,

Therefore, four of our five expectations of
a positive impact of the Birds Directive were
fully met, and the remaining one was partly
met (populations of Annex 1 species, although
not of non-Annex | specics, had more positive
trends in the EULS than owtside it). Furthenmore,
although trends of non-Annex | species did nom
differ between the EULS and other countries,
there was evidence that trends of these specics
were more positive within the EULS in countries
with higher deployment of SPAs. The data are
therelore consistent with the hypothesis that the
Binds Directive has brought demonstrable bene-
fits to bird populations in the EU and that in-
temational policy intervention can be effective
in addressing conservation issucs over large geo-
graphical arcas,

Our results support previous asserlions
{4, 5, 200 tha relatively simple yet robust pop-
ulation monitoring can play an important role in
assessing the success ol supragovemmental con-
servation policies, as it already has in demonstrat-
ing the envimonmentally damaging effects of
intemational policy in other sectors (27). Much
biodiversity monitoring is undertaken by volun-
teers (220, making it inexpensive relative o the
costs of developing md implementing intema-
tional policy. I such policics were o provide
support for monitoring, for example by contnbut-
ing w a global monitoring petwork (23), their
success could be evaluated. Funhenmore, setting
targets that are both quantitative and measurable
would increase the resolution of subsequen
assessments. Precise goals and specific measures
for monitoring policy effectiveness should be
designed and tested at the time that the policy is
implemented. Otherwise, quanitative asscss-
ments of policy intervention will continue ©
depend on posi hoc, serendipitous analyses of
the tvpe presenied here. Until policy and mon-
itoring become more integrated, the success of
inernational conservation policies in protocting
the planct’s biodiversity or in achicving goals
such as the CBDs 2000 target o reduce the rte
of biodiversity loss (24) will be difficult or im-
possible to quaniily. The prognosis for biodiver-
sity is grim because this lack of feedback can
only serve 1o weaken intemational policy inter-
vention at a time of unprecedented loss.
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Adaptive Mutations in Bacteria:
High Rate and Small Effects

Lilia Perfeito,” Lisete anam:h!s,,"'z Catarina Mﬂtil;l Isabel Gordo™®

Evelution by natural selection is driven by the continuous generation of adaptive mutations.

We measured the genomic mutation rate that generates beneficial mutations and their effects on
fitness in Escherichia coli under conditions in which the effect of competition between lineages
carrying different beneficial mutations is minimized, We found a rate on the order of 10~ per
genome per generation, which is 1000 times as high as previous estimates, and a mean selective
advantage of 1%. Such a high rate of adaptive evolution has implications for the evolution of

antibiotic resistance and pathogenicity.

he mte at which new mutations anse n

I natural populations and their mess ef-

feets are of key importance in evolution-
ary genctics, Classical mutation accumulation
expenments have mdisputably shown that among
the spomancous mutations that affect fimess,
those that cause deleterious effects are far more
common than those that cause increases in fit-
ness. Whereas there are cumrently several direct
and indirect estimates of the deleterious muta-
tion mte in different organisms, data are lacking
for beneficial mutations (/). The latter are of
paticular interest because they constitute the
driving force of adaptation and survival of pop-
ulations in new cnvironments,

Several theoretical studies have made some
general predictions about the long-term process
of adaptation toward an optimum (2, 3), One
prediction suggests that the elfects of beneficial
{advantageous) mutations (s,) are exponentially
distributed, in that many have very small effects
and those that cause strong increments in fitness
are mre (3). These are plausible predictions
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number &, 2780-156 Oeiras, Portugal. *Escola Superior de
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given that organisms are in general well adapied
o their environments, so only small and rare
changes lead 1o fitness increases (4-17).

The wue distmbution of newly arising bene-
ficial mutations in an organism in a given cn-
vironment is difficult o estimate because the
probability of fixation of a beneficial mutation
that increases fitness by s, is only 2s,, which
means that mutations of small effect are not
likely to increase in frequency. This implics
that the distnbution of mutations that escape
stochastic loss (become lixed or reach high
enough frequencies to be observed) s trun-
cated for small values (/2. 13). In addition,
clonal interference occurs in large populations
with a high benelicial mutation rate (L) and
ne recombination and will slow  adaptation
(compared o sexual populations of the same
siac) (14). Namely, if multiple beneficial mu-
tations appear in different lincages, they com-
pete with cach other for fixation. This translates
into an adaplation rate less than that predicted
by the mutation rate and population size, and
inte the fixaton only of mumatons of large
eftect ( 15). Recently, there has been a consid-
crable effort o predict the rate and distri-
bution of beneficial mutations and the effect
of clonal imerference on the adapiation rate
(16, I7),

Current estimates for U, fall around 1077
o 107 for RNA viruses and Escherichia coli
(4, 5, 16). A similar beneficial mutation rate
was estimated for Psendomonas fluorescens
under adaptation to stressful conditions (9). A
caveat for all ol these estimates is that they
were obtained from populations with very large
effcctive population size (Ng) and followed
adaptation 10 a new environment under con-
ditions in which clonal interference had a strong

elfect. This led to downward biased estimates of

U, Here, we provide estimates for the genomic
mutation rate for beneficial mutations in E. coli
that are less bizsed by clonal interfercnce.

In this work, we used populations with an
intermediate  effective population  size— big
enough that genetic drifi is unlikely 10 drive
slightly deleterious mutations to a high frequen-
¢y but small enough 0 minimize the eflects of
clonal interference between beneficial muta-
tions, To estimate the beneficial muation mte
and the distribution of liness effects ol single
mutations, we used a microsatellite marker svs-
tem pioneered by Imhof and Schloticrer ().
Mutations at a microsatellite locus coded by a
nonconjugative plasmid can generate neutral al-
lelic diversity in a wvery short time (4, /8), and
selective sweeps, occuring i the bacterial ge-
pome, can be idenificd by followmg the rapid
increase i the frequency of the linked micro-
sancllive allele (4).

We allowed populations of £, colf 1o adapt
i a given laboratory environment for 1000 gen-
crations and followed the allelic distribution
of the microsatellite at periodic inervals, From
this distribution, the number of mutations that
escaped stochastic loss during this period was
inferred for populations with a small effective
size (Ng = 2 = 10%) and for populations with a
very large effective size (N, = 107). The later
allowed us to compare our cstimates with those
previously published (4, 16, [9),

The beneticial mutations that cscape stochastic
loss are expected to follow a gamma distribu-
tion with shape parameter 2 and with a mcan
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equal 1o twice that of the distnbution of the spon-
tancously ansing mutations (/a). Figure | shows
the observed distnibutions of etlects of favor-
able mutations scgregating in the populations,
In the populations with the smaller effective size
(N.=2 ™ 104, the mean value of the selection
cocflicient [ E(s,)] measured was 0,013, which is
shightly smaller, although close 1o previous
estimates (4, 16). In these populations (Fig,
1A we tind that a gamma distribution with such
parameterization provides a good (it w0 the data
{Kolmogorov-Smirnov: not significant, = 0.6),
In Fig. 1B, we show the distribution of selective
effects measuned in the populations with larger
eftective size (N = 107). As expected, in these
populations, the ¢ffeet of clonal mierference was
clearly obscrved in the distnbutions of micro-
satellite allelic variation [for an example, see fig,
82 (/9] As predicted theoretically (/5), the
elleet of interference between clones camying
different beneficial mutations is reflected o an
increased value of the mean selective effect of
mulations segregating in the population |E(s,) =
0023, as shown in Fig. 1B This is because
many newly arising benelicial mutations of small
effect are lost in competition with mutations of
larger effect.

To measure the rate of spontancous bone-
ficial mutations, we quantificd the towl num-
her of mutations that escaped stochastic loss
in all the populations with the same effective
size during the course of the experiment. We
observed 75 such events in the populations

I
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Fig. 1. Distribution of fitness effects of beneficial
mutations that escaped stochastic loss, measured
in populations of N, = 2 x 10* (A) and N, = 10°
(B). The gray bars show the distribution of effects
of beneficial mutations inferred in the experi-
mental populations and the white bars corre-
spond to a gamma distribution with shape 2 and
scale parameters 158 (A) and 85 (B). Both dis-
tributions are supported by the data [Kolmogorov-
Smirnov: P = 0.6 in (&) and P = Q.5 in (B); not
significant].
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with N = 2 = 10* and 87 in the populations
with N = 107, Assuming that the effect of
clonal imerference 15 negligible, in the pop-
ulations with larger N, we would infer a mu-
tation rate of 2 = 107" beneficial mutations per
genome, per generation (20, 209, This value is
close w those previowsly measured for this
specics with the use of populations with sim-
ilar elfective sizes (4, 16), However, with such
a large N, the elfect of clonal interference is
very important and leads o an extreme under-
estimation of the wue value of LU, Indecd, in
the populations of smaller effective siee, our
estimate of the mutation rate was 1000 times
as high: U, = 2 = 107 beneficial mutations
per genome, per generation (20, 2[). Given
that clonal interference 15 much weaker n
these populations, we take this value to be a
much more accurate measure of the real £,
To complement these results, we measurced
the mean tness of cach evolved population
refative 1o the ancestral one. Mean finess of an
evolved population was assessed by s com-
petitive ability against a reference strain (/9). As
expected in view ol the resulis obtained above,
there was an overall increase in finess in all
populations afier 1000 generations of adapta-
tion, In the populmtions with the smaller A, this
increase was about [7%, which, as expected,
was smaller than the one observed for the pop-
ulations with a larger N (overall mean increase
in finess of 40%). We then asked i our es-
timates of U, could explain such increments in
fitness (22). To do this, we compared the
results of Monte-Carlo simulations ol adaptive
evolution, assuming several diflerent values of
U, and Eis,) with those obtained in the exper-
iments (/9. In all the simulations, we assumed
that the distribution of incoming beneticial mu-
tations is exponential and that mutations interact
in a multiplicative way (2. 27). Different combi-
nations of U, and £{x,) were consistent with the
finess increase in populations of a given el

fective sige, but the set of parameters that more
closely matched the combined data of bath
population sizes was U between 11 $and 1074
and Eis,) between | o 2% (Fig. 2} These pa-
ramcters agree with the estimates obtained from
the microsatelline allelic distribution (small ef-
feetive stze populations in Fig, |, in which the
measured mutation mte was 2 = 107%), It is also
clear that a mutation rate of about 107 or 1078
[as inferred in other experiments (4, 16)] cannot
explain the Mness increases observed.

Our resulis show that the muation rate
new benelicial alleles is 1000 times as high as
previously infemed in the same bactenial species
(4, 16} The difference in results can be ex-
plained by the differences i the effective pop-
ulation stee analyezed. I only very large effective
sizes are analyveed, and the effeet of clonal inter-
ference is not accounted for, then our estimates
for L, and Eis,) for the populations with N, =
107 are similar to those previously obtained
{Fig. 1B). However, if these estimates were close
to the true values, then we would not expect to
see the sweeps of beneficial mutations in the
populations with lower N, that we observed (Fig.
LAY Hence. neglecting the effect of clonal in-
terfercnce undercstimates the value of Uy, In
addition, we showed that conal interference
changes the distribution of scgregating muta-
tions: When companng the distribution of ben-
elicial mutations lor the populations with
high N, (strong effect of clonal interference)
with that for populations with low N, (Fig. 1,
A and B). a significant difference was ob-
served (Kolmogorov-Smimov: P = 0.001). As
predicted theoretically (13, 24), we observed a
distribution with a higher mean selection
coeflicient when the effect of elonal interfer-
cnce was stronger. In the limiting case where
the supply of new beneficial mutations per
generation (ML) is very high, the speed of
adaptation will no longer depend on AL, b
on the mutations of largest effect available, be-
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Fig. 2. Mutation rates (U,) and mean effect of beneficial mutations [E{(s,)], used as parameters in
Monte Carlo simulations (19), which produced mean fitness increases consistent with those
observed in the evolved populations (difference was not significant; Student’s ¢ test P = 0.05). The
circles show the parameter values consistent with the mean fitness observed in the populations of
Ne = 2 x 10° and the triangles in the populations of N, = 107
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cause these are the only mutations that will fix,
This might help explain why similar beneflicial
mutation rtes are cstimated i very diverse or-
ganisms under very diverse environments. These
estimates ane obtained in populations with very
large eflective siees (4, 5, ¥, 16}, which are like-
v 1o produce strong underestimations of U,
It is plausible that, in natural habitats, pop-
ulation stees will be large, I the effective size
of a bacterial species is much higher than 10
(25), then our resuls imply that clonal inter-
ference plays a major role in limiting the adap-

tation of these asexual organisms. As such, if

there is a chance for recombination, clonal in-
terference will be much lower and organisms
will adapt faster. This has been predicied the-
orctically (f4), although the empineal evidence
is still very preliminary (26, 27). Given our re-
sults, we anticipate that clonal interference is
imporant in maintaining sexual reproduction
m cukarvotes, Notably, mutation accumulation
experiments m Saceliaromyees cerevisiae and
Arabidopsis thaliana have detected a signifi-
cantly large number of mutants with inercased
fitness (28, 29).

Given the estimates for the ovemll mutation
rate i £ ocoli (30) and its genomic delcterious
mtation rate { £), our estimate of U implics that
1 in 150 newly arising mutations is benelicial
and that 1 in 10 fimess-affecting mutaions in-
creases the fitness of the individual carrving it
Hence, an emerobacterium has an enomous

potential for adaptation and may help explain
how antihiotic resistance and vimlence evolve
s0 quickly.
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Divergence of Transcription
Factor Binding Sites Across
Related Yeast Species

Anthony R. Borneman,™ Tara A. Gianoulis,” Zhengdong D. Zhang,?
Haiyuan Yu,? Joel anwsky,’ Michael R. 5:.'rini,'|haus.,al Lu Yong Wﬂng.*

Mark Gerstein,** Michael Snyder™**+

Characterization of interspecies differences in gene regulation is crucial for understanding the
molecular basis of both phenotypic diversity and evolution. By means of chromatin
immunoprecipitation and DNA microarray analysis, the divergence in the binding sites of the

pseudchyphal requlators Stel2 and Tecl was determined in the yeasts Soccharomyces cerevisioe, S.
mikatae, and 5. bayanus under pseudohyphal conditions. We have shown that most of these sites have
diverged across these species, far exceeding the interspecies variation in orthologous genes. A group of
Stel? targets was shown to be bound only in 5. mikatae and 5 bayanus under pseudohyphal
conditions. Many of these genes are targets of Stel2 during mating in 5 cerevisige, indicating that
spedalization between the two pathways has occurred in this speces. Transcription factor binding sites
have therefore diverged substantially faster than ortholog content. Thus, gene regulation resulting from

transcription factor binding is likely to be a major cause of divergence between related spedes.

iMerences in related individuals are
Dgcnum]ly anributed w changes in gene

composition and'or alierations i their
regulation. Previous effors to examine diver-
gence of regulatory information have relied on
the analysis of conserved sequences in puta-
tive promoter regions (/, 7). However, these

www.sciencemag.org SCIENCE VOL 317

approaches are limited  because  tmnsenption
factor (TF) binding sites are ofien shon and
degenerate, making their computational detee-
tion difficult (3). In addiion, requiring the con-
servation of motifs across species precludes the
detection of sequences that are evolutionarily
divergent.

The detecnon of binding sites with chromatin
immunoprecipitation and microarmay {ChIP-chip)
analysis (4, 3) oflers the ability to globally map
TF binding locations experimentally rather than
computationally. For species such as yeasts, where
genome sequences of numerous related species
are available (6), this approach can allow for the
evolutionary comparison of hinding sites of con-
served TFs across specics.

We have wsed this approach 1o investigate
evolutionary divergence in the targets of two
developmental regulators in the Soccharmmnces
sensu stricto yveasts 8, cerevisae, S mnikatae, and
K bavanns. In 8. cerevisiae diploids, Stel2 and
Teel act cooperatively to regulate gencs during
pscudohyphal development (7-%9), whercas in
haploid cells, Sicl2 regulates mating gencs
(/1) The binding sites of S1e12 and Tecl were
mapped in all three species under low -nitrogen
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*Program in Computational Biology, Yale University, New
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{pscudohyphal) conditions with the use of ripli-
cate ChIP<chip expenments and specics-specilic
high-density oligonucleotide tiling microamay s
(fg S (1) Stel2 bound 1o 380, 167, and 250
discrete sites, wheneas Teel bound to 348, 185,
and 126 sites, in & cerevisiae, S mikarae, and
S, bavanus, respectively (tables S1 1o S6), For
cach species, the two factors bound to a high
proportion of common regions (86, 80, and
B7% for S, cerevistae, 8. mikatae, and 5. bayvainis,
respectively). suggesting thm the cooperative
interaction observed between Siel2 and Teel in
8. cervvisige is conserved across the three Suc-
charonyoes specics,

Anmalysis of the signal tracks allowed for
global comparisons i TF binding w0 be made
among the species, revealing qualitative and
quantitative differences in ChIP binding regions

0bp 100000 bp

(Fig. LA} To systematically perfonm interspecies
comparisons, we removed regions that were not
represented across all three yeast genomes (7).
Comparison of the overlap in binding across spe-
cies as a function of mnk order revealed sig-
nificant binding differences throughout the mnk
order, indicating that even strong targets from one
species may not be bound in the others (Fig, 1B), As
a control, replicate experiments from 8 covvisioe
(12) displayed =987 concordance in binding.
Overall, three classes of TF binding cvents
were observed: those conserved across all three
species, those present in two of the three species,

and species-specific binding events (Fig. 10), OF

the 221 and 235 wrgets bound in wtal by Siel2
and Tecl, respectively, only 47 (S1e12, 21%) and
S0 (Teel, 20P%) wrgets were conserved across all
three specics (Figs. 1C and 2A). The conserved

200000 bp

300000 bp

binding events were present throughout the mnk
order, indicating that both highly eccupicd and
less-occupied regions are conservaed (tables 57 and
58, To ensure that these binding differences were
not due 10 the scoring threshold used, we cal-
culaed signal distibutions for unbound onhologs
of target regions (1.2, OF the unbound orthologous
regions, 8074 had signals similar w0 background,
indicating, that most will be unaffected by thresh-
old changes (fig. 82). Even when identical binding
regions were used, 23% diffencd in their intensity
by at least 1.5 old between species (0% between
S cervvisioe replicates), sugeesting thal quantita-
tive differences exist in site occupation or binding
strength between species (Fig, 2B and ables 59
and S109, Thus, most target genes were bound in
only one or two ol the thiee species, indicating
considerable diverzence in binding sites across
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Fig. 1. (A) Ste12 and Tec1 bind to discrete regions of chromosome X of S, cerevisioe  (blue), and S. bayanus (green). bp, base pairs. (B) Rank-order analysis of Ste12 and
and to orthologous regions of S mikatae and 5. bayarus. ChiP-chip enrichment by Tecl ChiP-chip targets in 5. cerevisiae (red), 5. mikatae (blue), and 5. bayanus (green)
Tecl and Stel2 (log 2 ratios} is shown relative to ORFs of 5 cerevisioe (red), 5. mikatae  (1.2). (C) Gene target overlap across the three Saccharomyres species.
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these veasts (Fig, 2C) Because the fmction of
nonconserved genes among S cerevisioe, S,
miketae, and 8 bavanns 15 less than 0.05% (2),
the amount of variation in TF binding is
substantially larzer than that of gene vanation,

One possible cause for the inerspecies differ-
ences in the ChlP binding locations is divergence
in binding site sequences, To examine this pos-
sibility, we investigated sequence motifs in both
bound and onhologous unbound regions across
the three Sucoharonnces specics, Position weight
matrices (PWM), representing the putative bind-
ing molils for Stel2 and Tecl, were gencrated
from the ChiP-chip data (73). Analysis of the
Tee! wrgets of the three species revealed an over-
reprosented sequence moul that matched the
known Tecl consensus (7) (Fig 3A), whereas the
targets of Stel2 in 8 eovvisioe and S mikatae
revealed a motl that was similar o the known
binding sequence (J4) (Fig. 3B). This sequence
was nol overrepresented i 8 bananus,

With the use of the PWM sequences, ChiP
bound regions and orthologous unbound regions
from cach specics were then scored lor the
presence of cach motif (£5). There were several

significant classes of TF binding events, with
those genes bound by all three factors present
near the top of both the Tec ! (all bound, motif’ in
ally and Ste1 2 (all bound, with and without motif
lists (Fig. 3, C and D). For promoter regions that
displayed evolutionanly conserved ChIP binding
in all three Sacolaronnues species, 83% (Tecl)
and 24% (5te12) ol'the regions contained at least
one significant occurrence of the PWM motil for
that factor in each species (Fig. 3, E and F). In
contrast, 2 and 62% of the promoters that
displayed conserved ChIP binding did not
contnin a maich o the PWM in at least two of
the three species, Thus, the Stel2 motil is not
presem in a high proportion of pscudobyphal-
responsive genes, implying that Tecl may target
S1e12 1w these regulmony regions (/6.

In contrast to the previous results in which
experimentally  determined  binding  correlated
with the presence of predicted moti fs, there were
many cxamples where a specics-specilic loss of
binding and'or a loss of sequence have occured.
There were 48 (Teel, 14% of total binding
events) and 35 (Swel2, 107 of towl binding
events) experimentally bound regions that con-

REPORTS

taimed a PWM maich where the orthologous
region i at least one other species neither was
bound nor contained a moul match. For these
loci, loss of ChIP binding is concordant with the
loss of the motil for this factor, providing clear
examples of regions where network evolution
occurred through the gain or loss of regulatory
SeQUENCes.

Furthenmore, there were 45 (Teel, 12%) and
9 (Stel2, 3%) instances where a PWM maich
occurred in all three species but where that region
was experimentally bound in only two species
(Fig. 213}, Either these loci are occupied at other
times in the life cycle or they are not functional.
Conversely, i 1] (Tecl, 3%) and 22 (Stel 2, 6%)
instances, genomic regions displaved conserved
ChIP binding, but at least one specics wis missing
a PWM motif match (Fig. 2E). Thus, sequence
conservation does not readily predict binding.

To further examine the role of conserved ver-
sus nopconserved ChIP binding events and mo-
tifs, we compared these results with expression
microamay sludics of pseudohyphal formation in
8. cercvisiae (17), O the ChIP binding gene
targets that had signilicantly aliered expression
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Fig. 2. Comparison of binding by Stel2 and Tecl across S. cerevisioe (red), 5.
mikatae (blue), and S bayanus (green). (A} Conserved binding. (B) Conserved
binding with quantitative signal differences. (C) Conserved binding with loss of
consensus sequences in one species, (D) Species-specific binding despite conserved

consensis sequences. (E) Binding only in 5. mikatae and 5 bayanus. Chip-chip
enrichment signals are shown (log 2 ratios), Gircles and squares represent matches to
Tecl PWVM and Ste12 PWM, respectively. Triangles, nonconserved peaks; **, >2-fold
difference in peak signal intensity; *, >1.5-fold difference in peak signal intensity.
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Fig. 3. Motif analysis of ChIP binding targets. Logo representations of the PWM for Tecl (A) and 5tel2
(B} (12). {C and D) Classes of binding targets after classification by both the conservation of ChIP binding
and the presence or absence of consensus motifs. (E and F) Compiled proportions of binding targets and

PWM matches for Tecl and Stel2.

Fig. 4. (A) Stel2 and Tecl bind
to common and distinct sets of
genes across the Saccharomyces
sensu stricto lineage, Overrepre-
sented GO terms are listed for
each combinatorial category. (B)
Mating genes bound specifically
by Stel2 in 5 mikatae and 5.
bayanus. (€} TF network conser-
vation in 5 cerevisige (red), 5.
mikatae (blue), and 5. bayanus
(green).

