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RT? Profiler™ PCR Arrays

RT? Profifer™ PCR Arrays are powerful new tools for monitoring
the expression of focused gene panels. With PCR Arrays, you
can accurately profile gene expression for a biological pathway
or disease using the real-time quantitative PCR instrument in
your lab.

Focus on your Pathway WWW.superarray.com
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The definitive resource on
cellular regulation

STKE - Signal Transduction
Knowledge Environment offers:

e Aweekly electronic journal

¢ |Information management tools

* A lab manual to help you organize
your research

e Aninteractive database of signaling
pathways

o KT -

STKE gives you essential tools to power your understanding
of cell signaling. It is also a vibrant virtual community,
where researchers from around the world come together
to exchange information and ideas. For more information
go to www.stke.org

To sign up today, visit promo.aaas.org/stkeas

Sitewide access is available for institutions.
To find out more e-mail stkelicense@aaas.org
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GE Healthcare illustra

Get attached to illustro
for faster nucleic acid
sample prep.

Mew illustra™ nucleic acid sample prep kits fram GE Healthcare give you aptimal
vield and purity. What's more, they do this in as little as half the time it takes
the best competing products. Whether you're purifying nucleic acids in plasmid,
blocd, tissue, cells ar bacteria, you'll find that superiar results and outstanding
reproducibility come easily with illustra mini and midi kits,

With mare than 20 years' experience in nucleic acid research, we're bringing
science 1o life and helping transform healthcare, We call it Life Science Re-imagined,

www gelifesciences.com/illustra

Speed is crucial to the sundew plant's success.
It reacts rapidly, bending its tentacles to bind its prey.
Some species can do this in just tenths of o second.

imagination at work st o s 60 s
© 2007 General Blectrsc Company - Al rights resenved

GEQS-07. First prnted 0572007,
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Poietics Human Stem Cells & Media

In Vivo Relevance. In Vitro Results.

As the leader in primary cell culture, Lonza offers a variety of
primary stem cells, including;

Human Stem Cells
Mew! Poietics™ Adipose-Derived Stem Cells purely characterized
with relevant stromal and stem markers, and a media kit
for growth and expansion

— Multipotent Mesenchymal Stem Cells isolated from bone
marrow, and media kits for growth and differentiation of
several lineages

Human Bone, Adipose, and Neural Frogenitor Cells and

Media Kits

— Cryopreserved osteoclast precursors, preadipocytes, and
neural progenitors with media kits for growth and
differentiation

Lonza Walkerswille, Inc., 8830 Biges Ford Road, Walkersville, MO 21793

Human Hematopoietic Progenitor Cells

— Variety of hematopoietic progenitors including CD34+,
CO133+, and mononuclear cells isolated from peripheral
blood, bone marrow, and umbilical cord blood

Visit our website at www.lonzabioscience.com/poietics
to receive a FREE Lonza Cell Mug.

Foietics is a registered trademark of Lonza Group or its subsidiaries. © 2007 Lonza Walkersville, Inc. I o n z a

www.lonza.com
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SCIENCE EXPRESS

WLSLISTICE

EVOLUTION
Crystal Structure of an Ancient Protein: Evolution by
Conformational Epistasis
E. A. Ortlund, J. T. Bridgham, M. R. Redinbo, . W. Thornton
The structure of a 450-million-year-old corticoid receptor, resurrected computationally
and biochemically, suggests how modern hormaone receptors evolved,
== News story p. 884
10.11265cience. 1142819

DEVELOPMENTAL BIOLOGY

Synchrony Dynamics During Initiation, Failure, and Rescue

of the Segmentation Clock

I. H. Riedel-Kruse, C. Miiller, A. C. Oates

A model of the segmentation clock, coupled geneti oscillators that seguentially
generate the body segments of animals, successfully predicts the results of system

perturbations.
10.1126/cence. 1142538

CONTENTS

CELL BIOLOGY

Multicolor Super-Resolution Imaging with Photo-Switchable

Fluorescent Prabes

W. M. Bates, B. Huang, G. T. Dempsey, X. Zhuang

A super-resolution imaging method that uses a family of multicolor fluorescent

probes yields images of fixed cells with a spatial resolution of 20 to 30 nanometers.
10.1126/5cience. 1146598

PHYSICS

Signatures of Electron Fractionalization in Ultraquantum Bismuth

K. Behnia, L. Balicas, Y. Kopelevich

At very high magnetic Tields, charge transpart in bismuth crystals behaves like a
quantum fluid, an elfect previously seen only in two-dimensional materials

10.1126&5cence, 1146509

REVIEW

PLANT SCIENCE

Plant Speciation 210
L. H. Rieseberg and ]. H. Willes

BREVIA

GEMETICS

Human Genome Ultraconserved Elements

Are Ultraselected

5. Katzman el al.

Uitraconserved DNA sequences, unchanged in vertebrates for
300 million years, are maintained by selection four times as strong
as that for coding genes.

RESEARCH ARTICLE

CELL BIOLOGY

Effects of Aneuploidy on Cellular Physiology
and Cell Division in Haploid Yeast

E. M. Torres et al.

215

914

Yeast cells containing any extra chromosome all exhibit a similar
phenotype despite the presence of supernumerary genes,

www.sciencemag.org SCIENCE WYOL 317

REPORTS

ASTRONOMY

Detection of Circumstellar Material in a 924
Normal Type la Supernova

F. Patat et al,

Detection of gas around a type |a supernova, a standard distance
reference, implies that the progemitor white dwarf exploded after
canmbalizing a red glant companion star.,

APPLIED PHYSICS

Radiationless Electromagnetic Interference: Q27
Evanescent-Field Lenses and Perfect Focusing

R. Merlin

A new method is proposed for subwavelength imaging inwhich
interference produced from planar subwavelength structures in a
plate focuses light on the plate’s surface.

FHYSICS

Coherent Optical Spectroscopy of a Strongly Driven 929
Quantum Dot

X Xuetal.

The absorption spectrum of a guantum dot containing multiple atoms
has the splitting characteristics and signature of a simple two-level
system, as in a single atom.

MATERIALS SCIEMCE

Deep Ultraviolet Light—Emitting Hexagonal Boron 93:
Nitride Synthesized at Atmospheric Pressure

Y. Kubota, K. Watanabe, 0. Tsuda, T. Toniguchi

A mickel-molybdenum solvent yields high-punty hexagonal boron
nitride crystals that emit intense ultraviolet light that may be useful
for medical treatments and in electronics.
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Only Kentucky matches federal
SBIR-STTR I’hase 1 + Phase Z awards

Kentucky will match both Phase 1 and Phase 2 federal
SBIR and STTR awards to our high-tech small businesses
- no other state has a program designed to do just that.

If you are looking for a place to locate or start a
high-tech company, Kentucky's SBIR-STTR Matching
Funds program is just one of many reasons to give our
state a look,

We are now accepting applications from companies
in Kentucky (or willing to relocate to Kentucky) for state
funds to match federal Small Business Innovation Research
(SBIR) and Small Business Technology Transfer Research
(STTR) grants, Phase 1 awards are matched up to $100,000
and Phase 2 awards up to $500,000 per year for two years.

Kentucky offers a wide range of support for high-tech

simall businesses, including grants, tax incentives, and
other forms of early-stage funding. Our statewide network
of Innovation and Commercialization Centers can offer
business management and entreprencurial training, while
helping find financing.

The Cabinet for Economic Development can make
growing a business in Kentucky fast and easy. Our low
cost of living, low-stress commutes, and high quality
of life amid unrivaled natural beauty are why Kentucky
communities are rated among the best places to start a
business and raise a family.

For more information about our SBIR-STTR Matching
Funds and other business support programs, visit
www. ThinkKentucky.com/dci/sbir2.

entucky™

UNBRIDLED SPIRIT =

Cabinet for Economic Development

For more information about the SBIR-STTR program in Kentucky, call 1-800-626-2930 or visit www.ThinkKentucky.com/dci/sbir2.
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REPORTS CONTINUED...

OCEAN SCIENCE

Temporal Variability of the Atlantic Meridional Q35
Overturning Circulation at 26.5°N

5 A. Cunningham et al.

The different components forming deep water in the North Atlantic,
which leads to thermohaline circulation in the oceans, can vary in
intensity by a factor of eight annually.

w Perspective p. W08

OCEAN SCIENCE

Observed Flow Compensation Associated with the 238
MOC at 26.5°N in the Atlantic

I. Kanzow et al.

Intra-annual Mluctuations in the different sources forming deep water
in the MNarth Atlantic largely compensate ane another, allowing rabust
estimates of the flow.

== Perspective p. 908

EVOLUTION

Reduced Egg Investment Can Conceal Helper Effects 941
in Cooperatively Breeding Birds

A F. Russell et al,

Female fairy-wrens lay smaller eggs when “nanny” males

are available 1o help feed the young, reducing the mothers'
reproductive investment and increasing their survival,

GENETICS

A Whole-Genome Association Study of Major Q44
Determinants for Host Control of HIV-1

1. Fellay et al,

Asurvey of the whole human genome identifies variants

inimmune genes that are associated with differences in

viral load during the early stages of HIV infection.

MEUROSCIENCE
Spatial Regulation of an E3 Ubiquitin Ligase Directs 947
Selective Synapse Elimination
M. Ding, 0. Choo, G. Wang, K Shen
In developing worms, the pruning of excess synapses requires
protessome-mediated protein degradation and is selectively
prevented by a neural adhesion molecule.
== Perspéctive p. 907
MNEUROSCIENCE
Rapid Erasure of Long-Term Memory Associationsin =~ 951
the Cortex by an Inhibitor of PKMz
R. Shema, T. C. Sacktor, ¥. Dudaf
Even long after consolidation of a stable memary in rats,
the activity of a particular protein kinase isoform is required
in the cortex for its persistence.

== News story p, 883
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CELL BIOLOGY

Detection of Near-Atmospheric Concentrations of 953
€0, by an Olfactory Subsystem in the Mouse

J. Hu et al.

Mice can sense near-atmospheric concentrations of €0, using

a subset of olfactory neurons that may utilize the catabolic enzyme
carbonic anhydrase.

BIOCHEMISTRY

Structure of the Membrane Protein FhaC: A Member 957
of the Omp85-TpsB Transporter Superfamily

8. Clantin et al.

Structure and Function of an Essential Component 961
of the Outer Membrane Protein Assembly Machine

8. Kimm et al.

Two structures of bacterial outer membrane proteins reveal how the
polypeptide transport-associated domain can bind and transport
diverse cellular proteins.

== Perspective p, 903
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Carving a Career in Translational Research Rbb

Translational Institute Unites Unlikely Partners 968
at Penn

European Programs Offer Translational Training Q68
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What makes a first-class
news story?

Constance Holden Richard Kerr

2004 National Mental 2006 Geological Society
Health Association: of America: Public Service
Media Award Award

A first-class editorial team. Award-winning
journalists write for Science—with 12 lop awards
in the last four years. That's why we have the most
compelling stories, and the biggest readership of
any general scientific publication. To see the
complete list of awards go to:

sciencemag.org/newsawards

Colin Norman

News Editor,
Sdience magazine

Jennifer Couzin
Articles selected for inclusion

in The Best American Science
Writing 2007 and 2005

2003 Evert Clark/Seth Payne
Award for Young Science
Joumalists
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Paper power.

SCIENCENOW

WIWW.SCIENCENow. o rg

New Battery Resembles Paper
Thin, flexible material could usher in new generation
of power sources.

The Tail Is Mightier Than the Fang
Squirrels heat tail o scare off rattlesnakes.

The 1% Selution

Gene-regulating regions separate humans from chimps,

Extending a pseudopodium.

SEIENCE S STI(E

www.stke.org

EDITORIAL GUIDE: Focus Issue—Cells on the Move

1. . Foley and N. R. Gough

Mew research challenges some established maodels for multiple
aspects of directed cell movement.

PERSPECTIVE: Signals on the Move—Chemokine Receptors
and Organogenesis in Zebrafish

1. R. Perlin and W, 5. Talbot

Asingle signal elicits distinct responses in different populations

of cells in the zebrafish lateral line primardium.

REVIEW: Filopodia—The Fingers That Do the Walking
5. L, Gupton and F. B. Gertler
Mew and old players are involved in the formation of filopodia.

PROTOCOL: Methods for Pseudopodia Purification and
Proteomic Analysis

¥. Wang et al,

Cells cultured on microparous filters allow the analysis of cellular
extensions separately from the bulk of the cell body.

ONLIN

WWW.sCiencemag.org

A new kind of researcher.

SCIENCE CAREERS

WRWWWLSC H.:' NCeCareers.orng
== Careers in Translational Research }tﬂ-furcp 95E

GLOBAL: Special Feature—Translational Research Careers
K Travis

Translational research is pushing a fundamental change

in the way science operates, while giving rise to a new type

of researcher: the translational scientist.

US: From the Archives—M.D.-Ph.D. Careers, Feature Index
. Austin

M.D.-Ph.D. researchers are an important part of the
translational-research workforce,

SCIENCEPODCAST

Te—
Listen to the 17 August

—— Science Podcast to hear about

ocean circulation changes in

B the Morth Atlantic, the latest

on the ivory-billed woodpecker,

.- helper effects in cooperatively
breeding birds, and more.

wWw.sCencemag.org/about/podcast.dil

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

www.sciencemag.org SCIENCE VOL 317 17 AUGUST 2007 867




868

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

Overturning
Assumptions >>

In the north Atlantic, warm surface
waters flow northward and east-
ward from the Florida Strait, and
the northward flows return as
southward-flowing deep water. This
meridional overturning circulation

(MOC) transports huge quantities of

Cable *

Westem
array 1

L
¥
' L

heat from low to high northern latitudes.
Global climate models have suggested that the flux of water transported might be decreased by global warming, which
could have an important effect on climate, particularly that of Europe. However, there has not been a sufficiently long or
detailed observational record to evaluate whether significant weakening has occurred (see the Perspective by Church).
Cunningham et al. (p. 935) and Kanzow et al. (p. 938) now provide annual records of the strength of the MOC using an
array of moored instruments deployed across the Atlantic basin at a latitude of 26.5°N. The strength of the MOC varied by
more than a factor of 8 during a 1-year period from a low of 4.0 sverdrups (1 5v equals 1 million cubic meters per second)
to a high of 34.9 Sv, with an average flow of 18.7 + 5.6 Sv. Fluctuations of the different transport components of the MOC
largely compensate each other, which means that robust estimates of the flow can be made over intra-annual periods.
Thus, an earlier claim that the MOC has decreased by 8 Sv during the past decade, made on the basis of only a few instan-
taneous measurements during that period, was premature and reflected short-term natural variability.

Giant Smoking Gun

Type la supernovae are valuable as cosmological
distance probes because their intrinsic bright-
ness can be inferred, However, we know little
about how they occur or the nature of their pro-
genitor star systems. It is widely thought that
type 1a supernovae mark the catastrophic death
of a white dwarf after it has cannibalized a com-
panion star within a binary star system. By
detecting a whiff of gas blown off during a type
1a supernova outburst, Patat et al. (p. 924,
published online 12 July) determined the stellar
type of its companion from its absorption line
characleristics. The expansion velacities of the
gas appear to favor a red-giant companion al
the time of the explosion.

Bright Boron
Nitride Crystals

The hexagonal form of boron nitride (hBN)
resembles graphite in that it is used as a lubri-
cant and has good thermal conductivity, but
unlike graphite, it is
an electrical insu-
lator. The large
direct band gap of
hBN makes it a
possible candidate
for emission of
deep ultraviolet
light, which may

17 AUGUST 2007 VOL 317

be of use in the electronics industry or for med-
ical treatments. Kubota et al. (p. 932) have
developed a method to synthesize high-purity
crystals at atmospheric pressure using nickel-
molybdenum as a solvent. The crystals showed
intense emission at a wavelength of 215
nanometers al room lemperature.

Into Sharper Focus

In high-end optical systems, zone plates cut off
the out-of-phase components of light so that a
sharp focus is achieved further down the optic
axis. However, these patlerned zone plates still
creale a focus that suffers from classical diffrac-
tive wavelength limitations. Merlin (p. 927,
published online 12 July) presents theoretical
work which shows that it should be possible to
design planar structures that force convergence

of the near-field component of the optical fields,

which would provide a subwavelength focus at
some point down the axis. This approach might
lead to a general route for achieving subwave-
length focusing and imaging that complements
the negative relraction route to
such superlensing effects.

Atom-Like
Quantum Dots

Quantum dots are often referred
to as artificial atoms because

SCIENCE

Mid-Atlantic 1 |00
Ridige moorings

|

they exhibil discrete energy levels thal arise
through quantum-confinement effects. However,
quantum dols are typically formed from hun-
dreds if not thousands of individual aloms, so
that many-body, or bulk-like, effects are also
present under intense optical excitation. These
effects have been used by Xu et al. (p. 929} o
tune the absorption and gain of quantum dots
driven by two different optical fields. They
observed Autler-Townes splitting and the Mollow
spectrum in the absorption spectrum of a single
quantum dot, and they demonstrated gain with-
oul population inversion. These results should
enable further well-controlled studies with quan-
tum dots and open the way for applications such
as quantum logic gates and optical switches.

One Too Many

Aneuploid cells, often observed in cancer, have
at least one extra or missing chromosome, but
little is known about the effects of aneuploidy on
cell physiology. Torres et al. (p. 916; see the
Perspective by Jallepalli and Pellman) system-
atically created strains of yeast that contained an
extra copy of one or more yeast chromosomes
and tested how this influenced cell function.
Some effects, like a characteristic pattem of
gene expression, seemed to result from the
increase in DNA content itsell, whereas others,
like increased glucose uptake, depended on
increased transcription or translation of the extra
genes. Some properlies were shared regardless

wwwsciencemag.org
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This Week in Science

of which chromosome was duplicated, including a surprising one—inhibition of cellular proliferation.
This result calls into guestion whether aneuploidy might be a cause or an effect of cancer.

Plant Speciation

Much theory of speciation has focused on animal systems. Because plants are sessile organisms, they
offer some advantages over animals in sampling, tracking, and measuring, as well as extended pos-
sibilities for manipulations in experimental gardens and growth chambers, Rieseberg and Willis
(p. 910} review the mechanisms of reproductive isolation in plants and their underlying genetics, as
well as focus on the role of polyploidy in speciation, which occurs much more in plants than in animals.

Mom's Anticipating Some Help

An almost universal observation in studies of cooperative vertebrates is that offspring receive more
food in the presence of helpers than in their absence, Nevertheless, helper effects on offspring
mass and survival have been surprisingly difficult to detect. Russell et al. (p. 941; cover) show
that, in the presence of helpers, Australian female fairy-wrens lay smaller eggs, of lower nutritional
content, that give rise to lighter chicks. Helper effects on chick provisioning rates are wholly
obscured by this maternal reduction in egg investment, which in furn helps the mother survive into
the next breeding season.

HIV-1 Goes Genome-Wide

Elucidating the genetic variability in the response of individuals to human immunodeficiency
virus=1 (HIV-1} infection will play an increasing part in developing effective treatments. Fellay et
al. (p. 944, published onling 19 July) report a whole-genome association study of host response to
HIV-1, focusing on viral load during the early stages of infection. Two immune-related polymorph
isms were identified that together could account for 15% of the total variation seen in the viral
load between patients.

Smell the co,

Although invertebrates are known to sense and
show behavioral responses to concentrations of
€O, similar to those in the earth’s atmosphere, it
has been unclear whether the mammalian olfac
tory system also can sense such amounts of CO,.
Hu et al. (p. 953) describe a set of ollactory
neurons that appear to allow detection of con
centrations of CO, about 70% greater than
those in air. The neurons express carbonic anhydrase II, which catabolizes CO,, and appears to be
required as part of Lthe sensing mechanism.

Understanding Selective Synapse Elimination

Synapse elimination is a hallmark of neural circuit maturation during development. Many synapses
are eliminated after an initial phase of synapse formation. However, little is known aboul the molecu
lar machinery that executes synaptic elimination, nor why certain synapses are selectively eliminated
while other synapses persist and grow. Ding et al. (p. 947; see the Perspective by Miller) examined
synapse elimination in the nematode worm and found that a ubiquitin E3 ligase complex plays a key
role. The activity of the ubiquitin-proteasome system was tightly regulated by a synaplic adhesion
molecule, which protected certain synapses from selective elimination.

Fleeting Memories

How persistent is our memaory, how is it maintained, and how can it be disrupted? It has recently been
shown that PKMC, a protein kinase C isoform, is critical for maintaining hippocampus-dependent spa
tial memory and long-term potentiation. Using a conditioning taste aversion paradigm, Shema et al.
(p. 951; see the news story by Miller) found that long-term memory could be erased by infusion of a
PKML inhibitor, ZIP, into the insular cortex. The activity of PKMC was specifically involved in the stor
age of memories but not in their acquisition.

www.sciencemag.org SCIENCE VOL 317
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Who’s working
to increase support

for science?

Top quality research depends on comprehensive support.
AAAS is present at every stage of the process — from
advising on funding policy initiatives to tracking the US
Federal R&D budgeting process. As the experts, we
brief Congressional staffers and representatives from
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governments around the world. And only AAAS Funding
Updates — sent out monthly — provide continual coverage
of R&D appropriations. By aclively working to increase
support for research, AAAS advances science.
To see how, go to www.aaas.org/support
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Donald Kennedy is
Editor-in-Chief of Science.

Pork and Punishment

THE CONGRESS OF THE UNITED STATES DOES SOME FUNNY THINGS WITH RESPECT TO
some scientific projects. It either likes them enough to scoop them out of some priorty line and
give them special status, or it finds them. well. either dumb or disgusting and declines to give
them money that their executive agency has asked for, In the first instance, it finds various ways
of funneling federal support to them, often going outside various established procedures for
competitive review. In the second case, it amends authorization or appropriation bills o require
the removal of particular projects that members dislike for some reason or another.

We have long expenence with both habits, The first has become so familiar that it has a pet
name: pork, short for “pork-barrel funding.” a term that first received publie notice in the late
[ 9th century. when individual members would compete for river and harbor projects. The process

by which pork is actually distributed is “earmarking.” after the practice of notching the ears of

livestock to claim ownership. In the development of a research agency’s budget. a member will
specily asupport line for a building, project, or research facility at an institution in the member’s
district; because the budget is limited, this means that funds will be diverted from projects
that had been competitively approved,

At one time this was Just a cottage indusiry, perfected by a lone few. In the
Northwest. for example. Senators Warren Magnuson and Mark Hatfield AT
worked wonders for their medical schools. But the game changed when :
Gerald Cassidy and Kenneth Schlossberg put together a tiny organization
that made pork-barre] strategizing a lobbyist’s game. Their breakthrough
was a special appropriation for Tulis University: once that happened,
Columbia, Cathelic University, and others found pork. The subsequent
history of this malady was chromcled by Bob Kaiser in an excellent senes
in the Hashington Post earlier this year,

While 1 was at the Association of American Universities, we made express objections to
pork-barrel funding of academic science facilities and urged member presidents to resist temp-
tation. Some did: Cornell was a heroic example. Others. alas. didn’t, and the system continues
to be broken. Indeed, despite recent efforts o control lobbying and other sins, set-asides are still
in and growing. and bragged about by successful members.

Just as some members of Congress are working to support projects that probably wouldn™t
hivve survived the competition of peer review, their colleagues are busily rying to de-fund others
that already have! This, too. 1s an ancient practice. One thing members don’t like 15 sudying sex:
another is anything that sounds too “social-sciency.” One year, a member objected strenuously to
a MNational Science Foundation project with the word “ATM" in the title, wondering why we
would spend tax money studying automated tellers: it wrned out the grant was for asynchronous
trans fer modes used in communications technologies, Wisconsin Senator William Proxmire used
to be fond of going after projects he thought silly and even created an award for proposals he
found especially nidiculous called the Golden Fleece Award.

The most recent attempts attacked several projects that were identified as the National
Science Foundation Authonzaton Act of 2007 was being considered. Representatives John
Campbell (R-CA) and Scott Garrett (R-NJ) cited a total of nine grants between them for
elimination, offering amendments that would have barred funding for them. What were the

subjects that so troubled them? Well, one study was to analyze comparative features of

menopause among six cross-cultural groups of women. A member defending the process
asked Garrett how he would explain to the women in his constituency that he opposed studying
menopause. His response 15 unrecorded. but both amendments failed and—at least for the
moment—npeer review and the competitive processes survived.

In both of these modes, Congress is acting to substitute its own judgments for prionties
derived through competition in which expert judgments are taken into account. There is a case
to be made for legislative authonty to redress distnbutional or other 1ssues in managing the
federal science budget, But Congress should state clearly what it is doing and why, not take
ad hoc bites out of a process that works fairly and well,
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APPLIED MATHEMATICS
Open and Shut

During photesynthesis, plants collect carbon dioxide through openings called stomata but also lose water vapor
when these pores are apen. Thus, the plant must continually optimize the aperture diameter, a process thought
to be global (coordinated over large regions of the leaf surface). To better understand the optimization mecha-
nism, researchers inject dye into a plant leaf and then use time-lapse videography to track fluorescence changes
as the stomata open and close. However, processing the video sequence is mathematically tricky: Standard
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Magnified stoma.

MOLECULAR BIOLODGY
Islands of Silence

In eukaryotes, DNA is packaged into chromatin,
which serves as a platform for regulating access
to the genome and modulating transcription,
repair, and replication. Heterochromatin marks
regions where, generally, genes are silenced; it is
largely restricled to centromeres, the inactive X
chromosome, and telomeres, and is thought to
spread unless constrained by molecular barriers.
Euchromatin, on the other hand, defines regions
where genes are active. Yel silenced genes can be
found among active genes. Do they exist as
microdomains of heterochromatin, or are they
some other form of repressive chromatin?

Regha et al. have examined the IgfR2
imprinted region on mouse chromosome 17,
Here, the overlapping Air and lgf2r genes, with
promoters a mere 28 kb apart, are reciprocally
repressed on maternal and paternal chromo-
somes, Though silenced by different mecha-
nisms—#Air by DNA methylation and lgf2r via a
noncoding RMA—the promoters of both genes
bear highly localized marks on the histone com-
ponents of their chromatin that match those
found in classically defined regions of hetero-
chromatin, specifically histone H4 trimethylated
an lysine 20 (HAK20me3} and H3K9me3. Fur-
thermore, these marks do not spread through the
body of the gene. The results indicate that hete-
rochromatin and euchromatin can be highly
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methods to identify the synchronized dynamics of fluorescing patches in two
spatial dimensions and one time dimension can neglect important changes
or overemphasize unimportant detail. Luttman and Bardsley have
devised an algorithm based in variational calculus to extract the
three-dimensional evolution of stomatal patch dynamics from
. experimental data. After preprocessing video of a fluorescing
' cocklebur leaf to remove noise and normalize changes in light-
ing, they identified the patches by looking for segmentations
of the data that yielded the optimal division of light and
dark regions. Processing of the spatial and temporal data
as a whole proved essential; analyzing each frame inde-
pendently resulted in meaningless segmentation. — DV
SIAM . 5c. Comput. 29, 1550 (2007).

dynamin, is required for the maintenance of
podocyte morphology. Dynamin contains a cleav-
age site for the intracellular protease cathepsin L,
and in proteinuric kidney disease, cleavage leads
to the rearrangement of the actin cytoskeleton in
the podocytes and collapse of the feet. In a
mouse model of proteinuria, introduction of a
protease-resistant dynamin or a dynamin that
assembled into protease-resistant higher-order
structures restored podocyte function and
resolved their symptoms. Dynamin has previously
been implicated in endocytosis in neuronal and
other cells, bul a specific role in kidney anatomy
was unanticipated. — SMH

1. Clin. Invest. 117, 2095 (2007).

interspersed, even to the point where hetero-
chromatin peaks can exist within the transcribed
region of a neighboring active gene. In contrast,
genes in regions that show tissue-specific repres-
sion are marked with broad swaths of H3K27me3,
which delineates a second and perhaps long-term
repressive chromatin state, — GR

Mol. Cell 27, 353 (2007).

A Kick in the Kidneys

The unsurpassed filtration ability of the kidney is
underpinned by the exquisite cellular architec-
ture of the podocytes. These cells extend foot-like
processes that abut the multilayered barrier of
basement membrane and epithelial cells, on the
other side of which lies the capillary
lumen, The integrity of this bar- &
rier (which is permeable L d

N

to water and small / :

GEDPHYSICS
Slip Sliding Away

During earthguakes, very high stresses within the
crust press the two sides of the fault together so
hard that they should be effectively locked
\ together by friction. In the laboratory,

essential for prevent-
ing the escape of pro-
Leins into the urine
(proteinurial. Sever ef
al, show that an intra-
cellular GTPase,

molecules), and in
\ 3
[ ]

particular the mesh-
like connections -
between the
podocyte feet, are
GTP (spheres) pro-
mates higher-order
assembly of dynamin
(green/purple).
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¥ been put forward, including fault

mic vibrations. Recent experiments suggested
that the rocks themselves may become slippery
during rupture if they are heated or interact with

rocks are similarly difficult to rip apart.

Yet in the landscape setting, faults
rupture suddenly and easily. Various
explanations for this conundrum have

lubrication by fluids or weakening by seis-
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fluids; silica gel may lubricate quartz rocks and
fine powder may ease sliding in carbonate rocks.
Hirose and Bystricky have found support for
another hypothesis: fault weakening through
dehydration of embedded phyllosilicate clays.
They carried out high-velocity friction experi-
ments on natural serpentinite (a phyllosilicate}
under conditions mimicking an earthquake and
measured the heat generated by friction and the
resulting rock strength. An observed increase in
humidity implied that water was lost from the
serpentinite during sliding. Dehydration requires
temperatures of about 500°C, which the authors
argue might be atlained where bumpy asperities
rub together. — B

Geophys. Res. Lett. 34, 114311 (2007).

CLIMATE SCIENCE
Trop Chaud?

The summer of 2003 was the hottest on record
in Europe over the past 500 years; the summer
of 2006 was almost as hot, and the heat was
even more widespread. Were these extremes
part of a trend that can be expected o con-
tinue? Della-Marta et al. compiled 54 tempera-
ture records from western Europe (6 based in
Scandanavia, 12 in the |berian Peninsula, and
36 in the central region) to determine how the
daily summer maxi-
mum temperatures
there have changed
since 1880. They
found that the length
of summer heal waves
has doubled and that
the frequency of hot
days has nearly
tripled over that inter-
val. These changes are
the result of a combi-
nation of a long-term
trend toward higher
temperatures and a significant increase in the
intrinsic variability of western European daily
summer maximum temperatures, particularly in
the central region. — H]S

J. Geophys. Res. 112, D15103 (2007).

IMMUNOLOGY
A Regulatory Trio

Immune responses rely on many regulatory
strands that may act independenily or coopera-
tively. Madhav ef af. provide evidence for the
intersection of three prominent regulatory
mechanisms in mice that develop in response to
tumors. Their study builds on the previous iden-
tification of an immune-suppressive dendritic
cell (DC) subset present in lymph nodes that
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drain from tumors. Although the potent trypto-
phan-degrading enzyme indoleamine 2,3-
dioxygenase (IDO) produced by these cells
already has its own direct immune-suppressive
credentials, it emerged that this source of 1DO
could rouse local regulatory T cells. These cells
also possess their own direct suppressive activ-
ity, but in this case provided additional feed-
back on IDO-expressing DCs to induce the
expression of the cell-surface protein PD-L1,
which curbed the proliferation of T cells in cul-
ture. Blocking PD-L1 with antibodies or growing
tumors in IDO-deficient mice interfered with
the inhibitory activity exerted by requlatory T
cells. This study raises the question of whether
equivalent suppressive pathways induced by
1D0-producing OCs and linked through the
activity of regulatory T cells might also develop
in response to Wwmaors in humans, — 55

J. Clin. fnvest. 117, 10.1172/C131911 (2007},

BIOCHEMISTRY
Studying lons in Depth

Detailed understanding of how particular proteins
function in human cells can provide the founda
tion for pathophysiology-based therapies, but it
rarely is feasible to study these proteins directly.
Instead, bacterial substitutes are usually more
tractable, and the application of
homology modeling and site-specific
mutagenesis of mammalian proteins
can yield uselul insights. Forrest et
al, offer a rigorous example of this
approach, starting with a previously
published structure of a bacterial
amino acid transporter, LeuT, which
is representalive of transporters that
couple the movement of small mole
cules, such as leucine and serotonin,
to the transmembrane Na* gradient.
From an analysis of a structure-
based sequence alignment of Leul
with the serotonin transporter (SERT), they find
that the carboxylate of a buried glutamate in LedT,
in which leucine transport is Cl-independent,
occu pies the same location as a chloride ion (coor-
dinated by a serine} in SERT, which exhibits Cl
stimulated serotonin transport. Changing the ser-
ine to a glutamate or aspartate had no effect on
the basal transport activity of SERT but fully abro-
gated the stimulation by Cl-, and further mutage-
nesis of other Cl-coordinating residues in other
amine add transporters confirmed the predicled
effects on activity. Other modulators of leucine
transport by LeuT include the tricyclic antidepres-
sants, as shown by Singh ef al (see also Zhou
et al., Science Express, 9 August 2007) — G)C
Proc. Nall. Acad. 5ci. U.S.A 104, 12761 (2007);
Nature 448, 10.1038/nature 06038 (2007).
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Opening NASA's Vault

The moon shots that researchers and the
public have gazed at over the years are
mainly copies—aor copies of copies—that
don't match the originals in clarity, color,
ar contrast.
But at last, we all will gel to see the
originals. Arizona State University

(ASU) in Tempe, the Lunar and

Planetary Institute, and NASA

are posting high-resolution

scans of the 35,000 photos
from the Apollo missions—

from film that has been chilling
out in a freezer in Houston, Texas, for more
than 30 years.
The digitized images will enable researchers

Lo draft more precise topographic maps of the
lunar surface, for example, and to evaluate
possible landing sites for future moon missions,
says geologist Mark Robinson of ASU.
The archive is just gearing up but will have
several hundred images by next month, ==
apollo.sese.asu.edu

What's My Bite

Using finite-element analysis, a computer-
simulation technique employed in engineering,
Australian scientists have pul together a
super-refined virtual skull that reflects the
properties of different types of bone in meas-
uring stresses. Paleontologist Stephen
Wroe of the University of
New South Wales in Sydney
says models such as this
chimp skull, based
on hundreds of
compuled tomogra-
phy scans, can be
used for testing
applications such as
surgical procedures,
crash helmets, and
dental prosthetics.
His team also
hopes to model skulls
of ancient human
ancestors to see how
their biomechanical

Archaeologists in Hungary announced this month that they have unearthed a 7-million-year-old
forest that has resisted fossilization, the largest of its kind in the world.

Strip miners stumbled across stumps while digging for coal. Scientists from Edtvas University
in Budapest have identified the remains of 16 Toxodium trees, similar to Florida cypress, stand-
ing as much as 6 meters tall and 3.5 meters in diameter. They were preserved in a Miocene swamp
after sand engulled them, shielding them from wind, rain, and degrading fungi, says paleontol-
ogist Miklds Kazmér.

The cellulose that makes up the cell walls of the tree has long since broken down, but the
remaining lignin has kept the trees standing although very crumbly. Researchers are wrapping
the stumps in plastic and submerging them in walter to preserve them while they raise money for
a costly several-year polymer bath.

The forest offers a rare “high-resolution photograph from the past,” says Kazmeér, who notes
that almost all ancient nonfossilized wood so far found has been driftwood. Paleoecologist
Christopher Williams of Franklin and Marshall College in Lancaster, Pennsylvania, says scientists
can learn a lot from these trees, including the thickness of the canopy and how much carbon they
sequestered. Kazmer adds that biologists are eager to collect DNA samples in hopes of finding
ancient organisms.

University of Denmark in Lyngby to broaden
a 100-year-old model of optical scattering
called Lorenz-Mie theary. The team extended it
to include irregularly shaped particles like the
constituents of milk, seawater, and other light-
absorbing substances.
The technigue can
also be run in reverse
to derive a substance's
composition from
digital pholographs.
Commercially, this
could make it possible

Instant Milk

For visual-effects creators, rendering
objects like the mist-emitting Pensieve
in Harry Polter is no mean feat.

Even creating a realistic glass of

milk can take computer artists hours

of tedious work. Bul a new image-

generaling technigue may accurately
replicate many substances given only the type
and amount of their ingredients.

“If we know what it's made of, we can say

what it looks like,” says computer scientist

Chimp skull showing
the distribution of
stress during a bite
at the second molar.

features differed and illuminate their dietary
leanings and limitations, It's a "novel and use-
ful approach,” says palecanthropologist Dean
Falk of Florida State University in Tallahassee,
“I'd love to see what they come up with for
Paranthropus”—a heavyset australopithecine
believed to have favored plants and grubs.

CREDITS [TOP TOBOTTOM: REUTERS'OTTO HERMAN MUSEURLLANDOY. COMPUTATIONAL BIOMECHAMNICS RESEARCH GROUP UNINERSITY OF MNSW, AUSTRALLA: J. B FRISVAD ET AL, ACM SIFGEAPH | 2007}
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Henrik Jensen of the University of California,

5an Diego, who outlined the technigue last week

at a computer-graphics conference in San Diego.
Jensen, who won a 2004 Academy Award

for a novel method of rendering skin that was

used to create The Lord of the Rings’ Gollum,

worked with colleagues from the Technical

to spot spoiled or
contaminated food.
A Danish company,
Danisco, is interested
in using it to check
the freshness of milk
and ice cream.
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Q. AAAS

whois helpi ng b ri"g ‘ ‘ As a child | got very interested in space travel.

When | was six my father gave me some
books on rockets and stars. And my universe

the gift of science

suddenly exploded in size because |
realized those lights in the sky | was
looking at were actually places.

to everyone?

| wanted to go there. And | discovered

that science and technology was a gift
that made this possible. The thrill of most
Christmas presents can quickly wear off. But I've
found that physics is a gift that is ALWAYS exciting.

I've been a member of AAAS for a number of years.
Ithink it’s important to join because AAAS represents
scientists in government, to the corporate sector, and
to the public. This is very vital because so much of
today's science is not widely understood.

| also appreciate getting Science because of the
breadth of topics it covers. It gives me a great
grounding for many activities in my professional life,
such as advising government agencies and ,’
private corporations.

Jim Gates is a theoretical physicist and professor at
the University of Maryland. He's also a member
of AAAS,

See video clips of this story and others at
www.aaas.org/stories

5. James Gates Jr., Ph.D.
Theoretical physicist
and AAAS member
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For the production, Wagstaf collaborated with computer scientists
at the University of Edinburgh, where he teaches composition. “It’s a
highly unusual topic: | can’t think of another opera featuring a singing
computer,” savs Gordon Duckett, administrator of the university’s
School of Informatics, who had several discussions with Wagstafl,
*Julian’s raising awareness of how far computing has come and ques-
tioning what we mean by artificial intelligence.”

ON CAMPUS

BIO FALLOUT. Atop official at Texas ASM
University (TAMU) in College Station has
stepped down amid a scandal over biosafety
problems that has shut down biodefense
research at the school. Richard Ewing,

TAMU vice president of research, resigned
on 1 August following lapses that have put
the school under “tremendous scrutiny,”
Ewing wrote in a letter to colleagues.

TAMU's problems began with its failure
to tell the Centers for Disease Control and
Prevention (CDC) in Atlanta, Georgia,
that one worker had contracted brucellosis
and three others were exposed to Q fever
last year. In late June, CDC ordered the
school to suspend all research on potential
bioweapons pathogens, noting that a
Brucella aerosol experiment apparently did
not have CDC approval, The Dallas Morning
News has since reported that the infected
lab worker didn't have approval to work
with the agent. Ewing, a tenured professor,
will return to the mathematics department
on 31 August.

MONEY MATTERS

CANCER FIGHTER. A billionaire cancer
survivor is donating another $700 million
to combat the disease,

www.sciencemag.org  SCIENCE VOL 317
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MACHINE MIND. There are no gondolas or
Venetian masks in composer Julian Wagstafi™s
first opera. which premiered in Edinburgh,
UK., this week. Instead, The Turing Test tells
the story of two scientisls competing to cre-
ate the ultimate intelligent machine.
Wagstafl was inspired to create the work
after a visit to the Massachusetts Institute of
Technology’s museum in Cambridge. where
he was impressed by an exhibit about the
English mathematician Alan Turing s test for
human intelligence in a computer. He hopes
that the opera will convey the challenges
involved in creating a computer that meets the
Turing test criteria—namely, that you can’t
tell the computer from a human when you
chat with it via a keyboard. “The biggest hur-
dle is designing a computer that you can im-
bue with culture and that can produce natural
language.” says Wagstall, who has
worked as a linguistand a
COmpuUler programmer.

polystyrene egg carton and the clamshell
Big Mac box. Last month, his current company,
the Salt Lake City, Utah—based Huntsman
Corp., agreed to a 510.6 billion takeover bid
by New York-based Apollo Management.
“One of two men and one of three women
lin the United States] will develop cancer at
some point in their lives,” says Huntsman, 70,
who has suffered from mouth, nose, and
prostate cancer. “Every family will be affected
at some point. There's a great need for money
for research.”

MOVERS

NOT 50 FAST. Sometimes links to one's home
institution can get in the way of a once-in-a-
lifetime opportunity to do something bigger,

That's what happened to oceanographer

Mark Abbott of Oregon State University
{OSU), Corvallis, who's changed his mind
about leading the geosciences direc-
torate at the National Science Foun-
dation after NSF's lawyers told him that
his continuing ties to OSU posed an
insurmountable obstacle.

Academics who come to NSF to take
up such senior positions typically go on
leave from their institution—Abbott is
dean of the College of Oceanic and

Atmaspheric Saences—and then recuse them-
selves from all pending decisions on grants and
other matters involving their school. But that
would have been impractical, says Abbott, given
the breadth of N5F funding going to the college.
“In the end, there would have been so many
geoscience programs involved that | couldn't
even be in the room” during discussions, he
says. And so NSF will resume its search.

In 1993, Jon Huntsman 5r,
established the Huntsman Cancer Institute at
the University of Utah in Salt Lake City with his
wife, Karen. Since then, he has gifted more
than 5225 million to it. The new donation will
help expand the institute’s treatment efforts
and research, which focuses an the genetic
causes of cancer,

Huntsman made his fortune developing the

_A Life 1n Science >>

,/ TREASURE TROVE. If you think words like “a total waste of
time ... will start again” come from the margins of a strug-
gling graduate student’s diary, think again. You'll find
them—and similar remarks—in the laboratory notebooks
of a two-time Nobel laureate and founding father of
genomics, Frederick Sanger.

Last week, the British Biochemical Society received a
Wellcome Trust award to catalog and preserve the note-
books—35 in all—in which Sanger recorded his ground-
breaking research from 1944 to 1981. The books, which the
biologist donated to the society in 2005, describe both the first sequencing of a protein (insulin),
which earned Sanger his first Nobel Prize in 1958, and the first sequencing of DNA, for which he
shared the Nobel Prize with Paul Berg and Walter Gilbert in 1980.

"He was a genius at solving practical problems, finding biochemical tricks to get the answer
he was looking for,” says Georgina Ferry, who met Sanger while researching her biography of
Max Perutz. And yet, “he is the most self-effacing person you could hope to meel.” Sanger

\ retired in 1982 and now spends his time gardening at his Cambridgeshire home. )

e =
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GRANTS MANAGEMENT

NSF Survey of Applicants Finds a
System Teetering on the Brink

A new survey by the National Science Foun-
dation (NSF) offers an imside look into the
minds of those seeking funding from the
S6 billion agency. It reveals a merit-review
system that’s bending but not breaking under
increased stram,

The survey, conducted for NSF by Booz
Allen Hamilton, a consulting firm head-
quartered in McLean, Virginia, explores the
effects of a stressful period (2000-2006) in
which the agency boosted the size of grants
but held the number of awards steady and had
to rgject an increasing number of applications.
The result has been a lose-lose sitwation: Pro-
gram managers and reviewers have had to
work harder. and principal investigators have
found it tougher to obtain a grant. The good
news is that most of the 24,378 scientists who
filled out the online survey (a 56% response
rate ) think the system is thorough and fair.

Sent Jast fall to evervone who submitted a
rescarch proposal to NSF in the past 3 vears
{more than halt were also reviewers), the sur-
vey also paints a picture of the tvpical appli-
cant. He's someone (three-fourths are men)
who underestumates his chances of success but
would have a go recardless of the odds. He
needs the money primarily to keep his lab
intact and is prepared to try and try again ifhis

Who's got the brightest ideas?

[] <10%

[] 10%-25%
] 26%-50%
B 51%-75%
B 76%-100%
[] Not sure

Percentage of proposals
you've reviewed that represent
transformative research

initial application is rejected. He's reviewed up
to a half-dozen proposals for NSF in the past
| 2 months. sometimes cutting corners, and

thinks that few contain potentially transtorma-

tive ideas. Yet he believes his own research, if

funded, stands a good chance of shattening the
existing paradigm in the field.

NSF officials say the survey results and
accompanying report by an internal commit-
tee (nsf07435) will help them address the
growing burden on the staft and the commu-
I!'Ill.:l.' “'i.ll'lli!ll[ compromising [|:'IL‘ merit-review
process. NSF Director Arden Bement is par-
ticularly concerned about what he calls
“churn™ excellent proposals that keep get-
ting revised and reviewed because funding
rates are so low. "They clog up the system.”
he savs, “and they're a burden on everyone:
program officers, reviewers, and scientists,
who should be doing research rather than
rewntng ther proposals.”

But altering one part of the process has a
npple effect. Responding to complaints that
grants were too small, for example, NSF has
boosted the size of the average award by
34% since 2000, But those lanzer grants swal-
lowed up nearly all the 44% growth in NSF%
budget aver the period. At the same time. the
number of applications rose by 47, With the

Percentage of proposals
you've submitted that represent
transformative research

A matter of opinion. Reviewers are much more likely to consider their own proposals pathbreaking.
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Mo limits. A plurality of NSF applicants would
consider submitting a grant proposal regardless of
the expected success rate.

number of awards holding steady, funding rates
plummeted from 30% in 2000 to 2 1% last year.

That decline, in turn, caused some pro-
gram managers to limit the number ofapplica-
tions from scientists and/or their institutions,
About one-quarter of NSF's 350 funding
opportunities now impose some restrictions
on apphicants; an mfrastructure or tmmmg -
tiative might allow only one application per
school, for example. and some program solic-
itations might do likewise for principal inves-
tigators, Other programs have begun to require
preproposals. with only those that make the
cut submitting a full proposal.

The survey found that about one-third of

scientists have submitted preproposals, but
that the jury 1s still out on whether the
approach saves scientists” tme, improves the
quality of'the final proposal, or curbs the num-
ber of applications, Bement doesn’texpect the
practice to spread but adds that it can be a use-
ful tool. 1 think the directorates have been
Jucicious in selecting those limitations that are
effective without restricting access,.” he says.
NSF officials don't know the reason for the
increased demand and the data don’t support
one pet theory. The budget of the Mational
Institutes of Health {NIH) has basically been
flat since a S-vear doubling ended in 2003, and
there was speculation that applicants would
turn to NSF for help, But that's not the case:
The number of submussions to NSF's biology
directorate has risen by roughly the same rate
through thick and thin NIH budgets. In addi-
tion, only 1 1% of survey respondents said p
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that their decision to seek NSF funding was
greatly atfected by funding cuts elsewhere,
The survey also found that one in six sci-
entists decline an invitation to review propos-
als, either by mail or in person at NSF’'s
Arlington, Virginia, headguarters. Nearly

two=thirds of those who say no cite a lack of

time. Some T0% who said no reported being
asked to do more reviews, and 36% say they

SOUTH AFRICA

From God to
ghost bird

are devoting less time to each review. But
15% also cite a conflict of interest—perhaps
as a potential collaborator—despite the
asency’s attempt to spot such conflicts ahead
of time. In addition, one in six admit that the
quality of their reviews has suffered as the
number increases,

Bement says that bigger NSF budgets
would solve many of these problems. and that

Jumping junk
|'F|.-.! negs

he’s encouraged by congressional support to
date for President George W, Bush’s proposal
last year to double NSF's budget over 10 years.
Otherwise, he says. the situation will only get
worse, My fear is getting into an irreversible
downward spiral, with funding rates so low
that people stop submitting and we can’t find
enough reviewers,” he says, “Right now we're
on the precipice.” =]EFFREY MERVIS

Firing of AIDS Policy Champion Seen as Sethack

PRETORIA, SOUTH AFRICA—Lasl
week’s dismissal of South Africa’
deputy health minister has
angered HIV/AIDS treatment
activists and exacerbated con-
cerns among researchers and cli-
nicians that the government’s
commitment to a new S-vear pub-
lic health strategy on AIDS may
be slipping.

The deputy minister, Nozizwe
Madlala-Routledge, had been the
most outspoken government advo-
cate of a stronger HIV/AIDS cam-
paign and a champion of a plan,
adopted this spring, that calls tor
cutting in half the HIV infection
rate (nearly 19% of the adult popu-
lation) and quadrupling the num-
ber of infected persons receiving
antiretroviral { ARV) therapy by 201 1. South
Adrica has the world’s largest number of
HIV-intected persons, an estimated 5.5 mal-
lion, of which about a quarter-million now
receive ARV therapy. In firing her, President
Thabo Mbeki claimed that Madlala-Routledge
hadn’t been a team plaver and had made an
unauthorized trip.

Pediatric AIDS researcher Hoosen
Coovadia of the University of KwaZulu-
Natal in Durban said he was concemed about
Madlala-Routledge’s removal because she
had “worked hard at reestablishing trust and
confidence with civil society, including its
much-derided scientists.” AIDS researchers
and the government have ofien been at odds
over issues such as the Health Depariment’s
long-runming support for nonstandard med-
ical remedies. Coovadia and others worry
that the deputy minister’s departure could
endanger the implementation of the

www.sciencemag.org  SCIENCE VOL317

Sudden exit. Deputy Health Minister Nozizwe Madlala-Routledge lost her job
alter traveling to Madrid for a meeting on HIVAIDS vaccines.

HIV/AIDS plan. the result of lengthy negot-
ations that ended earlier this vear (Science,
23 March, p. 1651).

Francois Venter, who heads the Southern
Adnican HIV Chinicians Society, called the fir-
ing “awful™ because Madlala-Routledge had

convinced activist groups of “a new era of

cooperation in tackling a difficult 1ssue” The
AIDS and Rights Alliance for Southern Africa,
a network of 20 AIDS and human-rights
groups in southern Afnica, saw the disnmissal as
“a political reprisal for the deputy minister’s
outspokenness and truthfulness.”

Mbeki's office denied any change in
HIV/AIDS policy and made public his dis-
missal letter to Madlala-Routledge. which
expressed his concern about her “mability 1o
work as part of a collective.” The presidem
cited her failure to receive prior approval o
travel to Madrid in June to attend an Intema-
tonal AIDS Vaccine Initiative { IAVI) confer-

ence. When the deputy minister
learned that her request had been
rejected, she flew back to South
Africa without attending. explain-
ing later that Mbeki told her that
“he believed that politicians have

technocrats and researchers.” Even
so, several government officials
from around the world attended the
session, In a statement, TAVI] said
planners “thought it was important
to include a high-level representa-
tive of South Africa’s health min-
istry,” given the extent of the
nmation’s HIV/AIDS epudenuc.

At a fiery news conference in
Cape Town last week, Madlala-
Routledge expressed hope that her
dismissal would not weaken the
new strategy: “People are waiting to see if the
spirit of unity we had achieved will remain
mtact. We really do need a united front” Gov-
ernment spokesperson Themba Mascko told
Scrence that the dismissal will not impact pol-
iy, insisting that the government “reaffirms its
commitment to the strategic plan and 15 doing
everything in its power to ensure that we meet
IS argets,”

But many activists were skeptical. Sev-
eral groups have complamed, for example,
that after 5 years, South Africa’s mother-to-
child HIV prevention program has not been
expanded bevond 30% coverage. The Health
Department counters that it is making
progress. Activist groups are planning to
review their strategies. Mark Heywood,
director of the AIDS Law Project in Johan-
nesburg, says more pressure necds to be
exerted “to make sure the AIDS plan is
implememed fully.” -ROBERT KOENIG
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Enzyme Keeps Old Memories Alive

Many substances interfere with memory, as
any hung-over partygoer can attest. But
although booze and drugs can disrupt the
making of new memories (such as the
embarrassing antics at last night’s party),
they leave older memories intact. Neurosci-
entists think this is because, afier a ume,
memories become wired into the brain ina
way that makes them harder to wipe out:
Long-term memories. in the generally
accepted view, are maintained by structural
changes to the synaptic connections
between neurons,

A study on page 951 adds to other recent
evidence that may challenge. or at least
complicate, this view. A team of neuroscien-
tists reports that injecting a drug that blocks
an enzyme called protein kinase ML
(PKMCL) into the cerebral cortex of rats
makes the animals forget a meal that
made them sick weeks carlier, The
findings suggest that the continuing
activity of PKMC is somehow neces-
sary to maintain long-term memaory,
something that's not predicted by most
current hypotheses on the mechanisms
of memory. The work also hints at the
passibility of future drugs that could
tinker with memory—{for therapeutic
uses or for boosting brainpower.

“This is a somewhat mind-blowing con-
clusion.” says David Glanzman, a neurosc-
entist at the Unmiversity of California, Los
Angeles. Enzymes similar to PKMC are

memory formation, Glanzman says, but
most researchers had thought that these
compounds were not needed Lo sustain
memory once synaptic changes—such as
the growth of new synapses or the strength-
ening of existing ones—had occurred.

In the new study. Todd Sacktor of State
University of Mew York Downstate Medical
Center in Brooklyn and Reut Shema and

Science in Rehovot, Israel, first gave rais an
unsavory meal to remember, They added a
novel taste. saccharin, to the rodents” drink-
ing water, then 40 minutes later gave a
nausea-inducing injection of lithium. Rats
g normally avoid saccharin-laced water for
g weeks after such an expenience. But in the
£ days that followed, when the researchers
g injected the PKME-blocking drug. called
5, ZIP, into the insular cortex, where taste
€ memories are thought to reside. rats lost
o their aversion to saccharin within 2 hours
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known to be important in early stages of

Yadin Dudai of the Weizmann Institute of

and did not recover it in the 25-day study
period. Moreover, giving the injection up to
25 days after the nauseating meal erased the
aversion. Yet when given prior to saccharin
exposure, ZIP had no effect on the ability 10
form new memories—the rats still learned
to avoid the flavored water.

The findings extend a 2006 study by
Sacktor and colleagues that showed that
blocking PEKMC in the hippocampus of rats
reverses long-term potentiation, a change
in neural signaling thought to underlie
learning and memory, and causes the ani-
mals to forget their fear of a place where
they d previously received a shock (Science,

Memory molecule. PKMC sustains long-lerm memory
in the cerebral cortex of rats.

25 August 2006, p. 1141). The new work
suggests a broader role for PKMC as a key
component of different types of long-term
memories stored in different parts of the
brain, Sacktor says.

Going forward, it will be important to
figure out how specilic ZIP's memory-
erasing effects are, says Lynn Nadel. a neu-
roscientist at the University of Arizona in
Tucson. “It’s possible that ZIP erases all
learning, no matter how old.” Madel says.
But if the drug works more selectively, it
could one day have clinical applications, he
says. For example, researchers and clini-
cians have been looking for compounds
capable of eliminating the painful memo-
ries of trauma survivors (Science, 2 April
2004, p. 34). The flip side is cognitive
enhancement. adds Richard Morris, a neu-
roscientist at the University of Edinburgh,
UK. “The next step might be to find out
whether augmenting the action of PEKMC
can help sustain memones for longer than
occurs normally.” ~GREG MILLER
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Germany Plans New GM Rules

BERLIN—Proposed new rules governing
genetically modified (GM) crops in Germany
have disappointed many researchers and
farmers. Germany already has one of Europe’s
strictest laws, and the center-right agriculture
minister had raised hopes last year for a
reprieve (Science, 1 December 2006, p. 1369).
But the new proposal, issued last week, has
managed to disappoint both supporters and
opponents. GM advocates complain that a new
150-meter buffer zone between GM and con-
ventional crops (300 meters for arganic crops)
has no scientific basis and will make it impos
sible to plant GM crops in western Germany's
small, patchwork fields. And as before, larmers
and researchers would have to pay damages if
a neighbor finds stray genes at harvest time.
The law also retains the public database of all
GM plantings, providing sometimes destruc-
tive protesters with a road map, Plant geneti-
cist Frank Ludewig of the University of
Cologne, who spent more than a year filing
paperwork for a field trial of GM potatoes, says
he had expected biotech-friendly changes.
“My first thought was, ‘No, this can't be true,’
* he says. Opponents say they want the buffer
zones to be at least 800 meters with no
exceptions. A parliamentary vole is expecled
in September. -GRETCHEN VOGEL

Paulson; Edit Out Credit

Before signing a research and sdence education
bill last week (Science, 10 August, p. 736),
President George W. Bush said he would con-
tinue to push for a priority that's not in it: mak-
ing the corporate “research and development
tax aredit a permanent part of the tax code.”
But next door, Treasury Secretary Henry Paulson
appears o be less supportive of the idea. Last
month, in a white paper, Paulson said that lower
corporate taxes and a simpler system could
obwviate the need for the research credil. The
current credit, he said, “creates complexity™
time-consuming paperwork and exhaustive
audits. "[Tlhe administrative difficulties erode
the positive incentives [for research] the provi
sion provides,” the paper said.