5. cerevisiae

A Ste12
growth (p =85 x 10
carbohydrate tansport
(p=63x10%
5. mikatag & bayanus

Ste12 Ste12

reproduction filamentous growth (p= 6.7 x 10%)

of a single-ceflad regulation ol trarscription from

organism (p = 5.4 1 10°%) ANA pol Il promater [p = 5.6 x 100

5, corovisiae
Tect

carbenyfic add
rangport (p=2.8 x 107

pseudomphal growth
{p= 3.7 x 1077
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(=200 of the ChIP targets, a several-fold enrich-
ment), there was no enrichment for genes with
conserved binding (11% bound versus 14% un-
bound) or PWM matches (12% with monl
versus 16% without motif) (table S11). Thus,
sequence-hased motil analyses in the absence
of expenmentally determined binding data arc
not sullicient for the accurate predicton of TF
binding profiles and gene lunction. In addition,
the presence of nonconserved ChIP targets up-
stream of pseudohyphal-regulated genes at the
s frequency as conserved targets indicates tha
nonconserved sites are likely 1o be functional,

To elucidate the biological imponance of both
the conserved and specics-specilic gene targels,
we mapped cach bound region w s downstream
target genes by identifving open reading frames
(ORFs) that were 37" of and direetly Nanking cach
ChIP binding event (lables 87 and S¥). Con-
served Stel2 and Teel gene targets displayed
ennchment for two gene ontology (GO (8
categorics: “filamentous growth” and “regulation
of transcription from RNA polymerase [l
promoters” (Fig. 4A). Because most of the genes
from within the second category encode TFs, the
predicted downstream TF networks ol 8. bava-
sines and 8. sikadae were comparcd 1o those ol S,
cerevisiae (19) 1o determine which connections
had been maimained during the evolution of the
Sacoharomyvees sensu stnicto group (Fig, 40)
The binding of Stel2 and Teel to downstream
TFs was shown to be highly conserved (73%
across the three speciesk The network ol 5.
mikatae was most diverged and had several key

Gene 5. cerevisiae logg Ratios
homologue
ORFN:1350 FUS3 229
ORFN:1438 (YBLD18C) 213
ORFN:18188 CHE 221
ORFN: 20364 (YNLI192W) 1.70
ORFM:2230 KAR4 2n
ORFM:2394 (YCLOSEW) 1.80
ORFM:2120 FUSt 1.79
ORFM:2514 (YCLOZ7TW) 1.78
ORFN: 7184 MPTS 1.53
ORFM:B405 (YGL17BW) 1.31
ORFMN: 10486 AXL2 1.45
ORFN:11888 (Y1 LT40%W) 1.41
ORFN:18760 RANZ2 1.26
ORFN:22001 (YO L117W) 1.28
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regulatory omissions including Flos (not bound  Cphl in O afbicans are not conserved with the 9. H. Ly, C. A Styles, G. R. Fink, Science 262, 1741 (1993).
by cither Stel 2 or Tecl yand Mgal (notbhound by Sacolaronnees species, the O alfvicans ontho- 10. 5. Felds, I. Herskowitz, Cell 42, 923 (1985). !
S1e12). Tl ithoush § tit PR s oz bound by Ste12. ks those 6 £ b 11 A R. Borneman ef ol., Funct. fnfegr. Genomics, in press;
Stel2). Thus, although impontant differences can  logs bound by Stel 2, like those from S. mikatae pesprin vallable 44 ww speincartiol comisniant!
be found, TF binding tothe promoters of other TFs and 8 bapvanus, included a sigmficant number of w5 5293542016660
was highly conservad between species relative o genes that function during reproduction and 12, See supporting material on Science Online.
the level of conservation observed for other genes,  mating in 5, cerevisiae (P=4 = 107 (18), Thus, 13 Egn;;‘"- D. L. Brutlag, J. 5. Liv, Not. Biotechnol. 20, 835

_ From those groups of genes that did not  ing .':;.F.fm-;rm. like in & Im:k:.rm:* and 5. h:.!jmmfx. 14, 1. W, Dolan, €. Kirkman, S. Fields, Proc. Natl, Acod. Sdi.
display conserved binding across the three spe- the Siel 2 ontholog also binds 1o genes requirad for LL5.A 86, 5703 (1989).
cics, one notable class was bound by Sicl2  mating in & cerevisioe under flamemous growth 15, T. L Bailey, M. Gribskav, Bioinformatics 14, 48 (1998).
specifically in 8 mikatae and 8 bavanus and was — conditions, raising the possibility that these genes 16 H&T 5. Lane, H. Liu, Mol Cell. Biol 26, 4794
enriched in genes .imull'. 1:1.1_ in mating (GO have 1\.15:“:1': mone :ir-.'lu.'mlcla:d in 8. cerevisice, 11, &, Prins ool Gotioans s 14, 300 0G0,
category: “reproduction in single-celled orga- We find that extensive r:%:ulamry changes can 18 € 1. Boyle et oL, Bioinformatics 20, 3710 (2004).
nisma")in 5, cerevisioe (Fig, 4, A and B). Unlike  exist in closely related species, which is consisti- 19, A R Boreman ef ol, Genes Dev. 20, 435 (2006),
the gene targets in the diploid cells used in this  ent with a recent study that showed that distinet 20 C.T. Harbison et ol, Nature 431, 99 (2004).
study, these genes are targets of Stel2 in haploid  regulatory circuits can produce similar regulatory 21 1 Zeitlinger et ol., Ceil 113, 395 2003).

P R R LI e e e P e =Y 22. T. Jones et ot, Proc. Natl. Acod. Sci. USA 101, 7329
&, cerevisiae cells (20, 24), and this differential — outcomes in 8, ceveviciae and C. albicans (28). {2004).
binding occurs despite the presence of conserved  Furthermore, although 8 cerevisiae and 8, 23. C. Sanchez-Martinez, |. Perez-Martin, Curr. Opin.
Stel2 binding motifs (fig. 53) Thus, Stel2  mikatae are quite similar 10 one another at the Micrabiol, 4, 214 (2001,
binding targets may be occupied under different  nucleotide sequence level, they are equally die 2% :}n; 'I‘!“:l”};;rﬂgg;";_ A. Fanzi, P. 5. Sypherd, Infect.

111 : el X At PRV T e T Ay r [ oy 21 - e '
L‘l'l]'ll.]-‘li‘llﬂfl:-. ACTOsS n.,LhI:n.! specics. In .‘:._ cerevisiae, h.,m_u 1o |“1I1.]1 other and to 8. b ans in 1I_1g,|r 'l_T 25. B. R, Braun, W. 5. Head, M. X. Wang, A D. Johnsan,
Stel2 binds to these sites only durmg matng,  profiles. We expect that the extensive binding site Genetics 156, 31 (2000).
whercas in S, mikatae and 8 bavarms, Stel2  differences observed in this study reflect the rapid 26, B R Braun, A D. Johnsan, Genetics 155, 57 (2000).
binds to these same regions in diploid cells. specialization of these organisms for their distinet 27 Eé'ﬁﬂﬁ';' H. Miyasaki, N. Agabian, ). Bacteriol 175,
To extend this study outside of :Sml'n'hunfn.{r- u."uulug!cilll environments and that dil‘h:mmuihm 28 A . Tsong, B. B. Tuch, H. Ui, A. D. Johnson, Nafure 843,

ces veasts, we also mapped the binding of the  transcription regulation between related species 415 (2006},
Candida afbicans S1el2 ortholog, Cphl (22).  may be responsible for rapid evolutionary adap- 29, The authors would like 1o thank P. Chambers and

Cphl functions in the dimorphic switch of this
yeast, a process that shares many genclic com-
ponents with pscudolivphal growth (23), A toial
of 52 signilicant Cphl ChIP binding cvents (table
512) was detected under dimorphic growth
conditions, with many residing upstream of

tation to varied ccological niches,
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hippocampal activity, Antidepressant-induced hip-
pocampal neurogencsis is linked to behavioral
responses (<4, 3); morcover, excitatory hippocam-
pal neurons are injured by chronic stress (6, 7).
Animal models have proven useful in identifving
molecular and cellular markers relevant 1o
depression (8-/1) but have not identified neuro-
physiological final common pathways relevant to
behavior, Voltage-sensitive dye imaging (VSDI)
could allow analysis of discasc-relaied neural
activity on millisccond tme scales, with micro-
meter spatial esolution and a scope spanning
entire brain networks (f7). We applied VSDI
io hippocampal physiology in the chronic mild
stress (CMS) model, a well-validated rodem

High-Speed Imaging Reveals
Neurophysiological Links to Behavior
in an Animal Model of Depression

Raag D. Airan,* Leslie A. Meltzer,”* Madhuri Roy," Yuging Gong,**
Han Chen,? Karl Deisseroth™®+

The hippecampus is one of several brain areas thought to play a central role in affective behaviors,
but the underlying local network dynamics are not understood. We used quantitative voltage-
sensitive dye imaging to probe hippocampal dynamics with millisecond resolution in brain slices
after bidirectional modulation of affective state in rat models of depression. We found that a
simple measure of real-time activity—stimulus-evoked percolation of activity through the dentate
qyrus relative to the hippocampal output subfield—accounted for induced changes in animal
behavior independent of the underlying mechanism of action of the treatments. Our results define
a circuit-level neurophysiological endophenotype for affective behavior and suggest an approach
to understanding circuit-level substrates underlying psychiatric disease symptoms.
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he hippocampus, as an integral com-
ponent of the limbie system, is a focus of

depression rescarch (4 ), drves other brain
regions implicated in depression, and appears 1o

www.sciencemag.org SCIENCE VOL 317

SCrve as a primary site of action for antidepres-
sants that inhibit pathological hyperactivity (2, ).
Complicating this picture, however, is evidence
suggesting  that antidepressants can stimulate

Stanford University, Stanford, CA 94305, USA.

*These authors contributed equally to this work.
110 whom comespondence should be addressed. E-mail:
deisserog@stanford.edu
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model of core depressive behavioral symp-
toms (/2),

Evoked activity was recorded with VSDI in
acute honzontal shees prepared rom the ventral
hippocampus of adult rats (Fig. 1A) (/3. 14).
Signals reflecting local neuronal network activity
were extinguished by 2 3-diby droxy -6-nitro-7-
sulfamoy Ibumu| { Jquinoxaline-23-dione (NBOQX)
and p-2-amine-5-phosphonopentancic acid (D-
AP3) and therefore requined excitatory trans-
mission (Fig. 1B). We used cross-correlation 1o

work response (Fig, 1, C and I, and figs. S1 and
521, computing the maximal response amplitude
of cach pixel (Fig. 1D, top nght, and fig. S3,
right) and the tme o which this maximal am-
plitude occurred (“phase™; Fig. 1D, top ke, and
fig. 83, left). In our experiments, phasc distribu-
tions were independent of treatment group and
coherent in the region responding o stimulation,
which was isolated computationally in blinded
analysis (Fig. 1D, bottom, and igs. 54 1o 56). A
simple metric of circuil response (“Motal activity,”
defined as the mean amplitude muliiplied by the

area of the calculated region of interest) (/.3)
wis found to be lincar in this stimulus range and
reliable across shices (Fig, 2B).

To quantfy behaviomlly relevant hippocam-
pal dynamics in a rodent model, we applicd CMS
{Fig. 2A, left) or delivered one of two chronic
antidepressant treatments; the selective serotonin
reuptake inhibitor fuexcting or the tricyelic anti-
depressant imipramine (the typical antipsychotic
haloperidol served as a phammacological control;
Fig. 2A, right), Depression-like behavior was
quantificd, blind 1w treatment condition, in terms

extract reliable, quantitative Reatures of the net-

Fig. 1. Voltage-sensitive dye imaging
{V5DI} of hippocampal network activity.
(A} Representative filmstrip acquired
using VSDI. Elapsed times are relative
to a single stimulus pulse applied to
DG; warmer colors indicate greater
activity (relative change in V5D fluo-
rescence, AFF), Data represent the
average of four individual acquisitions.
(B) VSDI signal is abolished by blockers
of excitatory synaptic transmission (10
1M NBQX and 25 uM D-APS). GABAzine
{20 uM) and tetrodotoxin (TTX, 1 uM)
application subsequently confirmed
signal extinction. (C) Single-pixel re-
sponse (AFIF versus time; top) from the
indicated region to the given stimulus
train (bottom). (D)} Phase (top left) and

30ms

C ; 0.55

Voltage Sensitive Dye Imaging Fields

Confrol
.MWMMW Ly

D Pixel Response by Stimulus Correlation

: ; : NBQOX
amplitude (top right) of maximal cor- :
relation between the stimulus and W s Pt Phase (ms) 1 Mnl:-llle (au)
response at each pixel. The synchro- wiN i
nouwsly responding region was extracted

4 . NBQX + D-APS

computationally, with the same phase
criteria applied to all treatment groups,
on the basis of similar phase values of
responding pixels (bottom); au, arbi-

Vet M Ay e
0% arFl osmv|__
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10ms

-25

trary units, NBQX + D-APS + GABAZine + TTX i
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B 20 20
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C D Fig. 2. Hippocampal network dynamics in depression-related behavioral states. (A)
= Left: Chronic mild stress (CMS)-treated animals displayed increased immobility on
Z%_ 1.5 1.8 - s a 5-min forced swim test (FST) relative to controls (Student's ¢t test, n = & animals
< T per group). Right: Fluoxetine (Flx) and imipramine (Imi}, but not haloperidol (Hal),
2 10 T 1.24 - decreased immobility [analysis of variance (ANOVA), F3;; = 29.46, n =5 or 6
5 . animals per group; Ctrl, control]. (B) WSDI total activity response to applied
T 5l 0.64 stimulus in DG (top left and center, n = 7 slices, r* = 0.9855) and CA1 (bottom left
= and right, n = 5 slices, r? = 0.9926). Left: Sample frames of DG and CA1 responses.
s (€} Activity of DG relative to CAl, calculated for each slice and averaged for each
8 s Ctrl CMS K Gt Fk Imi Hal | animal, was reduced by CMS (Student’s t test, n = 6 animals per group). (D) Activity

of DG relative to CA1 was specifically increased by antidepressants (ANOVA, F3;; =
12.74, n = 5 or & animals per group). Data are means = SEM. *P < 0.05, P < 0.01, ***P < 0.001.
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of immobility on the forced swim test {FSTE in
this test, immobility s increased by CMS and
decrcased by antidepressants (/3). In all drug
experiments, a 48-hour delay between the last
dose and behavioral assessment exeluded acute
drug cfleets on behavior that do not have rele-
vant clinical correlates (/6). Relative to controls,
CMS animals were more immobile over a 3-min
FST, indicating a depressed-like ste (Fig, 24,
lefty, whereas antidepressant-treated but nol
antipsychotic-treated  animals showed less im-
mobility (Fig. 2A, right).

We then conducted VSDI of evoked activity
in ventral hippocampal slices (/4) from these
animals; blind to treatment condition, we probed
both the demtate gyrus (DG) and CAL hypothe-
siemg different effects in the mput and output
hippocampal subliclds (/7-20). We found that
activity propagation in DG relative to CA L pro-
vided the most reliable predictor of FST per-
formunce on an anmal-by-animal basis (Fig. 20,
DG activity was reduced im CMS-treated ammals
(Hg. S7TA), whereas CAL activity was increased
(fg. S7B): the CAl contrbution is compatible
with results linking depression 1o elevated hippo-
campal output (2, 3, 27, and the DG contribution
is consistent with data suggesting reduced hip-
pocampal activity in depression (4, ),

We found the opposite pattern in antidepressant-
treated animals (Fig. 2D and fig. S7), with in-

creased activity propagation in DG (fig. STChand
reduced activity in CAL (fig. S7D). These clfiects
were specilic 1o antdepressants:  antipsychotic
treatment showed no elleat on either subficld
(fig. 57, C and D). Again, the activity propagation
in DG relative o CAL provided the most reliable
{across-individual) indicator of the behavioral
phenotype (Fig. 2D; 7 = 0.5251, P< 107%, across
CMS and drug groups).

To model clinical use of antidepressants, we
next concomitantly administered Nuoxetine dur-
ing the last 2 weeks of S-weck CMS (Fig. 3).
FST blinded to wreaiment condition confinned
that fluoseting treatment reversed the behavioml
effects of CMS (Fig. 3A) and VSDI demon-
strated that the activity propagation in DG rel-
ative o CAL sigmificantly accounted for this
effeet (Fig. 3, B and C). On an individual-animal
basis, this measure of activity propagation on the
millisecond time scale regressed lnearly with

the FST scores and explaimed more than hall of

the bidirectional behavioml variation (Fig. 3C;
# = (L5545, P < 107%) across all four inde-
pendent treatment arms. Open-ficld tests (OFTs)
from the same animals provided a test ol the
specilicity of the network dynamics phenotype.
We observed no signilicant differences between
aroups in locomotion or anxicty-related behavior
on the OFT (Fig. 3, D and E). and there was no
corrclation between VSDI physiology and OFT

REPORTS

scores (Fig. 3F; = 00306, P = 0.4), indicating
specificity for depression-relevant behav ior,

To address the ccllular mechamism, we next
probad for changes in hippocampal neurogencsis
hypothesized 1o be relevant 1o depression | (4, ).
but soe (22)]—in the same animals represented
in Fig. 3, In accord with previous observations
{4, 53, Muoxctine increased both the number and
density of newbom neurons [as assessed by
blinded, unbiased stereology of cells positive for
S-bromo-2"<deoxyuridine (Brdll) and Double-
cortin { Dex: immature neuronal marker)] (/3) in
the ventral DG, both in the presence and absence
of CMS (Fig. 4, A and B), whercas CMS alone
did not significantly alter the production (Fig. 4,
A and B) of new neurons despite behavioral and
cirewit dynamics effeets in the same animals
(Fig. 3, A 10 C). Similarly effective CMS did not
altect the survival of newbom neurons (Fig, 2
and lig, S12). These data indicate that circui
dyvnamucs changes can account for bidirectional
affective state modulation despite findamental
differences in cellular processes oceurnng during
depressed-like state induction and treatment.

To test the capability of a temporally defined
cohort of new newurons 1o modulate behavior and
circuit dynamics, we treated animals for 1 week
with Nuoxeting o up-regulate neurogenesis, fol-
lowed by a 3-weck delay 1w permit Tunctional
imegration of neurons bom  during  treatment
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Fig. 3. Hippocampal network dynamics predict antidepressant treatment of
depressed-like states. Fluoxetine was concomitantly administered during the last
2 weeks of S-week CMS. (A} CMS increased immobility and fluoxetine decreased
immobility in both control and CMS groups (ANOVA, Fy34=19.24, n= 810 12
anmimals per group). (B} Activity of DG relative to CAL was decreased in CMS
animals and was increased by fluoxetine (ANOVA, F31, = 1617, n =6 to 12
animals per group). () Linear regression of activity of DG relative to CA1 against
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individual animals).

Percent Time in Center on Open Field Test

FST scores for each individual animal (r® = 0.5545, P < 107%, n = 35 individual
animals). (D and E) On the open-field test {OFT), no differences were observed in
percent time in center [(D); ANOVA, F3 20 = 1.021, P> 0.05,n = 4 to 9 animals
per group] or total distance [(E;; ANOVA, Fya0 = 1776, P> 005, n =410 9
animals per group]. (F) Linear regression of activity of DG relative to CAL against
percent time in center for each individual animal (r® = 0.0306, P > 0.4, n = 25
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(Fig. 4C). In some animals, we ablated hippo-
campal neurogencsis via irmdiation { 10 Gy/day
for 2 days) 1 month belore drug exposure:
control expenments revealed no efleat of n-
rachation alone on excitability, network dynam-
ics, or behavior on this time scale (Fig. 4E and
[igs. S8 and S11), The Muoxetine pulse gave nse
to a temporally detined cohont of new neurons
{ Fig. 4D and ligs, 513 and 514) and reduced FST
immobility in a manner blocked by imadiation
(Fig. 4E, wop), indicating that increased neuro-
genesis indeed is required for these antidepres-

A

Control

sant behavioral effects (5). However, imadiation
alome did not affect behavior (Fig, 4E, wopk
therefore, inhibition of neurogenesis 15 neither
sullicient (Fig. 4E, 1op) nor necessary (Fig. 2A,
left; Fig. 3A: Fig. 4, A and B: and hg. 512) 10
induce a depressed-like state,

To quantatively explore circuit dynamics

modulation by the emporally defined cohont of

new neurons, we conducted VSDI in the ventral
hippocampus rom these animals, The activity
propagation in DG relative o CA was indewd
increased (Fig. 4E. bottom), and only the DG
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Fig. 4. V5DI resolution of neurogenesis-dependent circuit dynamics changes underlying antidepressant
response. (A) Representative confocal DG images labeled for BrdU (green), NeuN {mature neuronal marker,
red), and Dex (immature neuronal marker, cyan). Arrowheads indicate BrdU* neurons. Scale bar, 50 um. (B)
New neuron (BrdU*/Dcx®) counts (top) and density (bottom) in ventral hippocampus (same animals as in
Fig. 3} were increased with fluoxetine treatment but unchanged with CMS (counts: ANOVA, F55; = 9.670;
density: F3 ; = 20.68; n = 6 to 8 animals per group). (C) One month after irradiation designed to ablate
hippocampal neurogenesis, fluoxetine or vehicle was administered for 1 week, followed by a 3-week delay
for newborn neuron incorporation. (D) Top: BrdU™ cell density was increased after fluoxetine treatment and
substantially decreased with irradiation (ANOVA, F354 = 29.72, n = 4 to 8 animals per group). Bottom:

Fluoxetine treatment specifically increased the density of newborn neurons (BrdU*Meul®) in DG [glial

fibrillary acidic protein (GFAP), astrocytic marker; Student’s t test, n = & animals per groupl. (E) Top:
Fluoxetine-treated animals showed decreased FST immaobility; no effects were observed with irradiation
(ANOVA, F353 = 7.757, n = 6 animals per group). Bottom: Irradiation blocked increased activity of DG
relative to CA1 after fluoxetine treatment (ANOVA, F322 = 3.997, n = 5 or & animals per group).
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elfect was neurogenesis-dependent (fig. S8, A
and B, Although it may be coumenntuitive that a
small number of new neurons (23) could atlect
crireuit dynamics, simple modeling predicted than
Rre new neurons can iercase the recruned active
network arca (fig. S9), We thercfore analyzed
VEDI signal components (arca and amplitude) o
determine  their contribution o the observed
changes in DG physiology, and found that the
circuit-level effect of a emporally defined cohon
ol Muexetine-induced newbom neurons on DG
activity is indeed due primarily 1o increased ac-
tive DG oarea (fig. SR, a parameter readily detect-
able by high-speed VSDI as demonstrated here.
These data suggest that behavioral changes
can be linked to a common network dynamics
phenotype without requirmg a common aiology
or mechanism such as neurogenesis, Indeed, we
propose that genetic orenvironmental factors with
diverse cellular mechanisms (47, £7, 18, 24) that
are operative in diflerent individuals may exen
behavioral effects through a common activily-
percolation phenotype. Although many antide-
pressants are associated with mercased seizure
risk and therefore could involve increased ac-
tivity propagation through the DG, other anti-
depressant treatments clearly do not direatly
target the hippocampus, such as deep brain stim-
ulation (DBS), which typically taraets Cg25 or
the nueleus accumbens. However, DBS reduces
activity in Cg25 (25), which receives excitatony
drive from the hippocampus (2, 3, 27, suggest-
ing that Cg25 DBS can intervene downstream of
an oversetive CALL There had been no obvious
way 1o unify into a single model the hippocampal
atrophy seen i depression (7, 24 with the hikely
ncreased exenatory drive Irom hippocampus o
corex associated with depression (2, 25). Our
results sugpest that the increased subgenual cin-
gulaie activity in depression could result in pan
from increased CA L activity, whereas the reduced
intrinsic hippocampal function observed in de-
pression is consistent with decreased DG oactivity.,
Hippocampal dysfunction relaied 10 mood
may be experienced cognitively [e.z., as hope-
lessness (263, which can manifest clinically as
patients” inability 1o foresee or navigate a reason-
able and hopeful plan within the environment.
Theorctical models of the dorsal hippocampus
have desenbed compamtive mteractions between
DG oand CAL (19, 20) in which CAL activity
indicates discrepancies between predictive infor-
mation from DG oand sensory information from
the cortex. Depression therelore could be asso-
ciated with the failure to predict. navigate through,
or adapt to environmental changes (experienced
as hopelessness) resulting from failed ventral DG
associative/ predictive activity or increased ermor
signals from CAL [MNthat is the case, the intensity
of the resulting dysphoria may be modulaed by
anxicty or reward pathways (amyegdala, nucleus
accumbens, and mesolimbic dopamine projec-
tions ) or the prefiontal and cingulae contices (27).
Indeed, dentificaton of this hippocampal neuro-
physiological endophenotype may serve as a
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starting point in mapping the network-level
changes in other brain regions implicated in de-
pression. High-speed, arcuit-level optical meth-
onids are better suned than smgle-cell physiology to
detect and quantitatively desenbe spatiotemporal
dynamics (such as arcal spread ol activity) that
may be altered in psychiaic discase, These
circuit dynamics measurcs relate 10 how in-
formation propagates mther than 0 a specilic
neural code. We propose that depression may
depend on changes in the ability of information
representations 1o organize and percolate through
sparsely active networks.,
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Characterizing the Limits of Human

Visual Awareness

Ligiang Huang, Anne Treisman,® Harold Pashler

Momentary awareness of a visual scene is very limited; however, this limitation has not been
formally characterized. We test the hypothesis that awareness reflects a surprisingly impoverished
data structure called a labeled Boolean map, defined as a linkage of just one feature value per
dimension (for example, the color is green and the motion is rightward) with a spatial pattern.
Features compete with each other, whereas multiple locations form a spatial pattern and thus do
not compete. Perception of the colors of two objects was significantly improved by successive
compared with simultaneous presentation, whereas perception of their locations was not.
Moreover, advance information about which objects are relevant aided perception of colors much
more than perception of locations. Both results support the Boolean map hypothesis.

any expenmenis have cxplored ihe
process of attentional sclection in
vision, chicfly through visual scarch

tasks in which observers try 1o find a single
specificd target, which may or may not be
present in a display (/-4 Selection sometimes
involves sequential checking of different ele-
ments, whereas in other scarch tasks a parallel
selection process can exclude all but a single
target (3, 33 What has been scarcely investigated
at all. however, 15 an even more fundamental
question about human vision: What s the
informational content of any single momen-
tary act of conscious perceplion?
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Consider, for example, the array ol four
colored disks shown in Fig. 1A, Can a human
observer attend 1o all four disks and simulta-
neously be aware of the presence of two blue,
one red, and one green disk? A recently pro-
posed theory of attention contends that we can-
not (6). According 1o this account, momentary
conscious access, although fexibly controlled
through voluntary  atiending, s nonetheless
constrained o have the representational content
ol a data structure tenmed a labeled Boolean
map. There is evidence that visual perception
analyzes the scene along a number of differem
basic dimensions, such as color, motion, spatial
frequency, and odentation (3, 3, 7). The data
structure of a labeled Boolean map may thus
associate al most one value at a time for cach
of these mdependent visual dimensions (for
example, color is green and motion is rightward)
as labels with a spatal pattern (ic., the sct of
location values composing the Boolean map)
(), Here, we deal only with the case of

within-dimension competition, so the claim
can be abbreviated for present purposes as
awareness of only a single eature value, A
choice of three potential Boolean maps could
represent cither the red, the green, or the blue
diskis) in Fig. 1A, These would afford the
observer conscious access 1o both the location(s)
and the color of the attended diskis). On the
olher hand, the map could mstead encompass
disks of more than one color simultancously, and

in that ease there would be explicit awareness ol

all locations but not of the colors. Figure 18
illusirmes the representational content of a few
ibut not ally of the possible percepts that might
be cliciied by these stimuli according w the
present hypoihesis.