Has Paulson jumped ship? No, says IBM lob-
byist Linda Evans. "The treasury secretary is
looking long term,” she says, whereas the White
House has more near-lerm thinking. (Atreasury
spokesperson did not return calls.) Paulson's
ideas are unlikely to get much traction in the
Democratic Congress, where a focus is on mak-
ing the credits permanent; bills that would do
that have more than 100 cosponsors belween
the Senale and House versions, but they've
gotten no hearings, -ELI KINTISCH
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EMDOCRINE DISRUPTERS

Controversy Continues After Panel Rules on Bisphenol A

A federal advisory panel has poured itself the
proverbial half-glass of water after digesting
the latest studies on the human health risks of
an estrogenlike chemical used to make plastics.
The chemical industry has proclaimed that the
panel’s verdict last week confirms its con-
tention that bisphenol A is safe. Bui environ-
mentalists say the report has been
tainted by mdustry and downplays
the risks. Away from the fray, some
scientists say the panel’s comments
about the chemical’s effects on the
developing brain represent height-
ened concemn compared with previ-
ous formal reviews,

Bisphenol A is found in
everything from some beverage
and baby bottles to the linings of
food cans. Small amounts can
leach out into food, and most
people likely have detectable lev-
els in their blood. These paris-
per-billion levels are well below

the safe dose set by the Environmental Pro-
tection Agency (EPA). In 1997, however.
reproductive biologist Frederick vom Saal
and others at the University of Missouri,
Columbia. found that very low levels fed 1o
pregnant mice could enlarge the prostates of
their male oftspring. Indusiry studies couldn’t

How safe? Polycarbonate baby bottles are one source of the
controversial chemical bisphenol A.

replicate the results, but a review concluded
that the results were valid (Science. 27 Oct-
ober 2000, p. 695),

Since then, other scientists have reported
low-dose effects in rodents, Some findings
have raised alarms, such as an increase in
chromosomal abnormalities in the eggs of
mice. discovered after bisphenol A leached
from plastic mouse cages (Science. 4 April
2003, p. 31). Epidemiology studies have
linked bisphenol A and human health
problems, such as breast cancer and early

puberty. In the first formal U.S. review of

bisphenol A. the National Toxicology Pro-
gram’s (NTP%) Center for the Evaluation
of Risks to Human Reproduction formed a
| 2-member expert panel to review more
than 300 studies.

Controversy accompanied the first
meeting of academic, federal. and industry
scientists in March: An environmental
group pointed out that the contractor
preparing a draft report had done work »

MOLECULAR EVOLUTION

Resurrected Proteins Reveal Their Surprising History

It’s easy to see evolution’s handiwork writ
large—just compare a marigold and a musk
ox. With a itle work. scientists can also pick
out subtle differences in the protemns of related
organisms. Now researchers in Oregon and
Morth Carolina have gone astep further: retrmc-
ing the steps by which two proteins diverged
from their ancient commaon ancestor,

In a paper published online in Science this
week (www.sciencemag.org/cgi/content/
abstract/ ] 142819), the researchers report
that they resurrected a protein from ancient
fish that swam the oceans some 450 million
vears ago and then worked out the protein’s
atomic structure. By comparing the protein
to more modern versions and doing some
deft detective work, they crafied something
like amovie of the sequence of key mutations
that enabled the ancestral protein to take on
new modern functions.

*Its a beautiful piece of work.” says David
Haussler, a molecular evolution expert at the
University of California, Santa Cruz. Haussler
says the work underscores how chance muts-
tions that seemingly add httle value mitially
can help set the stage for major evolutionary
leaps. “For me. what is so exciting is seeing the
dynamics of evolution play out on the molecu-
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lar level” Haussler says.

The study was led by Joseph Thornton, an
evolutionary biologist at the University of Ore-
gon, Eugene. Thomton and his postdoctoral
assistant Jamie Brideham turned w a pair of
closely related protein receptors for two
steroids, hormones that govern a wide range of
metabolic functions in humans and other verte-
brates. The first receptor. known as the gluco-
corticoid receptor (GR). binds to the hormone
cortisol, which helps regulate the body’s
response to stress. The second called miner-
alocorticoid (MR), binds to deoxyeorticos-
terone (DOC) in fish and to aldosterone in
humans and other etrapods. The two recepiors
derived from a common ancestral protein,
known as the ancestral corticoid receptor
(AncCR), some 450 million vears ago.

Last year, Thornton's group reported they
had resurrected that ancient protein by com-
paring the gene sequences of 60 steroid recep-
tors from present-day organisms (Science,
7 April 2006, p. 97) and using evolutionary
relationships to compute the most likely
sequence of the ancestral protein. The team then
synthesized a gene for that protein, cloned it inw
mammalian cells in culwre. and regenerated it.

Biochemical tests showed that. like the

modern MR protein. it readily bound aldos-
terone and DOC, and ithad a more modest sen-
sitivity to cortisol. “So it’s the GR'S function
that emerzed with evolution.” Thornton says.
That suggested that the gene for the ancient
MR protemn was duplicated in the ancestral
organism—when fish with cartilage-based
skeletons were the only vertebrates on Earth—
and evolved to become GR, Thornton says,

For its current study, the group set out to
unravel those evolutionary steps, They started
by teaming up with structural biologist
Matthew Redinbo of the University of North
Carolina, Chapel Hill, and his postdoctoral
assistant Eric Ortlund, who crystallized the
AncCR protein and used a powerful x-ray syn-
chrotron to determine its three-dimensional
structure, the first of an ancient protein. They
then studied precisely how the structure dif-
fered from structures of MR and GR.

The researchers worked their way back up
the tree of life from AncCR, reconstructing
other ancient proteins from ancestral organ-
isms that likely lived around 440 million and
410 million vears ago. Whereas the older of
these retained the MR-like behavior of
AncCR. the more recent protein was found to
have a more GR-like funcuon, Comparing

www.sciencemag.org
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for chemical companies. NTP fired
the contractor.

Amid the scrutiny. the panelists last
week stuck with a previous decision to set
aside many academic low-dose animal stud-
ies that had injected the chemical, because
the results failed 1o account for the detoxi-
fying effects of ingesting bisphenol A. The
panel also questioned the relevance of an
enlarged prostate because it wasn’t shown
to be a precursor of cancer, NTP statters
say. The bottom line: On a five-point scale
of concern ranging from “negligible™ to
“serious,” the panel had “minimal concern™
for potential effects on the prostate during
development or accelerated puberty and
*negligible concern™ that bisphenol A is
harming adults.

At the same time, the panel had “some
concern” about risks to fetuses and children
because of about a half-dozen reports of
subtle neurological effects in rodents from
minute doses of bisphenol A, including
changes in brain structure and a reduced
interest among males in exploring their
environment. “*Theyre very scatiered. No
single study has been replicated.” but “it

raises some flags,” says panelist Jane
Adams, a neurotoxicologist at the Univer-
sity of Massachusetts, Boston. This area
topped a list of research needs from the
panel. Some answers could come from the
upcoming National Children’s Study, said
panel chair Robert Chapin of Plizer.

Vom Saal and others are upset that the
panel’s conclusions differ from a statement a
week carlier by 38 scientists in the online
Reproductive Toxicology expressing “great
cause for concern™ about its potential human
health risks. In contrast, a European risk
assessment in January found no risk o
human health at current exposure levels.

Reproductive biologist John Vandenbergh
of North Carolina State University in
Raleigh, a co-signer of the Reproductive

Toxicoloay statement as well as a member of

the NTP panel, believes that the latter’s lower
concern reflects added expertise in epidemi-
ology and human health. 1 think there is a
human risk. What we're trying to do here 15
define what the nisk i1s.” he says. After receiv-
ing public comment, the NTP itself will
weigh in on the risks of bisphenol A.
=JOCELYN KAISER

CREDNT: E A ORTLUMD, ETALSSCENCE

computer models of the likely structures of

these two proteins, Thornton’s team found
37 amino acid changes, In all modem GRs, the
amino acids at five of those sites are always the
same—a clue that those mutations are vital to
the ancient protein’s GR-like function. When
the researchers inserted the mutations into
AncCR, no single one of them transformed it
ino a GR-like receptor, But one pair of muta-
tions did turn the ancestral recep-
tor into one that prefers cortisol
to aldosterone and DOC. “It
didn’t get us all of the way
there, but it was a huge
shift,” Thornton says,
Thornton’s team sus-
pected that adding the
other three conserved muta-
tions into the protein
would create a more
modern GR. But it
didn’t happen. Instead,
the mutations completely killed
the receptor. Reviewing the
atomic structures of the ancient
and modern proteins, the
researchers found another pair
of mutations that likely helped
reinforce the portions of the
protein destabilized by the trio

AF

they added these mutations
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e ; New tricks. Blue spheres mark key
of “killer” mutations. When  mutations that changed an ancient
protein’s function.

before the other three highly conserved muta-
tions. they got a protein that works like a
modern GR. “That really blew our minds,
that we were able to predict the functional
effect of these mutations that occurred over
400 million yvears ago,” Thornton says,
The re-creation sheds light on exactly
how evolution works at the molecular level.
Haussler says. For example, it
shows that evolution
— first made big leaps
in changing the
AncCR receptor to its
GR-like state and then
made smaller tweaks
in refining its bind-
ing abilities, It also
shows that mutations
having no effect on a
protein’s function
can set the stage for

the history of life could
be replaved like a movie,
Haussler says. such
stage-setting mutations
probably wouldn't always
occur when needed. And that
means the movie
would likely have a
different ending.
-ROBERT F. SERVICE

key mutations, If

Bank On It

Supporters of biomedical research have
hatched a new scheme Lo boost the flat
budget of the National Institutes of Health
(NIH): savings bonds. A bill introduced in the
House last week by Representative Steve
Pearce (R—NM} and two colleagues would cre-
ale special Treasury "health research” bonds.
When the bond is cashed in, the buyer would
forfeit 10% of the interest, which would go to
the NIH institute of his or her choice. If offi-
cials managed to persuade a fifth of U.5.
bond buyers 1o purchase the special securi-
ties, NIH would get $158 million a year—a
0.5% drop in the bucket for the $29 billion
MIH but far more than the $7 million a year
currently raised by a special breast cancer
research stamp. The Association of American
Medical Colleges has endorsed the bill, which
is now in the Ways and Means Commiltee,
=]JOCELYN KAISER

Penny-Pinching at NASA

MASA science chief 5. Alan Stern is looking to
squeeze more data out of his budget for mis-
sions, which is likely to be flat for a while.
Before, the Stratospheric Observatory for
Infrared Astronomy (SOFIA), for example, was
slated for 6 years of extensive tests after it
begins flying on a Boeing 747. Now Stern
wants SOFIA, which made its first test flight in
April, to begin sending back data almost
immediately by staggering those Lests,

NASA also intends to shorten the Kepler
Mission to detect extrasolar planets, with an
optional extension. Stern said in a press confer-
ence last week that he's considering using extra
room on board scheduled missions—a cheaper
alternative than building large spacecraft.

=ANDREW LAWLER

Help Wanted

Running California’s 53 billion stem cell pro-
gram should be a plum job, but it's proving
tough to fill. Some of the reasons are tough
conflict-of-interest requirements and a history
of administrative strife. Board chair Robert
Klein says there are also "some incredible
individuals who were nol prepared to give up
their laboratories.” So to fill the gap left by
Zach Hall, the California Institute for Regener-
ative Medicine (CIRM) has named neuroscien-
tist Richard Murphy, until recently head of the
Salk Institute in San Diego and a former
member of the CIRM board, as interim presi-
dent. Murphy says he plans to launch a pro-
gram for disease-oriented research grants.
—CONSTANCE HOLDEN
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MARIME GEOLOGY

Support Is Drying Up for Noah’s Flood Filling the Black Sea

It was a hypothesis of biblical proportion: In
1997, two marnine geologists proposed that a
cataract with the power of 200 Niagaras
filled the Black Sea 8400 years ago. driving
Meolithic farmers into Western Europe
and inspiring the story of Noah’s flood
{Science, 20 February 1998, p. 1132). Now,
10 years later, a torrent of research is still
arniving, and almost all of 1t comes down
hard on any Black Sea flood.

The proflered geologic evidence for a cata-
strophic event was misinterpreted, researchers
write in more than 1000 pages of papers, and
the raft of data collected around the Black Sea
the past 50 years all points w a gradual
filling starting thousands of years ear-
lier. Putting it mildly. *the majority
wisdom would be against™ a flood,
says zeolozist Morm R, Catto of the
Memorial University of Newfound-
land in St John's, He 1s editor-in-chiel
of Quateriary fiternational, where a
new collection of papers appears. But
a small cadre of researchers main-
tains that the flood hypothesis is
sound and hints that definitive evi-
dence is inthe offing.

The latest surge
of research comes in
15 papers m the June
issue of OQuarernary
fnrernational and
35 papers ina 971-
page book, The Black
Sea Flood Question,
published earlier this
year by Springer. The
new papers agree that
the archacological
record shows no sign that people living around
the Black Sea 8400 vears ago Ned from a rap-
idly advancing sea. “At this point. there just
isn’'t any evidence for something big and cata-
strophic™ in the archaeological record, says
archaeologist Allan Gilbert of Fordham Uni-
versity in New York City. an editor of the new
book. One apparent piece of supporting evi-
dence—the discovery of the remains of a
wood-and-mud house littered about with
stone tools 91 meters beneath the Black Sea
(Science, 22 September 2000, p. 2021 )—has
not panned out. "It looks peculiar.” says
Gilbert, but there’s no sign it's anything more
than a random bunch of rocks and sticks.

Then there’s the geologic evidence used o
gauge the depth and salinity of the Black 5Sea
over the past 13,000 years, The wools include

17 AUGUST 2007 WVOL 317

drowned beach dunes, seismic probing of bot-
tom muds, oxygen isotopes, microscopic fos-
sils, and pollen. Citing such data, the origina-
tors of the flood hypothesis—Ilongtime marine
geologists William Eyan and Walter Pitman of
Lamont-Doherty Earth Observatory in Pal-
1sades, New York—have argued that 10,000
vears ago, the Black Sea was a modest-sized
lake lying perhaps 100 meters below its cur-
rent level. It was cut off from the salty
Mediterranean Sea, they say. because sea level
was oo low w spill through the Bosporus,
When melting glacial ice raised sea level. the
Black Sea basin filled up in a geologic instant

about 8400 years ago,

But most of the authors of the book con-
sider that scenario “a myth,” ¢-mails
another editor of the book, Valentina
Yanko-Hombach of the Avalon Institute of
Applied Science in Winmpeg. Canada. The
Black Sea, she sayvs. was never that low, and
it rose gradually over millennia.

Mot so fast. says coastal geologist Liviu
Giosan of Woods Hole Oceanographic Institu-
tion in Massachusetts, Giosan, a native
Romanian who studied oceanography in that
Black Sea coastal country, has reviewed the
new book for Quaternary Science Reviews
and found it wanting. In particular, he says. the
“vast amounts of data”™ collected around the
Black Sea by Soviet scientists and researchers
from former communmist countries around the

SCIENCE

No flood? Opinion is running against a catastrophic
flood through the Bosporus (above and inset).

Black Sea are suspect. He distrusts much of
the carbon-14 dating of lake levels and 15 frus-
trated by the traditional lack of access to pri-
mary data, As a result, he writes, “many con-
clusions of studies presented in the book
should be considered witha grainof salt™ until
researchers buttress them with more-direct
measures of lake level.

Lately. geologists are in fact looking at
more direct sea-level gauges, as well as geo-
logic indicators of past flow through the
Bosporus, Richard Hiscot and Al Aksu of
Memonal University of Newfoundland and
colleagues have reported several signs that
the Black Sea filled slowly and
gently. In the Quaternary fnter-
national issue, they describe a
core from the shallow Black Sea
shelf that contains sediment laid
down beneath tens of meters of
water when Ryan would have that
spot high and dry. On the Black
Sea floor just north of the
Bosporus, they have mapped old
beach ridges and lagoons formed
as the lake level slowly rose. And
south ofthe Bosporus, they found
adela buili by outflowing waters
10,000 yvears ago, when Ryan’s
scenario would have the Black
Sea totally cut off.

Ryan and a half-dozen col-
leagues disagree. “I"ve found
mysell following those who eriti-
cize the Nood.” says Ryan, “getting
my own data from their sites, and
inevery case lNinding a very differ-
ent story.” Where Hiscott and
Aksu find a delta built by Black
Sea outflow, Ryvan and colleagues find a delta
formed by a nearby river, as they will soon
report in Marine Geology. As for the putative
beach ndges, Rvan says unpublished coring
results show they are actually mud brought in
by bottom waters still flowing through the
Bosporus today. He also speaks of an as-vet-
unpublished description of “an extraordinary
debris fan™ right where the flood would have
dumped its gougings. Erosional features there

ar a striking resemblance, he says, to those
created by catastrophic outbursts from glacial
lakes (Science, 20 July, p. 307).

Despite the continuing debate, Giosan,
who has worked with Ryan, is guardedly opti-
mistic, “There is momentum wward solving
this,” he says. “Maybe we'll solve it someday.”

-RICHARD A. KERR

wwwsciencemag.org
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ALAN KRENSKY INTERVIEW

Drawing a Map for the Twenty-Seven
Divisions in NIH's Army

BETHESDA, MARYLAND—Alan Krensky
should have packed a flak jacket when he
moved here. The director of the National
Institutes of Health's (NIH ) new planning
office says he’s already been battered with
criticism as he settles into his job, which is
to bring more order to the sprawling
529 billion biomedical research agency.
“One thing 've learned 15, any flag vou
ratse, someone will attack it from one side
or the other. and sometimes both sides at
the same tme.” savs Krensky, who came to

NIH from Stanford University School of

Medicine last January.
Yet Krensky seems undaunted. As the

official director of the NIH Office of

Portfolio Analysis and Strategic Initiatives
(OPASI) since 8 July, he faces two main
responsibilities. The First is to oversee
implementation of the Roadmap, the
$453 million set of crosscutting initiatives
started 4 vears ago by NIH Director Elias
Zerhouni that has been criticized as taking
money from mvestigator-initiated grants,
Second, OPAS] will look across NIH's
research portfolio and find better ways to
manage it while respecting the turf of its
27 institutes and centers.

Observers say those are formidable
challenges. “A lot of this is going to boil
down to how well he gets along with insti-
tute directors,” says former NIH director
Harold Varmus, now president of Memonal
Sloan-Kettering Cancer Center in New
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York City, who first called for more central
planning at NIH 6 vears ago in Scienee.

In an mterview, the 55-year-old immu-
nologist talked about his experiences at
Stanford, where he headed a 5500 million
children’ health initiative. He also outlined
some ideas for OPASL. which will soon
become part of a division under Krensky's
direction that Congress created to encom-
pass NIH offices such as those on women's
health and AIDS.

Krensky is now overseeing midcourse
reviews of the Roadmap projects and
crafting more rigorous policies, such as
time limits, for the next round, which will
launch this fall with projects in epigenet-
ics and the microbiome. His edited
remarks follow.

—-JOCELYN KAISER

Q: What is your response to the claim that
the Roadmap takes funding away from
investigator-initiated RO1s?
I think when people attack it or have con-
cerns, they really misunderstand what 1t all
about. [ don’t view the Roadmap as mono-
lithic at all. What attracted me 15 that it was
a new way of looking at things, One term
that Elias [Zerhouni] used is a learning lab-
oratory. Its a place o ask questions, a place
to do things outside the box,

These are S-year programs, potentially
renewable for 10. And that’s what [ hke. It
people don’t use it or dont like it, it should

NEWS OF THE WEEK

disappear, And the idea that it sundowns
makes it different from anything else here.

The scale of many of the early projects
was very large. I'm not against big projects.
IF people say. “This has been terrific for my
research.” it’s a success. That being said. I'm
very interested in other areas that the
Roadmap can do and test. [ believe we want
more pilots. | believe in small things.

Q: Is OPASI, with its 5483 million research
fund, essentially a 28th NIH institute?
That 15 a real problem. Oniginally. the com-
mon fund was a tap from all the instiutes
and centers. 5o 1t was a co-ownership, a
co-op essentially, Last vear and this vear,
Congress made it a line item so it now has an
income stream like any other [institute].
And so what's central to this is, we're not
an[institute], its about working together, This
goes back to what [ call cajoling. but we are
really working with the entire community
and that’s both imternally and externally—to
develop these programs, and we’re much
more like the concierge than the bosses,

Q: What is the “fingerprinting” [of individ-
ual grants by disease topic] about?

[MIH is] basically building a system that
will scan the grants and determine the port-
folio [for a particular disease]. Now there
are all kinds of ramifications of that. Any
number in any [disease] area will be differ-
ent because it was obtained in a different
way. 1'm expecting the community and
Congress to respond to the numbers, and the
communications are going to be very

important. The most important part 1s, if

someone else came and ran the same thing,
they'd get the same number.

Q: Doesn’'t Congress want NIH to address
redundancies?

In my time here. of all the words that give
me the greatest fear, the word “redundancy™
comes to the top of the list. The first point
made to me 15 that redundancy 15 important
in science. If vou do an experiment once and

no one proves that it's correct, it’s sort of

worthless. So we have to have a certain
amount of repetition.

I think redundancy is in the eye ol the
beholder. For some people it resonates
tremendously. for others it 1s a very worri-
some topic, One investigator said to me.
“Am | the redundant one?” So in our R
community, people worry about that,

But at the same time. if people find out
they “re doing the same thing, they should know
about it [ can’t prescribe how they respond to
that or what they do, but it’s of interest,
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Gambling on a Ghost Bi
Top-notch ornithologists wagered their reputations by declaring that the ivory-billed
woodpecker still exists. Two years later, the odds of its survival appear long

ON 28 APRIL 2005, JOHN FITZPATRICK
told the world what he had been keeping
secret for more than a year. At the head-
guarters of the Department of Interior in
Washington, D.C., flanked by two Cabinet
secretaries, Fitzpatrick announced a conser-
vation miracle. The majestic ivory-hilled
woodpecker—an emblem of southern old-
orowth forests that was last seen during
World War 11—suill persisted in the Big
Woods of Arkansas. “In the world of bird-
ing,” he said, “nothing could have been
more hoped-for than this Holy Grail.”

It was an extraordinary claim and a rare
piece of good news in conservation. It was
also a crowning achievement for Fitzpatrick,
director of Cornell University’s prestigious
Lab of Ornithology, who had fielded proba-
bly the most intense search for a bird ever.
The 14-month stealth mission yielded sev-
eral eyewitness sightings, sound recordings.
and a video, published online in Science that
day. “We have conclusive proof that the
vory-billed woodpecker has survived into
the 2 1st century.” Fitzpatrick declared in a
video released by Cornell. Pnivate donors and
federal agencies opened their wallets. The
world celebrated a second chance to save the
awe-nspiring bird.

And vet after more than 2 years of her-
culean efforts and sometimes vituperative
debate. mdisputable evidence of the bird’s
existence has not emerged, Fitepatrick still
believes his team saw an ivorybill, although
he never did himself, in the Big Woods in
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both 2004 and early 20035, and he speculates
that it has either Hlown elsewhere or died.
Skeptics think the mesmerizing ivoryhill
wis never there to begin with and that the
Cornell team mistook other woodpeckers

and overinterpreted a blurry video, *Why

would yvou announce ... one of the biggesl

things ever in North Amencan ornithology

and not have concrete. irrefutable evi-
dence? asks Mark Robbins of the Univer-
sity of Kansas in Lawrence.

To many critics, this 1s a story of good
intentions gone awry and the power of belief,
amplified by secrecy. A top-notch team of sci-
entists was misled by hope. it seems to them,
and buoyed by confidence that more searching
would bring the defimitive photo, Fitzpatrick
and his colleagues reject those explanations,

defend their objectivity, and say they have no
doubts or regrets. Now, as the U.S. Fish and
Wildlife Service (FWS) begins to assess the
efficacy of the searches it funds, most birders

and omithologists seem resigned that even if

an ivorybill was in Arkansas in 2004, the
chance o save the species is past, "1 want to
hope against all odds.” says James Bednarz
ol Arkansas State University in Jonesboro.
“But my scientific logic savs it’s deep in the
vortex of extinction.”

Fleeting glimpses

The largest woodpecker in the United States,
the ivorybill {Campepliilus principalis) lost
practically all its old-growth habitat when

loggers cut down the bottomland forests of

the southeastern United States, As the birds
became scarce in the 1880s, ornithologists and
birders raced to shoot the survivors for their
collecnons. By the 19605, most ornithologists
were convinced the ivory-hilled woodpecker
was extinet. Yet every few vears, a hunter or
birder would announce a sighting. Experis
assumed that they were misidentifying a
pileated woodpecker (Drvocopns pileatus). a
larze species still abundant in the bottomland
forests. In 1966, bird author John Dennis
reported seeing an ivorybill in a swamp in
east Texas. He swam naked through the
water and managed to get a close look, vet
no one believed him.,

Evena respected scientist caught the fever,
George Lowery Jr. of Lowsiana State Univer-

sity (LSU) in Baton Rouge, past president of
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the Amencan Ormithologists” Union, browght
two photographs of vory-billed woodpeckers
to AOU's annual meeting in 1971, Lowery
believed that the photos, taken by an acquain-
tance, were real, but other ornithologists
thought the birds looked hike posed speci-
mens. His reputation was tarnished. =1 wish
now that | had said nothing about these birds.”
he later wrote,

None of this boded well for David Kulivan,
a Forestry student at LSU. He spotted what he
thought were two ivory-billed woodpeckers
while turkey hunting near the Pearl River on

I April 1999 (not an auspicious day of

the year to report seeing ivorybills). He
recounted the sightings to ornithologist
James Van Remsen, curator of birds at LSU’s
Museum of Natural Science, who was per-
suaded enough by Kulivan’s account to
organize a search, Zeiss Sport Optics funded
a well-publicized effort in 2002,

Cornell also mounted a small expedition,
led by Fitzpatrick. There may have been no
one better placed to save the ivory-billed
woodpecker than Fitzpatncek, who 15 shrewd,
ambitious. and decisive. “Fitz never goes
halfway on anvthing.” says Frank Gill, who
retired as chief scientist of the National
Audubon Society in New York City. “He can
move mountains in a way that no other
ornithologist can do.” A Harvard graduate who
went on to a Ph.D. at Princeton. Fitzpatnck
bushwhacked through the Amazon in the
19705 and "80s. discovering seven new
species of birds. He made an even bigger
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mark studying endangered Florida serub jays
and helping to create a national wildlife
refuge to save scant remaining habitat. In
1983, as curator of birds at the Field Museum
in Chicago, Hlinois. he was awarded AOUS
highest prize tor research.

After a month in the Pearl River, neither
group had found anything. Late-night TV
comedian Jay Leno mocked the search by
reading a newspaper headline: “Researchers
tail to find extinct bird.” Eventually, the
Lowsiana Ormithological Society dismissed
the Kulivan sighting. 5till. the Cornell team
won kudos from other researchers for its cau-
tious analysis of their sound recordings, which
turned out to have capred sunshots, not the
distinctive double-knocks made by ivorybills.
Despite heading home empty-handed, the
expenence fred up Fuzpatnck. “The chance
to be there was a dream come true,” he says.