The claim that conscious access is limited 10
a “onc-feature-multiple-locations™ format gener-
ates numerous predictions (A). Here, we focus
on one especially critical and counterintuitive
prediction, namely the proposed asymmeiry
between conscious access o multiple features
ad o multiple locations. The Boolean map
theory predicts that multiple eatures can only be
consciously accessed one by one, whercas
muliple locations can be accessed at the same
time.

In the first experiment, we presented two
objects cither at the same time (simultancous
condition) or one by one (successive condi-
tion), followed by a single probe (cither a
color patch or a location marker, 1o be judged
as having been present in the display or not).
For any type ol visual information (feature or
location). i two such values cannot be ac-
cessed at the same tume, then observers should
perform worse in the simultancous condition.
If; however, two such values can be simulta-
neously accessed withouwt attentional limita-
tion, then observers should perform equally i
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Fig. 1. (A) A sample display. (B} Some possible states of awareness (possible percepts) when viewing
the sample display of (A} in a single brief exposure. When only disks of one color are selected (left two
examples), both the locations of the disks and that color value can be consciously accessed. When more
than one color is present in the selected disks (right two examples), only the locations of the disks, but
not their colors, can be consciously represented. In (B, the regions marked with plus signs stand for the
selected regions of the Boolean map, and the flags stand for the color information that is associated
with the selected region as a label. The selected region in the map and the color label constitute the
only visual information that is consciously accessible at one time.
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?"aa J‘;‘b‘

Method of Experiment 1

T8 4

o T4l u-._._._._..-----'-"'.-‘

| ¥

BT

L%

?-n

gu- --v;mnﬁl

G o | |=o=Location Task

E‘l T 1

Successne Dinplrys Smulanecut Depleyt

B  Results of Experiment 1

Fig. 2. The method (A} and results (B) of exper-
iment 1. We presented two objects either at the
same time or one by one. Each frame was followed
by a visual mask to limit processing to a brief
exposure, In each trial, the observer had to report
whether a probe target color or location, presented
at the end of the trial, was present or absent. The
performance (as measured by the mean of ac
curacy over observers) was significantly better for
successive than for simultaneous displays in the
color task (P < 0.005) but not in the location task
{interaction significant, P < 0.02).

the simultancous and in the successive con-
ditions (&, 9. Thus, the Boolcan map account
implies that, for judgments of color, the
obscrvers should perform significantly better
in the successive than in the simultancous
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condition, whereas for judgments of location,
the observers should perform equally in both
conditions. We compared observers® perfor-
mance in the successive and in the simulta-
neous conditions lor both colors and locations
with stimuli like those in Fig. 2A. To ensure a

sensilive comparison between accuracies of

different conditions in this cxperimen (and
the one below), we alwavs presented the ob-

jects very bricfly and then masked them. The

results are given in Fig. 2B, and they confirm
the predictions. Morcover, simple quantitative
modeling shows that the difference between
successive and simultaneous conditions close-
Iy fits the prediction from a sirictly sequential
model [Supporting Online Matcrial (SOM
texty]. suggesting that perceiving one color
not only causes a moderate decrement in the
perception of the second color, but may well
prevent the perception of the second color
alogether.

In the second experiment, Iwo squares
were always presented simultancously. Square
| appeared in the top or bottom location and
was blue or vellow, Square 2 appeared in the
lefi or right location and was red or green
(Fig. 3) (/7). Some obscrvers were tested on
the color and others on the location of one
square (the target). The two possible colors (or
locations ) of the target were shown along with
the associated response keys (g, “lefi j nght
k™ would be shown for a location st on squarce
2, shown in Fig, 3B). In prior-information blocks,
the target was either always square | or always
square 2 across the whole block, Thus & soon
as the display appeared, observers knew which
square was the target. In no-information blocks,
the choice of wrget varied mndomly from trial
to wrial, although the association between colors
and locations remained the same, For any pype

of visual information (feature or locauon), 1f

there are attentional limitations on access, then

A llustrating how the two objects were
presented in each display of Experiment 2

Shrmmili Hespohas Probe

B  Two sample trials from Experiment 2

Fig. 3. The method of experiment 2. (A} How the
two objects were presented in each display.
Square 1 (indicated by gray lines) was presented
in the top or bottom location, and this object
could be blue or yellow. Square 2 (indicated by
black lines) was presented on the left or right,
and this object could be red or green. (B} Two
examples of the displays. In this experiment, one
group of observers was tested on the color and
another on the location of one of the squares. The
two possible colors {or locations) of the target were
shown along with the associated response keys (e.g.,
“left j right k”). In the prior-information condi-
tion, the tested square was in the prespecified pair
le.q., left-right and red-green) that remained con-
stant across the entire block, so the observers
needed only to perceive the relevant object. In the
no-information condition, the tested square ran-
domly varied from trial to trial, so the ohservers
had to try to catch both objects to do the tasks.

knowing in advance which object will be tesied
should allow the observer 1o focus on tha
object and perceive it sigmiicantly better. On
the other hand, 1f two presented values (loca-
tions or colors) can be simultancously accessed
without attentional limiation, then advance in-
formation would not produce any advamage.
Again, the theory claims that access 1o visual
awareness s restricted o one feature at one time,
whereas no such restriction should  exist for
multiple locations. Therefore, for a task on eature
values, the observers should perdomn substan-
tially better with the prior information than
without: but no such benefit should be presemt
for a task based on location valucs,

For the color task, the accumcies were 72.6%
for the no-information condiion and 80.3%
for the prior-information condition (a benefi
of 7.7%, P = 0.00001 ). For the location task, the
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accuracies were 73.2% for the no-information
condition and 754% for the pnorimformation
condiion {a benclit of 2.2%, signiticantly
smaller than the benefit of 7.7% n color task,
P < 0.001). The substantial asymmetry of effect
of prior information in encoding (eature valucs
and location values provides distinctive suppon
tor the Boolean map analysis.

Taken together, the expenments reported here
[along with other evidence recently presented
(6)] are consistent with the claim that observers
have conscious access 1© only one Rature value
at one time but have conscious access 1o more
than one location simultancously. Does the
present conclusion—that only one feature can be
consciously accessed al any one ume-—conflict
with the well-known evidence for parallel feature
processmg m the visual scarch Ierature (3, 3)
The parllel feature processing demonstrated in
that rescarch generally involves the  spatially
parallel rgection of homogencous distractors in
search of a feature target, a clam that s consistent
with the Boolean map hypothesis.

The present results can also be seen as
showing that muliple location values can be
represented as a holistic pattern or surface (ie.,
observers can encode them together as a unit),
thus avoiding competition, Feature values, on
the contrary, evidently cannol constitute a com-
parible son of patlern in feature space (e.g.,
color space), and thus cach needs its own sep-
arate visual representation.

The Boolcan map format s supported not
only by the results of the very austere percepiual

tasks mmvestigated here but also by a mnge of

results assessing observers’ ability to apprehend
complex patterns in relatively rch displays,
such as matching, mentally motating, or judging
the symmetry of armngements of colors or oni-
entations in large grids of cements (6, 11, 12),
In cach of these situations, it scems clear that,
although people can abstract the spatial dis-
tribution of one feature value at a time, even in
complex patterns, they are unable 10 become
aware of the distribution of more than one fea-
ture value at a time,

This conclusion may scem i odds with or-
dinary mtrospection, which may suggest that we
can become aware of a heerogencous world
with many feature values at the same tme, not
the mere spatial distribution ol a single feature
value, What is 1o be made of this paradox?
The sense that human observers have of being
simultaneously aware of varied colors, shapes,
dircetions of motion, and so forth may rellect
experiences that are nol occurring at any single
instant but rather at different times. As some
philosophers have noted. our assessment ol the
content of our awareness may reflect not what
we have in mind @ one instant, but mther what
we can readily Teteh with a quick act of will (13).
Recent studies on change blindness (14 76) also
suggest that visual awarencss is starkly limited
and than our apparently rich visual experience is

REPO

likely 10 be a substantial overcstimation of what
15 actually consciously available,
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Immunization by Avian H5 Influenza
Hemagglutinin Mutants with Altered
Receptor Binding Specificity

Zhi-Yong Yang,'* Chih-Jen Wei,™* Wing-Pui Kong,* Lan Wu,? Ling Xu,’

David F. Smith,? Gary ). Nabelt

Influenza virus entry is mediated by the receptor binding domain (RED) of its spike, the
hemagglutinin (HA), Adaptation of avian viruses to humans is associated with HA specificity for
i12,6- rather than o2, 3-linked sialic acid (5A) receptors. Here, we define mutations in influenza
A subtype HSN1L {avian) HA that alter its specificity for SA either by decreasing w2, 3- or increasing
a2, 6-5A recognition. RED mutants were used to develop vaccines and monoclonal antibodies
that neutralized new variants. Structure-based modification of HA specificity can guide the
development of preemptive vaccines and therapeutic monoclonal antibodies that can be evaluated
before the emergence of human-adapted HSN1 strains.

he ability of influcnza viruses o adapt

I from animals to humans is determined
by several viral gene products [reviewed

in (/1]. Among them, the viral hemagglutinin
({HA) is of particular inmerest; it binds 10 spe-
cific sialic acid (SA) receptors in the respirato-
ry tract that affect ransmission (f-3). Al the
same time, it affects sensitivity 1o neutralizing
antibodics, the primary determinant of immune
protection (4, 5). The receptor binding domain
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{(RBD) within HA is composed of less than 300
amine acids, situated a the outer surface on
top of the viral spike (6-710). SA binding is
mediated by a cavity bordered by two ridges
(Fig. 1A), formed by loop 220 (amino acids
221 10 228), loop 1 30 (amino acids |35 1o 138),
and a helical domain at amino acids 190 w 197
(numbering based on H3 A/Aichi2/68) (1),
The structures of the H1, H3, and H3 HAs have
been previously described (6-40), and the HI

and H5 RBD show greater structural and
genetic similarity 1o one another than 1o H3
(Fig. 1A).

To define mutations that change receptor
recognition, we focused initially on dilferences
between H5 and HI (A/South Carolina/1/18),
which recognizes 02.6-5A linkages, particu-
ladly amino acids 190, 193, and 225 (Fig. 1B).
Individual or combination mutations 1o create
pseudoviruses were made in which amino acids
were replaced ai certain positions, described
by the single-letter code for the amino acid
(11}, as for example, aspartic acid substituted
for glutamic acid at position 190 (E190D).
We also used a mutant suggested previously
to merease a6 recognition, 2261 G225
(9. Surface expression of these HAs was
confirmed by low cytometry (fig. S1A), and
pseudotyped lentiviral vectors were produced
alter cotransfection of neuraminidase (NA).
Entry into 293A renal epithelial cells, which ex-

Waccine Research Center, National Institute of Allergy and
Infectious Diseases (NIAID), Mational Institutes of Health,
Building 40, Room 4502, Mailstop Code MSC-3005, 40
Convent Drive, Bethesda, MD 20892, USA *Emory Uniwersity
Shool of Medicne, 1510 Clifton Road NE Room 4035,
Atlanta, GA 30322, USA

*These authors contributed equally to this work,
1To whom comespondence should be addressed. E-mail:
gnabel@nih.gov
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press both a2, 3- and a2.6-5As (fig. S1B),
was measured with a luciferase reporter. The
E19DK1935,G2250D mple-mutant virus showed
entry similar to the wild-type HA (fig. S10),
conlinming its functional integrty; however,
receptor specificity could not be defined with
this assay.

The SA specificity of different HAs was
analyzed by a modification of the glyean mi-
croamay method (/2) and by the resialylated
HA assay (/7). For glycan armays, HAs were
coexpressed with NA and purilied (8), The
E190DKT935,G225D mutation eliminated rec-
ognition of most @2 3-linked substirates com-
parcd with wild-type protein (Fig, 2, A versus
B). The resialyvlated HA assay conlirmed the
loss of @2,3-8A recognition in the inple mu-
tant and lack of @26 binding {Table 1A), also
seen in Q226L.G228S, Analysis of previously
described mutants (J4) also revealed no 02 6-5A
recogniion {Table 1B). Finally, we idenufied
mutations that mereased @2,6-5A recogmition
(Table 1C), particularly the S137A,T1921 var-
iant that alters both the 130 loop and 190
helix. This altered specificity was confirmed
in glycan microarrays (table 51} These mu-
tations represent allernatives by which the HA
can adapt its substrate recognition: in the last-
mentioned instance, it increases a2,6-SA binding
to be more similar, although not sdentical, w
human-adapted influenza viruses.

Immuneeenic and antigenic differences among
HAs with altered receptor specificity were
analvzed by vaccination o mice with wild-type
or the wiple-mutanmt HA and gencration of
monoclonal antibodies (mAbs). Each mab
recognized mutan or wild-type HA coexpressed
with NA with differemial specificity (Fig. 3A).
One potent H3-specific mAb, 9ES, neutralized
wild-type H3 but showed significamly re-
duced activity against the riple-mutant pseudo-
virus (Fig, 3B, left). In contrast, a second such
monoclonal, 10D10, neutralized both HAs
equivalently at maximal inhibiwory concentra-
tions. although smaller differences were ob-
served at intermediate concentrations (Fig. 3B,
middle). A third mAb, 9B11, isolated afier im-
munization with the triple-mutant expression
voector, showed the converse specificity, -
hibiting the triple mutant but not atfecting the
wild-type H3 pscudovirus (Fig. 3, B and C,
right), Finally, although 9E8 more cilecuvely
neutralized the wild type than S137A.T1921,
another antibody, 11H12, showed comparable
activity on both (Fig. 3D). contirming the dif-
feremial antigenicity of this mutant. Modifica-
tion of SA binding specilicity therefore aliered
neutralization sensitivity and facilitated the
generation of vaccings that elicited effectve
neutralizing mAbs,

In this repon, we have idemtified muta-
tions in the avian H3 hemagglutinin that alier
its specilicity for SA receplors and have
shown that such mutants can be used to clicit
neutralizing monoclonal antibodies that more
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elfectively inhibit these variants. Neutraliza-
tion sensitivity was determined with a lenti-
viral entry assay previously shown to define
mechanisms of entry for numerous viruscs,
including HIV, severe acute respiratory syn-
drome (SARS), Ebola and Marburg hemor-
rhagie vinses, and, recently, influenz (13- 7).
Inhibition by antibodics determined neutral-
ization sensitivity (18, 1Y) and conelated with
hemagglutination inhibition, a waditional marker

of immune protection (table 82 (/). With this
approach, the specificity of the HA was ex-
amined, independent of molecular adaptations
required to generate replication-competent
virus, which allowed identification of several
mutants with altered SA specificity. Other
mutants have been defined recently whose
recognition was assessed with a less-specific
assay (4), and we lind here tha they do not
gain al,6-5A recognition in the HA assay

A B
H1 Hs H3 130 Loop
% w"‘;,_ ﬁ_(jw H1 (Human) ETTKGYVTAACS YA
gv o L { _(’[ J = b ' H5 (Avian) EASLGVSSACPYQ
4 o= iy G ) o - { 4 H3 (Human) VTONGGENACKRG
Py A, 2 &
' L& ‘CJ_AL 1(:4?_.1 2 =2
W L J o
__ %. /o 190 Hellx = =
H1 (Human) PPTGTDOOS ADAY
H5 (Avian) PNDAAS L NPTTY
HY (Human) PSTNQECTS JASGR
W
220 Loop &
H1 (Human) |AAR RMNYY
H5 [Awan) IATR RMEFF
H3 [Human) IGER RISIY

Fig. 1. Structural and genetic basis for hemagglutinin mutations. (A) The RBDs of alternative viral
hemagglutinins are shown. (B) Comparison of amine acid sequences in the major 130 and 220
loops and the 190 helix, color-coded in purple, lavender, and green, respectively.

=

Nifitl

h | 1 7 e -
1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 T9 &2

Glycan Number

T

1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82

E190D,K1938,G225D

Glycan Number

Fig. 2. Altered specificity of the triple-mutant H5 compared with wild-type KAN-1 H5 coexpressed
with NA. Glycan microarray analysis of (A) wild-type or (B) triple-mutant HA purified after
coexpression with NA was performed by a modification (18) of a previous technique (12)
performed by Core H, Consortium for Functional Genomics, Emory University. Glycans with related
linkages are grouped by color: selected glycoproteins (orange), predominantly «2,3-sialosides
(yellow), 2 6-sialosides (green), 2.8 ligands (blue), or others {purple), as previously shown

{table 53).
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Fig. 3. Altered neutralization sensitivity of mutant HSN1 pseudovirus.
(A) Binding to HA coexpressed with NA in transfected 293T cells was
determined by flow cytometry with the indicated mAbs (blue) or isotype
control 1gG (red). (B) Neutralization sensitivities were assessed with the

indicated mAbs. (€} Neutralization sensitivities of the indicated wild-type
and mutant HAs to these mAbs (400 ng/ml) are shown (ND, not done).
(D} Neutralization sensitivities of wild-type and 5137A,7192] mutant to
mAb 9E8 and 11H12 are presented.

Table 1. Specificity of glycan recognition and efficacy of entry of wild-type and mutant HAs, HS
mutants KAN-1 from Thailand, or VN1203, and VN1194 from Vietnam were used as described in
methods (18}, The ability of indicated HAs to bind «2,3- and «2,6-5As was determined by a
resialylated hemagglutination assay (18) for (A) KAN-1 mutants with loss of «2,3 HA activity and
relevant controls, (B) VN1203 and previously described YN1194 mutants (14), and (C) KAN-1
mutants with increased «2,6-5A binding. Viral entry of wild-type and mutant pseudotyped lentiviral
vectors was measured as described (15). The degrees of entry were as follows: +, =25% of WT; ++,
25 to 50% of WT; +++, 50 to 75% of WT; ++++, =75% of WT. The H5 (KAN-1) here is identical to
the GenBank sequence and differs at amino acids 186(N/K) from Yamada and colleagues (14}, and
the YN1194 mutants are identical to N182K and Q192R (14) according to alternative numbering
conventions.

HA titer provides a model o evaluate such HS mu-
Mutation CREC az.3 a2.6 Entry  janis. The Ll|'|:11'+.'l;l.+.'.|l' ] mtiu_n:n] Llc?.ig_n_ of human-
adapied H3-specific vaccines facilitates such
(a) HS(KAN-1) 80 160 <2 ++++  analyses, as well as the development of pre-
E190D <2 <2 <2 + emplive countermeasures o contain influenza
G225D 40 <2 <2 ++++  puitbreaks. The five major antigenic sites of
E190,G225D =2 <2 <2 + HA lic on an accessible surface adjacent to
Q226L 40 <2 <2 +ok the RBD (7. 24, 22). Although antibodics 1o
Q2261,62285 40 <2 <2 i this region can aflect RBD speciliety and neu-
E190D,K1935 20 <2 <2 +++  mlization sensitivity (7, 23-26), changes solely
K1935,G2250 80 <2 <2 ++++  in the RBD have not been shown to alter im-
E190D,K1935,62250 40 <2 <2 +++  munogenicity. Here, structure-hased modifica-
K1935,0226L 20 <2 =2 + tion of RBD specilicity facilitated the generation
K1935,0226L,62285 40 <2 <2 + of mAbs independent of the major antigenic
H1N1(1918/50) 160 <2 160 ++++  gites. Directed 1o a functionally constrained
(B) H5(YN1203) 20 20 =2 ++++  domain, they may less readily evolve resist-
E190D,K1935,0226L,G2285 40 <2 <2 ++4  ance and serve as vaccine prototypes that can
A189K K193N Q2261 G2285 40 2 =2 ++++ be developed before human-adapied sirains
HS(VN1194) 320 320 <2 PP
N186K 320 160 <2 4+
Q196R = = - = References and Notes
(ch 5137A 80 80 30 ottt 1. C. R Parrish, ¥, Kawaoka, Annu. Rev. Microbiol. 59, 553
T1921 80 160 80 b (2005),
$137AT1921 40 40 80 FHE 2. W. ). Bean et al, | Virol 66, 1129 (1992).
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(Table 1B: NI186K, QI96R). The previously re-
ported Q2261 G228S mutant (9) also showed
no a2 6-5A binding (Table 1A) It is therefore
unlikely that HA muotants reported previously
are human-adapted, although S137AT1921 here
mery represent a step in this pathway.

Whether acquisition ol a2,6-SA specilic-
ity would merease HAN | transmissibility also
remains unknown. Recently, HA mutations in
the 1918 virus that allowed human SA rec-
ognition were shown to enhance transmission
in femets (20, which supponts this notion and

3. A Vines ef al, | Virol 72, 7626 (1998).
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Gel Documentation System

The compact PhotoDoc-It Imaging System for basic documentation of gels and plates is
configured for limited laboratory space and budgets. Attached to the lightweight hood that
sits on the transilluminator, the 6.0 megapixel digital camera generates brilliant color
images. Transilluminator options include single or multiple ultraviolet wavelengths and
filter sizes. A compact color printer connects directly to the camera for low-cost four-inch
by six-inch lab-quality prints. In addition, images can be saved to a camera memory card
or the instrument can be linked to a computer. Optional software offers additional image

o
©

enhancement, analysis, and report features.
UVP For information 909-946-3197 waw.uvp.com

Vertical Laminar Flow Workstations
The ACA00 Series Vertical Laminar Flow Work-
stations are suitable for applications that are not
hazardous to the operator but require a clean
work area. The compact, lightweight design
allows for multiple “clean zones” within a labo-
ratory, Standard features include microproces-
sor control, 360° visibility, integral polypropy-
lene base for easy cleaning, all thermoplastic
construction, a buill-in fluorescent light, and a
monilor to indicate when it's time to change the
filter. Typical applications include pouring
media plates, assembly of small parts, optic
assembly, amplification of DNA and RNA, and
trace metal analysis.

AirClean Systems For information 800-849-0472
www.aircleansystems.com

Isolation of Periplasmic Proteins

The presence of a signal sequence is important
for the export of certain proteins into the E. coli
periplasmic space. The PeriPreps Periplasting Kit
enables gentle, efficient solubilization of the
outer membrane of E. coli cells, permitting rapid
extraction of proteins from the periplasmic
space. This can result inan enrichment of certain
proteins compared with preparation by lysis of
the entire cell. A spheroplast lysis buffer is also
provided for isolation of spheroplast proteins,
Epicentre Biotechnologies For information
B00-284-8474 www.E piBio.com/PeriPreps.asp

PCR Workstation

The Combination PCR (polymerase chain reac-
tion) Workstations have a built-in 254-nm ultra-
violet light that allows the operator to irradiate
tubes, flasks, and pipettes between amplifica-
tions. Clean Class 100 laminar flow air prevents
outside contaminants from entering into the
work area during manipulation. The 254-nm
ultraviolet light effectively destroys potentially

www.sciencemag.org SCIENCE VOL 317

contaminating DNA and RNA within minutes, A
microprocessor controller monitors the life of the
bulb to insure proper levels of irradiation. Fea-
tures include a bi-fold sash with safety interlock
to eliminate ultraviolet radiation leaks, an inte-
gral polypropylene base for easy cleaning, and
an ultraviolet shell with built-in pipettor rack.
Low-profile and tall versions are available, as are
32-inch and 48-inch widths, It is available in
110V and 220V models.

AirClean Systems For information 919-255-3220
www.aircleansystems.com

Foam Reduction Agent

GIBCO FoamAway Irradiated is a sterile, ready-
to-use reagent that eliminates proteinaceous
foam in mammalian and microbial cell cultures.
Sterilized through a validated gamma irradiation
process, FoamAway Irradiated can be quickly
added to a foaming culture without spending
time to prepare it. It can also be used to prevent
foam formation.

Invitrogen.

For information 617-897-8258
www.invitregen.com/fivd

Mitotic Assay Kits

The Mitotic Assay Kits make it simple to deter-
mine the percentage of cells undergoing mitosis
within a specific population. The kits are avail-
able in fluorescent, chemiluminescent, and col-
orimetric formats,

Active Motif For information 877-222-9543
www.activemotif.com

Oligonucleotide Purification

A family of displacers for oligonucleotide purifi-
cation using anion exchange chromatography,
Propell §Q displacers and displacement chro-
matography offer a simple way to convert analyt-
ical columns into effective tools for obtaining

large volumes of highly purified oligonu-
cleotides. Selectively designed to have the nec-
essary alfinity for the targeted chromatography
media, these novel displacers drive oligonu-
cleotides off the column at high concentration
and high purity, and are easily removed from the
column. The purified aligonucleotides can gen-
erally be used without additional processing.
Intended for use with anion exchange chro-
matography, Propell Q offers an effeclive alter-
native to scaling reverse-phase chromatography,
and can isolate large quantities (100+ mg) of
purified oligonucleotides in a single run,
Sachem For information 512-421-4945
www.sacheminc.com

Resolve-It Kit

The Resolve-1L Kit is designed to be used inappli-
cations such as differential display, in which mul-
tiple DMA species of similar size need 1o be sepa-
rated before subsequent excision and analysis.
The kit contains two ligands: AT-Yellow, a bisben-
zimide-PEG conjugate that binds DMNA at AT-rich
regions, and GC-Red, a phenyl neutral red-PEG
conjugate that binds GC-rich regions. One of the
ligands is added o the agarose during gel prepa-
ration. During electrophoresis, the ligand inter-
acts with AT-rich or GC-rich sequences and
retards the mobility of DNA, depending on the
amount of ligand bound. Thus, two identically
sized DNAs can be resolved.