Secret mission

Another opportunity arose just 2 years later.
Fitzpatrick was in his office at 8:30 a.m. on
1 March 2004 when Tim Gallagher came i,
wild-eved. Gallagher, an avid birder who
edits Cornell’s Living Bird magazine, had

Just returned from the Cache River National

Wildlife Refuge in Arkansas, where he and a
triend had seen an ivorvbill. Fitzpatrick
grilled him for details and finally asked:
“What are the chances that the bird you saw
Wias not an ivory-
balled woodpecker?™
Gallagher replied,
“I'm absolutely pos-
itive that this bird
was an ivory=billed
wiood pecker.”
Fitepatrick imme-
diately sent Gallagher
back to the swamp
with a top graduate
student. Then in mid-
March. he convened
a meeting of the Sap-
suckers, a cruck team
of birders from Cor-
nell that competes in
the World Series of
Birding. Several days
later. they were tromping and paddling
through the Arkansas swamp. But during
that week. the only woodpeckers they saw
were pileateds. The team was frustrated,
and most of them had to return to their day

jobs at the lab,

But Fitzpatrick decided to press ahead,
having great confidence in Gallagher's sight-
ing. “l have to put my faith in those people
able to separate fact from fiction,” he says, He

NEWSFOCUS

was also convinced that if he didn't act. the
bird would truly go extnct. There had been no
previous exhaustive searches. he points out.
Cornell had the up, the resources, and the
gumption, “Mobody else had the balls to do
it.” Fitzpatrick says.

He insisted on secreey—a decision that
would later bring the team criticism for being
insular and insulficiently skeptical. Fite-
patrick feared that if word of the search got
out, “the place would become Coney Island
with birders piling in all over the place.” Ult-
mately. some two dozen police officers were
ready w protect the habitat after the announce-
meent, but there was no onslaught. The Nature
Conservancy, which was involved in the
search, had its own concerns. It had been buy-
ing land 1o conserve bottomland hardwood
forest and feared that news of the search
would drive up prices,

More volunteers arnived all signing legal
confidentiality documents. The cover story
for curious locals was that they were doing a
biological inventory for The Nature Conser-
vancy. The bird was code-named Elvis,

Between 5 and 11 April. there was a flurry of

sightings, all by lone, amateur observers, Con-
cemned about the lack of corroboration, Jefirey
Wells of Cornell, the logistical manager,
decided to double up the observers. After that,
there was just one more sighting. On 25 April,
David Luneau—an electrical engineer at the

zpatrick stands by his
team's conclusion that they

found at

stone

worybill in Arkansas.

University of Arkansas, Little Rock. who par-
ticipated in the Pear] River search
brother-in-law filmed a 4-second glimpse of a
bird fleeing a tree. It has become withouwt
doubt the most analyzed bird video in history.

Like the others, Fitzpatrick was initially
disappomted by the video's quality. Although
the team was convinced from the sightings
that the bird was there, and they had intrigu-
ing recordings of double knocks and “kent™

and his
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calls, they wanted solid evidence—clear
photos or video or a nest hole that would con-
vince skeptics. As Luneau has said. “1f you
have something like a picture or video or
sound recording, ... then others are able to
make up their minds based on science rather
than on their feelings on how much they
believe somebody.”

With ime running out on the 2004-2003
season—the leaves would soon be emerging
on the trees and 1t would be impossible o see
anything—Fitzpatrick and the others began
planning for the next field season. Fizpatnick
ratsed about $4 million in cashand pledges for
what would become the largest ormithological
search in modern times, coupled with a con-

certed effort to conserve the vorybill’s habi-
tat. As a board member of The Mature Conser-
vancy, Fitzpatrick had rubbed elbows with the

likes of Henry Paulson, the former CEO of

Cioldman Sachs and now ULS, Treasury Secre-
tary, Paulson is an avid birder and, with his
wife, donated money o support the search,

At the same time, Fitzpatrick was commue-
nicating with the Department of the Interior.
where he also had connections. James Tate. sci-
ence adviser to Secretary Gale Norton, was a
former assistant director of the Lab of Omithol-
ozy, “We wanted to get as much buy-in from
the government to put money into the conser-
vation of this area as we could” Fitzpatrick
says, He also decided they would not announce
the finding until they had angible evidence and
a paper accepted for publication,
probably at the end of the 2003
field season.

To the team’s disappoint-
ment, nothing better than the
video turned up—despite
efforts including hoisting

Field marks. Ivorybills (right)
superficially resemble pileated
woodpeckers Uefty but are langer
and have distinct plumage.

White trailing —
edge of wing
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observers 235 meters above in a cherry picker.
“It became clear that, in all probability, we were
not going to obtain any more video evidence
anytime soon,” says Martjan Lammertink. a
woodpecker expert who joined the team that
season, By February 2005, Fitepatrick recalls,
he realized that “we need to begin to act as
though the Luneau video plus sightings plus
sound 15 going to be enough.”

The team went back to the Luneau video.
The more they looked, the more convinced
they became that it could not be a pileated
woodpecker. The wings had a white railing
edge. The wing beats seemed very fast. And
the size of the bird, measured as it perched on
the tree. was much too big. To bolster their
arsument, the group took crude models and
reenacted the escape Might of the bird, albent
with stiffly Mapping wings. They filmed at the
exact spot Luneau had taken the video. using
the same camera. “The most parsimonious
and logical conclusion 15 that it 1s probably an
vorv-billed woodpecker.” Lammertink says.
Fitzpatrick e-mailed Don Kennedy, editor-
in-chief of Science, about submitting a

paper. In an editorial published with the
paper. Kennedy recalls that he “responded
ina New York second!™
The manuscript went out for reviews
in early April and was scheduled to be
published i mid-May.
But on Monday, 23
April, the story
leaked. In preparation
for an announcement by the
Department of the Interior, Tate
quickly flew to Florida and drove
ina raging rammstorm to meet
Fitzpatrick at the Archbold Bio-
logical Station to evaluate the evi-
dence. “I'd seen George Lowery and
John Dennis have their reputations
ruined by naysayers,” Tate says, "1 did not
want that to happen to the secretary, or tome.”
Tate, who had studied a kind of woodpecker
called the vellow-bellied sapsucker, came
away convineed,

' No arﬁnﬂ. Months of
{ high- qualmr Td'Eﬂﬂl:lmg
failed toed ha

ivoryl

Editors at Sefence rushed the final produc-
tion of the paper so that it could be published
online. along with the video and the record-
ings, before the news broke in the media.
“Science wanted to do this with an embargo
and make a splash,” Fitzpatrick says. It
worked: Stories ran in 459 US. newspapers,
174 television shows, and 43 radio shows,
At the press conference, Interior and the
LS. Department of Agriculture announced
Joint funding of $10.2 mullion for the conser-
vation of the ivory-hilled woodpecker and its
habitat. Fitzpatrick and a few others were
whisked back o Cornell on a private jet.

The powder keg explodes

The announcement, Gill recalls, provided a
spark that “hit the powder keg of hope and
expectations in a way that was just unprece-

dented. Onee it got started. it really got out of

control.” The town of Brinkley, Arkansas,
nearest to the sightings, went wild with pro-
motion. Some 70 experts and officials, includ-
ing a brigadier general, joined the federal
recovery team-—i record number. Many sei-
entists were also swayed. At first, 1 was com-
pletely accepting,”
Auburn University in Alabama, who became
more skeptical after taking a close look at the
video,
Ormithology, and it was Fiz”

But others say they looked at the video
with dismay, “I was worried right from the
start.” says Moel Snyder, a retired FWS5S
biologist. He and a few others privately
expressed concerns o Fitzpatrick about the
strength of the evidence. But they kept
quiet, not wanting to rain on a joyful and
highly publicized parade.

Jerome Jackson was among the early

skeptics. An ornithologist at Florida Gulf

Coast University in Fort Myers, Jackson is
no stranger o ivorybills, having seen more
than 300 museum specimens and wntten a
detailed history called fn Search of the
Ivarv-Billed Woodpecker., And in 1986,
when FWS convened a meeting to discuss
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declaring the wvory-billed woodpecker
extinct, Jackson argued against it and con-
ducted a small search.

Jackson and three other scientists prepared
a paper for PLoS Biology, arguing that the
Luneau video showed a pileated woodpecker.
“All we wanted to do was have everyone go,
“Wait a minute!” before any more money got
spent,” says co-author Robbins. “We didn’t
want to see precious conservation dollars
wasted on something that might not be there.”

This made the Comell team and its spon-
sors nervous. Mot long after The New York
Times reported the existence of the skeptical
but not-yvet-published paper. Jackson says,
Tate called Jackson on a Saturday night and
told him to “back ofl.” Tate denies that and
says he just wanted to discuss Jackson's criti-
cisms. “My concern was that the skeptics
would destroy our opportunity, destroy that
second chance to get the biological informa-
tion of what the birds needed” Tate says.

Days before publication, and after writing
a rebuttal, the Comell team offered to play the
critics addinonal, unpublished recordings that
hadn’t been fully analyzed before the submis-
sion of the Seience paper, The recordings con-
vinced co-authors Richard Prum of Yale Uni-
versity and Robbins that at least two ivorybills
were living in the Big Woods, They withdrew
the paperon | August, saying they didn't want
to undermine conservaton efforts. (In retro-
spect, now that it's clear the recordings are not
solid evidence. they regret the move, I
blinked,” Prum says.)

But Jackson. who had been out of town and
unreachable, still thought that the doubts
needed to be aired. In a long, invited article
published in The Auk in January 2006, he
accused Fitepatrick’s team of “delving into
*faith-based” omithology and doing a disserv-
ice to science.” In a March 2006 response in
The Auk, Fitepamck’s group charged that the
Jackson article was “a series of factual errors
and poorly substantiated opinions.” Jackson,
they implied, was “compromising science
with sound bites.”

After another round of rebutials com-
menced. Fitzpatrick confronted Jackson dur-
ing an August 2006 meeting in South Carolina
and asked him not to publish. Jackson recalls
Fitzpatrick heatedly telling him. *You are
going to be independently responsible for the
extinction of the vory-billed woodpecker
because vou are preventing me from raising
maoney for conservation.” Shortly thereafier,
Fitzpatrick contacted Jackson again and
offered co-authorship on a future paper if
Jackson would pull his letter. “That™s not how
I operate.” Jackson told lim. Fitzpatrnick says
he wanted to focus on the bird and avoid
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another unproductive exchange: “It was not
my desire to prolong and underscore resent-
ments and personal disagreements.”

The tone was much more restrained in a
Technical Comment and response published
in Science on 17 March 2006 (p. 1555). Like
the authors of the stillborn PLoS paper,
David Sibley, who wrote and illustrated The
Sibley Guide 1o Birds, thought the Luneau
video showed a pileated woodpecker. [n the
Comment, Sibley and three co-authors
argued that the white on the wings 15 the
underside of a pileated’s wings. not the tral-
ing edge of an ivoryhill’s. Moreover, several
frames show a black traihing edge. like ¢
pileated’s, The white on the back of the torso,
which Fitzpatrick had called “clearly evi-

/

‘\, 32.0cm
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shows an ivory=hilled woodpecker until they
see evidence that a pileated could look and flv
like that. “Have we boxed ourselves in?
Maybe so, but [ don’t think 1t’s 50 unusual in
science.” Lammertink says.

Skeptics, on the other hand, wont believe
in ivory-hilled woodpeckers until they see
clear proof, such as a roost tree where birds
can be repeatedly observed. In the absence
of more evidence, the American Birding
Association in Coloradoe Springs, Colorado,
continues to list the bird as “probably or
actually extinet or extirpated.” The majority
of birders appear to be agnostic. In an online
poll by Birding magazine, published in
April, 75% responded that the ivorybill
might or might not exist.

28.4 cm

Blurry video. Fitzpatrick's team argues that the bird in this frame was perched (above, right), revealing its
large size, while Sibley contends it was already in flight (below, right).

dent.” was actually “a vague pale blur” of just
a tew pixels. In addition, they asserted that
the size estimate wasn’t valid because what
Fitzpatrick wdentified as a perched bird was
instead already in Mlight.

The Comell team has stuck to its guns.

Since then, other papers. one published in
Muarch in BMC Biology and another in The
Wilson Jowrnal of Ornithology in June, also
found the video and acoustic evidence uncon-
vincing. “Its all sort of evaporating,” Snyder
sayvs. He and others aren’t interested in rehash-
ing the Luneau video: they would rather see
new evidence. It hasn't arrived. The second
massive search, during the 2005-2006 season,
also came up dry,

Stalemate
Fitzpatrick and Lammertink say they will
remain convineced that the Luneau video

S0 what made Comell so sure? Hill thinks
it is the weight they attached to the video. “In
retrospect, the Luncau video may loom as one
of the most unfortunate things to ever happen
to the Laboratory of Ornithology,” he writes in
his book, fvarvhifl Hunters. Without it, he
speculates, the Cornell team probably would
have interpreted the sightings more cau-
tiously. Instead. they threw themselves into a
highly involved analysis of murky data. “It
was cast as a scientific analysis of these pix-
els.” says Frank Gill. “It had all this pizzaze of
technology. That was brilliant on Fitz's part,
but it was weind to go to this length”

Jeffrey Walters of Virginia Polytechnic
Institute and State University in Blacksburg,
who says he was one of the reviewers. says he
was swayed by the entire case, including the
multiple sightings. He argues that 1t's unlikely
that all the observers were mistaken. But Sibley
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counters that the odds are fairly ligh—if
observers are hoping to see the birds. All the
best sightings were from at least 20 meters
away and lasted no more than 10 seconds. “1t’s
Just a perfect recipe for your brain to fill in the
gaps.” Sibley savs. “You get a brief glimpse
and an impression, ... and your brain tumns it
into an ivory-billed woodpecker”
Conducting the analysis in secret com-
pounded the problem. Prum says. “That
process of self-convincing took place in is0-
lation from fresh air, from people who didn’t
report to the boss.” savs Prum. “Frankly, 1
think it’s antithetical to good science.” One
solution, Prum suggests, would have been to
send the Luneau video to woodpecker
experts and ask them to identify the bird
without knowing the team’s conclusion.
Fitzpatrick rejects the charge of groupthink,
insisting that the team was as objective as
any scientists could be. Both Fitzpatrick and
Science’s Kennedy defend the decision to

publish, noting that the paper was vetted by
peer reviewers. “We got more than satisfac-
torily positive reviews.” says Kennedy, who
adds that he wasn’t fazed by the lack of a
clear video. "1 thought that it was very
important, even ifthere was some possibility
that this might be wrong.”

Meanwhile, the search for the bird contin-
ues, although it has been scaled back. In the
third field season, which concluded in April,
Cornell conducted a smaller. mobile search.
Rather than focus on a single area, Lammerunk
and three colleagues spent 5 months, 7 days a
week, searching 16 regions by foot and
canoe. In addition, FWS also supported
searches by other agencies and groups in
Texas. Tennessee. Florida, and South Car-
olina. Again, nothing conclusive wrned up.
Hill is convinced that he and his team saw
ivoryvbills in 2005 and 2006 along the
Choctawhatchee River in Flonida, but he
admits he can’t deliver enough evidence yet

Lammertink, too, remains optimistic,
“There are big areas of unexplored habitat,
where on rational grounds you can see that
small populations might persist,” Fitzpatrick
anticipates another year or two of searching
at most. “It’s just oo expensive.” he says.
noting that it’s become harder to raise
money, Even if the team quits empty-
handed, Lammertink says, it will be difficult
to prove the bird is not there, “It may always
remain a question mark.”

Whether that uncertainty will haunt Cor-
nell remains to be seen. “In some people’s
minds, the failure to find better evidence in
the last couple of years has not been good for
the reputation of the Lab of Ornithology,”
says Russell Chanf of Cornell. That specter
doesn’t worry Fitepatrick. *1 move with the
actions that I deem appropriate for the possi-
bility that the birds are there,” he says. “And |
don’t look back.”

-ERIK STOKSTAD

Dwindling diversity. In Europe, climate is
expected to have the biggest impact on plant
biodiversity in southern mountains.

BIODIVERSITY

Predicting Oblivion: Are Existing
Models Up to the Task?

Huge numbers of species may be at risk of extinction from climate change, but coming

up with precise estimates is proving tough

The most authoritative guide o wdays extine-
tion ensis 1s a database known as the Red List,
Later this month, a group of scientists will
gather in England w consider whether the Red
List should be opened up to species that, for the
moment, show no signs of rouble, Many scien-
tists suspect that the next few decades of global
warming could push some species toward
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oblivion. “The concern,” says the meeting’s
organizer, H. Resit Akgakava, an ecologist at
ecological software company Applied Bio-
mathematics in Setauket, Mew York, “is that
maybe some species that are threatened by ch-
mate are not reflected on the Red List” But
Akgakaya and others caution that the meeting is
unlikely o come up with firm predictions of

how many species will become extinet, let
alone which ones will be particularly at nisk.

The science of predicting extinctions from
global warming 15 only a few vears old and the
best models are rife with uncertainties. Experts
generally agree that the models may be useful
for giving a rough idea of the potential impact
of global warming and may also offer guidance
for planning preserves. Bul some scientists are
concerned that policymakers will be expecting
them to provide more precise estimates than
they can deliver. “It’s worrying. says Miguel
Aragjo. an ecologist at the Spanish National
Research Council in Madnd.

Much of the current debate over climate-
triggered extinetions focuses on what are
known as climate-envelope models. Scien-
tists analyze all the places where a species has
been recorded and look for features of the chi-
mate that those places share, The key factors
may be rainfall, for example, or the tempera-
ture during the winter,

In the early 2000s, scientists began to
look at what happened to these climate
envelopes in the scenarios climate scientists
have projected for the coming century. “A
number of us were noticing that these
envelopes seemed to be winking out
entirely.” says Lee Hannah, chief climate
change biologist at the Center for Applied
Biodiversity Science at Conservation Inter-
national, a nonprofit in Arlington, Virginia.

Concerned about the prospect of mass
extinetions, an international team of scientists,
including Hannah, combined their data into a
global analysis. They estimated the size of
fure climate envelopes, assuming shrinking
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climate envelopes * i
meant an increased T &
risk of extinction. "\
Their sobering conclu-
sion, published in Nature in
2004: Based on a midrange chimate-warming
scenaria for 2050, *15-37% of species in our
sample of regions and taxa will be “committed
o extinction.”™

The paper was enormously influential and
figures prominently in the Intergovernmental
Panel on Climate Change’s (IPCC's) upcom-
ing report on the impact of global warming. In
a summary for policymakers, the IPCC
authors warn that “approximately 20-30% of
plant and animal species assessed so far are
likely to be at increased risk of extinction if
increases in global average temperature
exceed 1.5-2.5°C"

Some experts have criticized the [PCC for
implying that climate-envelope models are
maore precise than they actually are. “Simply
presenting those numbers as factual, saying
this 15 how many species will go extinct, 1s
misleading.” says Richard Pearson, a post-
doctoral researcher at the American Museum
of Natural History in New York City.

Pearson and other researchers have been
testing climate-envelope models for their accu-
racy and consistency, and they ve found some
serious causes for concern, Aragjo and his col-
leagues studied the ranges of 116 species of
birds in England in the 19705 and 19905, The
red-backed shrike’s range shrank dramatically
to southeast England in the 194905, for example,
but clhimate-envelope models based on the
1970s data predicted that the bird’s range
would stretch all the way to the northem tip of
Scotland. “We found that there were lots of
uncertainties.” he says,

Aranjo, Pearson. and other researchers
published a stwdy last vear in which they com-
pared the projections for a group of plant
species in South Africa from several fre-
quently used envelope models. *We found a
huge difference between the models,” says
Pearson. Their projections ranged from a
92% range reduction to a 322% expansion,

Scientists are currently debating how to
make better predictions. Climate- :.lm,lan
maodels are “simply mapping programs.” com-
plains Dantel Botkin, a professor emeritus at
the University of California, Santa Barbara.
“There's no biology in that.”

To improve the performance of these mod-
els. Botkin urges researchers to include bio-
logical details about species. such as how
quickly they disperse and how they interact
with other species. Pearson and other model-

ers have already had some success at doing so.
Pearson says. Ina paper in press at Global
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Range change. The
ranges of many bird species are
expected to shrink due to climate

change, Walter Jetz and colleagues reported in 2007
in PLoS Biology. This map shows predictions for the
average loss in North and Central America (dark
green equals 10%, brown equals 60%G).

Ecology and Biogeography, Pearson and his
colleagues report that they can do a much
better job of predicting the ranges of owls in
Finland if thev also factor in where woodpeck-
ers live, as owls make their nests in wood-
pecker cavities. “In my opinion,” savs Pear-
son, the role of biological interactions “is the
biggest question out there at the moment. but
we're just nibbling on the edges of that™

Other researchers believe that a better
strategy is to analyze existing climate-
envelope models more effectively. “You have
to find automated ways to extract information
in intelligent ways from the data vou have,”
says Aradjo. He and his colleagues have found
that averaging the results of many climate-
envelope models provides a more accuraie
prediction of where species can be found than
any one model. “1 think that’s a much more
useful way to go.” sayvs Aradjo. “This is likely
to be a closer match to the truth than anything
else we can produce so far”

One problem with these so-called ensem-
ble forecasts, however, is that they are a huge
undenaking. Running thousands of models of
thousands of species across an entire continent
15 far bevond the capacity of any existing soft-
ware, “Inthe next 2 to 3 years, we won't be able
to do it says Aranjo. who 1s now developing a
program he hopes will be up to the task.

’f‘
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Scientists are debating not just how o make
these models better but also the best way they
can be used o make conservation decisions.
Some researchers are trying to estimate the
percentage of species that global warming will
put at risk of extinction across entire continents
or even the entire planet. Walter Jete, a biolo-
gist at the University of California, San

Diego, and his colleagues recently pub-

« climate change and land-use change on
birds. They found that several hundred species
may lose over half of their range by 2050, Land
use will have the biggest impact on birds in the
tropics, whereas climate change will be
stronger at higher latitudes.

Aratjo and his colleagues have a more mod-
est goal: rying to predict patiems of change in
different regions. They ve been

forecasting which parts of
. Europe will be particularly
vulnerable to losing species
through climate change, for
instance. They've found that
for plants, the mountainous
regions in southern Europe
will be hit hardest. For amphibians, the arid
parts of southwestern Europe are most vulnera-
ble. For now, he suggests, such estimates may be
more useful for conservation than a mislead-
ingly precise estimate of a rate of extinction for
a particular species.

Identifying these sensitive regions may
reveal how existing preserves may change and
offer hints about how o design new ones. As
the temperature warms, some preserves will
no longer have a climate suitable to the species
they are supposed to protect.

A number of researchers are using climate-
envelope models o study how preserves may
have to be allered as species shift their ranges.
For instance, existing preserves could be
linked by corridors to enable animals and
plants to disperse from one habitat to another.

Hannah believes that scientists must
move forward with this sort of planning now,
even if the models have plenty of room for
improvement. “The scary thing for me is that
the stuff our models is showing happening
decades from now, we're already seeing,” he
sayvs. He points to the extinction of frogs in
the Andes. where researchers suspect that a
changing climate may have fostered the
spread of a lethal fungus. "These models are
the best we've got at the moment, and when
we see how the complexity of the world oper-
ates, it seems that it may be worse than these
models are indicating.”

—CARL ZIMMER

Carl Zimmer's latest book, on E. coli and the meaning of
lifie, will be published next May.
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Jumping Genes
Hop Into the

Evolutionary Limelight

With genomes from ancient fish to modern humans in hand, researchers
are gaining new respect for the role transposable elements play in evolution

Call it a molecular gold rush. Researchers
sifting through the supposed junk DNA
between genes—a whopping 98% of the
human genome—have in the past few vears
hit a mother lode of functional sequence full
of clues about how genomes operate and
change through time, And, as junk DNA has
gained respect. s0 have mobile bits of DNA
called transposons that are often the source
of this genomic clutter.

Most researchers have taken a
dim view ol transposons, consid-
ering them molecular parasites
that clog chromosomes with
seemingly useless sequence,
sometimes disrupting genes,
Now, comparative surveys, along
with experimental studies of
gene regulation, are showing
that transposons can influence
when. where, and how genes
are expressed. These so-called
parasites “might be betier viewed as
symbiotic.” says Eric Lander, direc-
tor of the Broad Institute of Mass-
achusetts Institute of Technology
and Harvard University in Cam-
bridge, Massachusetts, David
Haussler of the University of
California, Santa Crue, adds that
“people are underestimating
the impact of transposons™ in
senome evolution,

Transposons, small pack-
ages of DNA that can splice into
other sequences, seem to appear
suddenly in a genome, copy-
ing. cutting, and pasting them-
selves throughout its chromo-
somes. Eventually, the genes
for making them mobile are
disabled by mutations, and the
copicd sequences themselves
mutate until they become
indistinguishable from the rest

17 AUGUST 2007 VOL 317

Transposons at work. A
transposon-activated marker
gene was turned on in the
developing nervous system of a
mouse embrya (fap) in the same
places as a key transcription-
factor gene (bottom), indicating
that the transposon helps
control this gene's expression.

of'the genome’s junk DNA. But recent stud-
ies show that some transposons don't decay.

A few have lasted hundreds of millions of

vears relatively unchanged and are found in
the same place in the genomes of many
species. To be so highly conserved, they
must play a role so important to survival
that evolution keeps them intact, weeding

out deleterious mutations. One family of

transposons, for example, first made

its appearance during the evolution of

tetrapods: and its descendents are still

recognizable, suggesting that they

may have helped shape the evo-
lution of that particular group
of amimals.

Beyond gene boundaries

A few researchers suggesied
early on that transposons may
play important evolutionary
roles. Nobel laureate Barbara

McClintock called them control ele-
ments when she discovered them about

50 years ago. and 2 decades later. Roy
Britten and Eric Davidson suggested
that they provide fortuitous
opportunitics for evolutionary

innovation. In 1969, they pro-

posed that new branches on

the tree of life and ever-more-

complex organisms arose at
least in part from changes in
how genes were regulated. They
also argued that these changes
were often caused by repetitive
elements, many later identi-
fied as transposons.

Sets of genes turn on at
particular times during devel-
opment in specific places to
specify lungs instead of gills,
brain instead of kidney, and so
on. Certain regulatory DNA
and proteins control these

SCIENCE

Fossil fish. DNA studies of this
ancient coelacanth, a gift to the
Tokyao Institute of Technology from
Tanzania, led to the discovery of

conserved tra nsposons.

activities and, Britten and Davidson sug-
gested, repetitive elements that copied them-
selves into different parts of the genome
occasionally reconfigured these controls. In
the new positions, this mobile genetic mate-
rial could. for example, corral two independ-
ent zene networks and bring them under one
regulatory roof, generating new cell types
and consequently new structures. “You
could have genes that are totally unrelated
suddenly getting turned on in the same tissue
at the same time,” explains Gill Bejerano, a
molecular geneticist at Stanford University
in Palo Alto, California.

Ower the years, this idea lost momentum.
“It was untestable,” recalls Davidson, a
developmental biologist at the California
Institute of Technology in Pasadena. But as
rescarchers began comparing genomes
rolling off the sequencing machines. it
became clear that not all junk DNA was junk,
and Davidson and Britten’s idea began o
look more plausible.

In 2004, Bejerano, then at the University
of California, Santa Cruz. and his colleagues
described more than 400 stretches ol at least
200 bases that were the same in human, rat,
mouse, chicken, dog, and 10 a lesser extent,
fish. Three-quarters of these so-called ultra-
conserved regions resided outside genes
(Science, 28 May 2004, p. 1321). Last vear,
Byrappa Venkatesh of the Instituie of Molec-
ular and Cell Biology in Singapore and col-
leagues compared DNA of elephant sharks
and humans, which diverged 530 million
vears ago. Working with a very sketchy draft
of the shark genome. they found 45800 con-
served sequences. Like others, they found
that these conserved sequences tended to
cluster near genes for proteins that regulate
transcription and DNA binding.

Greg Elgar of the University of London
has found that many conserved clements
burst onto the scene between the emergence
of lampreys and sharks, The nming suggests
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that “the evolution of these sequences [was)
kev to the establishment of the
vertebrate gene-regulatory
network for development,”
Elgar says.

Gradually, researchers
began to realize that
some of these conserved
elements were trans-

posons. The coela-

canth, a “living

fossil™ species that
dates back more than
400 million yvears, led Norihiro
Okada of the Tokyo Institute of Technology to
a whole conserved superfamily of transposons
called short interspersed repetitive elements
(SIMEs). Okada and his colleagues first found
two SINEs in the coelacanth whose sequences
looked similar enough to each other to have a
common ongin; they then searched for the same
sequences in genome databases. They found
them in salmon, trout, hagfish,

exist in this fossil fish and. from their
sequences, knows they are sull active.
Through genome comparisons, he and his
colleagues found LF-SINE variations in
human, chicken, dog, and all the other tetra-
pod sequences in the public databases.