Vector Laboratories For information
650-697-3600 www.vectorlabs.com

Newly offered instrumentation, apparatus, and laboratory
materials of interest to researchers in all disciplines in aca-
demic, industrial, and government organizations are featured
in this space. Emphasis is given to purpase, chiel characteris-
tics, and availabality of products and materials. Endorsement by
Science or AAAS of any products or materials mentoned is not
implied. Additional infermation may be obtained from the
manufacturer or supplier.
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POSITIONS OPEN

TWO TENURE-TRACK FACULTY
POSITIONS
Providence College

Applications are invited for two ASSISTANT
PROFESSORS of BIOLOGY beginning Septem-
ber 2008, Candidates are required to have a Ph.D.
{postdoctoral expenence preferred) and a sustainable
rescarch program that will include undergraduates,
Abilsty to teach clectron microscopy will enhance the
applications but 15 not required.

Microbiology. Successtul apphcant wall teach -
ology major courses such as general biology, micro-
binlogy, advanced courses in arca of experise, and
nonmajor courses such as human biology and mi-
crobes and man. Although emphasis is on molecular/
genomic/edlular studies, candidares with backgrounds
in systematic or covironmental studies are encour-
aged to apply.

Neurobiology. Successful applicant will teach bi-
ology major courses such as general biology, nearo-
biology, cell and molecular genetics, advanced
courses in arca of expentise, and nonmajor courscs
such as human biology. Applicant will be expected
to apply for support of a rescarch project that in-
chudes undergraduate student raining, through the
statewide IdeA Nerwork of Biomedical Bescarch
Excellence program (website: hetp:/ /Swwwourd.
edutinbre).

Send eover lerer, curriculum vitae, graduate ran-
scripts, a statement of tcaching philosophy and re-
search interests, and three letters of recommendation
by Orcrober 15, 2007, to: Dr. C.B. Wood, Chair,
Biology Department, Providence College, Prov-
idence, BRI 02918-0001. For more information
on the Department and Providence College see
website: hirp://Mwww.providence. edu /bio.

Providerce College is a Rowrane Catholic, foe-year liberal
arts colfeg corndnucted sinder the mspioes of the Donintawn Friars
avd secls condidases weho cane affinn and conrriboite b it mis-
gion. An Affimnative Acion/Equed Oppornnity Engployer,
the College esperially enmnnsges the applicarions of wonren and
JETRNG ;_Il"r'ul'ur.

The University of Chicago, Department of Mo-
lecular Geneties and Cell Biology is secking a full-
ume RESEARCH ASSOCIATE (ASSISTANT
PROFESSOR) o mvestigate the DNA methylation,/
chromatin modifier Ssml. Applicants should have
Ph.D3, degree and at least three years of rescarch ex-
perience in molecular, cell, and developmental bi-
ology, Qualified applicants should provide current
curriculum vitae and bibliography, statement of re-
scarch interest and goals, and full names, addresses,
telephone /fax numbers, and ¢-mail addresses of at
least three schalars who can provide academic ref-
erciwees.  Apphication material should be sent o
Robert Sullivan, Executive Administrator, The
University of Chicago, Cummings Life Sciences
Center, 920 E. 58th Street, Chicago, IL 60637,
The 1 'ml-:'r.ﬂ'l]' :_lf. {.Tm‘dlhcv 15 qf .'|._||!‘r'mn.ru'“‘ .-[.nlm.-'!_-'.ju.r! {_I_p.
puortunity Enpleyer,

The University of Chicago, Department of Mao-
lecular Genetics and Cell Biology s secking a full-
tme RESEARCH ASSOCIATE (ASSOCIATE
PROFESSOR) to invesngate the role of the
atidine deaminase AID in somatic hypermutation
of lg genes. Applicants should have Ph.D. degree
and ar least five vears of rescarch expericnce in mo-
lecular, cell, and developmental biology. Qualified
applicants should provide current curmculum vitae
and bibliography, statement of rescarch incerest
and goals, and full names, addresses, telephone /fax
numbers, and ¢-mail addresses of at least three scholars
who can provide academic references. Applhication
materal should be sent to: Robert Sullivan, Exec-
utive Administrator, The University of Chicago,
Cummings Life Sciences Center, 920 E. 58th Street,
Ghilﬁ.\ﬂ.‘l.,I IL 60637, The Uipinwrsiry ._If' Chivago ix v -I,f

minative Adion S Lgual Opportuniy Enployer,
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CHEMISTRY POSITIONS

MULTIPLE POSITIONS
Emory University
Department of Chemistry

Candidates with a proven record of accom-
plishment in rescarch and scholarship in all
arcas of chemistry are invited 1o apply for mul-
riple postiions ar the level of ASSISTANT,
ASSOCIATE, or FULL PROFESSOR, as
the Department of Chemistry plans a major
cxpansion of its faculy along with its rescarch
and reaching space. Questanding applicants
with rescarch interests in organic or physical
chemistry, broadly defined, are particularly en-
couraged. Candidates must have reccived the
Ph.D). or equivalent degree in chemistry or a
related discipline, Please submit curnculum
virag, a cover letter, and a summary of rescarch
interests (for candidares ar the Assistant P'ro-
fessor level, please submit specific rescarch
plans) and arrange for three lemers of recom-
mendarion; all materials and levrers should be
c-mailed 1o e-mail: chemsearch@emory.edu,
preferably in PDF formar. Review of applica-
tions will begin September 15, 2007, Ewnery
University is an Affimnative Action/Egual Oppotunity
Emplayer and wekomes applicarions frem women and
rreinbers -:_lf..lrlr'mlurr Jronips.

BIOCHEMISTRY FACULTY POST

Bucknell University secks outstanding candidages
for an entry-level, tenure-track position ar the rank
of ASSISTANT PROFESSOR scheduled o begin
in August 2008. The successful applicant will reach
biochemistry, leeture, and laborarory, and will also
teach introductory organic chemistry, general chem-
istry, of introductory inorganic chemistry, depend-
ing on background and interests. The suecesstul
candidate will also have the opportunity to develop
advanced course(s ) wathin his /her arcals) of expertise.
The development of a vigorous rescarch program in
some arca of blocherstry (including bioorganic,
bicinorganic, and chemical biology ) is expecred, and
this research program will involve undergraduate
and Master's students, Ph. I, regquired, postdocroral
experience preferred. Applications can be submirmed
at website: hips/Swww.buckndledufobs, and
should include curriculum vitae, a detailed descrip-
tion of rescarch interests and plans, and a starement
of teaching interests. Addidonally, three leters of
recommendation are to be sent directly to: Profes-
sor Timothy G. Strein, Chair of the Biochemistry
Search Committee, Department of Chemistry,
Bucknell University, Lewisburg, PA 1 7837 (e-mail:
strein@bucknell.edu). Heview of applications will
begin on October 5, 2007, Budmedl University encour-
apes applications frome wonnen and members of minoniry grosips
(Egual Employment Cypportsity /Affinmstive Aion )

ASSISTANT PROFESSOR

The University of Chicago

Department of Chemistry
The Department of Chemistry of the Universaty
of Chicago imvites applications from  outstanding
individuals for the position of Assistant Professor of
Chemistry. This search s in the arcas broadly de-
fined as morganic, organic, and physical chemistry.
Applications must include curmiculum vite, a bist of
publications, and a succinet outline of rescarch plans,
and be supported by three leners of recommenda-
tion. Submit marcrials by mail addressed, as appro-
priate, 1o Inorganic Search Committee, Organic
Search Committee, or Physical Search Committee,
t of Chemistry, Office of the Chairman
{Ghj 222), The University of Chicago, 5735 S.
Ellis Avenue, Chicago, Il 60637, Rcview of
completed applications will begin October 1, 2007,
o ensure full consideration, all matenal should be
submitted by that date, Uniresity of Clicage &5 an

.'Eﬂjl’ir].ll'll\' Action/ Egural Opportionty Inplrer,
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Constantly Evolving Choices

Leaving the chemistry department behind doesn't have Lo mean leaving
chemistry behind. Chemists have a broad, and broadening, range of
career options to choose from, both in and out of the lab. The biggest
challenge is looking beyond the more traditional roles, which represent
only a fraction of the options available in this fast-growing Ffeld.
By Bea Perks

here has always been a far wider range of career opportunities for Chemists are
chemists than the chemists —or at least newly qualified chemists —
recognize, according to Lisa Balbes, a volunteer careers consultant with

central to the

the American Chemical Society (ACS). Balbes is a freelance technical writer and consult- success of the
ant, and the author of Nontraditional Careers for Chemists (Oxford University Press, 2006),
Chemists do branch out into what she calls nontraditional roles, but they often think this biotech and life
means they have left chemistry behind. : : :
Balbes has a Ph.D. in organic chemistry and spent several years on a postdoc in molecular science industries.

modeling. Her career evolved following a move to a job “that turned out not to exist,” she recalls.
She ended up being offered a consulting job by a company whose software she'd been using as
a postdoc. She took the job, which led to subsequent consulting contracts and, after about three
years, she realized she had become a consultant.

“It was completely accidental. It just worked out really well, and | kept doing it. I've been do-
ing it for 15 years now and | love it,” says Balbes.

It's just one example of the career opportunities that chemists might not spot.

Chemistry for Life

Exponential growth in the life sciences arena has led some observers to conclude that employ-
ment opportunities for chemistry graduates and postgraduates are on the slide. Far from it.
Chemists are central to the success of the biotech and life science industries. While fewer stu-
dents are choosing to take chemistry Ph.D.s across the US according to a recent news article in
Science (6 April 2007, p. 35), life science companies are crying oul for postgraduate chemists.,

The life sciences are in no way an alternative to the chemical sciences. The two are inextrica-
bly linked. Career opportunities for chemists haven't decreased with a shift toward the life sci-
ences; they've expanded. There are ever more opportunities to be had, but that means looking
beyond more established roles.

Forget straight biology or chemistry; today’s successful companies take a multidisciplinary
approach. Life scientists kick-started the biotech revolution, but it wouldn’t have progressed as
rapidly without chemical expertise.

Sigma-Aldrich, which calls itself a leading life science and high technology company, hires
about 45 percent chemists to 55 percent biologists at Ph.D. level, says Roxanne LaPlante, re-
cruiting manager at the company's headquarters in St. Louis, Missouri, The spread is even closer
ta 50/50 at the Bachelor's degree level, she says.

Many of the chemists hired by Sigma-Aldrich are medicinal chemists, but the company has a
particular challenge recruiting analytical chemists.

“We have difficulty finding Ph.D. level analytical chemists,” says LaPlante. "We are in direct
competition with big pharma.”

Chemists seem to gravitate naturally toward the pharmaceutical industry. It's a career choice UPCOMING FEATURES
future chemists might even make before they start at university. And it's well paid, so why Postdoc Scientist Survey— August 31
wouldn't they?

“It’s a less safe job," offers LaPlante. In LaPlante’s opinion, job security in big pharma is not
as stable as in other industries, but generally higher salaries attract those willing to make this International Careers: Germany — September 21
tradeaff. continued *

Faculty Positions 2 — September 14
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Careers in Chemistry

“With the growth of our small-
molecule program we are look-
ing for chemists with analytical

methods development, synthetic
organic, medicinal chemistry, and
peptide chemistry expertise.”
—Holly Butler

CREDIT SEAWELL PHOTOORAPHY

Analyzing Career Options
Analytical chemists carry out qualitative and gquantitative analysis
- they sample, define, isolate, concentrate, and preserve samples.
They are responsible for setting error limits, validating and verifying
results through calibration and standardization, performing separa-
tions based on differential chemical properties, developing new ways
af making more precise measuremenls, interpreting data, and com-
municating results. Sigma-Aldrich, which serves the pharmaceutical
and biotech industries, universities, hospitals, and allied organiza-
tions with biochemical and organic chemical products and kits, relies
heavily on this skill set among its 6,800 employees worldwide,

Analytical chemisltry relies on an everincreasing array of auto-
mated and computerized analytical techniques. To a degree, this has
meant that fewer chemists are needed at the bench: hundreds of
samples can be prepared and measured at the press of a button;
data can be stored and analyzed in minutes. But the demand for
increasingly sophisticated analytical techniques, instrumentation,
automation, and computerization has opened up options for ana-
lytical chemists in other areas. New instrumentation and data man-
agement systems have ushered in opportunities for chemists with
solid technical and computing skills. At the same time, roles have
emerged for quality assurance specialists, whose job it is to ensure
that analytical laboratories and the chemists working in them follow
documented and approved procedures.

Analytical chemists, regardless of which path they take, need a
strong background in chemistry, an eye for detail, good computer
skills, and good laboratory and problem-solving skills.

Al Agilent Technologies, based in Santa Clara, California, with a
worldwide work force of 19,000, the demand
for chemists is shifting from analytical to bio-
chemical. "*There is a very heavy emphasis,
because of the life science focus, on biochem-
istry,” says Linda Lim, technical recruiter for
the company’s life sciences business groups.
“Traditionally we had the analytical chemists
for our more mature products. For the last 4-5
years we've gravitated toward the biochemistry
part of our business.”

Think Out Of the Box, Out Of the Lab
Importantly, whichever sort of chemist you are,
having those skills should not restrict you to
working at the lab bench.

“It’s a skill set urgently needed in sales and
marketing roles, dealing with products and cus-
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Agilent
www.agilent.com

American Chemical Society
www.cher

Balbes Consultants
www.balbes.com

Genentech
WWW.gene.com

Royal Society of Chemistry
WWW.I5C.0rg

Sigma-Aldrich
www.sigmaaldrich.com

tomers at the pre- and postsale stages,” says Alexis Difirenzi-Swale,
director of worldwide staffing at Agilent. “If you've been in universi-
Ly, often the professors only know about R&D positions, bul don't al-
ways know about the broader positions that use the same skill sets,”
says Difirenzi-Swale. Chemists leaving university, she fears, may not
know the opportunities that are available, and might see essential
marketing roles as somehow less attractive than R&D roles.

All of which could contribute ta the fact that Agilent has to give
itself a longer lead time when looking for pre- and postsales sup-
port. The company’s sales activities are concentrated in the UK, says
Difirenzi-Swale, while its main manufacturing sites are based in the
Us, China, and Germany.

Master's and Ph.D.s now represent aboul 60 percent of Agilent's
campus hiring population in the US. It's roughly the same in China,
but slightly less in India and Malaysia where there are fewer candi-
dates with higher degrees, In Europe a slightly higher proportion of
Agilent’s work force has higher degrees.

Agilent recommenced hiring college graduates relatively recently,
following a difficult year far the company in 2001, says the compa-
ny's staffing manager for the Americas, Mark Bajan. "The company
was actually a lot more focused on Ph.D. hires at that time,” he re-
calls. “That's really switched over the last couple of years; we hire a
great deal of Bachelor's and Master's degree candidates to fill our
college and intern openings.”

Companies that serve life science markets, like Agilent and Sigma-
Aldrich, have developed close working relations with universities in
order to introduce themselves to, and select, future employees.

Sigma-Aldrich runs internships for university students in the sum-
mer. The program involves full-time employment for 10 to 12 weeks
in the company's analytical services, production, or R&D depart-
ments, providing marketable experience in an industrial setting.
Likewise, Agilent's university relations programs include research
grants, fellowships, equipment grants, and matching of employee
gifts to colleges and universities.

California-based Genentech, one of the originators of the biotech-
nology industry, has always gone to the fall and spring recruiting
events for graduate students at the major universities known for
their chemistry programs. As well as analytical and compultational
chemists, the company, with a work force of over 10,000, looks for
synthetic organic chemists, medicinal chemists, and combinatorial
chemists to join their research teams.

“With the growth of our small-molecule pro-
gram we are looking for chemists with analyti-
cal methods development, synthetic organic,
medicinal chemistry, and peplide chemistry
expertise,” says Holly Butler, Genentech’s
principal staffing consultant for research. " The
primary change is that we are hiring more of
them now.”

Genentech, as with many other biotech com-
panies, preferentially (though not exclusively)
recruits graduates in applied chemistry over
those studying basic chemistry. The company
looks particularly for candidates whao have suc-
cessfully contributed to drug targets going into
development and, ideally, for those with ex-
perience filing investigational continued *
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“Increasingly in the life
sciences, developments are
based on an understanding

of processes at the molecular
level, even where the
molecules are large and in
complex systems.”

—Tony Ashmore

new drug (IND) applications with the US Food and Drug Administra-
tion (FDA). “Project leadership experience is important as well," says
Butler.

Once they are out of university, “we are more likely to recruit those
with work experience in the small-molecule feld, often from pharma
companies,” she says.

Emerging Occupations

There are a growing number of career choices for scientists with de-
grees in chemistry, agrees Tony Ashmaore, registrar at the Royal Soci-
ety of Chemistry in the UK. "Career choice in general has broadened
as new occupations emerge,” he says.

The traditional generic attributes of chemists, in addition to sub-
ject specific skills, include complex numerate problem solving capa-
bilities, particularly for those with backgrounds in physical and theo-
retical chemistry, notes Ashmore. Chemists tend to share an ability
to sift, correlate, evaluate, and manipulate nonquantitative data and
solve problems where there is incomplete information, particularly
for those with a background in inorganic, arganic, and biochemistry,
he adds.

“Increasingly in the life sciences, developments are based on an
understanding of processes at the molecular level, even where the
maolecules are large and in complex systems,” says Ashmaore, “so an
increased hiring of folk with a thorough understanding of the funda-
mentals is taking place.”

Multidisciplinary teams are key, he says: where each member is a
specialist in a particular field, but also has the ability to work with
team members from other fields. This is quite distinct from what
might be called an interdisciplinary team, "where everyone knows a
little about everything,” says Ashmore,

Once a Chemist, Always a Chemist

Consultant Balbes says she became a volunteer careers consultant
for the ACS when worried chemists began asking her if there was
anything they could do beyond working in a lab.

I actually have a brochure that was put out by ACS in 1963 talking
about all these other careers for chemists - sales, marketing, patent
law. All these other things, back in 1963!" she says. But even today,
chemists can fail to look beyond academia. “Most university pro-
fessors train students to become university professors,” she says,
echoing the concerns of Agilent’s Difirenzi-Swale,

In fact, says Balbes, chemists have always found jobs in sales,
marketing, and beyond, but they've tended to treat it as a “dirty lit-
tle secret,” as if they have ceased to be chemists. Bul they still are

834

chemists, she insists, The skills they have developed as chemists are
essential in those other roles.

There is a growing school of thought that chemists are trained to
approach problems in a certain way. “Analytical is the best word I've
come up with,” says Balbes. “Chemists know how to ask the right
questions.”

For the purposes af her recent book, Balbes defined a nontradi-
tional career in chemistry as “non laboratory, non university profes-
sor.” Such careers, for people with either a Bachelor's or a Ph.D. in
chemistry, used to be called alternative careers, but this has ended
up sounding relatively unappealing. Perhaps just “non laboratory™
would have been best, she suggests.

The big employers of nontraditional chemists include all the sci-
ence companies—chemical companies, biotech companies, phar-
maceutical companies—but also law firms, companies involved in
public policy, and companies involved in manufacturing or informa-
tion technology.

Balbes once met a Ph.D. chemist who had moved into sales and
marketing of scientific products, and who gave a talk entitled “A
Chemist Moves to the Dark Side.” “That's what scientists think,"
she sighs. “But if nobody sold your products, you wouldn't have a
job, would you?"

Selling products to scientists demands a particular skill set, she
notes. “It's not used car sales. Scientists want to see the technical
merits of products. They want to be able to make their own judg-
ments based on the merits of the product.”

Balbes hopes she's starting to see some of the stigma eroding:
“For example, people not apologizing for not working in the lab,"” she
says. “l find mysell doing it sometimes, and | really have to stop!”

She frmly introduces herself as a chemist, despite not having
worked in a lab far 15 years, You have to consider your audience
though, she admits, She once spoke to a group of Boy Scouts who,
on hearing that she was a chemist who worked from home, won-
dered if she might be running a methamphetamine lab. Owverall,
though, the message is getling across, she says.

Balbes has been a volunteer career consultant with the ACS for
15 years. ACS members have access to a list of about 80 such con-
sultants who will help them through a career crisis—if they're about
to finish their Ph.D. and don't know what to do next, or if they've
just lost their job. Each volunteer provides a short biography, and
members can pick the individual they think is most likely to help
them—they can then phone or e-mail for tailored assistance. The
consultants also attend twice-yearly ACS national meetings and run
workshops on career-related topics, from CV writing, to interview
techniques, to starting up a company.

“You don't get paid, butit’s incredibly rewarding,” says Balbes. 5o
does she encourage everyone to get a chemistry qualification?

“You should get a chemistry degree if you love chemistry,” she
says. “If you enjoy it, you're going to be able to find a job that you
love. You shouldn’t say ‘Right now there’s a big market for chemists
so | should go and become one even though | hate chemistry,’ be-
cause you'll be miserable,” says Balbes, “I'm not trying to talk peo-
ple into getting a chemistry degree; I'm trying to convince them that
if that's what they love, they can make a career out of it."

Bea Perks, deputy editor of the Royal Society of Chemistry's maga-
zine Chemistry World, writes from Cambridge, UK.

www.sciencecareers.org/businessfeatures




Each day we invest over $7.5 million in
Research, Development and Manufacturing

Research Scientists
Physical or Analytical Chemistry; Chemical Engineering; Materials Science
Cambridge, England

Schlumberger is the world'’s leading supplier of technology and services to the oil and gas exploration and production industry and
has an unwavering commitment to Research and Development.

Our chemistry department is comprised of skilled scientists whose specialisation is analytical chemistry, synthetic chemistry,
surface science and physical chemistry. By focusing on chemical reaction engineering as well as the development of new
chemical measurements and interpretation technigues, we aim to understand and exploit chemical means of measuring,
optimising and controlling reservoir and wellbore processes. The work will be varied and multi-disciplinary in nature and strong
communication skills and the ability to work within teams is important. You will have a Ph.D. in the field of experimental science
or engineering and experience in the development of experimental apparatus and instrumentation would be an advantage.

You must also be fluent in spoken and written English.

Several exciting opportunities exist and you will initially find yourself contributing in one of the following areas:

* Membrane/Separation Technologist: Being part of a team developing the next generation of sensors for deploymentin the
hostile conditions found inside reservoirs, aiding the exploration and development of hydrocarbon reservoirs. The work involves
developing experiments to probe the fundamentals of mass transfer, phase behaviour and material properties as we develop
prototype sensors.

= HTHP Experimentalist: Collaborating with different research programs to investigate organic and inorganic chemical reaction
pathways and kinetics. Main responsibilities will be to develop experimental equipment and methods and study chemical
reactions at high temperatures and pressures (reservoir conditions).

* NMR Spectroscopist: Investigating the chemistry of high performance materials and characterise reaction products. You should
have good synthetic chemistry skills to complement your substantial NMR expertise. We are particularly interested in hearing
from individuals with solid state NMR, multi-component NMR, pulse sequence design, and NMR protocol design experience.

= Material Scientist: Identifying and investigating chemicals and materials applicable at high temperature, in corrosive brines that
maintain their characteristics for prolonged periods. You will have significant experience investigating and enhancing
the chemistry of materials.

To apply, please send a detailed CV to Emily Horwich at recruiting@cambridge.oilfield.slb.com quoting “Chem. RS” in the

subject line. Closing date 30th September 2007.

Schlumberger is an Equal Opportunities Employer
www.slb.com/careers Success without boundaries




anlir

Science Careers

>
o=
e
)]
=
L
e
|
=
)]
o
(T
L
o
>
L)

PIONEER.
. A DUPONT COMPANY

THE
WORLD DEMANDS
AND YOU DELIVER

Pioneer's legacy
of excellence

is reflected

in its people.

www.pioneer.com

DuPont’s significant investment in its Agriculture & Nutrition Platform, including Pioneer Hi-Bred International, has created
challenging, cutting-edge career opportunities for you, Pioneer wants you to be a part of our industry-leading plant
genetics and biotechnology organization. You will join a team of talented, dedicated professionals. A large number

of research opportunities exist at our 90+ worldwide research facilities, including our headquarters in Johnston, lowa.

As the leading developer and supplier of advanced plant genetics, our international presence and affiliation with our
parent company, DuPont, will give you the opportunity to expand your career, join a growing industry and make a

positive, global impact.

The World Demands... Can You Help Us Deliver?
Learn more about Career Opportunities at hitp://www.pioneer.com/careers
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The miracles of science~

The DulPort Dval Logo and The mindes of science™ e tradamarks of DuPond or ils afiiliates. & Regislered rademarks and service marks of Pioneer Hi-Bued Intenational, inc. S2007, PHIL RADIZZ4S

MUSC

MEDICAL UNIVERSITY
OF SOUTH CAROLINA

ASSISTANT or ASSOCIATE PROFESSOR
Chemical Biology/Medicinal Chemistry

The South Carolina College of Pharmacy Depariment of Pharmaceutical
Scienees 15 secking highly qualified applicants for faculty positions at
either the ASSISTANT PROFESOR level or ASSOCIATE PROFES-
SOR level. The positions will be located on the Medical University of
South Carolina (MUSC) campus in Charleston with joint appointments
at the University of South Carolina (U/SC), Columbia, MUSC and USC
have made strong commitments 1o building a nationally recognized Drug
Discovery Program. State-of-the-an research focilities, including x-ray
crystallography, NMR and mass spectrometry, molecular modeling,
proteomics and lipidomics are available to suppon the Program,

Preferred qualifications for these faculty positions include demonstrated
experience in the use of chemical approaches in drug development, par-
ticularly for cancer, Successful candidates at the Assistant Professor
level will be responsible for developing extramurally funded rescarch
programs, and participating in Depanmental teaching. Candidates for
appomntment at the Asseciate Professor level should have demonsuated
suceess al competing for national funding of drug discovery relaed
mrojects, Excellemt opportunitics for collaborations within MUSC and
the USC, and generous start-up funds are available.

Interested candidates should submit their curriculum vitae, statement of
research imterests, and the names of three references to: Charles I, Smith,
Ph.i)., Department of Pharmaceutical Scienees, Medical University
of South Carolina, 280 Calhoun St.. PO Box 250140, Charleston, SC
29425 or by email 1o; smithehd@ muse.edu,

MUSC is an Affirmarive Action/Equal Opportunite Emplayer
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CAREERS IN BIOENGINEERING )
)
AND NANOTECHNOLOGY A Fontres

The Institute of Bicenginesring and Manotechnology in Singapore is secking
highly motivated indwiduab who sre interested in making an impact in advancing
researeh arel development in the following areas:

HEl Pharmacewticals Synthesis and Nanoblotech

nology
‘Which encompatses the efficient catalytie syrthesh and separation of chiral pharmamuicals

Ml Medical and Biclogical Devices

Which inwalve nanctechnology and microfabricated systems for the detecdon and
treatment of diseases.

Hll Biolmaging and Biosensing

Which comprises the imaging of celi, tiasued, small animals and biomaterials ming sdvanced
techniques and novel maging tigs (eg. quantum dots), as wel as the seming and detection of
biolegics and Bomolecules using nancsrucured materials.

HEl Delivery of Drugs, Proteins and Genes

Where the controlied release of various therapeutics invodves the vse of functicnalized
polymers and kydrogels for argeting dissased eells and organs, or for respending to specific
biological sdmul

Hll Cell and Tissue Engineering

‘Where sophisdcated materals architecture s employed e design and fabricate livieg
rephcement devioes for surgical reconsrucdon and transplination

HE Artificial Organs and Implants

Where mulifuncrional syscems and devices are engineered as blomimetic structures for use
s organ replicement

Pesitors are svailible for Senlor Group Leader, Group Leader, Principal Research
Scientist, Senlor Research Sclentist, Resemrch Scientist, Postdoctoral Fellow,
Research Officer and Lab Officer in BN six rescarch ancas.

Remuneration will commensurate with qualification and experience.

If you are interested in joining a muki-dsciplinary research instituce at the cutting edge
of bioengineering and manotechnology, please forward a cover letter, your curriculum
vigae, and a list of three references tec

Prof. Jackie Y. ¥ing, Executive Director

Institute of Bioengineering and Manotechnology

11 Biopolis Way, The Nanos, #04-01, Singapore | 18665

Email: recruiti@ibn a-staredusg  Website: www.ibnastaredusg




f |
Leave your mark.

Millennium is focused on developing breakthrough treatments
in the areas of oncology and inflammation that will make a
real difference in patients’ lives. We encourage innovation and
seek results through collaboration. If you're locking for a
dynamic erwvironment where respect and excellence are corg
values, learn more about us and the possibilities for you at
www.millennium.com

Milennium has opportunities in the following areas:
Associate Director -
Clinical Pharmacology
Scientist = Formulations
Scienlist = Molecular
Technologies

Sr. Research Associate —
Cancer Pharmacology

Research Investigator -
Analytical Development

0A Specialist/Manager -
Commercial Quality
We are an equal opportunity

employer committed to discovering
Ihe Individual In everyone.

SRR MILLENNIUM

Braairir g et Bt T s, Frosaiires”
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POSITIONS OPEN

FACULTY POSITION IN PLANT BIOLOGY
Section of Plant Biology. College of Biological
Sciences, University of California, Davis
The Section of Plant Biology, College of Biological Sciences. at the
University of California, Davis invites applications for a tenure-track
position at the ASSISTANT PROFESSOR level. Candidates must have a
PhD. (or equivalenty amd have an outstanding record of research
achievement. The successful candidate is expected to develop a state-of-
the-an research program that wall implement quantitative and svste ms-
based approaches to understand fundamental pranciples underlying the
biology of plants.  Preference will be given o candidates who use
approsches such as analytical and molecular bioche mastry with emphasis
on metabolomics and metabolic flux analvsis. proteomicsfintemctomics, or
systems biology., The Section of Plant Biology places a high priorty on
teaching and the successful candidate will also be expected to contnbute o

the teaching mission of the Section.

Candidates should submit the following materials, online, al www-

pbucdovisedu: (a) cemiculum  vitae, (b) summary of ressarch
sccomplishments, (©) clearly focused description of future research plans
(5 wears), (d) up to five major publications, (e) statement of tesching
expenence andfor interest.

Candidates should also armnge for o minimum of three letters of
recommendation to be submitted by ¢-mail to plbsearch @ucdavi s edu;
Bo Liu, Chair
Faculty Search Committee
Section of Plant Biology
One Shields Ave
University of California, Davis

Davis, CA 95616
Closing date: open until filled although to assure full consideration,
applications should be meceived on or before Thorsday, November 15,
2007

The Section encowrages women and mincrities o apply. The Ueiversity aof
Califormia, Davis, ix an Equal Opportunitv/Affirnative Action Enplover.

CAREERS IN CHEMISTRY

D. E. Shaw Research, LLC

Computational Chemistry and
Biology Opportunities

Extraordinarily gifted computational chemists, biologists,
and other computational scientists are sought to join a
rapidly growing New York-based research group that is
pursuing an ambitious, long-term strategy aimed at
fundamentally transforming the process of drug discovery.

Candidates should have world-class credentials in
computational chemistry, biology, or physics, or in a
relevant area of computer science or applied mathematics,
and must have unusually strang research skills. Relevant
areas of experience might include protein structure
prediction, the computation of protein-ligand binding
affinities, the study of biologically important systems
using molecular dynamics and/or Monte Carlo
simulation, and the application of statistical mechanics
to biomolecular systems—~but specific knowledge of
any of these areas is less critical than exceptional
intellectual ability and a demonstrated track record of
achievement. Current areas of interest within the group
include molecular dynamics simulation of functionally
significant globular and membrane proteins, the
prediction of protein structures and binding free
energies, structure- and ligand-based drug design,
characterization of protein-protein, protein-nucleic acid
and protein-lipid interactions, and the development of
algorithms for biomolecular simulations.

This research effort is being financed by the D. E. Shaw
group, a global investment and technology development
firm with more than US $25 billion in aggregate
investment capital. The project was initiated by the
firm's founder, Dr. David E. Shaw, and operates under
his direct scientific leadership.

We are eager to add both senior- and junior-level
members to our world-class team, and are prepared to
offer above-market compensation to candidates of truly
exceptional ability.

Please send your curriculum vitae (including list of
publications. thesis topic, and advisar, if applicable) to
sciencemag-cc@career.deshawresearch.com.

D. E. Shaw Research, LLC doas not discriminate in employment matiers on
the basis of race. color, religion, gender, préegnancy, national origin, age,

military service aligibility, veteran status, sexual origntation, marital status,
disability, or any other protected class.

DE Shawg Co

ciencecareers.org
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CHEMISTRY POSITIONS

Misssstppt e

PROFESSOR and HEAD

Department of Biochemistry and Molecular Biology

Mississippi State University (MSLU) invites appli-
cations and nominations for the position of Profes-
sor and Head of the Department of Biochemistry
and Molecular Biology, The Head s the principal
representative of the Department with authority and
responstbibity for administranve decisions, The De-
partment i secking a dynamic individual with an
outstanding record of achievement; an appreciation
for the range of disciplines in biochemistry and
molecular biology; and an understanding of diverse
functions of research, teaching, and service. The se-
lecred individual should have a distinguished record
of seholarship, a5 well as dgnificant experience in com-
murication, leadership, and tcam building, a strong
commitment to diversity, and dedication to the land
grant mission. Applicants should have a PhD, de-
gree in biochemistry or molecular biology or a
closely related ficld and meet eligibility requirements
for tenure at the full Professor level and graduare
faculty membership ar MSU. Review of applications
will begin Seprember 30, 2007, and will continue
until a suitable candidave s idenrified. Applicants
should submir a levter of interest thar discusses gual-
ifications for the position; curficulum vitag; and the
names, telephone nambers, and mailing and ¢-mail
addresses of four references. Application may be
made online af website: hitps:/ Swaw. jobs, msstate.
edu or by sending the application to: Dr. Jim
Shepard, PO, Box 9681, Misisippi State, MS
39762, c-mail: jshepard@cfr.msstate.edu, tele-
phone: 662-325-2781. MBsdeipd Sune University is o
Affrmunive Aceion/ Egeal Oppomuniry Employer,

DONALD J. CHAM CHAIR in ORGANIC
CHEMISTRY
Organic Chemistry at UCLA University of
California, Los Angeles (UCLA)

The Department of Chemistry and Biochemistry
in the University of California, Los Angeles, is seck-
ing to fill several organic chemistry positions at
UCLA, intended to expand the expertise of the
Department in syntheric organic chemistry and in
materials organic chemistry, in conjuncrion with the
Califormia NanoSvsrems Instinere. The Domnald J.
Cram Chair in Organic Chemistry is 1o be filled by a
very distinguished ORGANIC CHEMIST; a
Scarch Committee has been appointed to recom-
mend the most outstanding candidate. The occu-
pant of this Chair will hold a state-funded regular
faculty position; the income from the endowment is
avatlable to the holder as an unrestncted fund for
purposes of rescarch and teaching. Positions related
to the mission of the California NanoSystems
Institure will be considered for joint appointments
as Members of the California NanoSystems Institure,
Candidares are sought who give evidence of unusual
distinetion in scholarship and reaching. Curriculum
vitae, three letters of recommendation, and brief
summarics of research interests should be submirred
by October 31, 2007, and directed to:

Chair
Cram Chair Search Commines
Department of Chemistry and Biochemistry
University of California, Los Angeles
P.0. Box 251569
Los Angeles, CA S0095- 1569
Fax: 310-206-1843

UCEA 15 an Equal f.i]'l]'lllrl'rlrlIt;"",'![i‘l‘fﬂf-ﬂ“ﬁ' Aetron
,.:H”'IIJJ“'I. ll:.'ﬂﬂ'." |r.|'l.f IHNRTREE e ﬂrfl‘rlnlm'd il |IPIJJ'.
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CHEMISTRY POSITIONS

SYNTHETIC CHEMISTRY FACULTY
POSITION at the UNIVERSITY of ARIZONA

The Department of Chemistry at the University
of Arizona invites applications for a venure-track
ASSISTANT PROFESSOR position in synthetic
chemistry beginning fall 2008, Applicants in all areas
of modern synthete chemistry will be considered,
but preference will be given to candidates with in-
terests in synthetic inorganic and organometallic
chemistry, as well as mterdisciplinary areas that nter-
face with these traditional disciplines. The successful
applicant will be expected to establish a vigorous,
narionally comperitive rescarch program and to dem-
anstrate cxcellence in teaching ar both the under-
graduate and graduate levels. A Ph.DY. in chemisory
or a related feld is required; postdocroral expen-
eiice is preferred. Applicants are encouraged to ap-
ply via the Umiversity of Arteona Human Resources
website: http:/ Swww.nacareertrack.com (job
number; 3881 1), Submut curnculum vitac, a hst of
publications, and statements of rescarch and
teaching interests via the online system, Three
letters of recommendation to support vour appli-
cation should be sent to: Chair, Synthetic Scarch
Committee, Department of Chemistry, Universi-
v of Arizona, 1306 E. University, Tucon, AZ
B5721, e-mail: syntheticsearch@u.arizona.edu.,
Review of applicant files will begin Ocrober 1,
2007, and will continue unnl the position is Alled.
The University of Arzona is an Equal Employment
Opportisity L AfRmmative Adion Engdayes Mineties /1 annen/
Persons wath Disalfites/ Veterans,  Women and minonities e
cipocially evevwraged fo apply. The Dnmiprntion Refamn and
Conrrol Arr regriines Inlq‘]' of wrhorrzarfon re wwek i e
I-Hfrrd .'\-‘..Hr.l Ir.llh.lﬂ l'l'.lf‘l."]'ﬂlﬂ“.

PHYSICAL CHEMISTRY FACULTY
POSITION
University of California, Los Angeles (UCLA)
The Department of Chemistry and Biochemisory
of the University of California, Los Angeles, intends
e make a tenure-track faculty appointment in
physical chemistry. The search is open 1o both
JUNIOR and SENIOR LEVEL candidares and
all arcas will be considered, including both experi-
mental and theoretical physical chemistry, bio-
phvsical chemistry, and matenals. Candidates must
give evidence of exceptional promise (for a junior
appaintment) or great distinction (for a senior
appointment) in research and teaching. Applications
should include cumriculum vitae, a statement of
rescarch accomplishments and descriprion of pro-
posed research (not exceeding four pages), reprings
of representanive publications, and a list of profes-
sional references. Junior Fculty applicants should
arrange to have three letters of recommendation sent
at the time of application. To assure consideration,
all application materials should be received by
Octaber 31, 2007, and directed to:
Chair
Physical Chemistry Search Committee
Department of Chemistry and Biochemistry
University of California, Los Angeles
P.O. Box 951569
Los Angeles, CA 90095-1569
Fax: 310-206-8010

UICEA i i Fgual Opposturaty /A finnaie Adion Engloger
Women and mineries ane coconngged 1o apply

POSTDOCTORAL POSITION is available at
the University of Nebraska, Lincoln in the area of
redox  biology/biochemistry /bioinformarics with
cmphasis on mechanisms of redox regulation, func-
tional characterization of sclenium-containing pro-
teins, bioinformatics and funetional genomies of
thiol-dependent redox proteins and processes, and
their roles in cancer and agng. Additional infor-
mation 15 at website: hitp:/ /genomics.unl.edu /
gladyshev. To apply send curmiculum vitae, cover
letter of interest, and pames of three refercnoes o
Vadim Gladyshev ar e-mail: vgladyshevl@unl.
ﬂ. The Ulmiveriry of Nebrroka, Linceler o aee Eapral Cp-
ppsirun'];', .'I.f_i‘imr..rru-.' Artion ]:'m]-ulp}'rr.

CHEMISTRY POSITIONS

UNIVYERSITY OF

Il WASHINGTON

MANAGING DIRECTOR
Catalysis Center at the University of Washington
{Scartle)

The NSF-funded Center for Emabling New Tech-
nologics in (:;\{:ﬂ:m'm (CENTC) secks a Managing
Director. The Managing Director will be a staff mem-
ber ar University of Washington (UW), based in
Seattle. The Managing Director will be the primary
Manager and Admanistrator of this large, technically
complex, and continuowsly evolving Center, Full
details of the position will be found ar website
htrp: / S, washington.edu fjobs, (sclect Sraff
Jobs and scarch for Requisition #34179). Priority
miay be given to applications received by Ocrober 1,
2007, Please dircer ¢-mail inquiries 1o e-mail:
rothen@chem.washington.edu. CENTOC aud L1
are comnritted o builiding o alfnemally diverse staff aod strongly
enannrage apliartions from female and mrimonity candidites,
Affiemarive Action /Equal Oppostinity. Emplayer

BIOCHEMISTRY and MOLECULAR
BIOLOGY FACULTY POSITION
University of California, Los Angeles (UCLA)

The Biochemistry Division of the Deparmment of
Chemistry and Biochemistry (website: hitp:/ fwww.
hiochemistry.ucla.edu), in conjuncrion with the
Molecular Biology Insoitute, s secking applicanons
for a vermre-track faculy posinon ar the ASSISTANT
PROFESSOR. level. We invite outstanding candi-
dares in any arca of biochemistry, chemical biology,
computational biology, or molecular and  cellular
biology. The new faculty member will be expeced
to develop a strong and creative rescarch program
and contnibute to teaching in biochemistry.

Applications should include curnculum vitae, a
summary of rescarch accomplishments and future
rescarch plans, and two o three reprints of repre-
sentative publications. Applicants should also ammange
o have three letrers of reference sent 1o the address
below. To assure consideration, all applicaton mate-
rials and letters should be received by October 15,
2007, PMlease do nor send applications by e-mail.

All apphication materials should be sent to: Chair,
Biochemistry Search Committee, ¢ /o Penny Jennings,
Department of Chemis and Biochemistry-
8] IO, Box 951569, Los Angeles, CA 90095-
1569,

Tl Ulniversity of Califarnia is an Equal Cypportuniey £AF-

firmratiive Adtion Employer. Wonten and sfmonities are en-

eomdggped to apyely

NATIONAL UNIVERSITY of SINGAPORE
Department of Chemical and Biomolecular
Engineering

The Department of Chemical and Biomolecu-
lar Engincering at MNational University of Singapore
invites applications for TENURE-TRACK FAC-
ULTY POSITIONS at all levels, The Department
is one of the largest internationally with excellent
in-howse infrastructure for experimental and com-
putational rescarch, A Ph.D. in chemical engineening
or related arcas and a strong research record with
excellent publications are required. Please refer to
website: hrep:/ Swww.chbe.nus.edusg/ for more
information on the arcas of interest and for ap-
plication details. Applicants should send full currie-
ulum vitae (including key publications), a detwled
rescarch plan, a statement of teaching interest, and a
Iist of names of at keast three references to: Professor
Raj Fajagopalan, Head of Department (attention:
Ms. Nancy Chia, e-mail: nancychia®@nus.edu.sg).
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EXPANDING OUR
HORIZONS

IN NEURODEGENERATIVE DISEASE.

Vice President, Biology

R&D China

G5k RED  Shanghai  will fecus on  research into
neurcdegeneration with the objective of creating new medicines
for such severe disorders as multiple sclerosis, Parkinson's
disease, and Alzheimer's disease. The site will eventually direct
our global discovery and development activities within its
therapeutic area, from drug-target identification to late-stage
climical studies, while collaborating with research institutions
elsewhere in China and other countries,

We are seeking a PhD educated biologist who is a proven
strategic thinker with an established track record [to Proof of
Concept] in the development of novel therapeutic agents. It is
envisaged that whilst this experience could have been gained
in the broad arena of Parkinson’s and Alzheimer's research or
related fields, the candidate must be recognised as an expert
in their field and demonstrate a depth of biclogy and
chemistry understanding commensurate with this influential
position. The ability toe speak Mandarin would be
advantageous in the role together with familiarity of Chinese
culture and the willingness to make a long term commitment
Lo live and work in Shanghai.

The candidate will be able lo demonsirate strong leadership,

visionary skills, determination to succeed and the ability
o influence senior management groups, Chemistry, PreClinical
and Clinical colleagues to drive both direction and strategy of
Biology within the overall strategy of R&D Shanghai. You will
have experience in leading/managing large and complex
organisations and of being an effective leader in a matrix setting.
Proven ability to build and manage an empowered arganisation
that allows staff to realise their full potential, attract, retain and
develop highly talented and diverse contributors,

This role offers an outstanding opportunity to be involved in
the first fully integrated R&D facility in Shanghai at its onset,
to build a substantial R&D team which is envisaged to be 150
dedicated scientists by the end of 2008. The vision of G5K is
unique as the facility will be a Chinese dedicated site for
neurodegeneration with full accountability from target to the
global healthcare market,

To apply online, please visit www.qsk.com and view vacancies on
the UK careers page, enfering requisition number 44515 in the
“Reqg 107 search box. Alternalively please email your CV and
covering lefter to RD.ChinaRecruif@gsk.com

G5K is proud fo promote an open culfure, encowsgng peopke to be themseles and gving therr ideas a chance to floursh. GSK is an equal opparfunily employer.

GlaxoSmithKline

online @sciencecareers.org

:
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vt NATIONAL INSTITUTES OF HEALTH

Y HUMAN GENETICIST
INsTTTUTE Tenure-Track/Tenure Position

The newly formed imramural Laboratory of Translational Genomies (LTG) in the Division of Cancer Epidemiology and Genetics (DCEG), National Cancer
Institute (NCI), National Institutes of Health (NIH), Department of Health and Human Services (DHHS), is recruiting two tenure-track tenured investigators.
The mission of the LTG is to investigate the genetic basis of strong association signals identificd by candidate gene approaches, linkage analyses in high-risk
families, or genome-wide association studics (GWAS), particularly loci identificd by the ongoing Cancer Genetic Markers of Susceptibility (CGEMS) program
involving GWAS of several major cancers. Investigators in the LTG are expecied to develop an independent research portfolio in cancer genomics focused on (1)
fine mapping and re-sequencing of loci relevant o cancer susceptibility and/or outcomes, (2) investigation into the causal gene variants that provide biological
plausibility for cach locus, and (3) bioinformatic analyses of publicly available datasets derived from germline annotation of genefic variation and somatic alicra-
tions in cancers, Each investigator is expecied to leverage the NCI resources in molecular epidemiology, high-throughput genotyping and whole genome scans,
biostatistics and bioinformatics. as well as in basic and clinical sciences. The incumbent will receive research support for developing a state-of-the-art genomics
laboratory, and recruiting two post-doctoral fellows bioinformaticians and a technician,

Applicants must have an M.D. and‘or Ph.D, in a relevant field, extensive posi-doctoral experience, and a record of publications demonsirating poiential for
creative independent research in human cancer genetics. Facility with bioinformatics databases and high dimensional data are highly desirable along with strong
commumication skills. Interested individuals should send a cover letier, curriculum vitae and a brief summary of researchaccomplishments and goals, along with
copies of three to five publications or preprints, and three letters of reference to:

Ms. Judy Schwadron, Division of Cancer Epidemiology and Genetics, National Cancer Institute, 6120 Executive Blvd. EPS/8073, Bethesda, MD
20892

Recommendations can be included with the package or sent directly by the recommender to Ms, Schwadron. Candidates should submit applications by October
15, 2007; a1 this time, the committee will begin to look at suitable candidates. However, the search will continue until qualified scientists are found. Additional
information abow stafl and ongoing rescarch in the NCI Division of Cancer Epidemiology and Genatics is available at hitpsfwww.dceg.cancer.gov. Please
contact Dr. Stephen Chanock (phone 301-435-7559 at chanocks(@ mail.nihgov) or Dr. Peggy Tucker (phone 301-496-8031 at tuckerpiamail.nih.gov) for
questions about the position(s).

NII\ Executive Functions Program

Namonnl Imisate
of M Hoa ™

The National Institute of Mental Health. National Institutes of Health, Department of Health and Human Services. announces an opening
for a Health Sciences Administrator (sometimes referred to as a program officer) at its Rockville, MD site to guide and manage a grants
program supporting basic research on the fundamental principles and mechanisms of executive functions in both humans and animals.
Attention, cognitive control, planning. decision making. reward, risk analysis and select aspects of learning and memory are included in
the domain of responsibility. In addition, understanding of sophisticated cognitive and behavioral techniques/paradigms 1o properly link
brain and behavior is expected. The Program Officer will be responsible for maintaining and further developing an innovative program
in this research area that includes behavioral and systems neuroscience approaches. Techniques currently emploved in the research
portfolio cover a wide range, and include but are not limited to: functional neuroimaging (PET, ERP. EEG. DTI. MEG, fMRI). invasive
electrophysiology (ERP, single and multiple unit recording ), microdialysis. reversible and irreversible lesions, neuroanatomical tracing,
immunocytochemistry, select use of genetically modified organisms, viral vectors, ete. General responsibilities will include administer-
ing and managing an extramural portfolio of research grants. interacting with researchers and program officers for related programs al
NIMH, NIH. and other funding agencies, and developing new research initiatives. Candidates must be U.S, citizens and have a Ph.D.,
M.D., or equivalent degree. Candidates must be able 1o document relevant research experience in the general field of cognitive and/or
svstems neuroscience. The position requires working both independently and collaboratively, Strong organizational and oral and writ-
ten communication skills are also required. Salary will be commensurate with experience, Applications may be submitted beginning
July 317 through September 7, 2007. Beginning July 317, official application instructions can be found at the USAJobs Web Site
(http://www.usajobs.gov), by searching on Vacaney Announcement NINH-07-198801-DH or NIMH-07-198801-DE. For further
information about the application process, please contact Ms. Cindy Gripper (gripperci@ mailnih.gov) at NIH Human Resources. For
more details concerning the nature of this position, please contact Dr. Kevin Quinn (kquinni@ mail.nih.gov). With nationwide respon-
sibility for improving the health and well being of all Americans, the Depariment of Health & Human Services oversees the biomedical
rescarch programs of the National Instituies of Healih (http://www.os.dhhs.gov).

THE NIH 1S DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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Cell Cycle Checkpoint Signaling

NIEHS F i
NaScns!tstn o Mechanisms and ATM Function
Ewyrsnmgntsl Moskh Leisrcey

RPN T Research Triangle Park, North Carolina

A postdoctoral posiion is available to mvestigate signal ransduction mechanisms
requlating cell cycle checkpoints, with particular interest in the role of the ataxia
telangiectasia mutated (ATM) gene product end ATM-interacting proteins. Studies

will focus on responses to DNA damage and regqulation of cell cycle progression following
damage. Current research interests in our group nclude investigations of the role of
ATM in mammary epithelial cell cycle regulztion, the interplay of signaling from ATM

and ATM-related kinases, as well as ATM signaling in cells from individuals with heritable
cances susceptbility syndromes. Opportunities exist for the incorporation of global gene
expression analyses into studies, Candidates should have a Ph.D, or equivalent degree

in molecular bioogy, cell biology, biochemestry or related field, While candidates with

fiee or fewer years of relevant postdoctoral research expenence are eligible, recent
graduates are encouraped to apply.

TIO APPLY: Submit a cover letter, curriculum vitae, bibliography and the names
of three references to:

Richard S. Paules, Ph.D.