The conservation of the sequence in sim-
ilar places in the genomes of all these
species suggested they play a key role in
genome function. Bejerano tested one that
was located 500,000 bases from a gene cod-
ing for a transcription factor active in motor
neuron development. That's not close
enough to be the primary controller of the
gene’s activity, but Bejerano thought per-
haps the transposon could exert a gene-
activating effect from afar as a so-called
enhancer. He linked the transposon’s
sequence to a gene that would cause cells
expressing that gene to turn blue when
stained and put that DNA into fertilized
mouse eges. The marker gene wirned devel-
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and others has shown that functional rans-

posable elements are more than a fluke.
Jerzy Jurka of the Genetic Information
Research Institute in Mountain View, Califor-
nia. working with Kerstin Lindblad-Toh and
Tarjer Mikkelsen, both from the Broad Insti-
tute, has found a surprisingly large role for
transposons in the evolution of placental
mammals. They compared the newly deci-
phered opossum genome to those of humans
and other placental mammals to identify
regions that were conserved in placental
mammals but not found in this marsupial.
These genetic innovations likely underlie the
developmental and other differences between
the two mammal groups. More than 93% of
these innovations in the placental mammals
were outside protein-coding genes, and 16%
matched up to one of more than a dozen trans-
poson families, the researchers reported in
the 10 May issue of Natre, They conclude
that transposable elements were likely instru-
mental tor regulatory changes

dogfish sharks. lancelets. cat- Transposon underlying features characteristic
fish, zebrafish, and the sea urchin, _- j j _.. _l ! of placental mammals. “It's such
they reported online in Genome ‘l copy a significant fraction that it can’t
Research on 22 May 2006. Yet paste paste be dismissed” Lander says.
another analysis unearthed 1000 _— Owerall, Bejerano and his col-
copies of a subset of these SINEs, leagues have just found more than
called AmnSINEs, in both humans 10,000 conserved transposons in
and chickens. "It suggests that Coelacanth = = = j the human genome, many dating
some of these [transposable ele- back well before the split between
e P
ments] had acquired function very m . | lacental and marsupial mam-
early on in evolution. and those = = mils. He and his colleagues first
functions have been retained,” - = identified these sequences by
says John Moran, a molecular Chicken = = f looking for conserved stretches
geneticist at the University of across a range of vertebrate
Michigan, Ann Arbor, Frog 1 = f venomes, including human, and
When Broad Institute - - subtracting out any that repre-

researchers Xiaohui Xie and
Michael Kamal trekked through
the human genome looking for
stretches of DNA that occurred
multiple times, they found one
that looked quite a bit like the core of a
zebrafish transposable element, also part of
the SINE family. Eventually, they wrned up
I 23 more copies, some more compleie than
others. They found this SINE's 1 80-base core
in the same places in other genomes and a
few copies in the coelacanth, This work
appeared in the | August 2006 issue of the

Proceedings of the National Academy of

Sciences, Their SINEs proved to be the same
ones that Okada discovered.

When Bejerano took a close look at his
ultraconserved sequences, he oo discovered
the remains of a family of transposable ele-
ments, He saw this first in coelacanth DNA,
calling 1t LF-SINE, “LF" for “lobe-finned”
fish. He estimates that 10,000 LF-5INEs
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Jumping genes frozen through time. Transposons copy and paste themselves,
proliferating throughout a genome. Most slowly mutate beyond recognition, but
sometimes they persist, albeit in truncated forms. Those conserved in many
species likely serve important functions.

oping nervous system tissue blue precisely
where Bejerano expected it he and his col-
leagues reported 14 May 2006 in Nature,

Significant force

No one was sure, however, how frequently
transposable elements were co-opted in this
way. In theory. the odds are in the trans-
posons’ favor. “A transposon has no problem
making 50,000 copies and splattering them
throughout the genome,” Haussler explains,
Even if just one or two happen to land where
they can be useful, they could sull add up to
be a powerful force in evolution. Yet “the
impression was that there was a case here, a
case there. that it was a really interesting
uke.” Bejerano says, Now work by Bejerano

sented genes. They pinpointed
transposon-derived DNA by
matching up the shared sequences
with known mobile elements in a
database. The matches represent
more than 5.5% of all the conserved noncod-
ing sequence, he and his colleagues reported
online 23 April in the Proceedings of the
Narional Academy of Sciences.

Al this point, the evidence for a role for
most of these partially preserved transposons
15 circumstantial. Their conservation suggests
they have a function: otherwise. they should
slowly disappear. But new, more powerful
tools for analyzing genomes in silico or for
pinpointing where transcription factors bind
DNA promise rapid progress toward under-
standing what these conserved transposons
do(Science. 25 May, p. 1120). Says Bejerano:
“We should have pretty spectacular answers
pretty soon.”

—ELIZABETH PENNISI
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The Linda and Jack Gill Center

for Biomolecular Science
2007 Gill Center Awards

Gill Award Recipient
Richard W. Tsien,

Stanford School of Medicine,

was recognized for his significant
contribufions that have advanced the
understanding of the human brain. Dr,
Tsien received $25.000 and a commem-
orafive plaque.

Young Investigator Award

Benjamin F. Cravalt, lll,

The Scnpps Research Institute,

was recognized for new insights into the
bicchemistry of the brain. Dr. Cravalt was
awarded $5,000 and received a com-
memorative plague,

il The 2007 Gill Symposium and Award
(i Ceremony was held on May 23, 2007,

T at Indiana University-Bloomington.

INDIANA UNIVERSITY

BLOODMINGTON

www. indiana.edu/-gillcir

SHOW YOUR AAAS PRIDE
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merchandise only at the

AAAS Online Store

If you're proud to be a ARAS
member, here you can And carefully
selected guality items that vill let
you wear your membership with
pride. And, as another great benefit
of ARAS membership, all members
recee a discount of 10% or morne
on every iteml

As with all AAAS programs, a partion
af each sale goes toward ourwvital
educational outreach programs.

2 Enter SBNS for your discount at
www.aplsource.com/aaas
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OF GRANTS
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IN FUNDING

GrantsNet.

The first comprehensive
science grants database.

GrantsNet is expanding its listings of

some 900 funding programs from private
foundations and not-for-profit organizations
to include 400 to 500 new entries from the
grants.gov site. This provides the first
comprehensive database of funding
opportunities to research scientists and
administrators, career counselors, financial
aid specialists, and undergraduate and
graduate studenls. For listings, go to

www.grantsnet.org
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Biofuels and the Environment

IN HIS EDITORIAL "THE BIOFUELS CONUNDRUM™ (27 APRIL, P. 515),
Donald Kennedy describes how bioluels, although at first glance a
boon for the environment, have hidden costs that could prove environ-
mentally and socially
disastrous. His solu-
tion 1s “to abandon
this cluttered arena™
and to invest in re-
search in plant physi-
ology to overcome
biomass recalcitrance
tor cellulosic conver-
sion. There are sev-
eral problems with
this view. First, it is

technigques seem efficient and promising for some feedstocks, but
not all. Second, cellulosic conversion demands uniform feed-
stocks. which translates into high-input and environmentally
destructive biofuel monocultures. Such monocultures are unlikely
to be sustainable. Third, given the evolutionarily conserved struc-
ture of cell walls, it 1s possible that fooling with 1t would lead 1o
crops that are prone to structural failure or, more likely, sensitivity
to fungal pathogens,

More research into plant physiology may help solve some of these
problems, but perhaps some of our money 15 better spent supporting
plant ecology. We already know that diverse grasslands can outpertorm
monocultures inbiotuels production ( 1), We also know that such grass-
lands are being lost or degraded worldwide because ofa lack ofactive
management. Leaming how to use such grasslands sustainably for bio-
fuels will not only reduce greenhouse gas emissions but also promote
biodiversity. But we must first move away from a crop-based mentality
and rely on expertise from a much broader scientific base than 1s cur-
rently being considered.

A high-diversity, orchid-rich meadow in the White
Carpathian Mountains, which has been mowed
almaost every year for half a millennium.,

unlikely that a single
approach will suit all
circumstances. For ex-
ample. gasification
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1. D.Tilman, J. Hill, C. Lehm

MICHAEL W. PALMER

Department of Botany, 104 LSE, Oklahoma State University, Stillwater, OK 74074, USA.

an, Science 314, 1598 (20061

DONALD KENNEDY'S EDITORIAL "THE BIO-
fuels conundrum™ (27 April, p. 315) 15 timely
and needed. However, we have two concerns,
The first 15 that the suggested use of corn
stover as a source for ethanol fuel has serous
environmental imphcations, ULS. agriculture is
currently losing topsoil 10 times faster than
sustainability (/). Removing corn stover
and/or leaving the soil unprotected will inten-
ity soil erosion 0=fold or more (2). Withouw
the protection of crop residues, soil loss may
increase as much as 100-fold (3). Increasing
soil erosion also intensifies the global warm-
ing problem and other problems (4, 5).
Another concern is the fact that green

plants collect little solar energy. an average of

||I-

only 0.1% per year (6). Photovoltaics, in con-
trast, collect 10 1o 20%% of the solar energy or
104 to 200 times the rate of green plants (6).
Crops, forestry, and other green plants col-
lect a total of 33 exajoules of solar energy per

year from sunlight { 7). However, Americans

www.sciencemag.org SCIENCE VOL 317

consume more than twice this amount of fossil
fuel energy each year (¥). Some suggest that
ethanol produced from com and cellulosic bio-
miss could replace 30% of the ml used in the
United States (9). Yet the 20% ol the US, com
crop now converted into 3 billion gallons of
ethanol replaces 1% of ULS, petroleum con-
sumption (). Ethanol yield from sugar 1s bet-
ter, as documented in Brazil (Kennedy points
this Out b, hl.l[ [l‘.ll;.' eny Il'l.'ll]l'lll.']'llll]. ceononmuic,
and social costs are enormous. Soil erosion
associated with sugarcane 1s greater than any
other crop grown in Brazil ( /0).

DAVID PIMENTEL® AND RATTAN LAL?
'Cornell University, Ithaca, NY 14853, USA. *President, Soil

Science Society of America, and Ohio State University,
Columbus, OH 43210, USA,
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Response

I'M HAPPY THAT PIMENTEL AND PALMER BOTH
see the problems with biofuels, and 1 welcome
their departure from that “cluttered space.”
Pimentel may be right about corn stover: |
paired it with wood chips merely o illustrate a
chistinction and not to advocate its use. By all
means, let’s focus on other cellulose sources.
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Palmer is. in my view, oo discouraged about
the capacity of renewed emphasis on plant
physiology and biochemistry to produce some
solutions in this area. But he’s dead right about
ecology! Work as promising as Tilman's cer-
winly deserves support.

DONALD KENNEDY

The Tobacco Industry and
the Data Quality Act

REGARDING DONALD KENNEDY'S EDITORIAL
on the Data Quality Act (“Tuming the wbles
with Mary Jane,” 4 May. p. 661 ). itis important
o emphasize that the Data Quality Act 15 an
industry-led mitiative that gives private indus-
try access to raw data from federally funded
research. The Data Quality Act does not give
independent researchers access 1o industry
data to examine the completeness or accuracy
of mdustry-generated research. The Editonal
did not mention the leadership role that the
Philip Morrs Company played in the genesis
of the Data Quality Act. as documented by
Baba eral (7).

LIFE IN SCIENCE

[n the mid- 1990k, after failing to obtain raw
data from federally funded researchers by ask-
ing for it or suing them, Philip Morris worked
to change regulations governing the release of
such data. They drafted model data access leg-
islation in 1996 ( £). In 1997, they met with the
Center for Regulatory Effectiveness to seek
suppart for their proposed legislation from the
business coalitions that were already [ghting
the ULS. Environmental Protection Agency’s
outdoor air regulations (/). Part of Philip
Morris's strategy was o form a coalition of
industry supporters including the American
Petroleum Institute. the National Rifle Assoc-
1ation, and the Electric Power Research In-
stitute. The Data Access Act was passed in
1998, followed by the Data Quality Act in
20010, Philip Morris then hired lobbyist Jim
Tozzi to draft model guidelines for the agen-
cies and meet with major companies 1o weach
them how to use the new regulation to their
benefit ( f). The eftects that the wbacco indus-
try has on government regulatory process are
still underestimated.

SUZAYNN FRANCINE SCHICK,!
LISA ANNE BERO,? DANIEL M. COOK?

Stop—Look—Jump

ing instead.

scatter chemists.

In 1994, | attended the Winter Gordon Conference on Electro-
chemistry. This meeting was particularly memaorable in that the first
morning of the conference coincided with the Northridge
Earthquake, whose epicenter was about 50 miles away. Like the other
attendees, | started my day at about 4:30 that morning. One conse-
quence in the Ventura area was a loss of electrical power for most of that
day, bul the hotel was prepared with a backup generator. Given the disrup-
tion of the main 101 freeway in and out of town, everyone decided to go on with the meeting, as
we had power lor the slide projector (this is a primitive information transfer... oh, never mind).
Such dedication did not go unrewarded, During the second or third speaker’s talk (about 10
a.m.), the first aftershock hit (being chemists, we somehow forgot all about aftershocks). We then
noticed that the speaker was directly underneath one of the wonderful chandeliers you seem to
see in California hotels and nowhere else—the ones with
long, thick hanging glass prisms suspended on what seemed
to be the thinnest of threads. This situation was pointed out
to the speaker, who looked up, saw the swinging glass over-
head, and then proceeded to jump backwards well clear of
any danger (such athleticism is normally reserved for the
afternoons at Gordon Conferences). Several attendees also
noticed that they, too, were under chandeliers, and moved
quickly and appropriately. A quick inspection after the shak-
ing stopped revealed a small number of broken prisms
on the carpeted floor, at which point heads started shak-

So remember, prisms scatter more than light—they even

EDITOR'S NOTE

This will be an occasional feature
highlighting some of the day-to-
day humorous realities that face
our readers. To prime the pump,
we present the following. A group
of us were sitling around over
drinks at the AAAS Meeting talk-
ing aboul the strange events at
lectures we had attended. The fol-
lowing is a gem from a Science
staff member. Can you top this?
Submit your best stories at www.

submit2science.ong.

PHILSZUROMI

Department of Medicine, University of California at San
Francisco, 5an Francisco, CA 94110, USA. *Department of
Clinical Pharmacy, University of California at San Francisco,
San Francisco, CA 94118, USA. *School of Public Health,
University of Nevada, Reno, NV 89557, USA
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Explorer XII: Spinning
Faster Than Expected
THE ARTICLES IN THE 13 APRIL 1S5UE CON-

cerning sunlight changing the rotation rate of

objects in space (“Direct detection of the aster-
ojdal YORP effect.” Repornts, p. 272; “Spin rate
of asteroid (54509) 2000 PH5 increasing due
to the YORP effect.” Reports, p. 274 “As tiny
worlds tum.” Perspectives. p. 211) brought
back memories of the surprise researchers felt
when the rotation rate of the Explorer X1 satel-
lite (launched 16 August 1961 ) did not decrease
after launch, but increased instead. The solar
paddles were oriented in a propeller fashion,
and the effect of solar radiation was soon
named the culprit. In this Earth-orbiting satel-
lite, the spin rate increased for six months and
decreased for six months,

DAVID H. SCHAEFER

George Mason University, Fairfax, VA 22030, USA, E-mail;
Schaefer@gmu.edu

Response

SCHAEFER'S RECOLLECTION 1S QUITE CORRECT
as regards the unexpected variation in spin
rate of Explorer XII (COSPAR designation
1961 v). The spacecraft was launched into a
highly eccentric orbit with an apogee alutude
of about 12 Earth radii and a perigee alitude
of about 790 km (/). Although there was con-
cern about the aerodynamic effects on the
spacecraft, the effects of radiation pressure
were not anticipated. With the spacecraft
spending most of its time well away from the
atmosphere. the effects of mdiation pressure
became dramatically apparent in the increase
of the spin rate,

In written and laboratory work (2—) done
by one of us (Paddack), a smalltestmodel was
used in a vacuum chamber to show the effects
of radiation pressure on a uniformly colored
object. Consequently, the Radzievski effect
of variations of color (3) and the Crookes
radiometer effect (6) were removed. By
design, the test model had geometry similar to
some ol the early Explorer spacecrafi.
Paddack personally knew and consulied with
1. V. Fedor, who analyzed and explained the
Explorer 12 behavior ( 7),

There were others who contnibuted to this
kind of work in the early vears of the launch-
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ing of arificial satellites, including McElvain
(&) and Clancy and Mitchell { 9).

STEPHEN ). PADDACK (RETIRED) AND

DAVID P. RUBINCAM

MASA Goddard Space Flight Center, Greenbelt, MD 20771,
LSA,
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An Update on a
Misconduct Investigation

IN THE ARTICLE "TRUTH AND CONSEQUENCES”
{News Focus. | September 2006, p. 1222). 1
Couzin described findings from an investiga-
tion at the University of Wisconsin, Madison,
that raised questions about three peer-
reviewed papers co-authored by Elizabeth
Cioodwin, In the case of the paper by O, Lakiza
ef af. (1), the Editor-in-Chief of Develop-
mental Biofogy said that the authors were
reviewing the relevant data. That statement
was correct, but the melusion of an image of a
reprint of the paper may have left a negatve
impression in some readers’ minds, Moreover,
at the time of the article’s publication, the case
against Goodwin was not complete and the
authors of the three papers were in no position
o come 1o any conclusions about the matier.
The authors of Lakiza er af. received 2
draft of a statement from the University of
Wisconsin report by e-mail that suggested a
possible problem with two panels out of five
in Fig. | {one of nine figures in the paper). We
identified original data for Fig. | and did new
experiments with independent methods and
reagents to verify the conclusions that the
paper reached from data presented in that fig-
ure, That process is now complete, and after
peer review and scrutiny commensurate with
the matter, the results have appeared n
Developmenral Biology (2). They venfy the
original conclusions of Fig. 1 of the paper.
L.e.. the presence of RNP complexes in vivo

WWWw.sCiencemag.org

and the binding of GLD-=1 protein 1o specitic
sequences in the 3'UTR of -/,

The additional validation work was under-
taken with support from several labs and
would not have been possible without their
collective, independent help. Most notewor-
thy are the young scientists who worked so
hard on the paper at early stages ol ther
careers—because they are victims of this
unfortunate situation and are doubly victim-
ized if the conclusion the scientific commu-
nity reaches is that this paper has no merit.
Although the sciemitfic results are the most

LETTERS

important component of the vindication of

the work, [ feel strongly that we owe it to
our voung scientists to draw attention to the
venfication.

PHILIP M. IANNACCONE

George M. Eisenberg Professor, Deputy Director for
Research, Children's Memarial Research Center, North-
western University Feinberg School of Medicine, 2430
North Halsted Street, Chicago, IL 60614, USA
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CORRECTIONS AND CLARIFICATIONS

Reports: "Ultralow friction of carbonate faults caused by thermal decompaosition” by R. Han ef @!, (11 May, p. 878), Color

traces appeared incorrecily in Fig. 20; Fig. 3, A, € and D; and Fig. 4. The corrected figures are shown here,
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The Honest Broker
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SCIEMCE AND SOCIETY

To Arbitrate or to Advocate?

Mathan E. Hultman

erhaps there was a ime when scientists

found it easy to maintain a dispassionate

separation from the big political ques-
tions of their day. toiling with utmost focus on
tormulating and investigating questions of
theoretical importance without being asked
by jowrnabsts, pohiticians, bureaucracies, and
interest groups to interpret the “broader im-
pact” of their nquiry and discovery. Although
the reality of misty visions of past umes can be
debated, it is clear that
present-day issues of
science and society
climate change, stem
cell research. genet-
cally moditied orga-
nisms, space research,
and biotuels. to name
challenge
Mmany scientists w con-
textualiee their research
in i wider social ma-
trix. Yet navigating a path of responsible
engagement ina loud and contested political
context can try the integrity of even the most

aper, $29.99,
80521694810

seasoned researchers; indeed, science is of
course sometimes used as a shield for advanc-
ing individual political agendas, even by scien-
uists themselves, Moreover, scientisis ofien jus-
fy. sometimes under duress. their requests for
funding by linking their research to broader
societal benefits, even il their research has no
such goal. In The Honest Broker: Making
Sense of Science in Policv and Polirics. Roger
Pielke Jr. successfully illuminates these
challenges to science and scientists. He also
poses several reflexive questions that enable
rescarchers to improve their contributions to
the public interest.

Pielke (a professor in the Environmental
Studhies Program, University of Colorado) has
contributed extensively to debates on climate
change science and policy, especially on hur-
ricane and storm damages. His perspectives
on the scientific process and climate change
also draw on his training as a political scien-
tist, his familiarity with academic views of the
role of scientists in policy, and his experience
collaborating with his father, Roger Pielke Sr.,
an atmospheric scientist. The author’s back-
ground gives him a broad vantage point from

The reviewer is at the Program in Science, Technology, and
International Affairs, Georgetown University, Washington,
DC 20057, USA. E-mail: neh3@georgetown.edu
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which to assess the problems that can arise
when bringing scientific expertise into demo-
cratic debates.

In formulating his approach, Pielke ad-
dresses “scienusts who increasingly face
everyday decisions about how to position their
careers and research in the context of policy
and politics.” To simplify his argument, he
posits four idealized roles for an individual
scientist: the disinterested pure scientist; the
science arbiter, who provides expertise on nar-
rowly defined. scientifically testable ques-
tions; the honest broker, who provides a suite
of scientifically informed policy options (in
much the same way that a travel guide pro-
vides information on restaurants or hotels in
unfamiliar territory ); and the oven advocate,

Pielke™s framework provides a
helpful starting point for imvesti-
pating factors that complicate the
science-society  relatonship. It
highlights the question of what
role individual scientists should
play im a well-functioning democ-
racy: Should a scientist engage in
explicit interest-group politics in
the Madisonian tradition or pro-
vide informed alternatives to
politicians and decision-makers? i
also lluminates different views of
science i society: a linear model,
whereby knowledge is created in
the lab. packaged by scienufic
experts, and then handed off to
politicians to do what they will: a
stakeholder model, in which scien-
tsts-as-experts work to understand
the interests ol different groups
and the users of knowledge them-
selves have some role in its pro-
duction. Pielke has structured his
four types such that the combinations of these
two factors span the space of possible roles.
The framework also incorporates aspects that
explain why some debates tend to become vit-
riolic—for example. whether the decision at
hand is characterized by consensus on values
and low uncertainty, whether it 1s connected to
a policy choice, and whether the chosen role
of the scientist acts to restrict or expand possi-
ble choice for policy-makers. Pielke defily
shows how scientists” selections among these
options can affect outcomes,

In making his case, Pielke illustrates possi-
ble missteps, focusing on researchers who
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claim to be acting in a nonpartisan way while
simultaneously seeking w reduce societv’s
scope ol choices. He notes with obvious regret
that “science has come to be viewed as simply
a resource for enhancing the ability of groups
in society to bargain, negotiate, and compro-
mise in pursuit of their special interests.” He
also rues that “political battles are played owt
in the language of science, ofien resulting in
policy gridlock and the diminishment of sci-
ence as a resource for policy-making.” His
appropriate distaste for such “stealth 1ssue
advocates,” however, occasionally strans the
framework—in one example, Pielke says that
a few well-known scientists “served as Stealth
[ssue Advocates when they claimed that
[Bjorn] Lomborg has gotten his “science’
wrong, and because he has his ‘science’
wrong then necessanly those who accept his
views of *science” should lose out in political
battle.” Pielke’s emphasis is specifically on
the link between political argument and sci-
ence, but one wishes for more guidance on

Government flanked by Magnanimity and Prudence. Detail
from Ambrogio Lorenzetti's Allegory of Good Gavernment, Palazzo
Pubblico, Siena, Italy (1338-39).

how scientists might have better engaged in
public disagreements over competng scien-
tific approaches.

Though some of his examples seem periph-
eral {such as an extended analogy to decision-
making under uncertainty within the Bush doc-
irine of mulitary preemption), Pielke provides
useful and thought-provoking metaphors for
discussing how best to engage in public debate.
Indeed, he urges a more subtle view of this
process precisely to improve discussions
among the many stakeholders who have an
mnterest ina better world: “The scientific come-
munity should ... maintain its ivolvement in
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contested political issues rather than withdrw,
as was historically the case when scientists
sought to be “value free” and removed from
practical concerns. It makes no sense o try o
return to a bygone—and largely mythical—era
when science was thought to be separate from
politics.” While The Honest Broker speaks o
the academic literature of science in society-
in particular on decision-making under uncer-
tainty and on how scientists themselves can
politicize science—the book s direct language
and concrete examples convey the concepls to a
wide audience. By categornzing different roles
in the ofien vexed but necessary relations
bemveen scientists and their social world, Pielke
clarifies choices not only for scientists but also
for the diverse members of democratic society,
tor whom scientific perspectives are an essen-
tial component of better policy.

10,112 655cience. 1145 761
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Wittgenstein and
the Brain

Barry Dainton

f hereof one cannot speak,
thereol one must be silent.”
With this now-famous line

Ludwig Wittgenstein brought to a close
Tracatus Logico-Philosophicus, his first great
work (/). The lines that bring to a close his sec-
ond great work, Philosophical Invesrizarions
(.2}, are rather less well known; they include;
“The contusion and barrenness of psychology
is not to be explained by calling it a “young sci-
... in psychology there are experimental
methods and conceptual confusion.” The
alleged confusion stems from certain prevalent
ways of thinking about the mental realm that
Wittgenstein held to be disastrously misguided.
These same ways of thinking are also prevalent,
to equally disastrous effect, in contemporary
neuroscience, or so philosopher Peter Hacker
and neuroscientist Maxwell Bennett argue over

ence’

the 450 or so Witigenstein-inspired pages of

Philosophical Foundations of Newroscience
(3). Newroseience and Philosophy, the present
{and much briefer) work, 15 a useful introduc-
tion to their position. [tcontains several extracts
from Foundarions, together with critical sur-
vieys by John Searle and Daniel Dennett

derived from an “authors and critics” session at

The reviewer is at the Department of Philosophy, University
of Liverpoal, 7 Abercromby Square, Liverpaol L&S TWY, UK.

E-mail: bdainton @liv.ac.uk
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the 2003 American Philosophical Association
meeting—and responses from Bennett and
Hacker (henceforth “B&H™).

There are several strands to
B&Hs case. some more con-
tentious than others. Quoting
from the like of Blakemore.
Crick, Edelman, Frisby, Marr,
and Young, they show that neu-
rascientists commaonly talk of
subsvstems within the brain
SLOTINg Maps, representations,
and information; forming hy-
potheses; or passing “symbols™
and “messages” to each other.
Much of this mlk, they argue, is
disguised nonsense. To take just one example,
for something to be a map in the ordinary sense
of the term, in addition to certain similarities of
structure between the map and what it depicts,
there are also rules and conventions that allow
someone who understands them o know what
pans or aspects of the world the map is repre-
senting. Because so-called neural maps are typ-
ically notassociated with such conventions, it is
wrong o suppose they “represent” in the way
of ordinary maps, although some neuroscien-
tists talk as if they do, Dennett complains that
B&H are too conservative by far when itcomes
to recognizing legitimate and fruitful exten-
sions to the way terms are normally used-
such extensions are commonplace in all sci-
ences. He may well be right. But B&H are
also right to insist that such extensions must
be carefully considered. (Indeed, Dennett’s
own willingness to ascribe beliefs and inten-
tions to systems as simple as thermostats
strikes some as an ill-considered extension of
ordinary usage.)

So fur so good, but what B&H themselves
deseribe as their main line of argument is
more problematic and less obviously of poten-
tial use to practicing neuroscientists.

Although Sherrington, Eccles, and Pen-
field may have subscribed to vanants of mind-
body dualism. contemporary neuroscientists
are generally of the opinion that our mental
lives are material in nature and completely
dependent upon neural goings-on in our
brains. Yet B&H claim that the field remains
committed to a pernicious form of dualism.
Why so? Because these same neuroscientists
hold that brains can think thoughts, have expe-
riences, take decisions, hold grudges, remem-
ber past events, and so forth. B&H claim this
too is just nonsense. For it is not brains that
have thoughts and experiences, it is human
beings—i.e.. whole human amimals. B&H do
not deny that our mental lives depend on our
brains, but they insist that to ascribe mental
powers o brains is as senseless as ascribing

Meuroscience and
Philosophy

by Maxwell Bennett,
Damiel Dennett, Peter
Hacker, and John Searle

BOOKSETAL

miental powers w numbers,

This claim will strike many as bizarre in
the extreme. What are their
grounds for making it? Their
reasoning derives from Wittzen-
stein, who wrote: “Only of a
human being and what resem-
bles (behaves like) a living
human being can one say: it
has sensations: it sees, is blind;
hears. is deal: is conscious or
unconscious.” Like Witizen-
stein. B&H hold that when it
comes to the correct ascription
of mental states and pro-
cesses, 1t is a subject’s capaci-
ties for publicly observable behavior that are
significant, not what is going on inside the
subject (or her or his mind or consciousness).
Simplitying only a linle, because brains are
incapable of the relevant forms of behavior
they can’t walk, talk. flinch, pomnt. or run
around—it 15 senseless to ascribe mental
attributes to them.