National Institute of Environmental Health Sciences

Growth Control and Cancer Group

P.0. Box 12233 MD D2-03

Research Triangle Park, NC 27709

FAX: {919) 316-4771 =
E-mail: paules@niehs.nih.gov

OANS and NN wre Equal Ogpovtmnity Enpleyors At b o Rt

NIEHS Technical Laboratory Manager

e N R esearch Triangle Park, North Carolina

Maionsl Inmityien of Haaith
Laboratory of Molecular Taxicology - NIEHS Microarray Group
IFyouwould ke to work wath accomplished scientists in support of environmental
health research AND you are skilled in the technical and scientific aspects of mircroarray
technologies, then consider joining the Division of Intramural Research (DIR] at the
National Institute of Environmental Health Sciences (NIEHS). NIEHS, a major research
companent of the National Institutes of Health, is looking for someana wha will suppart an
efficient and productive scientific environm ent and who will work with the Microarray Group
Director ta provide genomics capabilities to scientists, The research efforts of the NIEHS
Microarray Group are designed to apply genomic technologies to elucidate the mechanisms
of injury and disease from emviron-mental exposures and to pursue the technical aspects
of emenging genomic technolagies.

As the Technical Laboratary Manager (Research) for the Micrearray Group in the Laboratory
of Mabecular Toxicology, you will interact closehy with scientists from the intramural NIEHS
community and extramural collabarators conducting research in microamay-based genamic
technologies. Youwill be refied upon to provide technical and scientific expertise in specialized
core areas such as basic research studies, protocol development and coordination, technalagy
transfer, procurement activities, and budget formulation and execution. You will alsa provide
major direction in standard core areas related to resources, management of equipment and
personnal, data entry and data compiation. You will lead the technical team in the performance
of their duties and have overall day-to-day responsibility for the efficient management and wse
of laboratary resources as well as other responsibilities as assigned by the Group Director,

Interested candidates should apply online at www.USAJOBS.gov, Announcement Number
HHS/NIH-2007-0438 by September 7, 2007. For additional information conceming the position,
contact Angela Heard, Office of Human Resources, at hearda@mail nih.gov

or fax 919-541-3028. Applications from women, minorities, and persons ~ {r
with disabilities are strongly encouraged. {\_@

DHHE aad AEH are Equal fp portunity Emplayers

A TENURE TRACK POSITION
UL | ABORATORY OF MOLECULAR BIOLOGY

The Laboratory of Molecular Biology (LMB], Center for Cancer Research, of
the National Cancer Instituie, Mational Instituies of Health (hiip://cer.cancer.
eov/labs/lab.asp?labid=99) uses genetics, molecular biology, cell biology, and
molecular modeling to examine and solve a broad range of important biological
problems. The Laboratory now invites applications for a tenure track position in
the Laboratory of Molecular Biology, CCR, NCT for & scientist working in the
field of antibody engineening as it relates (o cancer therapy. Candidates must have
a Ph.D. or M.D. and a proven record of innovative research and productivity in
antibody engineering, display of antibody (ragments on phage and mammalian
cells and cancer therapeutics. The successful candidate will join an active group
of translational and clinical investigators in the LMB working on immunotoxins,
humanized antibodies, and toxim biology and carrying out clinical tnals with
immunotoxing and antibodies. Salary will be commensurate with education
and expenience, A nwo-page siatement of researcl interesis and goals showld
be submitted in addition to three letters of recommendation and a curriculum
vitae 10 Mrs, Ann Schombert, Executive Secretary, Laboratory of Molecular
Biology, CCR, NCI, Building 37, Room 5106, Bethesda, MD 208921264,
phone: 301-451-8714, Fax: 301-402-1344, email: schombeaf pop.nci.nih,
gov. NIH Tenure track investigators with educational debts may be eligible for
the NIH Loan Repayment Program. The NCL is an Equal Opportunity Employer.
The closing date for applications to be accepted is September 15, 2007,

Postdoctoral, Research
and Clinical Fellowships

at the National
Institutes of Health

www.training.nih.gov/pdopenings

www.training.nih.gov/clinopenings

Train at the bench, the bedside, or both

Office of Intramural Training and Education
Bethesda, Maryland 20892-0240
B00.445.8283
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Head, Department of
Cellular Biclogy and Anatomy
Louisiana State University Health Sciences Center
in Shreveport

The School of Medicine at LSU Health Sciences Center in Shreveport is seeking applicants for Head
of the Department of Cellular Biology and Anstomy from world-class researchers in eardiovascular
seiences with an interest in developing a nationally competitive program. Investigntors having research
interests in the area of cardiovascolar complications of metabolic syndrome and diabetes are particularly
encouraged to apply.

The salary for this tenured position is fully supported by state funds, with additional compensation
possible through an institutional research incentive compensation plan, The position also comes with a
52 million Endowed Chair from the Malcolm Feist Cardiovascular endowment. The new Department
Head will receive a generous seed package to support his'her research program and state-of-the an
laboratery space. A multi-yvear strategy and supporting finencial resources are in place to substantially
enhance the national stature of research and training programs in the Departiment. This includes the
state-funded salary lines, research space, and seed package support to recruit 6 faculty members, In
addition, 51 million will be provided to expand the research infrastructure of the Department to comple-
ment the new emphasis on cardiovascular sciences.

Suceessful candidates should have a graduste degree (Ph.D. and'or M.D.), current NIH funding. an
outstanding record of achievement in cardiovascular research, and experience mentonng graduate
students, postdoctoral fellows, and junior faculty. The responsibalities of the position include develop-
iment and leadership in departmental Ph.D. and postdoctoral training programs, research sctivities, and
multidisciplinary rescarch endeavors as well as a commitment o maintain/strengthen the education
obligations of the Depariment.

The LSU Health Sciences Center-Shreveport, established in 1969, is located in northwest Louisiana
and is one of the Fastest developing regions within the state. The Shrevepon-Bossier City area, with
a population of ~325,000, has evolved into a major regional cultural and recreational center, and 15 in
short driving distance 1o larger metroplexes such as the Dallas-Fort Worth and Houston areas,

Imterested applicants and nominations should include a curriculum vitae and a letter of mterest. Cor-
respondence should be directed 10 Nicholas Goeders, Ph.D. Professor and Head, Department
of Pharmacology, Toxicology and Newroscience, LSU Health Sciences Center, PO, Box 33932,
Shreveport, LA 71130, Applications will be accepted by mail or via e-mail (ngoededa lsuhsc.edu)
until September 30, 2007,

LSUHSC is an Affirmative Action Emplaver.

MASSACHUSETTS
GENERAL HOSPITAL
HARVARD STEM CELL INSTITUTE

The Center for Regenerative Medicine
{CRM) at Massachusetts General Hos-
pital invites applications for a tenure-track
assistant professor position. Quistanding
scientists in the field of stem cell lology who
have the demonstrated ability 1o develop a
strong independent research program will be
comsidered. Successful candidate(s) will be
members of the Harvard Stem Cell Instiute
and faculy of Harvard Umiversity, Candidates
must hold a PhD and/or MD and have a history
of mnovative, interactive rescarch. Applicants
should send an electrome copy of (1) letier of
interest (2) research plan and (3) current cur-
riculum vitae o Dr. David Scadden cfo Chris
Shambaugh: cpasker(@ partners.org, Three
letters of recommendation should also be sent
dirgetly to:

Center for Regenerative Medicine
Search Committee
Attention: Chris Shambaugh
Massachusetts General Hospital
185 Cambridge St.. CPEN 4265A
Boston, MA 02114

Women aned minovine condidtes are nreed
ferapprly, MGH ix an Egrial Opportunine
Affrmarive Action Emplaver:

MICHIGAN STATE
UNIVERSITY

Faculty Position in Breast Cancer Biology
Department of Physiology

TOHOKU

Two Full Professor Positions
at Institute of Development,
Aging and Cancer, Tohoku
University, Sendai, Japan

http://www.idac.tohoku.ac.jp

The Depanment of Phyvaology invikes _155|ﬂ:..:|m|1~. for a full-ime tenure4mek
appomtment at the Asskrant AssociaeFull-Prolessor level

The successful condidme will be expeaied o develop an independent reseanch
ogram in a contemporary area of beeast cancer biology. Areas of interest inchade,
vt are not limited wo cell or animal models of umor ormation, progression, and
miclasiasis; cancer genetics; breast cancer pathogenesis and moleculsr pathology;
normal and cancer siem cell biology; heterotypic cell mteraciions in breast cancer,
and inflammation and breast cancer. Candidates whose expenmental approaches
include genomics and proicomics, inducible gene wgeting in odent models, as
well as live cell or whole animal imaging are especially encouraged o apply.

The successful candidate will join a collegial and highly intersctive group of breast
cincer imvesiigaiors whose intercsis include mammary developmeni, steroid
hormones and hormone resistance, cell signaling and cell cyele contmol, regulation
of gene expression, and environmental [acors o breast cancer etiology
Olpportunitics exist to participate in collaborative projects, including a NIEHSNCI
sponsomed Research Center on Breast Cancer and the Environment. Candislates
must hold a Ph.D., M.D., or equivalent docioral 11rﬂ[r|ulr:-.5.mru| degree, have
postcdoctoral experience and be able to demonsrate the potemtal 1w develop a
vigorous externally lunded research program. The successhul candickite will be
expected o panicipae in the eaching of graduate andfor professional studenis
Imterested individuals should submi a complete curmic wlum vita, a briel stalement
of nesearch interests, and copies of key pubbications, Applicants should also request
letters ol recommendmion [om three individuals who can evaluate their
accomplishments and fuwture potential lor research and teaching. Review ol
applications will begin Augusa 31, 2007 and comtinue umil the position is filled
Applications should be sent electronically to: Chair, Breast Cancer Scarch
Commitiee: Professor Sandra £, Haslam, Director, Breast Cancer and the
Environment Research Center, Depaniment of Physiology, Michigan State
University, East Lansing, M1 488424-3320, E-mail: psloff@msu.edu.

Michigan State University is committed 1o achieving excellence through culvural
diversity, The university actively encourages applicaions and/or nominations from
women, persons of color, veterans and persons with disabilities.

MSL IS AN AFFIBMATIVE ACTION, BOUAL OPPORTUMNITY EMPLOYEL

The Institute of Development, Aging and Cancer, Tohoku
University invites applications for two positions of full
professor in the fields of basic medical sciences. We welcome
scientists who are motivated in frontier and interdisciplinary
rescarch arcas w explore a new field of aging, longevity, host
defense and their related areas. We also encourage women and
forcigners to apply.

The institute, originally founded in 1941, promotes basic and
clinical studies on age-related discases including cancer and
degenerative brain discases. The institute also participates in
training programs for PhD and masters students.

Applications should include a CV, o publication list, reprints
of major publications {less than 10 papers). summary of
scientific activities including future research plans in abow
1000 words, a list of scientific grants awarded. and twao
recommendation letters. Applications should be submitted via
business mail by Oct. 1. 2007 to:

Dr. Hiroshi Fukuda

Director, Institute of Development, Aging and Cancer,
Tohoku University

Seiryo-machi 4-1. Aoba-ku Sendai 980-8575, JAPAN

Inguiry to: ida-som @ bureantohoko.ac.jp
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N National Human Genome Frpent™
Research Institute

CHIEF OF STAFF,
IMMEDIATE OFFICE OF THE DIRECTOR

The Natonal Human Genome Rescarch Instiute (NHGRI) a major
rescarch component of the National Institutes of Health (NIH) and the
Department of Health and Human Services (DHHS), has led the ground-
breaking enterprise known as the Human Genome Project. and is now
vigorously exploring the application of advances in genome research to
human health. The NHGRI is inviting applications for the career Federal
position of Chief of Staff in the immediate Office of the Director, NHGRLL
The incumbent will serve as a senior advisor and the Chief of Staff,
managing and directing the scientific and administrative activities and
priority setting for all tasks oceurring within the immediate Office of the
Director. The Chief of Staft will have advanced scientific training and
maintain an active knowledge of advances in the fields of genetics and
genomics and the application of such rescarch w health and disease.
Responsibilities will encompass substantive program and policy mat-
ters covering the full range of NHGRI s interests and program activitics
and directing the efficient planning and coordination of operations and staft
within the immediate Office of the Director. The WHGRI vacancy
announcement for this position contains complete application procedures
and lists all mandatory information which must be submitted with your
application. To obtain the vacancy announcement for this position it
will be available on http:/www.usajobs.gov and posted under
announcement #NHGRI-07-203295-CR-DE or NHGRI-07-103295-
CR-MP vou may also visit the NIH website at: www. johs.nih.zov.
Applications must be received no later than August 24, 2007

This is a full time permanent position offering benefits including health and
life insurance, retirement, sick and annual leave. US. citizenship is
required.

DHHS and NIH are Equal Opportunity Emplovers

Lecturer/Senior Lecturer

in Ecology

Institute of Natural Resources
Auckland

You will lecture in Ecology and will be a member of
a multi-disciplinary team teaching and researching
ecological issues of national and international
importance.

Closing date: 26 August 2007
Reference number: A217-07L

For further information and to apply enline, visit:
http://jobs.massey.ac.nz
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NEW TEALAND

Burnet Institute

Austin Research Institute

O

Joining together for a healthier world

DIRECTOR

The Burnet Institute, one ol Austraha’s
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to health outcomes. This will require
the further development ol strategic
relationships, collaborative partnerships

COIm I!'I‘.IL‘I'L'I.'.I.I ventures.
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For a conlbidential discussion, 1o lind out more

about this t.']m||L'r'lgi|‘|g |:::11!1:|‘:<|1i}1 role and to
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selection criteria contact Dr Rachel Luc

s

or Ms Evie Watt at Heidrick & Sll'llgglt‘ﬁ. On

+61 2 8205 2000 or the Chairman ol the
Burnet Institute, Mr Alastair Lucas on

+61 3 9679 1336 or +61 419 885 594.

Applications including curriculum vitae

should be sent in conlidence to Dr Rachel

Lucas at Heidrick & Struggles, Level 28,
| Farrer Place, Sydney, NSW 2000, Australia,

or email burnetdirector@heidrick.com

by 7 September 2007,

For lurther information on the

Burnet visit the lollowing website:

ltt E:ffwww.hu rnet.edu.aun/home

GESHTE1484

online @sciencecareers.org
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CASE WESTERN RESERVE
UNIVERSITY
SCHOOL OF MEDICINE

University Hospitals
Case Medical Center

Research Faculty Positions
in
Visual Sciences

The Department of Ophthalmology and Visual Sciences of Case
Western Reserve University invites applications for appoini-
ments at the junior o senlor level ranks o complement the
existing major programs include: Immunology and Infectious
Diseases, Aging and Diabetes, Molecular Genetics and Retinal
Biology. The Department 1s part of the mulu-disciplinary Visual
Sciences Research Center, comprising 40 vision researchers in
19 different basic and clinical science depariments, which is
supported by a P-30Core Grant and a T-32 Training Grant from
the Matonal Eve Institute i www.ease.edu/medivsre). The Core
grant facilities and the Department laboratories are centrally
located on two Doors of newly renovated space.

Successful candidates will have a secondary appoiniment in a
basic science department. and will be expected wo participate in
graduate education, Applicans should send a curriculum vitae
and a one-page description of research interests as a single PDF
lile 1o Evie.Pearlmania case.edu.

CWRLU aund Universitv Hospirals Case Medical Center are
Equal Opportmioy/Affirmative Action Emplovers.

THE LIHIVI'_RSIIY

\ WISCONSIN

MADISDN

Faculty Position in Systems Neuroscience

The Department of Physiology, University of Wisconsin School of Medicine
and Public Health, invites applications for a tenure-track assistant professor
position in systems neuroscience, Successful candidates will have outstand-
ing research eredentials with interests that complement and extend existing
research in the Department (http:fwww. physiology. wisc.edu ). We are com-
mitted to a strong focus in integrative physiology and especially encourage
applications from individuals who study any area of systems neuroscience,
broadly construed to include topics such as cognition, perception, action,
attention, executive function, and memory. Successful candidates will
teach in Departmental courses in undergraduate or medical physiology and
participate in Ph.D. and post-doctoral training. The Department features a
breadth of inquiry encompassing molecular to systems level research and
offers a supportive collegial work environment, and a commitment to col-
laborative research programs. Excellent opportunities for participation in
campus-wide interdisciplinary research and training programs exist. Recruils
will participate in faculty governance and service at the department, school
and umversity levels as appropriate to faculty rank.

Interested individuals should submit curriculum vitae, a one o two page
summary of research interests and plans, and three letters of reference to;
University of Wisconsin-Madison, Department of Physiology, Faculty
Search Committee #55370, oo Alice Puchalski, 1300 University Avenue,
Madison, W1 53706, or electronically 1o newrosearchis physiol ogyv.wisc
adu. To ensure consideration, please submit complete application by
October 4, 2007, However, applications will be accepted until the position
15 filled. Unless confidentiality is requested in writing, information regarding
applicants and nominges must be released upon request, Finalists cannot be
guaranteed confidentiality.
The UW-Madisan is an Equal Opporumity/dffirmetive Action Employer
e promate excellence through diversity and enconrage all gualified
imelivicuals te apply,

MICHICAN STATE
UNIVERSITY

MSU-DOE PLANT RESEARCH LABORATORY
Michigan State University
East Lansing, Ml 48824
http:fiwww.prl.msu.edu

Faculty Position in Plant Biology

The MSU-DOE Plam Research Laboratory (PRL) has a twelve-month
tenure-track faculty position available s the Assistant Professor level.
We seck to identify individuals who imvestgate fundamental questiions in
Mant biology that fall in the continuum between photon caplure and the
deposition of energy-rich molecules, or plant-environment interactions
that influence these processes,

The PRL, with core funding from the LS, Department of Encrgy, provides
an excellent environment for creative research in plant biology, Michi-
an State University has a history of exceptional breadih and depth in
the plant sciences and provides a stimulating smosphere with excellent
colleagues and facliies. PRL faculty members are jomntly appoimted in
an appropriate academic department,
Applicants should have postdoctoral research experience with demon-
strated productivity and evidence of potential for independent research,
To assure consideration. applications should be submined electronically
1o prisrehi msu.edu by October 1, 2007, Applications should include

curriculum vilae, a summary of research accomplishments, and a brief

description of future plans. Candidates should also armange to have three
letters of reference submitted. Questions regarding this position should
be directed w prisrehfa msu.edu,

Michigan State University ix an Affirmarive Action, Equal Opportinity
Emprlayer. MSU is comminted to achieving excellence throngh
cuftural diversitv. The nniversite actively encourages applications
ertel’ow mominatfons of wamen, persons of color, veterans, and
persans with disabilitics.

Two Tenure-Track Faculty Positions
in Marine Science

The University of Texas at Austin Department of Marine Science and
Marine Science Institute invite applications for two faculty positions
m marme science, We seck candidates with demonstrated expertise
and mnevative research e (1) Quantitative Ecology, with a focus on
contemporary issucs in landscape ecology, benthic-pelagic coupling, con-
servation biology, or population biology, and (2) Fish Ecology. inarcas
that complement our existing strengths in physiology, larval fish studies,
and basic mariculiure, The most competitive candidates will make use of
the Institute’s excellent facilities forexperimental work (imeluding 36,000
sq. L. of mariculture facilities) and proximity to a variely of estuarine and
coastal habitats (including the 185.000-acre Mission-Aransas National
Estuarine Research Reserve). Candidates must have a Ph.D. degree ol
the time of appointment and a strong research and publication record.
Postdoctoral experience is strongly prefemred. The positions, based ot
the Marine Science Institute (www.utmsintexas.edu) in Port Aransas,

TX, include 9 months of annual salary support. Faculty are expected w0
aintan a vigorous, extemally Ninded research program, each graduate
and undergradume courses, and mentor M.S. and Ph.D. students,

ulexas, r.'du and Iw- eal I-..m I.]1r-.'~. Il.‘i1u1'=-+.!l"r:mmml. nd.lhun mailed 1n
Search Committee Chair, The University of Texas Marine Science
Institute, 750 Channel View Dr.. Port Aransas, Texas T8373-5015.
The application should idemify the position of imerest and contain a
curriculum vitae and a statement of research interests that indicates how
the applicant s rescarch activities would take advantage of the Institute s
facilitics and location (3 pages maximum). Review of applications will
start October 1, 2007, and will continue until the positions are filled.
State law requires a background check on the selected applicant.

The University of Texas ar Austin vafues diversivy and is commitred
ier afftrmative action and equal opporienitye. Women and minoricies
are encouraged to applv. UT Austin wifl make every effort fo
aceemmeadate professional couples,




The Department of Pharmacology &
Experimental Therapeutics at Boston
University School of Medicine (htip:
faculty positions at the Assistant, Associale
or Full Professor levels, Individuals with an
interest in neuropharmacology. trans lational
neuroscience, or with research programs
bridging to disciplines such as cancer or
cardiovascular pharmacology are especially
encouraged to apply.

The Department has strengths in a broad range
of research arcas including gene therapy,
learning and memory, neuropeptides, sub-
stance abuse, neurodegenerative diseases,
neuromflammation, anxiety, and epilepsy.
The Department administers an active univer-
sity=wide phammacological sciences training
program in Biomolecular Pharmacology that
15 supported by an NIGMS T32 and avands
a combined PhD) in Pharmacology-Biomedi-
cal Meuroscience or Phammacology-Cell &
Muolecular Biology.

Please send a CV, description of fulure
fescarch, and up 1o three peer-reviewed
publications to: David H. Farb, Ph.D.,
Chairman, Department of Pharmacology
& Experimental Therapeutics, Boston
University School of Medicine, 715 Albany
Strect, L-603, Boston, MA 02118,

An Egual Opportunite/A firmative
Action Emplover

U.S. Department of Energy
Office of Science
Deputy for Programs
Announcement #SES-SC-HQ-013 (kd)

The US, Depariment of Encrgy’s (RDOE) Office of Science 15 secking highly quahfied candidates

with outstanding scientific achievements (o fill the Deputy for Programs position, The Office of

Science is the single largest supporter of basic research in the physical sciences in the United States,
with a 2007 budget of 3.8 billion. [t oversees the Nation's research programs in high-energy and
nuclear physics, basic and fusion energy sciences, and biological, environmental and computational
scicnces, The Office of Science 15 the Federal Government™s largest single funder of materials
and chemical sciences, and it supports unigque and vital parts of ULS. rescarch in climate change,
geophysics, genomics, life sciences, and science education, The Office of Science also manages 10
world-class laboratories and oversees the construction and operation of some of the Nation's most
advanced R&D user facilities, located at national laboratones and universities. These include panicle
and nulear physics accelerators, synchrotron hight sources, nonoscale science research centers,
meutron scattering Faciliies, bo-energy research centers, supercomputers and high-speed computer
networks, More information on the Office of Science can be found o httpe/fscience.doe.gov,

The Deputy for Programs provides scientific and management oversight of the six program offices
by ensuring prograim achivitics are stategically conceived and executed; formulating and defend-
ing the Office of Science budget request; establishing policies, plans, and procedures related 1o
the management of the program offices; ensuring the rescarch portfolio is integrated across the
program offices with other DOE program offices and other Federal agencies; and representing the
organization and make commitments for the Department in discussions and meetings with high-level
govermment and private sector officials. The position 15 within the ranks of the U8, govermment's
Semior Exccutive Service (SES), members of the SES serve in key positions just below the wp
Presidential appointecs.,

To apply for this position, please see the announcement and application instructions at hupe//
jobscarch.usajobs opm. pov/ses asp under the vacancy announcement of #8ES-SC-HQ-013 (kd).
Qualified candidates are asked to submit their online applications by August 29, 2007,

VICE PRESIDENT
FOR RESEARCH

NIWAENGLAND

The University of New England (UNE), a private
comprehensive institution, seeks an innovative
and experienced keader to serve as its new Vice
President for Research. UNE has established a
research focus in selected fiekds of health,
marine, pharmaceutical, and natural sciences
and osteopathic medicine. The Vice President

for Research will spearhead the development of

a research agenda and infrastructure that

will guide the University toa new level of suc-
cess and national prominence, The successiul
candidate must be skilled in managing complex
programs and will possess a sound knowledge
of competitive grant processes, procedures
and regulations. The ability to "lead by exampie’
by maintaining mvolvernent in an active
extramurally funded research project

is highly desrable,

For more detalls on this position and
the application process visit
WA,

Processing of applications will begin immediately
and continue until the position is filled. Interested
persons should submit a CV. and cover letter

electronically to: Bill Allen, Human Resources

Thel ra'er':ﬂ of My gl ir an I'J_'uu."ti:.‘p'm_.\;'.-hjmumr
-Idml'w-rumllﬂm}ni-m.u'nm} dimsltader

Faculty Positions

Vollum Institute and Jungers Center
Oregon Health & Science University, Portland OR

The Vollum Instinute {hegp:/fwww.ohsu.edu/vollum) and the Jungers Center in association with
the Department of Newrology announce faculty openings for outstanding scientisis, For the
Vollum search, we are particularly interested in individuals with a research focus in the general
arcas of molecwelar and cellwlar nearoscience, molecular genetics, development avndlor wechanisms
af signal transduction. For the Jungers search, we are interested in individuals whose work
addresses mewrological diseases, especially the fundamental canses and treatments of wewral infury
and newrodegeneration as well s mechanisms of newral repair and regeneration. Laboratory
space is available in the Vollum Institute and the adjoining new Biomedical Rescarch Building
{htep: fwww.ohsu.edufohsuedu/about firansformation/brb). 1t is expected that Jungers Fculiy
will hold appointments in the Vollum Instituie and the Deparment of Neurology, Vollum and
Jungers appointments are fulltime research positions with minimal weaching or clinical require-
ments, Ample oppartunities are available for collaboration with dinieal units within the School of
Medicine as well as research units at OHSU {(www.ohsu.edu).