This neobehaviorist conception of the
mental 1s not obviously correct, o say the
least. The idea that conscious states possess an
imner, subyective and private character—a
character that is essential to their being con-
scious states at all—is a very natural one. As
Searle notes in his contribution, Witigen-
steinians can plausibly be seen as conflating
the external (behavioral) evidence for con-
sciousness with the existence of conscious-
ness. What B&H offer here on these matters is
not compelling: they say a good deal more in
Fonardations.

This much-disputed topic aside, B&H's
attitude to the brain is vulnerable to a more
straightforward objection. | am currently able
to think. It seems very plausible to think that [
would continue to have this ability if I were
reduced to the condition of a healthy living
brain (maintained by life-support machinery,
say). If I am essentally a human being, as
B&H suggest, then 1 am sull a human being in
my diminished condition, But because [ am
now indistinguishable from my brain—we are
composed of precisely the same atoms—how
can it be senseless to say that brains can think™”
If there's nothing to distinguish me from my
brain, wont my brain be able to do everything
I can do?
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ENVIRONMENT

Carbon Mitigation by Biofuels or
by Saving and Restoring Forests?

Renton Righelato® and Dominick V. Spracklen

hoosing from among the host of

strategies for mitigation of anthro-

pogenic carbon emissions 15 not easy,
There are competing environmental priontes,
social and economic factors, and commercial
and political interests. One strategy that has
received extensive attention is the use of bio-
fuels for transport, particularly ethanol from
fermentation of carbohydrate crops as a sub-
stitute for petrol and vegetable oils in place of
diesel fuel. Such an approach would require
very large areas of land i order 1o make a s1
nificant contribution to mitigation of fossil
fuel emissions and would, directly or indi-
rectly, put further pressure on natural foresis
and grasslands. There are numerous assess-
ments of the relative merits of different liquid
biofuel strategies (e.g., [-3), but few compare
these with other uses of land ().

Two issues need o be addressed before the
efficacy of biofuels can be assessed: the net
reduction in fossil carbon emissions {avoided
emissions) ansing from use of agriculturally
derived biofuels and the effect of alternative
land-use strategies on carbon stores in the bio-
sphere. As land is the limiting resource, the
appropriate basis for comparison 1s a function
of land area (Mg C ha™' vear™'). We use a
period of 30 vears as a basis for comparing
strategies because it is likely to take that much
time for carbon-free fuel technologies to

e
L=

be developed and introduced. Estimates of

avoided emissions vary widely depending on
crop, fuel type. and conversion technology
used; some typical examples derived from life-
eyele analyses are shown in the figure (nght).
In these analyses, no allowance has been made
fior emissions ansing from change in land use
to produce the fuel crop. In all cases, foresta-
ion of an equivalent area of land would
sequester two o ning times more carbon over a
30-vear period than the emissions avoided by
the use of the biofuel. Taking this opportunity
cost into account, the emissions cost of liquid
biofuels exceeds that of fossil fuels.
Moreover, large areas of land would be

R. Righelato, World Land Trust, Halesworth, Suffolk, 1P19
8AB: D. V. Spracklen, School of Earth and Environment,
University of Leeds, Leeds, UK.
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Cumulative avoided emissions per
hectare over 30 years for a range of

The carbon sequestered by restoring forests is
greater than the emissions avoided by the use
of the liquid biofuels.

1o ethanal
. . ar Cane 1o and e
biofuels compared with the carbon 59 —
x -—
;nquestmd over 30 years by chang Wheat to sthionol. T
ing cropland to forest and the loss of -
—
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sion of forest to cropland. Error bars __'
indicate the ranges of values in the lit- Whalze to etfancl. b8
erature cited. Details are in the SOM. —
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tively (). Aseven this low substi- Temperate cropland ™
tution level cannot be met from to grassiand s
existing arable land. lorests and 5 2 T

grasslands would need to be

cleared to enable production of

the energy crops. Clearance results in the rapid
oxidation of carban stores in the vegetation and
soil, creating a large up-front emissions cost
() that would, in all cases examined here, out-
weigh the avoided emissions,

(f the biofuel sources shown, only conver-
ston of woody biomass (f, 2, 4, 7) may be
compatible with retention of forest carbon
stocks, Woody biomass can be used directly
for fuel or converted to Liquid fuels. Although
still in a development stage, avoided emis-
sions in temperate zones appear similar to
assimilation by forest restoration. Moreover. it
may be possible to avold environmental prob-
lems associated with extensive monoculture
(%) by harvesting from standing forests. In this
case, soil and above-ground carbon stocks
may be built up in parallel with sustainable
harvesting for fuel production,

If the prime object of policy on biofuels is
mitigation of carbon dioxide—driven global
warming, policy-makers may be better
advised n the short term (30 years or s0) to
focus on increasing the efficiency of fossil
fuel use, to conserve the existing forests and
savannahs, and to restore natural forest and
grassland habitats on cropland that is not
needed for food. In addition to reducing net
carbon dioxide flux to the atmosphere, con-
version of large arcas of land back to second-
ary forest provides other environmental serv-
ices (such as prevention of desertification,

SCIENCE

Carbon (metric tons/hectare)

provision of forest products, maintenance of

biological diversity, and regional climate reg-

ulation), whereas conversion of large areas of

land to biofuel crops may place additional
strains on the environment. For the longer
term, carbon-free transport fuel technologies
are needed to replace fossil hydrocarbons.
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BIOCHEMISTRY

Getting Into and Through
the Outer Membrane

Jan Tommassen
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negative bacteria, as well as mitochon-

dria and chloroplasts in cukaryvotes.
Transport of proteins intoe or through the outer
of these membranes usually requires complex
molecular machines, Omp&3, an evolutionary
conserved protein, is the central component of
the machine required for folding and inserting
outer membrane proteins (OMPs) (/). More-
over, some OMPs with sequence similarity to
Omp83 are involved in transport processes
such as protein secretion in bactena and pro-
tein import into chloroplasts (). In this 1ssue,
Kimeral. (p. 961) and Clantin er al. (p. 937)
provide mnsights into the structures of mem-
bers of this protein superfamily (3, 4).

The bacterial OmpR3 consists of @ mem-
brane-embedded B barrel and an amino
(N )-terminal periplasmic extension encom-
passing five polypeptide transport—associated
(POTRA) domains. It interacts directly with
its substrate proteins (5) and is part of a com-
plex that also contains four lipoproteins, Y10,
YieL, NipB. and SmpA., of which only one,
Y10, is essential (6. 7). The mitochondrial
Omps3 homolog contains only one POTRA
domain. which directly interacts with sub-
strate proteins (). The accessory lipoproteins
are not found in the mitochondnial system,

Kim et af. {3} report the structure of a frag-
ment of the Omps5-family member YaeT
from Escherichia coli. The fragment encom-
passes four complete POTRA domains and, at
the carboxyl () termunus, a short segment of
the fifth one. Each POTRA domain consists of
a three-stranded P sheet and two o helices. In
the crystal, the fragment forms a dimer as a
result of the augmentation of the [i-sheet in
POTRA-3 with a [ strand formed at the C-
terminal end of the other subunit. Although
this dimer is a crystallization artifact, the
dimer interface may reflect the way in which
YaeT interacts with its substrates: this inter-
action involves a signature motif that forms a
[ strand at the C termini of these proteins (3).
Thus, like the POTRA-5 segment in the crys-
tallized YaeT fragment. this signature motf

The authar is in the Department of Molecular Microbiology
and the Institute of Biomembranes, Utrecht University,
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Two-partner secretion

FHA

OMP insertion at
lipid-protein interface
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Unfolded OMP
transporter POTRA-1

The structures of two related bacterial
membrane proteins help to understand protein
transport processes in the outer membranes of
bacteria, mitochondria, and chloroplasts.

OMP insertion at
subunit interface

Protein traffic in the outer membrane. (Left) Clantin ef ol. suggest that in two-partner secretion, substrate
binding to POTRA-1 opens a channel in the FhaC transporter by displacement ol pore-blacking segmenis
(L&), Extracellular folding of the secreted FHA protein into a (b helix probably provides energy for transport.
{Middle} Binding of an OMP to the POTRA domains of an Omp8S protein, such as YaeT studied by Kim et al.,
results in outer membrane insertion, possibly at the proteinflipid interface. For simplicity, accessory proteins
of the Omp85 complex are not shown. (Right) A central channel formed by oligomers of Omp85 super-
family members might provide an alternative route for insertion andfor translocation,

formsa fstrandat the C termini of these proteins.

Kim er al. investigated the possibility that
the subunit interface is involved in substrate
recognition. Mutations in POTRA-3 that
should prevent [§ augmentation did not inter-
fere with YaeT function but with binding of
the YfgL subunit of the machine. Thus.
POTRA-3 may bind YigL by B augmenta-
tion, In a series of mutants in which all
POTRA domains were deleted one at a time,
all deletions severely infringed function,
Furthermore, deletion of POTRA-2, -3, 4,
and -5 each resulted in loss of Yfel from
the machine. Deletion of POTRA-5, which
shows the highest sequence conservation of
all POTRA domains ( /), resulted in loss of all
accessory lipoproteins.,

Clantin ef al. (4) solved the structure of
FhaC, a member of the Omp&3 superfamily
involved inthe secretion of Tilamentous hemag-
glutinin (FHA) in Borderella perinssis via a
pathway known as two-partner secretion. The
structure shows a 3 barrel and an N-terminal
extension consisting of an o helix and two
periplasmic POTRA domains structurally
resembling those of YaeT. The 3 barrel consists
of 16 antiparallel B strands connected by short
turns at the periplasmic side and long loops at
the cell surface. The channel within the barrel 15
occluded by loop Lo, which folds into the bar-
rel. and by the N-terminal o helix, which spans
the channel interior. The residual opening of 3A

15 too narrow to allow for transport ofa protein.
even inan extended conformation.

However, upon reconstitution of FhaC ino
planar lipid bilayvers and application of a trans-
membrane potential. much wider channels were
revealed with a conductivity of 1200 pS (¥),
corresponding to channel widths of 8 to 10 A,
Thus, the channel appears o be dvnamic: Upon
binding of FHA to POTRA-1 {4), the channel
may open by extrusion of the o helix and/or
loop L6, thus creating a protein translocation
pathway (see the ligure, left panel). Previous
work indeed showed a topological rearrange-
ment in Lo upon coexpression of FHA (/0),

What canwe learn from the FhaC structure
about the C-terminal domain of Omp83 pro-
teins”? Omp83 showed much narrower chan-
nels in planar hipid bilayers than FhaC, Their
conductivity of 120 pS (3) could correspond
to the closed channels observed in the FhaC
crystal structure. Omp#3 sequences show a
conserved motif that corresponds to the L6
loop of FhaC', but no segment corresponding
to the MN-terminal helix. Thus, assuming that
Omp83 has a similar 16-stranded P barrel as
FhaC. another loop besides L6 should con-
tribute to closing the channel.

In the planar lipid bilayver experiments, sub-

strate binding increased the channel activity of

Omp&3 (3), but this increased activity reflected
a higher probability for the open state, rather
than a widening of the low-conductance chan-
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nels. Hence, there is no indication that Omp83
channels can open by displacement of pore-
blocking segments. Indeed. it is unlikely that
OMPs would insert into the B barrel of Omp835,
because it is difficult to envisage how such a
barrel could subsequently open laterally to
allow for OMP insertion into the membrane.
Rather, OMPs will insert at the lipid/protein
interface (see the figure, middle panel) or at the
subunit interface of an oligomeric complex
(see the figure, nght panel).

Omp85 forms defined homo-oligomeric
complexes in vitro (3). Similarly. HMW I B, an
FhaC homolog involved in two-partner secre-
won in Hacmophilus influenzae, has been pun-
fied from the outer membrane as a tetramer

(1) In liposome-swelling assays, both pro-
teins showed pore sizes of 2.5 0 2.7 nm-
much wider than the channel within the FhaC
|3 barrel. Furthermore, electron microscopy
has shown that the HMW I B oligomer formed
ringlike structures with a central cavity of 2.5
nm { /1), The possible involvement of these
wide channels in protein raffic (see the figure,
right panel) needs to be investigated.

The mechanism and the pathway of pro-
tein traflic via members of the Omp#3 super-
family 15 still far from understood. Future
experiments should focus on the characteriza-
tion of the oligomeric complexes and on the
development of in vitro systems with purified
components o stiudy these processes,
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CELL BIOLOGY

Aneuploidy in the Balance

Prasad V. Jallepalli and David Pellman

central principle of genetics is that
cells within an organism contain the
same complement of chromosomes,
The presence of oo many or too few chromo-
somes, called aneuploidy, is associated with
disease, and accounts for the majority of spon-
taneous miscarriages in humans, as well as
hereditary birth defects such as Down syn-
drome (/). Precisely how aneuploidy affects
cells is not well understood. Extra chromo-
SOIMES CaUse 4 proportionate INcrease in gene
expression (7). potentially altering a cell’s
dosage of proteins in damaging ways, On the
other hand most cancer cells are aneuploid,
suggesting that some patterns of chromosome
oain and loss enable cells to escape normal
growth restraints and develop into malignant
tumors—Tfor example, by acquiring extra
copies of an oncogene, or losing a tumor sup-
pressor gene (3. ). But are the effects of an-
cuploidy strictly specific to a given over- or
underrepresented chromosome, or does aneu-
ploidy evoke a generalized physiological
response regardless of what chromosome s
affected? A new study by Torres e al. (3) on
page 916 of this issue uncovers charactenistics
shared by all ancuploid cells, identifving a
broad cellular response to ancuploidy that has
ramifications for better understanding aneu-
ploidy-linked diseases in humans,
Torres ef al. analyzed the budding veast
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IMBALANCE IN GENE EXPRESSION
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Normal yeast cells

Mare genes but less fit. Yeast cells that gain an extra chromo-
some are at a proliferative disadvantage relative to normal
cells, regardless of the specific chromosome gained. Aneuploid
cells try to compensate lor the gene imbalance by increasing
protein turnover, which requires maore energy and slows down
praliferation. Cancer cells somehow overcome the antiprolifera-

tive effect of aneuploidy.

Saccharomyees cerevisiae, a well-established
and ractable system for studying chromosome
segregation errors (6). In general, aneuploid
veast cells are at a substantial competitive dis-
advantage relative to cells with a normal
complement of chromosomes (euploids)
because they are eventually overtaken by
spontaneously arising euploid revertants
{7, &) However, ancuploidy can be beneficial
in the presence of strong selective pressure
(%, 1. For example, where yeast has two sim-

Yeast cell with extra chromosome
{“aneuplaidy”)

Cells compensate by
=increasing protein turnover

E_ ! +increasing metabolism

Antiproliferative effects

An extra chromosome slows yeast cell
proliferation, suggesting that aneuploid
human cells must overcome this effect
during carcinogenesis.

ilar genes on different chromo-
somes, cells in which one of these
paralogs 1s deleted may compensate
by the chance gain of an extra copy
of the chromosome bearing the other
paralog { /). Torres ef af, engineered

yeast strains o contain two copies of

specific chromosomes (disomes) on
an otherwise haploid genetic back-

ground. By varving the identity of

the extra chromosome, the authors
generated disomic sirains encom-
passing 13 of the 16 yveast chromo-
somes. As expected, genes present
on disomic chromosomes were tran-
scribed at about twice their normal
levels. However, after correcting for
this effect. two groups of genes were
coordinately up-regulated in many
different aneuploid strains, One clus-
ter, previously characterized as part
of the environmental stress response,
15 also induced in many slow-growing
but euploid strains. However, the
other cluster, whose expression in-

creased in aneuploid strains independently of

growth rate. includes genes imvolved in ribo-
some biogenesis. Ribosome biogenesis con-

sumes roughly half of the metabolic energy of

a proliferating yeast cell, and it is tightly
coupled to signaling pathways that regulate
progress through the G, phase of the cell divi-
sion eyele (/7). Indeed. a substantial fraction
of the ancuploid strains examined by Torres
er al. exhibited a delay in cell evele entry
and an increase in cell size, demonstrating a
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functional impact of supermumerary chromo-
somes on cell proliferation, Identifying the
molecular nature of this signal will be of con-
siderable interest.

The authors found that ancuploidy also
strongly affects cell metabolism. The aneu-
ploid strains avidly take up glucose, and many
also undergo amplification of genes encoding
glucose ransporters. However, glucose is used
less efficiently in these cells, resulting in lower
accumulated biomass per unit of glucose. This
15 intriguing given that many wmor cells
exhibit the “Warburg effect” (72). in which
alyeolysis (anaerobic metabolism) is empha-
stzed at the expense of mitochondnal (aerobic)
respiration. Although §. eerevisiae has a
unique physiology that emphasizes fermenta-
tion relative to respiration, it will be interesting
to determine whether aneuploidy elicits a sim-
ilar metabolic effect in mammalian cells,

Whan is the basis for the increased glucose
requirement in the veast aneuploids? Torres er
al, propose a simple and intuinve explanation.
Although transcripts from the disomic chro-
mosome doubled in abundance, steady-state
levels of many proteins encoded by these tran-
seripts did not. The aneuploid strains are also
sensitive to compounds that imhibat protein
translation or block protein degradation by
proteasomes. Thus, the gene expression imbal-
ance leads o compensatory proteolysis, which
demands more energy (see the figure).
Furthermore, analysis of strains harboring
large human genomic DNA fragments as
yeast artificial chromosomes, which are not
expecied o be transcribed or translated o any
ereat extent, did not exhibit a growth delay or
drug sepsitivities associated with authentic
veast disomes, indicating that these pheno-
typesare triggered by increases in gene expres-
sion rather than the presence of extra DNA,

The results of Torres er al. and earlier stud-
1es of fibroblasts obtained from Down syn-
drome patients (/3) indicate that a single exira
chromosome can exert a strong antiprolifera-
tive effect in both yeast and human cells. 1f this
15 the case, then how do aneuploid cancer cells
overcome this barrier? There are at least two
possibilities. There may be a protective effect
of diploidy. as Torres er al. found that deleten-
ous consequences of an extra chromosome are
less severe in diploid cells than in haploids.
This is consistent with previous mathematical
analyses showing that increases in the number
of sets of chromosomes (ploidy ) can buffer the
effects of harmful somatic mutations in the
short term (J/4), Some cancers may arise
through a tetraploid intermediate (/5). which
could enhance this buffering effect. This may
explaimwhy veast tetraploids exhibit high rates
of chromosome loss but lack detectable delays

www.sciencemag.org SCIENCE VOL 317

in cell eyele progression (/6). In addition,
genes in mammalian cells can be transerip-
tionally silenced through mechanisms not
available in yeast. For instance, most cancer
cells exhibit localized chemical modification

{hypermethylation) of specific stretches of
DNA (CpG islands) in promoter regions of

genes (/7)) This could lessen the metabolic
impact of aneuploidy by silencing genes on a
supernumerary chromosome while preserving
expression of other genes on the chromosome
that confer a selective clonal advantage. None-
theless. il at least a portion of the transcrip-
tional and phenotypic response o ancuploidy
persists in cancer cells. it may be possible to
devise inhibitors that arrest or kill such aneu-
ploid cells selectively, with little or no impact
on normal diploid tissues (/8).
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GEOPHYSICS

The Need to Study Speed

Shamita Das

Rapid ruptures can cause more earthquake damage than slow ones. Lessons from past events

indicate which faults may be most dangerous.

he damage earthquakes cause to soci-

ety depends in part on how fast rock

ruptures (£ ). Dunng the 1960s. owing
partly o limited observation and partly o
inadequate theory, researchers believed that
ruptures could not propagate faster than about
3 kmi's, the speed of a transvere (shear) wave
moving in rock. Several theoretical studies in
the 19705 found that some ruptures could
exceed this speed, perhaps reaching 5 km/s
{2). Recently. Bhat er al. reported field obser-
vations showing that an earthquake in Tibet
ruptured faster than the shear wave speed (3).
Giiven the potential for increased destruction,
we must take such information into account
when planning eanthquake-resistant construc-
ton worldwide,

The first earthquake that ruptured faster
than the shear speed was the 1979 Imperial
Valley, California, event (4). Mo other exam-
ple was found for two decades, supporting
those who resisted the idea of supershear
rupture speeds. However, starting in 1999,

The author is in the Department of Earth Sciences,
University of Oxford, Parks Road, Oxford OX1 3PR, UK.

E-mail: dasg@earth.ox.acuk

researchers began to measure fast rupiure
speeds (3, 6) in the laboratory. The improve-
ment in guality and quantity of selsmometers
worldwide also led to new reports of super-
shear rupture speeds (7). Yet, because these
reports were based on analysis of very few
seismograms, few aceepted the possibility of
supershear rupture speeds.

Then in 2003, Bouchon and Vallée reported

convineing evidence of supershear rupture
speed for the 2001 Kunlunshan, Tibet, earth-
quake (magnitude M = 7.8) (§). This earth-
quatke, in which the net slip was in the direction
of the surface path of the fault (a strike-slip
fault), ruptured a segment longer than 400 km,
the longest strike-slip fault rupture (both on
land and under water) since the 1906 California
earthquake. Robinson ef al. (¥) showed that the
rupture started slowly. accelerated to a super-
shear wave speed, and then propagated over
more than 100 km at a speed of nearly 6 km's,
before slowing and stopping (see the figure.
lefi panel), The region of very high rupture
speed coincided with the region of highest
carthquake displacement, hizhest fault slip-
rate. and highest stress release and occurred on
avery straight portion of the fault.
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Fast breaks. (Left) Vertical bars show the slip on the
Main Kunlun fault for the 2001 Tibet earthquake
[adapted from (9)]. (Upper and lower right) The
fault slip for the 1906 California earthquake
[adapted from (15)]. The fault segment ruptured is
shown by the thick red line; the black star on this line
marks the region where rupture commenced. The
fault rupture for the 1857 California earthquake is
indicated by the red dashed line, the black star indi-
cating region of rupture commencement. If the next
earthquake here follows this paltern, a supershear
ruplure propagating southward would strongly focus
shock waves on Santa Barbara and Los Angeles.

High slip rate (the relative speed of the two
sides of the fault) may drastically lower the
friction on the fault (/1, 17), allowing much
higher rupture speed (the speed at which the
two sides separate at the leading edge of the

fault). In the Kunlun earthquake, the region of

large displacement has been separately con-
firmed from satellite measurements (/2). In
addition, field observations, made several
months later by Bhat ef af.. showed a ~25-km-
wide region to the south of the supershear rup-
ture section of the Fault with many off-fault
open cracks (3). Caleulations show that as
the rupture moves from sub- to supershear
speeds, large perpendicular stresses develop
in the oftf-fault regions, as the shock wave
passes through, which could explain these
cracks (). These off-fault open cracks are
seen in only that portion of the fault that was
found to have the very high rupture speed (¥).
This is independent corroboration that the
earthquake did acwally reach supershear
speeds in this long, straight section of the
fuult, the first earthquake for which such
direct evidence is available.

The Tibet earthquake suggests that long,
straight strike-slip faults are necessary tor rup-
tures to propagate at supershear speeds. Re-
examination of earlier reports of supershear
rupture also show that such speeds generally
oceur on the straight section of faults (7. 13).
although not all stmight portions of fauls

reach supershear speeds. Thus, straightness of

the faultis only a necessary (but not sufficient)

&

condition for very fast rupture. Fracture
mechanics studies show that long, straight
faults are more likely to reach the high rupture
speeds, The faults start from rest, accelerate to
the maximum permissible speed and continue
at thas speed provided there are no obstacles
along the way and fault friction is low (2).

What can the 2001 Tibet earthquake teach
us about, for example, the 1906 and the 1857
Califomnia earthquakes? Any repeats of these
events may lead 1o fewer deaths but will cer-
tainly produce greater financial cost than the
2004 Sumatra-Andaman earthquake and
tsunami. The 2001 Tibet earthgquake is very
similar to the 1906 San Francisco earth-
quake, both being vertical strike-slip faults
and having similar magnitude. fault length
and width, and hence similar average slip
and average stress drop,

The 1906 carthquake rupture staned south
of San Francisco (see the figure, upper right
panel) and propagated both to the northwest
and to the southeast, Geodetic measurements
{4} show that the largest displacements were
to the north of San Francisco, which is in
agreement with results obtained by inversion
of available seismograms (/3). This northern
segment may have reached supershear rupture
speeds (/6). The fact that the high fault-
displacement region is also here. where the
fault is very straight, would provide additional
support for this notion, assuming the 1906
and the 2001 carthquakes behaved similarly.
Unfortunately, due to heavy rains and rapid
rebuilding following the 1906 earthquake, no
information is available on whether off-fault
cracks appeared in this region. Forunately, the

{ 160 km

"1 Areaof extensive
,:i damage in 1906

cold desert climate of Tibet
had preserved the ofi-fault open
cracks from the 2001 earthquake,
uneroded during the winter months,
until the scientists visited.

Of course, no seismograms
are available for the 1857 Fort
Tejon earthquake (see the figure,
upper right panel). which was a
strike-slip earthquake with a
rupiure length greater than 300
km. Trenching across the fault
revealed that the largest slip
occurred in the Carrizo Plain.
where the fault is very straight
(/7). One can speculate that the
1857 earthquake may have prop-
agated at supershear speeds in the
Carrizo Plain, and slowed as it
went around the “Big Bend™ just
as the 2001 Tibet earthquake
slowed at a bend in the fault stnke.

The 1837 and 1906 California
earthquakes may have propa-
gated faster than was believed. If so, we need
o apply the same analysis to other great
strike-slip faults around the world, such as the
more than 10.000-km-long Himalayan-
Alpine seismic belt. We also need to developa
measure of the “straightness™ of faults and the
length of the straight portion required for such
fast rupture speeds. Observations of off-fault
open cracks can be used as a diagnostic wol
for supershear rupture. and it would be useful
to search tor and document them.
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Synapses Here and Not Everywhere

David M. Miller

rain function depends on a vast array
B of synapses. or connections, between

neurons, The overall architecture of
these networks is defined by the creation of
specific synapses as well as by the removal or
pruning of excess connections. Pruning is par-
ticularly dramatic in the human brain, in
which an estimated 40% of synapses gener-
ated during postnatal growth are eliminated
by adulthood { /). The scope of this phenome-
non argues for robust mechanisms that select
synapses for preservation or destruction, but
the molecular details are obscure. For in-
stance, how is this choice regulated ina single
neuron that initially synapses with multiple
partners? On page 947 of this issue,
Ding ¢t al. (2) provide an intriguing
model of this process in which the
creation of adult synapses riggers
the destruction of developmentally
transient synapses forged by the
SAME NeUron.

These findings are derived from
studies of a motor newron circuit that
regulates egg laying in the nematode
Caenorabditis elegans. The herma-
phrodite-specific neuron (HSNL)
synapses with muscles and with
VC-class motor neurons adjacent
to the vulva. an opening through
which fertilized embryos are ex-
pelled from the uterus (see the lig-
ure). Specialized structures assem-
ble at these synapses for the release
of neurotransmitter signals from the
presynaptic membrane to stimulate
receptors at the postsynaptic surface,
Ding er al. expressed presynaptic
proteins (labeled with green fluo-
rescent protein) in nematodes and
observed that HSNL synapses near
the vulva in the primary synapse
region are accompanied by a distal
set of HSNL connections in the sec-
ondary synapse region during larval
development. However, by the adult
stage. these secondary synapses
were removed as the primary
synapse region matured. The authors
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Developmental Biology, Vanderbilt Uni-
versity, 445 2 1st fivenue South, Nashyille, TH
37232-8240, USA. E-mail: davidmillerg@
vanderbill.edu
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propose that a local cue directs the maturation
and elimination events simultaneously, and
that synapse removal results from the
destruction of presynaptic proteins by the
ubiquitin-proteasome system.

The ubiquitin-proteasome svstem uses the
enzyme E3 ubiquitn ligase o atach the pep-
tide ubiguitin to specific protein substrates.
These ubiguitin-labeled targets are dismem-
bered in a barrel-shaped structure called the
proteasome. The SCF (Skp 1-Cullin—F-box )
type of E3 ubiquitin higase is composed of
multiple subunits and achieves target selectiv-
ity with an interchangeable set of F-box adap-
tor proteins ( 3).