.-’Lprr!i:-.i:inm will be considered arall levels, We offer attractive start-up packages and the Cpporiu-
nity to work in an outstanding scieniific environment. Applicants should have a strong record of
rescarch and an interest in training graduate students, OHSU is an equal opportunity/atfirmative
action employer committed to maintaining diversity in its Gaculty. Candidates witha Ph.D. andfor
M. and at least several years of posidoctonal experience should apply by sending one paper copy,
and an elecrronic copy, of their curriculum vitae, a description of research plans and goals, and
three references by November 1, 2007 o

Gary L. Westbrook, M.

Senior Scentist and Co-Director

Vollum Institute and Jungers Center Search
Vollum Institute, L474

Oregon Health & Science University

3181 SW Sam Jackson Park Road
Porcland, OR 97239-3098

volljob @ohsu.edu

OREGON
HEALTH!!

&SCIENCE
UNIVERSITY

online @sciencecareers.org

Science Careers
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U.5. Department of Energy
Associate Director
Office of Science for
Biological and Environmental Research
Announcement # SES-SC-HQ-014 (kd)

The U5, Department of Energy’s (DOEs) Office of Science 15 seeking
qualified candidates w lead its Biological and Environmental Research
{BER) Program. With an annual budget of more than 5500 million, the
BER Program is the nation’s leading program devoted 1o applications of
biology to bis-energy production and use and to environmental remedia-
tion, The BER Program supports major rescarch programs in genomics,
proleomics, systems biology, and environmental remediation, The
Program is also one of the nation's leading contributors to understanding
the effects of greenhouse gas emissions, acrosols, and atmospheric
particulates on global climate change.

The Director of Biological and Environmental Research is responsible
for all strategic program planming in the BER Program; budget formula-
tion and execution; management of the BER office including o federal
workforee of more than 30 technical and administrative stafl; program
integration with other Office of Science activities and with the DOE
technology offices; and interagency integration. The position is within
the ranks of the ULS. government’s Senior Executive Service (SES);
members of the SES serve in key positions just below the top Presiden-
tial appointees. For more information on the program please go 1o http:
fiwww.se.doe.goviober’.

For further information about this position and the instructions on how
to apply and submit an application, please go to the following website:
http:/jobscarch.usajobs.opm.gov/getjob.asp?Jobl D=58520806.& A
VSDM=2007%2D06%2D06+1 3% IA44%IA02& Logo=0&q=5ES-
SC-HQ-014+(kd)& FedEmp=N&sort=rv&vw=d & brd=3876& ss=0
&FedPub=Y&SUBMITLx=47&SUBMITLy=18. To be considered
for this position vou must apply online. It is important that vou follow
the mstructions as stated on the announcement SES-SC-HQ-014 (kd)

The Wonder of
Discovery

Meurcerine Blosclences, Inc., atop-tier blotech
company, offers a robust and diversified product
pipeline. Our dedicated team of scientists are
maotivated and polsed to bring novel drugs
and innovative naw treatments through development as rapidly as possible.
Neurocring's strong foundation is built wpon great science that starts with
greal people.

SCIENTIST
{In Vitro Pharmacology)

We are seeking a dynamic, flexible and highly motivated individual with ex-
perience in the area of GPCR andlor lon channel biology to join our Research
Dscovery Group in Neuroscience. As a member of the Neuroscience team, you
will be re spon sible for the de :ign, de welopment, validation and implementation
of quantitative in vitre pharmacological assays in support of smallmolecule drug
discovery and lead optimization programs (e.g.. binding affinity, cAMP, GTPgam-
ma5, caleium imagingl. You will be expected to apply these assays to prowvide
rapid and high-quality mechanistic analysis of small molecule drug leads directed
against targets in a variety of Neuroscience therapeutic areas. You will also be
responsible for interprating the data and communicating results to members of
multidisciplinary drug discovery teams on a regular basis

Requirements include a Ph.D. in Pharmacology or a related discipline and at least
2 years of postdoctoral experience, preferably in the pharmaceutical industry.
Practical expenience with a broad range of molecular/cellular biological or
pharmacological techniques ideal. Candidate must be proficient in the use of
appropriate data analysis and statistical methodologies and have a proven track
recard of quality publicstions and presentations at scientife meetings. Candidate
will be expected towark collaboratively with scientists within Neuroscience and
other disciplings, and, accordingly, must possess exceptional communication,
intarpersonal and organizational skills,

To find out more about this o

exciting opportunity and W’ Neumrlm
to apply enline, plesse visit v BiosciENERL
www. neurocrine.com, EQE ' Great Science bs Our First Pricwity.

located at the website above,

FACULTY POSITION
BIOCHEMISTRY
University of Connecticut, Storrs

The Department of Molecular and Cell Biology
ot the University of Connecticul invites applica-
tions for a tenure-track position at the ASSIS-
TANT PROFESSOR level in Biochermistry
beginning Fall 2008, The successful condidate
will establish a vigorous, extramurally funded
research program and will contribute to under-
praduaste and graduate biochemistry teaching.
Research should address significant problems in
biochemistry and complement existing strengths
in protein export, membrane protein biochem-
istry, assembly of protein complexes or plant
biochemistry. UConn has a strong biochemistry
resenrch progrom { www.bioche mistrv.uconn.
edu), as well as a multi-departmental parinership
m strsctural biology (www.sh.uconn.edu).

Qualifications: A Ph.DD, in biechemistry or
a related field; at least two yvears of posidoc-
toral experience with an cutstanding research
record,

Applicants should submit a curricwliom vitoe, a
concise description of proposed research, a brief
statement of teaching interests, and armange to
have three letters of recommendation sent
to: Biochemistry Search Committee Chair,
Department of Molecular and Cell Biology,
U-3125, University of Connecticut, Storrs, CT
06269, Review of applications will begin afler
publication of this notice and continue until the
position is filled.

We encorrage members of underrepresented
eroups including minarities, women, and
people with disabifites o apply.

TWO FACULTY POSITIONS
in GENETICS
Department of Molecular and Cell Biology
University of Connecticut

The Genetics and Genomics group of the Depart-
ment of Molecular and Cell Biology is secking to
appoint TWO TENURE-TRACK faculty posi-
tions (one Assistant Professor and one Assistant/
Associnte Professor) in cukaryole penetics begin-
ning August 2008, Our faculiy has inieresis in
developmental genetics, genome evolution, chro-
mosome structure and function, and population,
functional and comparative genomics, The ideal
candidate will utilize 2 combination of experi-
mental and computational genomics approaches
1o mddress important biological problems in one
of these broad areas, Successful candidates will
develop an independent research program amd par-
ticipate inthe undengraduate and graduate genctics
curriculum, The Genetics Field of Study web page
15 ab hitpafwww.genetics.uconn.edu. Qualifica-
tions: a completed Ph.UD. in a related field; post-
doctoral experience and an outstanding research
record. Salary and rank will be determined based
on qualifications.

Applicants should submit a caericndem virae, brief

statements of rescarch and teaching interests, and
arrange to have three letlers of recommendation
sent to: Michael O°Neill, Chair, Search Com-
mittee, Dept. of Molecular and Cell Biology,
U=2131, University of Connecticut, Storrs, CT
06269-2131. Review of applications will begin
after publication of this notice and continue until
the positions are filled.
W encowrage applications from

nmnderrepresemted groups inclvding minorities,
women, and peaple with disahilities.

ANIMAL DEVELOPMENTAL
BIOLOGIST

The Department of Biological Sciences
at SUNY Brockport requests applications
for a tenure track position at the rank of
Assistant Professor starting Fall 2008, The
suceess ful candidate will teach an upper-
division course in developmental biology
and appropriate undergraduate and gradu-
ate (M.S. level) courses in his or her area
of expertise, and contribute to the teaching
mission of the department. The candidane is
also expected to develop an active rescarch
program in developmental biology, utilie-
ing undergraduates and Master’s students,
and 1o seck external funding o support the
rescarch, We are particularly imerested i
persons who wtilize a combination of cel-
lular, molecular, and genetic approaches in
studying development. A Ph.D. is required,
and post-doctoral and teaching expenence ane
highly preferred.

Apphicants should apply on line at
www.hrockportreeruitorg and submit the
following information: leter of application,
curriculum vinae, and statements of weaching
philosophy, and research plans. All positions
are subject 1o final budgetary approval. For
{ull consideration, completed applications
should be received by Oetaber 12, 2007,

Affirmative Action/Equal Opportunite
Emplover




J. Craig Venter”

I N FTITUTE

Department Head, Bio-Energy
Department Head, Infectious Disease

The . Craig Vienter Institute (107 is a not-for-profit research institute dedicated to the advancement of the science of genomics; the understanding of
its iImplications for society; and the communication of those resulis to the sclentific community, the public, and the policy makers. JCW is seeking two
distinguishied senior scientists with rigorous research programs and the broad vision, experience, and energy to fill openings for Depanment Head of
Bio-Energy and for Department Head of Infectious Disease.

IOV is one of the largest independent research ingtitutes In the United States with more than 500 employees, Given our breadth of scientific
expertise and multidisciplinary nature of research, scientists have been organized in broad research teams that most closely maich the core nature of
their work, The Bio-Energy Program (5 a growing area of investigation at the Institute, with ongaing research in biohydrogen, cellulosic ethanal, microbial

fued cells, and bacterial nanowires The Environmental Genomics and Plant Genomics groups within XCW are werking on active components related to
Bio-Energy and are available to contribute 10 the growing Bio-Energy program. The Infectious Disease Program s a vibrant area of investigation at the
mstitute, comprising sequencing, functicnal genomics, and proteomics activities across a broad range of microbial pathogenic agents, with much of the

research relaled 1o biodefense,

The Department Heads will report to the Executive Vice President for
Ressarch and will be expected to:

and lead an nnovative and independent research group in the area of
[""-""i“"
Foster and sustain an environment that faciitates the highest quality
scholarship and res 1 by providing sdentific and intellectual lead
Plan and identify
Recruit scientific 5taff and manage their prof onal development.

arch and funding opportunities in Bio-E

Create partngrships and colkaborat
spanning academia, inclust T, and g

multiphe scentific disciplines
Frmanl Sectors

_ . gl in thsr
mespected held, Candidates should b g .

ing and communicating a vision to engage our scentists, staff, and collaborative
panners

The MOV is home to several LS Department of Energy supported activities and
several \II’-ID suppo activities including The Pathogen Functional Genomics
Aesource Center and the Mioobial Sequencing
12 has a curment annual bud in e yf
million, lunded primarily by grants from the U5 federal government

JCV1offers an axcellent working environment and a compaetitive benefits package. Interested applicants should submit their CV and cover
letter autlining research interests to the JCVI Career Center at www.jovi.org/jobs

EOQE M/FN

Tenure-track Faculty Position

The Depariment of Pharmacology and Bowles Center for Aleohol Studies at
the Universdy of Norh Carolina al Chapel Hill invites applications for a
tenure-frack faculty position, The facully rank will be determined at the time of
hire based on applicant qualifications. We seek candidales with research
interests in neuropharmacology and alcohol studies,

Qualifications include a docloral degree and a strong record or promise of
scholarly achievement and extrarmural funding. Preference will be given lo
applicants whose expertise bes in alcohol studies, Sakary is compelitive and
commensurale with expenence. An excellent start-up package accompanies
this position. The Department of Pharmacology and Center for Alcohol
Studies provide an unusually rich opportunity for collegial interaction, research
and graduate and post-graduate research training within the UNC School of
Medicine.

Applications are encouraged from professionals of all ethnic backgrounds.
Candidales should submit a curriculum vilae, a statement of curment and
future research plans, selected recent publications and three letlars of
reference to:

Chair of the Neuropharmacology Search Commilles
Attn: Amy Mansfield
Bowles Center for Alcohol Studies, CBET178

The University of Morth Carolina al Chapel Hill
School of Medicine
Chapal Hill, NC 275087178

Application deadline; Open until filed

The University of North Carolina at Chapel Hill is an
Equal Opporlunity/ADA Employer.

Faculty Positions
Institute of Applied Biosciences

l.) ] .?_‘\ [ [: Mew Mexico State University invites applications for
rescarch-intensive faculty positions AT ANY RANK, 10 be
associated with the newly established Institute of Applied
Biosciences, Ideal candidates should demonstrate a will-
ingness Lo participate in mulbdisciplinary research proposal development.
Applicants are sought from two focus arcas: synthetic biology, or emerging
infectious diseases. We especially encourage applications from imdividuals with
expertise in: pathogenesis and vectors, quantitative modeling, metabolomics,
prodeomics, and profein cngincering.

Successiul candidates will have formal appointments in the Institute, with
tenure or tenure tracks available inone ormore of the participating departments
belonging to the colleges of Arts and Sciences, Agriculture, Engineering, or
Health and Social Services. The candidates will also be expected to teach ong
course annually and to participate n other scholarly and service achivities in
line with NMSU s nussion and goals. Opportunities are available (o participale
in graduate training programs spoensored by NIH and undengradunte training
programs sponsored by NIH, NSF. and the Howard Hughes Medical Institute.
Core facilities include the Molecular Analysis Core Laboratory, the Electron
Microscopy Laboratory, and a newly completed BSL-3 facility.

In addition, NM3SU collaborates with other leading research facilities, in par-
ticular the Los Alamos National Laboratory, Texas Tech Medical Sehool, and
the Fred Hutchinson Cancer Rescarch Center. Institule faculty members are
encouraged to develop strong collaborative relationships with these and other
partners. Applicants should have a Ph D. in an appropriate field and have a
strong record of rescarch productivity and rescarch funding appropriate to rank,
They should also have a commitment o mentoring undergraduate and graduate
students at an imstitution with a diverse student body.

Additional information on the position can be found at http://
research.nmsu.edwiab/, Send curmiculum vitae, slatements of rescarch and
teaching philosophies, 3 relevant reprints and contact information for three
references in o single PDF file 1o iabsearchi@research.nmsu.edu, Screcning
of applicants will begin September 15th, 2007, and continue until the posi-
tions are filled

NMSL ix an EEVAA Emplover
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Kumamoto University

Open Reervitment of Young Researchers (19 Stage)

1. Open Recruitment of Researchers (1% stage)
Special project researchers (all given the title of “specially appointed assistant
professor’™)
A maximum of 10 researchers
2. Qualification Requirements
(1) Academic degree, ete.: Young researchers who have obtained a PhD degree
within approximately the past 10 vears (as of April 1, 2008)
(2) Achievements/ability: Has outstanding research capabilities and/or research
achievements in one of the specialty areas outlined in number 3.
3 Arrival
As soon as possible between October 2007 and February 2008
4. Period of Employment
Those hired in stage | will be employed through March 201 2.
(Contracts will be for one vear each and will be renewed once a vear through March
31, 2002.)
“Employment contract is based on Article 14 of the Labour Standards Law.
iNote: After having gone through carcer advancement evaluations and after the end
of one’s term of employment, it is possible for one 10 be promoted o the position
of “Associate Professor”™ in the Leading Graduate School System. A total of
approximately 8 people from stages 1 and 2 will be chosen for these positions.)
5. Application Deadline
Applications must reach the university by no later than September 7, 2007 (Friday).
6. Inguiries
Any inguiries should be made by c-mail W0 the Research Cooperation Section (person
in charge of research strategy ) of Kumamaote University at the e-mail address
wrilten below:
k-senryaku @ jimukumamoto-u.ac.jp
http:ffsendou. Kuma-u. jp/
Please be sure 1o allow enough time before the application deadline for a response
1o be made to you,

Urolegy, TenureTrack, non-clinical
The Department of Surgery a1 the University of
Pennsylvania®s School of Medicine secks can-
didates for an Assistant, Associate, and‘or Full
Professor position in the tenure trnck. Rank will
be commensurate with experience. The success-
ful applicant will have experience in the field of
smooth muscle physiology/pharmacology and
cellimolecular biology or neurourology. Respon-
sibilities include rgeted research in urothelial
biology, smooth muscle physiology, interstitial
cystitis and tissue and cell engineenng to correct
urplogic disorders, as well as teaching of medical
students and residents doing research rotations
in the Urology laboratorics. Applicants must
have an M.D and'or Ph.D} or equivalent degree,

This position, which will be based in the
Division of Urology, will include teaching
and research duties only, with no patient care
responsibilities. The successful candidate will
have demonsirated potential for establishing
o vigorous independent research program in
the cellularmolecular basis of discases and a
willingness 1o spend 50% or more effort i the
study of urologic discases. He or she will also
have a track record of obtaining research grants,
The effective date of appointment will be Janu-
ary 1, 2008, Please submil curriculum vilae, a
cover letter, and references 1o Alan J. Wein,
MD Chicl, Division of Urology, ¢/o Peter
Adherton, Univ, of Pennsylvania Sch, of Med.,
3400 Spruce Si.., 4029 Maloncy, Philadelphia,
PA 19104-4283; athertopi@uphs.upenn.edu,

The University of Pennsylvania is an Eqeal
Opportuniiv. Affirmative Action Emplover
Wamen and minarity candidates are strangly
encotiraged fo appily.

J. Craig Venter”
iNnsTITUTE
Scientist, Plant Genomics
Scientist, Infectious Disease
Scientist, Microbdal & Ervironmental Genomics

1. Craig Venter Institute (JOV°) & a not-for-profit research institute
dedicated to the advancement of the sdence of genomics. At JCVI
we are seeking creative, seli-reliant scientists to join our growing

programs in @ number of areas of genomics, JOVI provides an out-
standing research environment and suppont infrastiicture which
includes state-of-the-art facilities for DMNA sequencing and analysis.

= JOW i cumently koking lor scientists 1o bring thesr new and innovit ve
msparch ideas to owf Plarg Geromics, Infectiows Disease ard Micrabial B
Ervironmental Genomics groups. Scenties will huwe the oppomunity to
conduct ad publish bosh independers and collaborarve reseanc i, wok
with a highly colliegial group of scentstswithin JOW, and complement
EXSIing SN NS wethin the Inwsute:

From physics
to nutrition

For careers ip science, turn to Science
WWW.SEIEHCECHTEEFS.Drg

= Successful candidates will have a PhDor equivalent in a relevant sdentific 5 Earch lnbs . Ca r'E‘Ef Fﬂrum

disc plire such as Mofeoular Biology, Mant Bialogy, Micobrology, Blochemistry
of Computer Scionce with aminimuem of free yoars of post docion

Career Advice  *® Graduate

L]
mgpefience, Scentisn thould have an esailshed record in noweanch and
publication and & d."r:'.l-":.'!u'.t'd ability 1o E:'.J memtmal reseane b fundng Prngra ms
= M Vlofersan excellent working envirenment and a competitive e jﬂb AlertS
benefits package. Interested applicants should submit their CV and
cover letter outlining research interests to the )W) Career Center at - Resumer‘rcu All fea:ures FREE
weresitvisioa/inb: Database to job seekers.

EOE NITAY

“Mant Geromict and Infectiows Diasase positions are located in M0 Rocodlle, MO oy

"Wiorobisl & Encronments] Genamics postion are located in O L folly, O filiey
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From life on Mars
to life sciences =y

online @sciencecareers.org

For careers in science,
turn to Science

:
g

If you want your career to skyrocket, visit Science Features include:

Careers. We know science. We are committed to » Thousands of job postings

helping you find the right job, and to delivering the s (Career advice

useful advice you need. Our knowledge is firmly  Grant information
founded on the expertise of Science, the premier s Resume/CV Database
scientific journal, and the long experience of AAAS s Career Forum

in advancing science around the world. Science
Careers is the natural selection.
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POSITIONS OPEN

ARIZONA STATE
UNIVERSITY

The Ira A, Fulton School of Enginecenng ar Ari-
zona Setate University (ASU) invites applications
for the posiion of DEPARTMENT CHAIR/
PROFESSOR. for the Harrington Department of
Biocngineering, one of nine engincenng units with
tics to leading rescarch centers, Hberal arts and sci-
cnce units at ASL, and clinical and extermal organi-
zations. Deadline: September 30, 2007, if not filled,
then the 15th and 30th of cach month thercafier
until search is dosed. For qualifications and appli-
carion information, refer o job #8940 ar website:

o Sveww fulton.asuedu /fulton Sdepartmenits,/
Pusiness,/employvment.php. Affimanee Amon Equal
Opportunity Employer.

The Biology Departmient at Lovola College 1=
oftering a tenure-track ASSISTANT PROFESSOR
position to begin in the fall of 2008, Applicant
should be traned as a PLANT BIOLOGIST with
expertise i at least one of the following arcas: plant
modecular biology, plant physiology, plant taxonomy
or systematics, or natural history of plants, The
successful candidare will reach introductory  and
upper-level courses in biology, be engaged in
rescarch involving undergraduate students, partici-
pate in departmental and collegewide service, and
will receive guidance and mentoring from members
of the Department. The successful applicant wall be
cxpected to teach at the imtroductory level (g, in
cell and molecular biology, urgamr.m.ll biology,
and/or ccology, evolution and biodiversity), and

also 1o teach upper level courses in their arcas of

specialization. Candidates should have a Ph.D) in
biology or a related discipline. Postdoctoral training
and college e uhlng expericnoe are preforred.

Loyola College 1= a selective liberal ars, Jesuit
Catholic institution that welcomes applicants from
all backgrounds who can comtnbute to its educa-
tional mission. For more information about Lovola,
please review our website: hitp:/ Swww Joyokiedu /
and website: http:/ /www . lovolaedu. /biology /.

To apply, please apply electromically at websive:
http: f,l’\\mlmJu,mln,udujcar:ﬂa and indude cur-
riculum vitae, statement of teaching and research
imrerests, a teaching philosophy, and contaa infor-
mation for three references. For more information
please contact Monika Matthews, Administrative
Assistant to the Biology Department or Dr.,
Donald Keefer (e-mail: dkeefer@loyola.edu), Chair
of the Search Committee, Applications received by
Oectober 1, 2007, will receve full consideration.

Laoyola Collope &5 an Equal Opportinaity Enployer, seeking
apylicants from underrepresented grotps.

CORNELIA de LANGE SYNDROME (CdLS)
FOUNDATION
Call for Postdoctoral Fellowship Applications
The Comelia de Lange (CdlS) Foundation an-
nounces 2 Postdoctoral Fellowship to support basic
or clinical research on CdLS o stare July 1, 2008,
CdLS is caused by generic changes affecung NIPBL,
SMCI, or SMC3 proteins involved in sister chro-
marid cohesion, gene expression, and DNA repair,
The Fellowship provides 560,000 per vear for two
years to cover salany/benefits for a young Investiga-
tor who holds a Ph.D. or M.D., and who docs not
hold a tenure-track faculty positon. Topics mnging
from molecular functions of the sister chromarid
cohesion apparatus in model organisms to diagnostic
evaluation and therapeutic management will be
considered. The Fellow will present hisher work
at the Foundation's national meetings.
For requirements, sce website: hoop: 2
edlsusa.org Sresearch/index.sheml. Applicanons
are due December 1, 2007.
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POSITIONS OPEN
ASSISTANT/ASS0CIATE PROFESSORS
Bacterial /Viral Pathogenesis

As part of an ongoing recruitment To increase
faculty and expand rescarch efforts, the Department
of Microbiology and Immunology at the University
of Arkansas for Medical Sdences (UAMS) invires
applicanons from qualificd individvals (Ph.Y., or
cquivalent) for two tenure-track positions. Appli-
cants with expertise in bacterial or viml pathogenesis
arc especially preferred, The successful applicants
will be expected to develop or expand an active ex-
ramurally funded rescarch program, o weach in
courses tor professional (M.D.) and graduare stu-
dents, and o participate in routine academic service
duties. Competitive startup packages and laborato-
ry space will be provided ro successtul candidares.
Candidates secking appointment as ASSOCIATE
PROFESSOR must have current extranmural fund-
ing and expenence commensurate with rank, Addi-
tonal nformation about UAMS and the Department
of Microbiology and Immunology can be found at
website: htrp:/ Mwww.nams.edu,/mbim.  Appli-

cangs should submit curriculum vitae, starement of

rescarch interests and goals, and the names and con-
act information for theee references to: Faculty Search
Committee, Department of Micrabiol and
Immunology, University of Arkansas for Medical
Sciences, 4301 W. Markham, Mail Slot 511, Lit-
tle Rodk, AR 72205. Applications can also be sent
by e-mail: microapp@uams.edu. Review of applica-
tons will begn September 15, 2007, and continue
until positions are filled. UAMS i an Lgual Oppor-
tunity, Afimeative Acton Employer and encouragges applics-
J'|'|1uy_,l'r|1.|l.| rinirarthies, isiraen, nd odlicr .Irl.rfr_fl-nf e

IMMUNOLOGY FACULTY POSITION

University of Miami Miller School of Medicine

The Department of Microbiology and Immunaol-
oy invites applications for a tenure-track” tenured
faculty position at the ASSISTANT /ASSOCIATE /S
FULL PROFESSOR level with rescarch intersts in
Immunology, particularly in the area of mucosal
immunity. Oppomunity exists o develop a sorong
rescarch program and interact with ongoing pro-
grams in allergy, aurcimmunity, infections discascs,
cancer immunotherapy, aging and development, and
transplintation immunoelogy. Applicants must have a
Ph.D., MDD, or equivalent degree, at least three to
five yvears of postdoctoral training, a commitment to
establish/mainmin an externally funded independent
rescarch program and an interest to participate in the
Department s teaching efforts. Applicants who wish
to be considered at the Associate, /Full Professor bev-
¢l should have an established funded rescarch pro-
gram, A highly competitive stamup package including
rescarch funds and salary support will be provided.
Interested applicants should send (1) their cur-
riculum vitae, (2) a starement desenbing research
accomplishments and their furture rescarch goals,
together with relevant reprints, and (3) the names/
contact information of three references preferably by
e-mail o Immunology Search Committee, ¢/o
Ms. Michelle Perez, Department of Microbiol ogy
and Immunology, University of Miami Miller
School of Medicine, P.O. Box 016960 (R138),
Miami, FL 33101, E-mail: miperce@miami.cdu.
The University of Miannd is an Egual Opporteurity /A ffinns-
tive Action Enployer

Indiana University, Bloomington and Department
of Psychological and Brain Sciences sccks an
outstanding  faculty o lead and serve as the new
DIRECTOR for the Imaging Research Facility
(website: hetp:/ Swww.indiana.edu /~imaging /'),
a 100 percent rescanch t'.n:ilil}' Tocated wathin the
Department of Pswchological and Brain Sciences. A
full position description s av, u'lahlu: at website:
hitpe/ Swww.indiana.edu /- ’Lﬁrln:amms. will
e revicwed as they are recerved anc \1.1.1! continue until
the postion is filled. A Ph.D. in a relevam field is
required. Indiana University i an Affinnative Adion Em-
il.rﬂ:'q']' ,'[I'IIIIlrulrﬂlflj _.IIFIJ.IN HSNNCN |JJI|F flll.lhlf'rr]' 1’|”||Il.|'1r]f_l' Wi
ervconraged

Your

career
IS our
cause.

Get help

from the
experts.

WWW.
sciencecareers.org

Job Postings
Job Alerts

Resume/CV
Database

Career Advice

Career Forum

Graduate
Programs

Meetings and
Announcements

Science Careers

From the journal Science l‘ AAAS

WWW.SCIencecareers.ang




Also available online at www.sciencecareers.org/businessfeatures

0T jupiteimages Corporation

A Career
In science
IS more
than just
science.

www.scienceca reers.org

Science Careers

RVAAAS

From the journal Secience

Tenure-Track/Tenured
Physician-Scientist
Faculty Member

University Of California, San Diego
Rady Children's Hospital, San Diego
The University OF California, San Diego and
the Rady Children's Hospital, San Diego
has an opening for one wenure-track/tenured
physician-scientist faculty member in the
Division of Neonatology ot the Assistant/
Associae Professor level. Candidate must
be Board Certificd/Eligible in Pediatrics
and Meonatology., Candidate must have
demonstrated outstanding potential for
rescarch and potential for acquiring funding
for development of an independent rescarch
program. Pesition requires a commiment 1o
teaching, clinical care, and a strong interest/

skill in laboratory investigation. Salary
will be commensurate with University of
Califomia policy. Applications received by
Movember 30, 2007 will be assured of full
consideration.

Please forward a letter of imtent. CV and
names and addresses including e-mail con-
tacts of 3 references 1o;

Stephen A, Spector, ML,
University of California, San Dicgo
9500 Gilman Dr. 0672
La Jolla, CA 92093-0672
or
saspectora uesd.edu
LICSD iv et AATEOQE with a strong
institutiontal commitment of excellence
throsgh diversite.

AWARDS

Upto1.65
~ million EUR.
ik )

Alexander von Humboldt
Stiftung/Foundation

Sofja Kovalevskaja Award
Support for Outstanding Jurior Scholars o
Comefuct Inmovative Research in Germany

The Sofja Kovalevskaja Award 15 open to
highly acclaimed scholars and scientists
from all countries and disciplines. Applicants
must have compleled a doctoral degree with
distinetion within the past six years and
have published in prestigious mtemational
journals or academic presses. The Alexan-
der von Humboldt Foundation panicularly
welcomes applications from qualified. female
Jumior researchers.

Funding enables winners to conduet indepen-
dent research, 1o finance a research team m
o German umversily or research mstiution
of their choice, and 1o cover hiving expenses
in Germany, Application deadline: January
4. 2008,

Applications and details available at:
www.humboldt-foundation.de
kovalevskajaselect@avh.de

org
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POSITIONS OPEN

ASSISTANT PROFESSOR
University of California, Santa Cruz
Molecular, Cell, and Developmental Biology

We seek candidares for a tenure-track faculty posi-
ton whose research centers on fundamental prob-
lems invelving the biological roks of RNA. The
position will also be assodated with the Center for
Muolecular Biology of RMA (website: hittp: //rna.

wesc.edi /rnacenter/) in Sinsheimer Laboratorics.

The successtul candidate will be expected to estab-
lish a vigorouws, externalby-funded research program,
contribute to the intellecrual vitality of the Molec-
ular, Cell, and Developmental Biology Department
{website: hupe /S www.biology. uesc.edu /med /),
and teach at both the undergraduate and graduate
levels. Salarv: commensurare with qualitications
and experience. Minimum qualificarions: Ph.D. or
cquivalent, postdocroral rescarch expericnee, and
demonstrated potential for university teaching.
Posiion available: fall 2008. To apply: Sce tull
details ar website: hetpe//www2. uoc.edu/ahr.
Closing date: The position will remain open until
filled. Screcning will begin October 15, 2007, To
cnsure full consideration, applications must arrive by
the imital screening dare. Please refer 1o position
#54 1-08.

The University of Califormia, Sante Crarz is an Affimratie
Adtion/ Ll Employrent Opportunity Emploper, commitied
to exiellence thronph doversiry. We somee o establish o dinare
thar weleones, ofebrates, and prosmtes resped fiw the con-
LTI AT, q'.l" # stiders arid rhlljlfl’?'d'f.l-

LABORATORY MANAGER (Job Number 38464)
Laser Ablation-Inductively Coupled Plasma Mass
Spectrometry Arizona LaserChron Center

The University of Arizona secks a highly mo-
vared scientist to serve as Manager of the Arzona
LaserChron Center, which is a multi-user facility
that focuses on U-Th-I'b geochronology by laser
ablanion-multicollector inductively coupled plasma
mass spectrometny ([CPMS). Responsibalities would
inclade: (1) directing installation of a new mula-
collecror ICT'MS and Examer laser, (2) developing
new analytical techniques and applications wsing an
existing multicollector TCPMS (GVT Isoprobe ) and
Excdmer laser (DUVI93), (3) performing minor
maintenance and oversecing major repairs of these
instruments, (4) supervising visits of research scien-
tists, and (5) conducting independent rescarch. The
position is full-time and permanent. Applicants
should have an M.S. or Ph.D) in carth science or
chemistry, and have demonstrated experience with
LCPMS instrumentation. Applications will be reviewed
beginning 15 August 2007, and will continue until the
position is filled. Applications should be submitted at
website: hutps: / www.macarcertrack.com  for job
number 38464, For additional informarion, please visit
the Arzona LaserChron Center website: hop://
www.geo.arizona.edu fale and contact George
Gehrds (e-mail: ggehrels@e-mailarizonaedu) or
Joaguin Buie (e-mail: jruie@e-mail.arcona.edu ),
TThe Ulrriversity of Anzoma i5 a Lqual Chyportoity, A fimuntioe
Acrion Crganization,

POSTDOCTORAL POSITION. This Labora-
tory is interested in hinng a Postdoctoral Fellow
with a deep interest in all levels of protein function:
structure, dynamics, ground and transition-state
structure and energenics, ligand-binding, allostery,
the conformational coupling of cnergetics, and the
higher-order organization of catalvsis in the cell. Our
projects, many of which are structurally grounded,
include numerous eneymes thar are loosely centered
around biomedically relevant issues in sultur merab-
olsm and isoprenoid biosynthesis, Please send or
c-mail vour resume and three letters of recommen-
dation to: Professor Thomas 8. Levh, Department
of Biochemistry, The Albert Einstein College of
Medicine, Jack and Pearl Resnick Campus, 1300
Morris Park Avenue, Bronx, NY 10461 (e-mail:
levh@accom.vuedu). Lgnel Opportndey Employer,

852
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POSITIONS OPEN

ﬁTHE UnNiversiTy OF lowa

FACULTY POSITIONS in MEDICINAL and
NATURAL PRODUCTS CHEMISTRY
College of Pharmacy

The Division of Medicnal and Natural Products
Chemistry (MNI'C) invites outstanding candidates
for tenure-track ASSISTANT JASSOCIATE PRO-
FESSOR, positions, Applicants must have a 'h.DD, in
medicinal chemistry, pharmacology, chemistry, bio-
chemistry, oxicology, or bicdogical scicnces and rele-
vant postdoctoral experience. The new position affers
a competitive starmup package and salary with expec-
tation of establishing an independent rescarch pro-
gram and teaching in the graduate and professional
programs. Applicaints wath rescarch intercsts in med-
winal chemistry, receptor phammacology, chemical
biology, enevmology, structural biology, toxcology,
cancer rescarch, pharmacentical biotechnology, or
biocatalysis are encouraged to apply, Information
abour MNPC may be found ar website: hitp: // waww,
pharmacy.uiowa.edu/mnpephar findex.htm. Ap-

plicants should submit comiculum vitae, a concise

desenprion of their proposed research, and a list of

three references by October 1, 2007, to: Professor
Kevin G. Rice, Chair, Search Committee, Divi-
sion of Medicinal and Namral Products Chemis-
try, College of Pharmacy, 115 5. Grand Avenue,
University of Towa, Iowa City, LA 52242 (e-mail:
kevin-rice@uiowa.edu). The Uwiversty of fowa 6 on
Equal  Opportiity, Afinnative Action Employer. Wonen
and inontics are esconmaged o apply,

WATERSHED SCIENTIST

The Patrick Center for Environmental Rescarch
at the Academy of Natural Sciences invites appli-
cations for a carcer-track research positdion. Ap-
plicants should have a background in hvdrology,
biosvstems cngineering, restoraton and landscape
ecology, or relared field, and have research experi-
ence i one or more of the following areas: warer-
shed hydrology; watershed influences on water quality;
nonpoint source pollution controd and modeling;
riparian zone processes; and Jfor application of geo-
graphic informaton system and remote sensing in
natural resource management. For position de-
tails, visit website: htp:/ /www.ansp.org fabout/
employment.php#933.

Send curriculum vitae, statement of research in-
terests and representative publications, along with
names, addresses, relephone numbers, and ¢-mail ad-
dresses of four references to: Watershed  Scientist
Search #933, c¢/o Maria Eife, Office Manager,
Patrick Center for Environmental Research, The
Academy of Natural Sciences, 1900 Ben Franklin
Parkway, Philadelphia, PA 19103, E-mail: eife@
ansp.org. An Equal Oypypomaity Emplyer.

EVOLUTIONARY /ECOLOGICAL
GENOMICS

The Department of Feology and Evolution and
the Insttute of Genome and Svstems Biology are
jointly secking o fill a facolty posiion with an
mdividual applying large-scale dara approaches o
questions in ccology or evolution. The successful
candidare will address scientific problems or biolog-
ical systems with potential 1o be applicd. Rank is

open, with a preference for candidaces ar the level of

ASSISTANT or ASSOCIATE PROFESSOR. In-
terested applicants should submir curriculum vitae,
selected reprines and preprings, starements of re-
search and teaching interests, and the names and
addresses of three references to website: htﬂ:_l:ff
genomics-search.uchicago.edu. Applications wi
be accepred unul the position s filled, but applica-
tons should be recenved before 15 October 2007, 1o
ensure full consideration, The Ubsiversity aff Clicanga i an
.'!_r.anu.lrr'JT Aetion/Egual Oyppartinty Ensployer

GENETICS and PHYSIOLOGY POSITIONS

The epartment of Biology at Creighton Uni-
versity invites applications for two tenure-track,
ASSISTANT PROFESSORSHIPS in (1) gencrics
and (2) physiclogy to begin August 2008, Candidares
should be qualified te teach genetics with laboratory
or phyvsiology with laboratory and a semester course
in general biology (cellular or organismal level ), in
addition to other biology courses in their respective
disciplines for introductory, upper-division and Sor
nonscience undergraduates, Ph.IY, required; post-
doctoral experience preferred.  Candidates  should
possess a strong desire to teach i a liberal ares envi-
ronment, Candidares should have a rescarch program
in any arca within the disapline, amenable 1o the
mentonng of undergraduate rescarch students, Grad-
uate student mentoring is possible through affiliated
programs, Mormal teaching load is three preparations
|'u|:r semesier fﬁrr I..'Z\:II:I'IP]E.. Wi I‘L't"l.lm COUrses, one
with laboratory), Tenure and advancement require
excellent teaching and development of a sustainable
rescarch program leading to peer-reviewed publica-
nons, Opportunities exist for rescarch collaboration
with faculty in other departments, including those in
Creighton's health sciences schools, Additional infor-
mation on these positons, the Department and the
University 15 avalable at website: hip:/ /biology.
creighton.edu fJobs,/. To applv, send (1) curdou-
lum vitae; (2) statements of reaching philosophy,
rescarch interests and skills, and long-term goals;
(3) documentation (if available) of teaching cffec-
rivencss; (4) undergraduare and graduare transcripts;
and (5) three letters of reference to: Department
of Biology, Creighton University, Omaha, NE
6R178-0103, Attention Dr. Charles Brockhouse
{(Chair, Genetics Search Committee), or Dr. John
Schalles { Chair, Physiology Search Commirttee).
Application review will begin October 1, 2007, and
continue until the posidons are filled. Cragheon & a
Catlolic fesait institstion Hrar seeles qualified applicants fron all
baclgronnds udie Bedteve they can comtribure o the Universiey"s
ontstanding edwcational raditdoes, W are an BEqual Oyppor
ity Elur\ﬂrrrr.r.'grfimrdrllr Aot Engployer, Wonen and
imimanty candidates are sroply encmented o apply,

POSTDOCTORAL POSITIONS
in Urologic Research

Positions available to study molecular and cellular
mechanisms of the genitourinary system ineluding
bladder differentiation, bladder discases and dvsfunc-
tion, androgen metabolism, prostate cancer, bladder
fissue engincening, and stem cell research. Qur state-
of-the-art Laboratory employs clinical umnlng,ﬁh
basic scientists, and bench researchers who investi-
gate basic, transitional, and clinical rescarch proto-
cols using molecular and cell biology approaches as
well as animal models in conjunction with modern
malecular, eellular, microarray, and proteomics tech-
nologies. For candidates with a Ph.D. degree, the
positions provide a robust opportunity to work with
urologists in a cdhinical department and have direct
aceess to surgical specimens to study discase process
and development of diagnostic and prognostic
markers. Due to nationwide growth in urologic
rescarch, those trained in our Program will have
remendous opportunitics to become independent
investigators in a very reasonable nme frame. We
invite highly maorvared individuals with knowledge
and rescarch experience in general molecular and cell
biclogy, or animal research ro contact us. Salaries are
competitive and commensurate with experience.
Submit vour curmiculom vitae and inquiries to:

H.K. Lin, 'h.D)., Urology
University of Oklahoma Health Sciences Center
920 Stanton L. Young Boulevard, WI* 3150
Oklahoma Ciry, OK 73104
Telephone: 405-271-6966, extension 46193
Fax: 405-271-3118
E-mail: hk-lin®ouhsc.edu

Olelatioima Llnidiersity Health
Chpprortronty Engployer,

Sacwee Cewter iy an Faqual

WWW. SCIeNCeCcareers.o ng
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" CAMBRIDGE 19th-21st September 2007

Cambridge, UK

online @sciencecareers.org

Keynote speakers
Linda Buck, Antonio Damasio, Tom Jessel|

Plenary speakers
¢ Adriano Aguzzi, Earl Miller, Josh Sanes,
Mike Shadlen, Daniel Weinberger

CAMBRIDGE
NEUROSCIENCE

To register visit www.neuroscience.cam.ac.uk

Science Careers

Sessions in developmental, cellular & molecular, systems & computational,
cognitive & behavioural and clinical & veterinary neuroscience

CONFERENCE

ILMAC

i e
pr] m ates t{] in Pharmaceistiealy, Chemleals and Blelechnology

proteom ics 25 to 28 September 2007 | Exhibition Center Basel | Hall 1 | www.ilmac.ch
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For careers i_n science, turn to Science
www.ScienceCareers.org

* Search Jobs * Career Forum
» Career Advice  * Graduate
Programs
* Job Alerts
g o g Please refer to www.imac.ch for further details
Pelhase 3 ' about the exhibition and accompanying events.
Science Careers
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POSITIONS OPEN

FEINBERG SCHOOL of MEDICINE
Department of Medicine
Division of Hematology /Oncology

The Division of Hematology /Oncology of North-
western Universiny's Feinberg School of Medicine,
is secking accomplished investigators for full-time,
tenure-track positions in basic or translational re-
scarch. The Division consists of a faculty of over 35
{website: htip:/ www.omedicine.northwestern.
edu/divisions,/hematology_oncology /), all mem-
bers of the NCI-Designated Robert H. Lunie Com-
prehensive Cancer Center (website: httpe /S waw,
lurie.northwestern.edu). Candidates in the felds
of colon cancer, H{Ili-lfillril1;1l'_l' CANCCER, CANCEr SY5-
tems biology, cancer generics, and protcomics are
cncouraged.

Candidates should have an M.D., M"h.D., or
M.D./Th.D. degree and an cstablished publication
recond. Faculty rank and salary are negonable based
upon expencnce. The proposed stant date s spring
2008. Interested candidages should submu curncu-
lum vitae by October 15, 2007, o

Jonathan D Licht, M.ID.

Chief, Division of Hematology /Oncology
MNorthwestern University Feinberg
School of Medicne
Lurie 5-123
303 East Chicago Avenue
Chicago, 1L 60611
E-mail: hemonc@northwestern.edu

The Feinbery School of Mediane i an Affimratiee Ao /
Lgual Opportunity Employer. Women and wimoritics are en-
courntged o apply. Hirng &5 contingent upon efighelity fo ok
ine the United States

MICROSCOPIST POSTDOCTORAL or
SENIOR RESEARCH TECHNICIAN
POSITION
University of Georgia Complex Carbohydrate
Besearch Center

A posiion & open at either the Postdoctonal or
Senior Research Technician level to work on the im-
munolocalization of carbohydrate structures in the
cell walls of agronomically impomant crop plants
using an cxtensive library of monoclonal antbodics,
Demanstrated experence with light (visible and flu-
orescenee ) and electron {transmission electron micro-
scope and seanning clectron microscopy ) microscopy
is n.ql.lln.d expenicnce with laser confocal micros-
copy is desirable. All interested applicants should
forward curriculum virae and list of three references
ro: Michael Hahn, University of Georgia, Com-
plex Carbohydrate Research Center, 315 Riverbend
Road, Athens, GA 30602-471 2; e-mail: hahn@cere,
uga.edu; fax: 706-542-441 2. Review of applications
will begin Seprember 15, 2007, and will continue
untl posinon s filled. An Afinuenve Action/Egal Eu-
ployment Oypportinity Tstitution.

TENURE-TRACK FACULTY IOSITIONS
at Ben-Gurion University

The Life Scences lhp'ment {website: http: //
www.bgu.ac.il Alife) invites applications from out-
standing young scicntists for tenure-track positions
in the ticlds of: (1) physiology or cell biology (2)
evolutionary and or molecular ccology. Ben-Gurion
University (BGU) provides a dvnamic rescarch
cnvironment with an emphasis on inrerdisciplinary
rescarch. We offer new laboratory space witch
moddern equipment and startup funding. Teaching
ability in Hebrew s nequired. Send applicanions,
curnculum vitae, publications, rescarch interests, and
the names of three references to: Professor Zvika
Abramsky, Chairman, Department of Life Sciences,
Ben-Gurion University, PU0OB, 653, Beer-Sheva
84105, Isracl. Telephone: 972-8-6461373/6,
fax: 972-8-6472992, E-mail: zvika@bgu.ac.il.

854

POSITIONS OPEN

QUANTITATIVE,/ THEORETICAL ECOLOGIST

The Department of Ecology and Evolution is
secking ro fill a faculty position with an individual
working at the interface of theory and data in
ceology. Rank is open, with a preference for
ASSISTANT or ASSOCIATE PROFESSOR.
Intercsted applicants should submit currculum
vitac, selected reprints and preprints, statements of
rescarch and teaching interests, and the names and
addresses of three references to website: https: //

ecologysearch.uchicago.edu; letters of refercnce
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can be submitted ar this site as well. Applications
will be accepred until the posivon s flled, but
applications should be received before 15 Seprember
2007, vo ensure full consideration. The Universdry of
Chicngo 1 an Affimwatve Adton guel Oypormnnty Employer.

FPOSTDOCTORAL ASSOCIATE /RESEARCH
ASSOCIATE/ASSISTANT RESEARCH PRO-
FESSOR POSITIONS are available immoediately at
Rurgers University to investigate opioid receptor
dimerization i immuone cells and its impact on NK
cell functions and to study the molecular mecha-
nisms governing the circadian contrel of neuro-
endocrine funcoons in fetal alcohol exposed rars.
Requirements: Ph.DD. in neuroscience or in immu-
nology, expertise in receptor dimerization study and
evtelyie actnaty assay or real-time RT-PCR, immu-
nocvtochemistry and rodent surgery, Rutgers New
Brunswick Campus i located in a suburban area of
central Mew Jersey with convenient access to Now
York City, Please send cormiculum vitae and the
names of three references to Dr. Dipak K. Sarkar at
e-mail: sarkar@acsop.rutgers.edu.,

FOSTDOCTORAL POSITION available
focused on the role of small guanosine tphosate
{GTMases) in the rranstormation of polanzed cpithe-
ha. Special emphasis 15 placed on charmctenang
nowvel signaling pathways which regulate the activa-
tion state of Rho and Art family GTPases, as well as
how these pathways are subverted in cancer, The
ideal candidare will be well mrained in molecular bi-
ology and mammalian cell culture rechniques. For
further inquiries or to submit an elearonic appli-
cation (statement of research inrerests, curriculum
vitae, and names of three references) please contact:
Dr. Steen H. Hansen (e-mail: steenhansen@
childrens.harvard.edu), Gastrointestinal Cell Bi-
ology, Children’s Hospital, Boston, MA 02115,

FOSTDOCTORAL FELLOW POSITION,
University of Alabama ar Birmingham, o soudy
molecular mechanisms of proteinuna and kidney
disease ([ Biol. Chem. 281: 39681-39692, 20006;
J. Clin, Investig. 112:200-221, 2003). Ph.D. and
two vears of expenence in molecular biology tech-
nigques a must. Expenence in kidney field not re-
guired, E-mail curriculum vitae and summary of
rescarch experience to Sumant 8, Chugh, M. D, at
e-mail: aamoore@uab.edu.

FOSTDOCTORAL POSITION, Philips Lab-
oratory, New York University. Ras regulation of T
cells { Narwre Cell Brofgqy 9:713, 2007 ), M.D. and/
or M.D. degree with strong background in molec-
ular and cellular biology and mmunology {trans-
genic mice and live cell imaging). Salary: Ph.D.
S35,000; credenaled M.DD, 558,000 with weekly
arthrits :]lmu. Send curriculum vitae and three ref-
crences to e-mail; philim01 @nyu.edu,

POSITIONS OPEN

Stop searching
for a job;
start your career.

Science Careers
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Rlasns |

www.ScienceCareers.org

We deliver
customized
job alerts.
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Oligo Synthesis Columns
t Columns For All Synthesizers
* Standard and Specialty CPGs
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ISI WEB OF KNOWLEDGE™

The New Face of Research

“Perfect...you
did exactly
what | would

have hoped”

“This one just
feels right.”

“I really like

the layout. It’s
very simple.”

...IS responsive

You told us what you needed, and mid
2007, ISI Web of Knowledge delivers.

See how the new IS/ Web of Knowledge was
built, and what people have to say about it
at isiwebofknowledge.com/newface.

Take the next step @
isiwebofknowledge.com




<2 R&D Systems Flow Cytometry Reagents

Superior multiparameter analysis of your cell populations.

R&D Systems offers
awide variety of

flow cytometry- Superior Performance
related products: -

CXCR4-APC

> Huorokine™ Receptor
Detection Kits

= Chemokines, Cyto- 00 4
kines, Growth Factors Cell Surface.

& their Receptors or Intracéil‘[ﬂ’hr._Staining P S

= Stem Cell CD4-PE
& Lineage Markers

Figure 1. Mouse CD4* thymocytes stained with rat anti
mouse PE-conjugated CD4 antibody (Catalog # FABS554P) and
rat anti-mouse APC-conjugated CXCR4 antibody (Catalog #
FAB21651A).

= Signal Transduction
Molecules

= Adhesion Molecules

= Proteases
& other Enzymes

> Secondary Develop- Lot-to-Lotieo]
ment Reagents '

= lsotype Controls,
Labeled & Unlabeled

Relative Cell Mumber

Natural or r

Recombinant Proteins -

used as Immunogens 10 10°
Phospho-EGF R (Y845)

Figure 2. Intracellular staining of A431 cells using anti-EGF R
U5.&Canada (Y845)-CSF (Catalog # IC3394F) in untreated cells (orange hist
RED Systems, Inc. ogram) and cells treated with EGF (yellow histogram).Cells were
Tel: (B0Q) 343-7475 also stained with isotype control (Catalog & IC105F; open
infodl RnDSyatema com |'L'-1_-|'|_{_}l{_'] ramj.

Europe
R&D Systems Europs Lid,
Tel =44 (0]1 235 530440

For a complete listing of flow cytometry-related products visit our website
nfod AnDSyitemico.uk

at www.RnDSystems.com/go/FlowCytometry

BAD Sytema it & rogeatanad
trachamik oI TECHKE o peow g For ressanc b use ﬂl'lhf.HH fior use in ok SPNCEEC Prﬂ(t‘dl‘éi.

Selection expanding weekly—uvisit www.RnDSystems.com RD
to sign up for weekly new product updates. —
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