Primary
synapse

ADULT WORM

Secondary synapse region

5 eliminated

Synaptic proteins are ubiquitinated
and degraded in proteasome ‘_-‘\

Active ubiquitin ligase complex

Disconnections. (Top) The developing HSML motor neuron initially forms synapses with vulval muscles and motor neu-
rons in two locations. (Bottom) The protein 5YG-1 blocks proteolysis of synaptic proteins at primary synapses but allows
destruction of secondary synapses. E2, E2 ubiquitin conjugating enzyme; RBX, Ring finger protein.

HSMNL neuron

PERSPECTIVES I

Local degradation of synaptic proteins
determines which neuronal connections persist
and which are eliminated during development.

Earlier work by Shen and colleagues
revealed that intercellular contact between a
pair of immunoglobulin membrane proteins,
SYG-1 and SYG-2, directs assembly of the
primary synapse region (4, 5). Remarkably,
SYG-2. the instructive signal that stimulates
synapse formation in this location, is pre-
sented by a nearby epithelial cell (guidepost
cell) rather than by postsynaptic vulval muscle
or VO motor neurons. Complementary ex-
pression of SYG-1 in the HSML neuron teth-
ers presynaptic components to this spot.

In addressing the mechanism underlying
this process. Ding er al. discovered that the
intercellular domain of SYG-1 directly inter-
acts with SKR-1. a €. efegany homo-
log of a core component (Skpl )y of the
SCF complex. This result must have
induced some head-scraiching at
first, because contact with the SCF
complex is typically a death sentence
for targeted proteins, But SYG-1 is
clearly not degraded, and the primary
svnapse region remains intact. The
key to this mystery was suggested by
experiments showing that SYG-1
blocks SKR-1 binding to a specific F-
box adapior protein, SEL-10. Thus,
Ding er al. reasoned that SYG-
I-5KR-1 interaction i the HSNL
neuron effectively disrupts local ubig-
uitination activity by the SCF com-

Guidepost cell

Primary synapse region
matures

Synapses form
with vulva muscle
and motor neurons

( Blocks ubiquitinating
activity

Presynaptic proteins
are not degraded ‘__/
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plex, and thereby protects primary synapses
from destrucnon. This model is supported by
genetic experiments showing that primary
synapses are unstable in nematodes lacking
SYG-1 (sve-/ mutants) and that synapse
removal requires components (SKR-1 and
SEL-10) of the SCF complex.

But herein lies a paradox. In addition to
protecting the primary synapse region from
destruction, SYG-1 also triggers the demise
of the secondary synapse region. Indeed, sec-
ondary synapses are preserved in svg-/f
mutants. whereas primary synapses are not.
How does 5YG-1 direct the remote destruc-
tion of the secondary synapse region” The
authors show that the ubigquitin-proteasome
system s required to remove secondary
synapses during normal development. Thus,
SYG-1 localization to the primary synapse
region somehow stimulates proteolytic activ-
ity in the secondary synapse region. To
explain this effect, Ding ef af. propose that the
SCF complex 15 limiting in the HSNL
neuron. In this model, high SCF activity in
the primary svnapse region (for example, in
mutant worms lacking SYG-1) indirectly

protects the secondary synapse region {rom
destruction. Conversely. when active SCF 1s
excluded from the primary svnapse region (as
in the wild-type worms), more SCF is avail-
able 1o “attack™ target proteins in the second-
ary synapse region. Although this model is
pleasingly elegant and supported by addi-
tional experiments (artificial elevation of
SCF activity in the HSMNL neuron removes
both primary and secondary synapses), Ding
ef af. acknowledge that SYG-1 could also act
through unknown alternative signaling path-
watys to eliminate secondary svnapses,
Additional specific information about the
mechanism proposed by Ding ef af. 15 needed to
build a dewiled biochemical model of the
process. For example, which of the presynaptic
components in the HSNL neuron is directly tar-
geted by the SCF complex? Liprin-alpha is
an attractive candidate, as its removal is pre-
dicted to destabilize presynapse assembly (6, 7).
Another question 1s whether the postsynaptic
apparatus—the orzanization of proteins in the
cells receiving stimulation by the HSNL neu-
ron—is disassembled in concert with the presy-
napse. IFso. how are these events coordinated?

Earlier studies have firmly established roles
for the ubiguitin-proteasome svstem in axon
puidance and synaptogenesis in disparate
species, Leaming and memory—higher-order
functions that originate with syvnaptic plastic-
ity—also depend on regulated proteolysis (3).
Ding er af. have now provided an exciting
example of bow this degradation system canbe
marshaled to control the placement of specific
synapses n C. elegans, The evolutionary con-
servation of the components of this mechanism
suggests that additional work in this genetically
tractable model organism may reveal funda-
mental secrets of human brain development.
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A Change in Circulation?

John A. Church

arlier this vear, the Intergovernmental

Panel on Climate Change (IPCC)

reported unequivocal evidence that cli-
mate change 1s happening now ( /). One public
image of climate change is a rapid and dra-
matic collapse of the northward flow of warm
water to high latitudes, with possible serious
implications for North American and Eu-
ropean climate. So, has the northward flow of
warm water changed?! How would we know iff
it had. and how can we monitor it inthe future?
A remarkable new observational program has
begun wo address these questions. In this issue,
Kanzow er al. on page 938 (2) and Cunning-
ham er al. on page 935 (3) report initial results
from the program.

Warm water emerges from the Florida
Strait and flows northward along the east
coast of America as the Gulf Stream (see the
figure). After leaving the coast of North
America, the warm water flows northeastward

The author is in the CSIRO Marine and Atmospheric
Research and Antarctic Climate and Ecosystems CRC, GPO
Box 1538, Hobart, Tasmania 7001, Australia. E-mail:
john.church@osing.au

betore itdiverges, with some water continuing
northward beyvond leeland and the remainder
returning in the broad southward Mow of the
subtropical gvre in the upper kilometer or so
of the ocean.

Throughout its northward journey, the
warm water loses heat to the atmosphere and
becomes denser. The colder, denser water
sinks at high latitudes and retums southward
at depths of 2 to 3 km. This northward flow of
near-surface. warm water and southward flow
of cold, deep water 15 known as the North
Adtlantic meridional overturning circulation.
The northward flow is controlled by a combi-
nation of surtace winds and density gradients,
with warmer, saltier, lighter water at low lai-
tudes and colder, fresher. denser water at
higher latitudes.

Two processes can prevent high-latitude
water from sinking: surface warming and
decreased salinity caused by freshwater runoft
from rain and meltwater from glaciers and the
Greenland Ice Sheet. This would disrupt
the meridional overturming circulation.
Observations indicate that there has indeed
been a freshening of the North Atlantic (4).

Measurements with a new observational array
have revealed surprisingly large variations in
ocean circulation in the North Atlantic,

Climate change models () in which the CO,
concentrations quadmple over 140 vears pro-
ject a decrease in the meridional overturning
circulation by 10 to 5074,

Bryden eral. (6) analyzed five sets of ship-
based, full-depth temperature and salinity
measurements across the North Atlantic near
25°N, completed between 1957 and 2004,
From these data, they estimated that the over-
turning circulation had decreased by 30% and
the northward heat transport decreased by
over 20%, as a result of an inferred decrease in
the southward transport of the coldest, densest
water and an increase in southward ranspon
of the warmer water in the upper kilometer of
the ocean, This decrease in the meridional
overturning circulation is much larger than
suggested by elimate model simulations of the
20th century, and more akin to the up o 50%
decrease projected for the end of the 21st cen-
tury (3, 7). Are the models not responding
rapidly enough to greenhouse gas changes, or
was the observed change—as Bryden er al.
cautioned—uncomfortably close to the uncer-
tainties in previous observational estimates?

In a bold new iniative led by the UK
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National Environmental Research Council
{with support from US. agencies). the
RAPID/MOCHA (Rapid Climate Change/
Meridional Overturming Circulation and Heat
Flux Armay) armay was deploved in March 2004
to continuously monitor the mendional over-
twming circulaton at 26°N. These observations
are a component of a larger set of activities of
the World Climate Research Programme’s
CLIVAR (Climate Variability and Predict-
ability) Project to monitor the North Atlantic
mendional overtuming circulation,

The inexpensive array along 26°N consists
of instruments measuring the variations in the
bottom pressure, and temperature and salinity
{and thus density). throughout the water col-
umn near the western and eastern boundaries
and on either side of the Mid-Atlantic Ridge
(see the figure). These measurements can be
combined to estimate variations in the hori-
zontal pressure difference between the west-
ern and eastern boundary throughout the water
column. The pressure differences are directly
proportional to variations in the horzontally
integrated northward flow. The ocean-intenior
measurements are complemented by est-
mates of the northward flow of the Gulf
Stream through the Florida Strait by an under-
sca cable and satellite measurements of the
wind stress and hence of the surface-
wind-driven transport.
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year of the array’s operation.

On time scales of 15 days and longer, the
sum of transports into the North Atlantic
should be about zero. Indeed. the observations
reported by Kanzow et al. indicate that the
sum varies with a root-mean-square value of
only 3.4 Sv (1 Sv = 10 m¥s), slightly larger
than the expected measurement errors of 2,7
Sw, thus demonstrating the remarkable effec-
tiveness of the array. The fact that the observed
sum varies slightly more than the expected
measurement errors presumably reflects defi-
ciencies i the method such as the unobserved
flow deeper than the deepest part of the array
and the impact of the Mid-Atlantic Ridge.

Cunningham et al. report a vear-long aver-
age meridional overturning circulation of
18.7 = 5.6 Sv (3), but with large variability
ranging from 4.4 10 35,3 Sv over the course of
the vear. This range includes all five merid-
ional overturning circulation values estimated
from the snapshots analyzed by Bryden eral.;
thus, the apparent long-term  decrease
inferred by these authors may merely be a
result of large intra-annual variability.

Cunningham er al. estimate that they can
measure the annual average overturning to a
resolution of 1.5 Sy, This would be sufficient
to detect any large abrupt transition of the
meridional overturning circulation. An assess-
ment of the current generation of climate
maodels indicates that such a large abrupt tran-

Effective monitoring. The RAPID/MOCHA moni-
taring array, operational since 2004, directly meas-
ures the transport of the Gulf Stream in the Florida
Strait using an undersea cable {red). A sparse
moored array along 26°N measures botlom pres-
sure and water column density at the western and
eastern boundary and on either side of the Mid-
Atlantic Ridge; in the lower panel, the array is
shown in detail for the western boundary. Two arti-
cles in this issue {2, 3) report resulls for the first

PERSPECTIVES

sition is very unlikely dur-
ing the 21st century (6), but
verification of these projec-
tions and continuing assess-
ment of the stablity of the
meridional overturning cir-
culation remains a priority.

It remains unclear how
much the meridional over-
turning circulation varies
from year to year. Under-
standing this  variability
will be critical to improving
muodels, thus allowing more
reliable projections of eli-
mate change. This vanahbil-
ity will determine how long
a record will be required to
determine a trend in the
meridional overturning cir-
culation. A recent coupled
ocean atmosphere model
study (&) suggests that it
would take several decades
of observations to detect
such a wend. Similarly, it
will take decades of moni-
toring to determine which
(1f any) of the models ana-
Ivzed by the IPCC (7) most
accurately reflects reality.

The effectiveness and the inexpensive
nature of the RAPIDMOCHA array should
allow long-term monitoring of an important
element of the global climate system.
Equivalent observational schemes for the
Southern Ocean limb of the mendional over-
turning circulation, where decadal water-
mass changes have also been observed (9),
remain to be designed.

Depth {m)
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Plant Speciation

Loren H. Rieseherg"z* and John H. willis?

Like the formation of animal species, plant speciation is characterized by the evolution of barriers to
genetic exchange between previously interbreeding populations. Prezygotic barriers, which impede
mating or fertilization between species, typically contribute more to total reproductive isolation in plants
than do postzygotic barriers, in which hybrid offspring are selected against. Adaptive divergence in
response to ecological factors such as pollinators and habitat commonly drives the evolution of prezygotic
barriers, but the evolutionary forces responsible for the development of intrinsic postzygotic barriers are
virtually unknown and frequently result in polymorphism of incompatibility factors within spedes.
Polyploid speciation, in which the entire genome is duplicated, is particularly frequent in plants, perhaps
because polyploid plants often exhibit ecological differentiation, local dispersal, high fecundity, perennial
life history, and self-fertilization or asexual reproduction. Finally, species richness in plants is correlated
with many biological and geohistorical factors, most of which increase ecological opportunities.

for studying speciation. Flowenng plants

are especially speciose, trailing only
insects in named species diversity. Much of this
diversification has occurred recently, creating
spectacular examples of adaptive radiation and
ol speciation in action (able S1). Plants are
mostly sessile but vary dramatically in mating
system, ploidy level, mode of dispersal, and lile
history, aiding ellorts to understand the comnbu-
tion of various ccological and evolutionary
lactors 1o speciation.

Plaub‘. provide extmordinary opportumtics

What Is a Plant Species?

The defimition of a species n plants has been a
major impediment o botanical studies of speci-
ation; botanists have often expressed doubt tha
plant species even exist, because ol frequent
reports of interspecific hybrids (/) and because
phenotvpic vanation in some plant groups docs
not asson readily into discrete categories ().
These concerns were amplificd by claims that
gene Now within many plant species was so low
that populations rather than species were the most
mclusive reproductive units (2, 3).

Recent work allays these concems. Analyses
of momphometric data from more than 2000 plant
gencra indicate that discrete clusters of mompho-
logically similar individuals occur within most
sexual plant Ineages, that these clusters corme-
spond closely 1o groups with significant post-
pollination reproductive isolation, and that
interspecilic hybridization s not the primary
cause of poorly delined species boundarics (4).
Molecular population genctic studies imply thai
migration ralcs within plant specics are higher
than carlier dineet estimates and do not differ, on
average. from those of animals (5). Theoretical
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i f) and empincal work further mdicates that even
i species with low gene Now, populations may
evolve in concent through the spread of advanta-
geous alleles (7

Although many plant species are held to-
gether by gene fMlow and kept apart from other
spocies by reproductive barriers, there are excep-
tions, For example, some plams reproduce with-

out sex. These asexual taxa are composed of

clonal hybrid genotypes that Gl the phenotypic
space between their sexual parental specics (able
S51). Because sexual reproduction is infreguent
such species, 1t is difficult w discuss their evolu-
tion in terms of sexual isolation and speciation. In
contrast, seli-fentilizing (selfing) specics ofien
maintain genetic and phenotypic cohesion (4)
because they have higher within-specics pene
Now than previously hy pothesized (2), and their
resincted outerossing (exchange of pollen be-
tween individuals) impedes interspecilic hybrid-
ization. Reproductive isolation between species
may be incomplete, however, panicularly in
groups that have recently undergone multiple
speciation events or those that have long
generation tmes. This mcomplete solation may
result in somne gene flow between groups that are
otherwise well-defined specics (table 51},

Reproductive Isolation
Reproductive isolation 15 not the proximal cause
of diversification; this is the provinee of diversi-
tying sclection and genetic drift. However, repro-
ductive isolation can facilitate the accumulation
of genetic differences between groups of pop-
ulations, thereby shampening boundaries between
them and permitting adaptive traits to move clos-
er 1o their Mingss optima. This docs not require
absolute isolation. Rather, any reduction in the
effective migration mie facilitaies divergence,
which reduces effective migrtion mtes even
further. The resulting feedback loop, given
enough time, vusually leads 1o complete genctic
isolation,

Multiple reproductive bamiers 1solaite most
plant specics, These include prepollination: bar-

A Reciprocal translocation

Heterozygote for translocation

Viable gametes

Inviable gametes

B aabb c aa
' 4 N\ & N
Aabb aaBbh Aia ahz
} '} 4 ¢
AAbb aaBB Ai1A Azhz
™ Aato ke

Fig. 1. Genetics of hybrid incompatibilities. (A)
Example of a typical chromosomal rearrangement
in plants, showing loss of fertility in heterozygotes
because 50% of gametes are unbalanced genet-
ically and inviable. (B) Classic two-locus BDM
incompatibility in which new mutations are
established at alternate loci and without loss of
fitness in geagraphically isolated populations, but
which are incompatible in hybrids. (€} Single-locus
BDM incompatibility in which new mutations are
established at the same locus and without loss of
fitness in geographically isolated populations, but
which are incompatible in hybrids.

ners that limi the transter of pollen from indi-
viduals of one species o stigmas of other specics.
Several prepollination bariers—ccogeographic,
mechanical, and temporal —are found in animal
species, whercas pollinator isolation is exclusive-
ly associated with plant speciation. Other
bamiers, such as an advantage ol conspecific
pollen in ferilizing eges compared with non-
conspecilic pollen (conspecific pollen prece-
dence) and the failure of nonconspecific pollen
o fenilize cgps (gametic incompatibilities), act
aller pollinaton but before fertilization, resulting
in postpollination, preevegotic isolation. A final
set of bamiers, also found in animals, act after
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fertilization: hyvbrid inviability, sterility, and the
failure or reduction in successiul reproduction in
subsequent generations (hybrid  breakdown ),
These posteygotic barriers may be a by-product
of changes in the internal genctic environment
{mtrinsic isolation) or in the extemal ecological
environment (extrnsic isolation), Current chal-
lenges are 1o estimate the relative comnbution of
different reproductive barriers in limiting gene
Now among contemporary populations and 1o de-
termine the onder and specd with which they arose,

All else being equal, carly-acting reproductive
barriers will contribute more 1o isolation than ke-
acting bamiers { ¥). For example, the production of
hybrid seeds in antificial crosses and reductions in
the fentility of first-generation hybrids are conmon-
Iy tested in the greenhouse, Cross-compatibality
data (4) reveals that hybrid fertility reduction is
the slightly stronger of the two barricers. However,
because hvbnd sced production acts before ne-
ductions in fertility, reduced hybrid seed produc-
tion actually would be expected to contribute
about 75% and hybnd stenlity just 25% of the
total isolation caused by these two barriers,

Unforunately, only a few studies provide
comprehensive estimates of isolation between
pairs of sibling species (table S1). In these, the
cumulative effeets of many reproductive barriers
lead w almost complete isolation. Early-acting
reproductive barriers such as ccogeographic,
pollinator, and mating system isolation are maost
important (table 51 and fig. 51), whercas late-
acting postzyeotic barners contribute very little
o isolation. Ecogeographic isolation has long
been viewed as the most important reproductive
barrier in plants (/0), and is preeminence has
been confinmed by numerous reciprocal trans-
plant studies showing ditTerences in habia
preferences among closely relaied species or
subspecics (Table 1). Pollinmor and mating
system isolation are less frequent, with the former
arising when the focal species is numerically
dominant but does not fully use the amay of
available animal pollinators (17}

It is difficull to determine the order of re-
productive barnier evolution. Indirect evidence
from analyses of patiems of reproductive isola-
tion suggests that prepollination bamiers often
arise lirst. For example, 19% ol 1234 interspe-
cific cross combinations (most from rapidly radi-
ating hneages solated by ecological barricrs)
fanled w show evidence of cross-incompatibility
or intrinsic posteyveotic solation (). Inirinsic
posteyotic barmiers may arise first in polyploid
species that are interstenle with their diploid
progenitors but that fail w exhibit ccological
dillerences (table S1). Likewise, intrinsic post-
£y gotic barriers may sometimes arise before ¢oo-
logical barriers (other than mating syvstem
isolation) in selling species (Table 1),

We know surpnsingly lintle about the speed of
plamt speciation, although swdies of contempo-
rary evolution imply that reproductive barricrs
can arse mpidly, For example, grass populations
exposed 1o dilferent fenilizer treatments or 1o

minc tailings exhibit both temporal (lowering
time) and habitat 1solation (seeds transplanted
hetween sites have reduced survival) (able S1).
Interestingly, Mowering time divergence s
greatest at the boundary between habitats in both
experiments, a patiern suggestive of reinforce-
ment, where selection against unfit hybnds has
enhanced prezvgotic isolation, These studies of
speciation in action illustrate the plausibility of
reinforcement and sympatrc speciation, both of
which are increasingly well supported by theory
{12y and empirical work (1able S1).

Adthough individual reproductive bamiers can
arise mpidly, most plant species remain separted
by numerous barriers, which mmplics that com-
plete speciation tvpically requires many  thou-
sands of generations. The main exceptions to this
are hybrid and polvploid speciation. Fully
isolated polyploid species may arise in one or
two generations, and diploid or homoplod Ty-
brid species may aclieve solation in as few as 60
generations (f3)

Genetics of Isolation

Genetic analyses provide information on the
numbers and kinds of genetic changes underlying
reproductive barriers, as well as on the evolu-
tionary forces responsible for their origin, Studics

Table 1. Case studies of plant speciation.

REVIEW

of pollinater iselation have shown, for example.
that major quantitative trait loci (QTLs) some-
times underlic shafis in the animals that pollinate
plants (pollination syndrome) (table S1) and
changes i pollinator preferences in the eld
{Table 1) In contrast, two studics of mating
system isolation detected many smaller genctic
changes (table S1), These different architectures
might be explained by the fact that many inter-
mediate pollinator syndromes are maladaptive
fee, red fowers lacking a nectar reward ane un-
attractive 1o both birds and bees) and Bvor larger
genetic steps, whereas small increases in selling
mies may be Bvored i inbreeding depression
costs are not prohibitive (/4). Analvses of the
dircction of QTL cffects imply that most trats
contributing to prepollination solation diverged
through directional selection; as predicted for
adaptive phenotypes, QTL effects for these tmits
are mostly in the same direction s the parental
difterences (15). QTL eflects are predicted 1o vary
in direction (e, have opposing effects) for trts
not under consistent directional selection (16),
Recent genctic analyses of presgygotic and
extrinsic posteygotic bamers associated with dis-
crete habitat differences are particularly informative
because many of the studies have been performed
i the ficld, This makes it possible 10 estimate the

Topic Taxa studied Conclusions Ref.
Reproductive Gilia capitata ssp. Local adaptation of interfertile (28)
isolation copitata and G. . subspecies to different habitats restricts
ssp. chamissanis successful migration and gene flow.
Arctic Draba Three self-fertilizing morphological @a)
species each appears to comprise
thousands of cryptic biological species.
Genetics of Mimulus lewisii and Allele increasing petal carotenoid 50
isolation M. cardinalis concentration reduced bee visitation by
B80%; allele increasing nectar production
doubled hummingbird visitation.
Lycopersicon Tomato lines with resistance gene (Cf-2) 51)
hirsutum and from L pimpinellifolivm exhibit
L. pimpinelifolium autonecrosis of mature leaves, but no
autonecrosis observed when
complementary gene (RC3) from 5.
pimpinellifolium also introduced.
Hybrid and Helianthus Three diploid species arisen via 52)
polyploid anomalus, H. hybridization from same two parental
speciation deserticola, and H. species. Karyotypically divergent
paradoxus hybrids colonized extreme habitats
through selection on transgressive traits
{Fig. 2).
Brassico napus Chromosomal rearrangement after (53)
polyploidization responsible for
flowering time divergence amaong
synthetic polyploid lineages.
Factors Angiosperms Acquisition of nectar spurs in wide 44)
affecting variety of plants correlated with
species richness increased species diversity.
Andean Lupinus Most rapid species radiation in plants 54)
driven by ecological opportunities
afforded by uplift of Andes.
www.sciencemag.org SCIENCE VOL 317 17 AUGLUST 2007
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strength of scloction on traits and QTLs that con-
tnibute to habiat isolation. Studies have shown, for
example, that the strength of selection on QTLs
that contribute o habitat isolation is suflicient to
permil speciation in the presence of gene ow, that
hybnd mviability may anse as a by-product of
habitat sclection, and that interspecilic hybndiza-
tion can facilitate the exchange of adaptive allcles
between specics (table 51

Genetie studies of postpollination, prezygotic
isolation have focused on the relaionship
between seliincompatibility (SI) mechanisms,
which enforce outcrossing in many hermaphro-
ditic plants, and interspecific incompatibility,
This interest stems from carly observations that
seli=compatble species are more compatible
interspecific crosses than are S1 specics, implying
that SI may contribute 1o both intra- and inter-
spectlic mcompatibilities, This was confinmed by
detection of a QTL for interspecilic neom-
patbility that colocalizes with the SI locus, as
well as observations that crosses between scli-
compatible species il afier transtormation with
a Sl gene from a self-incompatible species (table
51} Diversilication of genes that contribute to 51
appears 1o result from  frequency-dependent
selection (17) Interestingly, other plam repro-
ductive proteins appear o be under positive
selection as well, mcluding candidates for specics-
specilic recognition between pollen and stigna
(1able S1).

Intrinsic posteygotic barmers offer special
challenges 1o genctic analyses because the phe-
niotypes of interest (hybrid stenlity and inviabil-
ity) impede genetic study and lack obvious
candidate genes for functional analyses (see
below, however), Intrinsic posteypotic solation
may be cavsed by chromoesomal reamangements
and'or changes in genes (Fig. 1), Population
genelic theory minimizes the imponance of
strong ly underdominant chromosomal rearange-
ments (those that reduce the fimess of hetero-
#ypoles) because their negative effects on fitness
should prevent them from becoming esiablished,
except in small, inbred populations. Weakly un-
derdominant  rearrangements are more casily
established but contribute litle 1o reproductive
isolation. In contrast, the Batcson-Dobzhansky-
Muller (BDM )y mode] accounts for the accumu-
lation of mterspecific meompatibilines in gencs
without loss of fimess (Fig. 1) Brcfly, as a lincage
diverzes, peographically solated or neighboring
allopatnic populations may accumulate indepen-
dent mutations. These mutations are compatible
with the ancestral genotyvpe but are incompatible
when combined. BDM incompatibilitics gener-
ally involve two or more loci, although it is
theoretically possible for BDM incompatibilities
to result from the allopatric accumulation of
independent mutations at a single locus (Fig, 1)

Despite theoretical doubts about their impor-
tance in spectation, chromosonal amangements
often contribute 1o the swerility of hybnd plants
(18, 19, Unlike Drosopliila (in which hybrid
sterlity is mostly due to BDM incompatibilitics ),
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sterile plant hybnds often recover fenility afier
chromosomal doubling (/4) This is expected 1if
chromosomal rearmngements are the cause of
sterility, because chromosomal doubling fur-
nishes an exact homolog for cach chromosome,
whereas doubling should not alfea BDM
incompatibilitics, Microchromosomal reamange-
ments such as the gain and loss of duplicate
genes are more frequent than previously sus-
pected and may lead 10 hvbrid incompatibilitics
with no loss of litness in the diverging lincages
(2. Finally, hybrid swerility in plams frequently
maps 0 chromosomal rearrangements (2/),
although whether the couse is chromosomal un-
derdominance or BDM loci that have accumu-
lated within the rearmngements 15 often unclear,
The reduced recombination associated with
chromosomal rearmngements can [acilitate the
accumulation of hybrd incompatibilitics in these
regions (19, 22) or expedite the establishment of
rearrangements in the first place (23).

BDM hybrid sterility in planis may be under
simple or complex genetic control. However,
fewer loci contribute o hybrid sterlity in plants
than in Dyosophile, and there appears 1o be no
difference in the numbers of pollen {male) versus
seed (lemale) incompatibilities, perhaps because
plants largely lack dilferentiated sex chromosomes
(24, In addition, cytoplasmic male sterility

&
X =
7 |

Species 2
-

Species 1
+++-=

F2 hybrid
+++++ ++++-

examples chamcterized a1 the molecular level
126). CMS phenotypes are rescued by nuclear-
cncoded, mitochondrial-targced genes that re-
store fertlity (R genes). With the exception of
Ri2 from maize, all cloned R gencs are members
of the pentatricopeptide repeat gene family
(PPR), an unusually large gene family in plants
(441 genes in Arabidopsis) thm controls organ-
dle gene expression. Although the molecular
evolution of Bf genes is unknown, they are likely
o be involved in cocvolutionary chases with
CMS as a result of genetic conflict between
eyvtophsmic and nuclear genes, These evolution-
ary dynamics may reduce the long-term effec-
tiveness of CMS as a species barier, because the
same evolutionary forces that couse the spread of
CMS within species could facilitae the intro-
gression of CMS and restorers across specics
boundanies.

BDM factors also can cause hybrid weakness
or mviability. Hybnd weakness s ofien man-
ifested as necrosis in developing scedlings or
adult plant tissue, similar 10 the phenotvpe of
pathogen attacks (27). These observations imply
that hybrid weakness may result from changes in
pathogen resistance genes (Table 1), which
diverge in response 1o selection pressure exented
by pathogens. More studies are needed 1o deter-
mine the frequency of this mechanism For hyvbrid

-

F2 hybrid

F2 hybrid F2 hybrid

e

Fig. 2. Genetic basis of transgressive segregation showing how segregating hybrids can combine plus
and minus alleles from parental species, thereby generating extreme phenotypes or adaptations to

extreme habitats.

(CMS), which results from an incompatibility
between the plant’s nuclear genome and its cvlo-
plasm, is frequently reponted in intra- and inter-
specific plant hybrids, but not in animal hybrids
25, CMS is under frequency-dependem selec-
tion in hermaphrodite-biased populations, which
predominate in plants, but under strong negative
selection il there are separate male and female
sex momphs. CMS is caused by aberrant,
frequently chimeric, mitochondrial genes in all

weakness in interspecilic crosses and to elucidate
other mechanisms ol hybad inviability.,

A linal emerging difference between plants
and animals (or at least Drosophila) is that most
BDM incompatibilities chamcterized in plams
are polymorphic within species (27-29) (Table
14 This is consistent with an ongin of BDM
incompatibilitics through  frequency-dependent
selection, local adaptation, or dnfl. However, it
abso implics that BDM incompatibilitics are
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rarcly the cause of speciation in plants, becausc
they comelate poorly with species boundaries and
typically make small contributions o total
isolation,

Hybrid and Polyploid Speciation

Although most studics of speciation focus on
how lincages diverge, speciation 15 not always
about divergence, Indeed, a substantial fraction
ol speciation events in plants involves the
reunion of diverzent genes and genomes through
sexual hybridization, There are two kinds of
hybrid speciation: homoploid and  polyploid,
Homoploid hybrid speciation refers 1o the origin
of a new hybrid lincage without a change in
chromosome number, whereas polyploid hybrid
speciation involves the full duplication of a
hybrid genome (allopolyplosdy ). Polyploids not
of hybrd origin are autopolyploids.

Homoploid hybrd speciation is rmrer than
polyplowd  speciation for two reasons, First,
homoploid hybrd species have strongly reduced
fitness in carly peneration hybrids as selection
climinates incompatibilitics. In contrast, poly-
ploid species nead not have low fenility during
intermediate stages. Second, genome duplication
protects the genetic integnty of newly derived
polyploids. but no such bamier prevents homo-
ploid hybrds from back-crossing with their
parental species. In addition to these biological
difliculties, homoploid hybrd species are techni-
cally challenging o detect because they often lack
dingnostic features, such as a change in clromo-
some number. So far, there are 15 w0 20 good
examples m the literature (30, but more are likely
to be discovered with the widespread application
of genomic tools 1w natural plant populations (37,

Homoploid hybrid specics may  become
reproductively isolated by rapid karvotypic evo-
lution, ecological divergence, and spatial isola-
tion of the new hybrid lineage. Simulation
studies indicate that although strong ecological
selection promotes hybrid speciation, without
chromosomal or spatial isolation the hybrid
population forms a steep siep in a cline between
the parental specics (32), Karvolypic divergence
and spatial isolation both reduce the probability
that hybnd specics will be generated but will
cnhance the evolutionary  independence of
hybrid lincages once they arise,

As hypothesized, all plant homoploid hybrd
species are ecologically diverged and  exhibit
some degree of ecogeogrphic isolation, and
roughly half” have differing Karyolypes (31),
Most commaonly, the hybrid species are adjacent
toone or both parental species, although there are
examples of long-distance dispersal as well (able
51). Some hybrids occupy habitats that are
intermediate between the parental species,
whercas others have colonized an extreme habit
by combining QTLs with effects in the same di-
rection from both parental specics (Table 1 and
Fig. 2). Homoploid hybnd specics are casily re-
created in the greenhouse, perhaps explaining why
many arc muliply derived in the wild (table S1)
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In contrast to homoploid hybrid species,
palyploid specics are casily diagnosed because
of chromosome number changes associated with
genome doubling. However, the froquency of
polyploid speciation remains controversial,
When there are multiple polyploid specics within
a genus, 1t is dificult to determine whether there
was a single transition 1o the new ploidal level
followed by divergent speciation or whether cach
polyploid species arose independently, Recent
model-based estimates (33) assume a single
transition 1o a new ploidal level within a genus
and provide a lower bound of the polyploid
speciation rmte: 2 o 4% in Mowering plants and
7% in fems. This contrasts with Stebbins® (34)

4y

Fig. 3. Mechanisms by which polyploids can arise. (A} Somatic
doubling, in which chromosome number is doubled in vegetative
tissue that gives rise to reproductive organs. (B) Fusion of
unreduced gametes that are produced when cell walls fail to form
in the final stage of meiosis. (C) A triploid bridge, in which
unreduced and reduced gametes form triploids. If the triploids
also produce unreduced gametes, the triploid gametes may fuse
with reduced gametes from dipleid individuals to generate stable

tetraploids.

estimate of 30 o 35% for Mlowering plants, which
assumes that all polyploid species within a genus
are independently denved. Because many poly-
ploid species are themselves muluply derived
{Table 1), Stebbins” cstimate is probably closcr o
the true polyploid speciation rate. Howewver,
neither of these estimates (33, 34) includes
intraspecific ploidal variation. At least 8 1w 9
of named plant species vary in ploidal level, and
this might be the tip of the iceberg (33). IF cach
ploidal level (cvtotype) is viewed as a crvplic
biological species, then the contribution of
polyploidy 1o biological species diversity is even
higher than previously summised, In addition,
there has been confusion between estimates of
the proportion of species that are polyploid and
the rate of polyploid speciation. Analyses of the
age distribution of duplicne genes in diverse
flowering plants (36) indicate that cssentially all

|

4%

)

a0 x (2

REVIEW

may be paleopolyploids, but this should not be
oquated with the polyploid speciation e,

Polyplods can anse by somatic doubling, by
the fusion of unreduced gametes, and by means
of a ploid badge (Fig. 3). Unreduced gametes
are common in plants and likely represent the
most frequent route o poly ploidy (3710 However,
most newly arisen polyploids il 10 become
established because of meiotic abnormalitics and/
or the paucity of appropriate mates (34} The
establishment of polyploids is favorad by difTer-
ential niche preference, low dispersal, a selling or
asexual mating system, high fecundity, and a
perennial life history (39, 40), Niche separation,
low dispersal, and selling increase the probability
ol successtul matings during
carly stages of polyploid spe-
cies cstablishment; otherwise
most matings will be with the
diploid progenitors (40, 41).
Stochastic events due 1o a small
number of polyploid colonizers
decrease the chance of cstab-
lishment, but this barrier is
minimized by high fecundity
and a perennial life history,
which allows plants 10 repro-
duce at multiple times over
their ife eyvele (39),

Because intraspecilic mat-
ings are far more common
than interspecific matings in
maturl populations of plants,
autopolyploids must arise at a
much higher mate than allopol-
yploids (.37). However, named
species are more likely o be
allopolvploids (42, which im-
plies that allopolyploids are
more casily established in na-
ture, easier o find, and/or more
readily recognized by taxono-
mists. Establishment of allo-
polyploids is favored because
of greater niche separation
from their diploid progenitors
(43), and taxonomists appear reluctant o name
phenotypically cryplic autopolyploid specics.

Rocent attention has been given 1o changes in
gene expression, genome content, and DNA meth-
ylation that accompany hybrd and polyploid spe-
ciation, but these genomic alertions only rarely
have been linked 1o changes in ccology or mating
systemn that alTect polyploid establishment (Tabke 1)
Indeed, many described genomic changes appear
to be maladaptive by-products of reuniting di-
vergent genomes., However, maladaptive changes
in gene expression in fisst-generation interspecil-
ic hybrids may be reduced by genome doubling.
and elimination of DNA sequences may  help
restore fenility in polyploids (table S1).

!

Factors Affecting Speciation or Extinction Rates

Recent advances i comparative methods have
made it possible to identify biological or geo-
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historical factors aflecting speciation or exting-
tion rtes. The most rigorous approach comparcs
species nchness of muluple sister clades that
differ in the presence or absence of a given trait
(44). A significant association may result from
either increased speciation or reduced extinetion,
Traits associated with inercased specics nchness
in plants include resin canals, nectar spurs, biotic
pollination, herbaceous growth o, abiotic
dispersal, increased neutral evolution, bilateral
symmelry ol Towers, twig epiphytism, and
polyploidy (45) (lable S1). Many of these exam-
ples involve biotic interactions, leading 10 sug-
aestions that coevolution may drive speciation in
many plam groups or that niche space may be
less constrmined in biotic than abiotic interactions
(e The most rapid diversification mtes n
plants are associated with ecological opportuni-
ties created by major geological changes such as
the uplift of the Andes or sland fonmation (Table 1),
which implics that mechanisms that expand
niche diversity ofien increase species diversifica-
tion {or reduce extinction). Untortunately, the
lactors listed above do not fully account for the
most striking trend in species richness— the neg-
ative correlation with latitude —which appears to
have a plumlistic explanation (47) (lable S1).

Concluding Remarks

The ficld of plant specimtion is in for an exciting
decade. The wide availability of genomic tools
and resources for crop and noncrop specics, from
areen algae 1o mosses o angiospems, will ac-
celerate our understanding of the genctic and
ceological bases ol speciation. These resources
not only will facilitate the cloning and functional
characterization of genes underlving reproduc-
tive barners but also will make 1t possible w
quantify the effects of ndividual mutations or
alleles on reproductive isolation or fiiness in nat-
uml populations (Table 1). Likewise. the wide-
spread  application of molecular phy logenetic
approaches simplifics comparative sudy.

We expect to see rapid progress in cach of the
arcas highlighied in our review, For example,
studies of the geography of selective swioeps
should provide an objective method for evaluat-
ing the imporance of different Kinds of repro-
ductive bamiers and geohistonical processes in
speciation, Our understanding of  reproductive
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isolation will also be enhancad by additional
field-based estimates of solation across all life
hostory stages. With the cloning of BDM incom-
patibilitics in plants, the next step s molecular
evolutionary studics of these genes to identify the
lorees that dove their evolution. Finally, compar-
ative analyses of the eflects of differem kinds of
reproductive barriers on species nchness should
allow ws to determine whether reproductive
barricrs themselves increase speciation mtes,
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Human Genome Ultraconserved
Elements Are Ultraselected

Sol Katzman,™ Andrew D. Kern,”* Gill Bejerano,”t Ginger Fewell,* Lucinda Fulton,?
Richard K. Wilson,? Sofie R. Salama,®* David Haussler™®%

nexpectedly long regions of extremely

conserved DNA, known as uliracon-

served elements, were first found by com-
parmg the human, mouse, and rat genomes {(f),

Although the DAF spectrum of the nonsyn-
onymows sites is consistent with that observed pre-
viosly, the spectrum for the ulmconserved sites is

qualitaively different (Fig. 1), Large fmctions of

g Mo sy no mymeous sles
(#1% have DAF counl=1)

=

E

3

E -

% 9%:-3-:-151'““
£

T

DAF is likely to show a difference between the
relerence human genome and the releronee ge-
nomes of mouse and it and hence be excluded
fromm study, Our probability model compensates for
sich bias (fig. 81, which also applics 10 poly-
morphism studics of other conserved negions. In
addition, a separate analysis shows that our results
are not influenced by dilferem strengths of linkage
between sites within the separate classes analyvid
i), We can ruke out other regional effects bocmse
the bases immediately Danking the ultraconserved
regions have a much lower mean selection co-
elficient (fig. S3).
Previous studies have indicated that con-
served noncoding regions can exhibit selection
coctlicients comparable to those
of protein-coding regions (7).
Our analysis shows that selec-
tion in the verebrate-specific
ultrrconserved noncoding regions
is in fact much stronger, These
data argue that ultraconserved
clements are currently, as well
as historically, strongly con-
strained functional elements,
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is the fitness parameter.

Most are non-protcin-coding regions, unique
to venebrates, and have undergone litle or no
evolutionary  change since mammal and bind
ancestors diverged about 300 million vears ago,
Many may function as distal enhancers for
neighboring developmental genes (7). However,
the reason for their extreme conservation remains
a mystery. They could be unusually lrge patches
of sites under weak levels of negative selection
(3, 1 or simply mutational cold spots,

We mcasured the denved (new) allele frequen-
oy (DAF) spectum for the segrepating human
polvmomphizms in the ultraconserved regions. It
is markedly shifted toward rare denved alleles, as
is charactenistic of regions under negative sclection
in which introduced muiations are unlikely o
spread 1o high frequencies within populations.

We analveed genomic DNA sequences in
72 individuals (a mixture of European Amer-

icans and African Americans) spanning 3135 of

the ulirmconserved elemenis and Tound 134
segregating sites. We compared the DAFs for
these sites with those in 314 scgregating non-
synonymous sites in 211 genes obtained from
47 individuals of similar background available
from the ScatlleSNPs consortium (3),
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both the segregating ulraconserved sites (35%)
and the nonsynonymous sites (41"%s) are present in
only one allele in one sample. However, only 3%
of the segregating ultraconserved sitles exhibit

DAFs of mone than 25%., compared with 14% of

the seoregaling NOMEVNONYITIOUS SIS I[:e:2 P value
of 0.002), even aller performing a nomalezation o
a common sample stac of 80 chromosomes (6)

To estimate the distnbution of selection coctli-
cients from these DAF spectra, we applicd a hicrar-
chical Bayesian model in which the mean selection
coctlicient for a sct of bases s a mndom varable
whose distribution we estimate via Markov cham
Monte Cardo (MOMC) methods (6). Negative val-
ucs imply that derived alleles are deletenious. A
comparison of the posierior distributions (Fig. 1)
shows that the ultrmconserved sites are, on averge,
under purifying sclection that is three times greater
than that acting on nonsynonymous sites, The 93%
credible imervals do ot overdap a all,

Such estimetes ane subjoct 1o ascenainment bias,
both o the sclection of scgregating sites (a bins we
avoid by completely  nesequencing e entine ne-
gion) and implicit in the delinition of the ulir-
comserved  regions themsdves, A region of the
genome contimng a scgregating site with high

6. Materials and metheds are available
on Science Online,

7. 1. A Drake e al, Nat, Genel. 38, 223 (2006).

8. We thank |, Kent, M. Diekhans, 0. Thomas, K Pollard,
€. Lowe [University of California Santa Cruz (UCSQ], |. Reed,
5. Scott {Genome Sequending Center), W, Schadkwitz, ). Martin,
L Pennacchio (U5, Department of Energy Joint Genome
Instituted, P, Robertson (SeatileSNPs), the UCSC Genome
Browser group, and anofymous miewers. Funding was
provaded by NIH Nationad Human Genome Research Institute
(5K, ADX, GB, DH, and REW) and Howard Hughes
Medical Institute (S.R.5. and DUH.).

Supporting Online Material
ww.sCiencemag.orglegifcontentfull3 1775 B40A15/DC 1
Materials and Methads

Figs. 51 1o 53

Reference

12 March 2007; accepted 28 June 2007
10,1126/science, 1142430

"Department of Biomoleular Engineering, University of
California, Santa Cruz, CA 95064, USA *Center for Blomolec-
ular Science and Engineering, University of California, Santa
Cruz, CA 95064, USA. "Genome Sequencing Center, Washing-
ton University Schood of Medidine, St. Louis, MO 63108, USA
*Howard Hughes Medical Institute, University of Califormia,
Santa Cruz, CA 95064, USA

*These authors contributed equally to this work.

tPresent address: Department of Developmental Biology
and Department of Computer Science, Stanford University,
Stanford, CA 94305, USA.

$To whom comespondence should be addressed. E-mail:
hausslerg soe ucsc. edu

17 AUGUST 2007

915



916

Effects of Aneuploidy on Cellular
Physiology and Cell Division in

Haploid Yeast

Eduardo M. Torres,® Tanya Sulmlsky,l‘ Cheryl M. Tucker,? Leon Y. Chan,* Monica Boselli,*

Maitreya ). Dunham,? Angelika Amon’t

Aneuploidy is a condition frequently found in tumor cells, but its effect on cellular physislogy is not
known. We have characterized one aspect of aneuploidy: the gain of extra chromosomes. We created a
collection of haploid yeast strains that each bear an extra copy of one or more of almost all of the yeast
chromosomes. Their characterization revealed that aneuploid strains share a number of phenotypes,
including defects in cell cycle progression, increased glucose uptake, and increased sensitivity to
conditions interfering with protein synthesis and protein folding. These phenotypes were observed only
in strains carrying additional yeast genes, which indicates that they reflect the consequences of
additional protein production as well as the resulting imbalances in cellular protein composition. We
conclude that aneuploidy causes not only a proliferative disadvantage but also a set of phenotypes that
is independent of the identity of the individual extra chromosomes.

he cell division eyele is a highly con-

trolled process that generates two daugh-

ter cells of idemtical genctic makeup,
Surveillance mechanisms known as checkpoints
ensure that this process oceurs with high fideliy,
However, despite these surveillance mecha-
nisms, chromosome missegreeation oecurs onee
every 5 = 10° cell divisions in yeast (/) and on
the order of once every 10* o 10° divisions in
mamunalian cells (2), producing a condition
known as ancuploidy.

More than a century ago, ancuploidy was
postulated 1o be a common characteristic of can-
cercells (4. Since then, it has been proposed that
ancuploidy contributes o tumorigenesis by pro-
viding a mechanism by which oncogencs are
gained or wmor suppressor gones are lost (4).
Studies examining the effects of ancuploidy on
cell proliferation in Schizesaccharomyees postie
(3) and Drvosophila (6) and the effeats of risomy
on ccll proliferation in humans (7) suggesi that
ancuploidy can also interfere with cell prolilerm-
tionr, To address how ancuploidy affects the pro-
lifertion and physiology of nomal cells, we
gencrated a set of veast stmuns i which cach
stmin bears an extra copy of one or more of al-
most all of the veast chromosomes. Their chare-

terization represents a comprehensive analysis of

the effects of ancuploidy on cellular physiology.
We found that in addition 1o chromosome-
specific phenotvpes, ancuploid strains share a
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number of traits, pointing toward the existence of
a general cellular response to ancuploidy.

Generation of aneuploid yeast strains. To
create veast cells that contain an additional chro-
mosome, we used a chromosome transfer strate-
av. Dunng mating, i’ one of the mating partners
lacks the karvogamy gene AARY, nuclear fusion
docs not oceur (8 However, occasionally indi-
vidual chromosomes are transferred from one
nucleus 1o the other during these abortive matings
(& %) When the two maling panners carry
different selectable markers at the same genomic
location, these rare chromosome transiers can be
selected for (fig. S1). Using this technique, we
generated 13 of the 16 possible disomic sirains
(tables 81 and 82) (10,

To ensure that strains with the correct marker
combination were indeed disomic for the entire
chromosome, we performed compamtive ge-
nomic hybrdiezation, which allows for the guan-
tification of gene copy number on a genome-wide

scale. This analysis also revealed that some of

the strains obtained from the chromosome trans-
ler procedure carried one or two extra chromo-
somes i addition 1o the one we sclected For (g,
S52A 0 Although the second chromosome cannot
be selecied for, these strains were karvory pically
stable enough 1o conduct a phenotypic charac-
terization.

Aneuploidy causes a transcriptional re-
sponse. To characterize the effects of ancu-
ploidy on genc expression, we grew cach
ancuploid yeast strain w mid-log phase in baich
culture and measured genome-wide gene expres-
ston relative o the wild-type strain with the use
of DNA micmoamays, An approximate doubling
of gene expression was observed along the entire
length of the disomic chromosomces, indicating
that most if not all genes are expressed propor-
tionally 1o the number of DNA copics in the cell

(Fig. 1A). A similar result has been reported for a
smaller data set (/1)

Tor reveal more subtle comelations masked by
the strong chromosome-specilic signals (g,
S3A), we applied a clustering program that al-
lows the assignment of a reducad weight o genes
on disomic chromosomes (/) (Fig, 1B), This anal-
wsis showed that many ancuploid veast strains
particularly strains disomic for chromosomes
IV, XL XV, and XV and stmins with multiple
extr chromosomes—exhibited a gene expression
signature characteristic of the veast environ-
mental stress response (ESR), OF the 870 genes
wentified by Gasch e wf, 1o constitute the ESR
cluster, 615 also showed the same tmnsenptional
change i yeast strans with addivonal chromo-
somes (Figo 1B) (12) These same expression
changes are also observed in veast sirains grow-
ing al slower growth rates (1 3), Mutants defective
in cell proliferation, such as temperture-sensitive
ol 284 or ede2 3-1 grown at the permissive Weme-
perature (cde8-4 mutants exhibit a Gy delay;
code2 3-1 muitants exhibit a metaphase delay), also
exhibited some ol the same changes in gene ex-
pression (Fig. 1B), mising the possibility that de-
fects in cell proliferation could also cause this
transcriptional response,

All ancuploid strains that we cxamined
proliferated more slowly than did wild-type cells
ifig. S4. A, B. F, and G). Gene expression
patterns that are linked to growth rates could thus
mask gene expression patierns common 1o all
meuploid stmins. To eliminate differences in
gene expression causad by differences i doubl-
ing time, we grew all ancuplod strains and the
wild type at the same growth mte in the che-
mosial under conditions where phosphate was
limiting. Because the set doubling time of ~6
hours was longer than the doubling time of each
strain in batch growth. all strains grew at the same
mic. When cells renched sicady state, samples for
gene expression were harvesied for microarray
analysis. Slow-growing strains carrving the
e 28~ and ool 23-1 mutations were also grown
under the same conditions. The gene expression
changes that comelated with growth rate differ-
cnces were nod present in any of the chemostat-
grown samples. The ramaining gene cxpression
changes included a mnscription pattem shared
by most of the ancuploid strains and not
detectable or not present in exponentially grow-
ing culures, nor in wild-type cells or cofe 284 and
aife23-1 mutams grown in the chemostat under
phosphate-limiting conditions (Fig. 1€ and fig.
53B).

OF the 4963 genes whose expression change
was greater than the control threshold (factor of
1.3) in at least one strain, 397 genes showed
changed expression in 10 or more of the 14
aneuploid strains, We used the program GO Term
Finder, available from the Sacolaromvees Ge-
pome Database (/4), o identify the functional
categorics ennched in cach gene set. The group
that showed increased expression wis cnriched
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in ribosomal biogenesis genes, paticularly those
related to ribosomal RNA processing (Fig. 1D
and table 54) Genes with annotations related to
nucleic acid metabolism were also ennched
{table S4). The more variable set of genes whose
expression was decreased was enriched for gencs
involved in carbohydrmte metabolism (Fig. 1D
and table 54), We conclude that ancuploid
stmins, when normalized for growth mice in
phosphate-limited chemostats, are somchow per-
turbed with respect o ribosomal biogenesis and
energy production,

Most aneuploid yeast strains exhibit a G,
delay. To determine how ancuploidy aflects
cell physiology, we chamectenzed the prolifera-
tion propertics of strins carrying one or several
extr chromosomes. The doubling ume and cell
stac wiere slightly increased in most ancuploid
strmins i complete medium [veast extrict, pep-
tone, and dextrose (YPD): iz, S4A ] and symhet-
ic medium that selects for the presence of the
disome (- HistG418: fig. S4B) Even disomic
strins that did not exhibit a proliferation delay,
such as cells disomic for chromoesomes | or 11,
showed decreased proliferative capacity relative
to wild-type cells when the sirains were cocul-
tured (fig. 84, F and G). Furthermore, some of the
ancuploids, such as strains disomic lor chromo-
somes IV, X1, or X, also exhibited poor viabil-
ity as judged by their inability 1o form colonics
on plates (fig. S4E). The proliferative disadvan-
tage and increase in cell size were also observed
in diploid cells carrving an extm chromosome
(fig. 54, C and D), indicating that the gain of an
extm chromosome interferes with cell prolilera-
tion of both haploid and diploid cells. Thus, con-
trary 1o what we would have expected from studics
on cancer cells, where ancuploidy is thought w
bring about a proliferative advamage (4), ancu-
ploidy causes a proliforative disadvantage in veast.

To determine in which siage of the cell eyvcle
the ancuploid veast stmins were delayed, we ex-
amined cell evele progression afier release from a
pheromone-induced Gy phase amrest. Emry into
the cell eycle, as judged by bud formation (Fig.
2A) and DNA replication (Fig. 2B), was delayed
in 16 of 20 ancuploid stmins. With the exception
of cells disomic for chromosomes 1 1LV, or [X,
all ancuploid strains exhibited a delay in entry
o the cell cvele (fig. 83 and table 513, with
most strams (disome VL X, X1 XL XL XTIV,
VAHIX, VI XY, and XI#XV sirains) showing a
delay mnging from 10 to 20 min. Cells disomic
for multiple chromosomes (disome V4 VL VI
XIV, X1+ XV and 1+ VI X1 strains). as well as
cells disomic for chromosome IV or XV,
exhibited a Gy delay of 25 min or more,
Ancuploids exhibited few other cell evele delays.
The metaphase to anaphase wransition was
delaved in only 2 of the 20 ancuploid stmins
(fig. S5 and table 51}, and only 7 of 20 exhibited
a delay in entry into mitosis (as determined by a
delayed appearance of cells with metaphase
spindles) (Fig. 2C, table S1, and hg. S5). We
conclude that most ancuploid strains are delayed
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in () phase. In general, the delay appears to be
larger in strains camying an extra copy of a larpge
chromosome or extra copies of multiple chromo-
somes (Mg, S6), which suggests that the amount
of additional yeast DNA may contnbute 10
determining the length of the Gy delay,

The molecular events underlying the Gy 10 8
phase transition arc well characterized in S,
cercvisioe. The cyelin-dependemt Kinase (CDK)
Cde28 associated with the eyelin Clnd inhibits
Whi5, an inhibitor of the wanscription factor
complex SBF (13, /6). SBF in urn induces the
transcription of genes encoding two  other
cevcling, CLN! and CLN2, which, when
complexed with Cde2®, promote entry into the
cell evele (7). We analyveed the abundance of
CLA2? RNA and Cln2 protein in strans disomic
tor chromosomes IV, XIIL or VI XIV, Accu-
mulation of CIN2 BENA and Cln2 protein was
delayed mnd paralleled the delay inbud fomation
and DNA replication (Fig. 2, DD and E). Our
results indicate that i the strains that we ana-
Iveed, ancuploidy interferes with the Gy w S
phase transition upstream of CLND ranseription.
How the presence of additional yeast chromo-
somes prevents Cln2 accumulation remains to be
determined. Cln3-CDKs promote CLN2 accu-
mulation and are the tareet of events such as cell
growih that control the Gy 1o S phase ransition
(18, 19, Thus, the presence of extra chromo-
somis might alfect Clin3-CDK function.

Aneuploids exhibit increased glucose
uptake. To further investigate the effects of
ancuploidy on cell prolifertion, we examined
the kinetics with which ancuploid cells enter
stationary phase. Most ancuploids reached satu-
ration at a smaller population stee [as measuncd
by optical density at 600 nm (ODgy)] (Fig. 3. A
and B) and lost viability upon prolonged cul-
turing in stationary phase (Fig. 3C) In generl,
the maximum ODgg was lower in sirains camry-
ing two copics of large chromosomes or two
copics of multiple chromosomes (Fig. 3, A and
B). Thus, biomass accumulation appears 1o be
inversely correlated with the amount of addition-
al veast DNA present in the ancuploid strains and
the severnty of their proliferation defiects.

To determine whether the lower ODgg at
which ancuploids enter stationary phase was due
o nuirient depletion, we simuliancously mea-
surcd glucose uptake and accumulation of bio-
mass, This comparison revealed that wild-type
cells generated more biomass per imemalized
glucose molecule than did ancuploid cells.
Whereas wild-type cells reached cell densities
of ODggo = 9, having taken up 75% of the
glucose inthe medivim, cells disomic for chromo-
some [V only reached a cell density of ODggy of
less than 4 (Fig. 3D). The increase in glucose
uptake correlated with the severity of the cell
evele delay, with strains with a shoner doubling
time accumulating more biomass per glucose
molecule (Fig. 3E).

Consistent with the idea that ancuploids take
up more glucose, we observed that the gene loci
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cncoding the high-atlinity glucose transporers
Hxtt and Hxt7 were amplified (fig. S2B) and
more highly expressed (Fig. | and fig. S2B) in
most of the ancuploid strains we generted (1 =
42}, Strains that did not show this amplification
and increased expression were those that carred
an extra copy of chromosome V1L which camrics
three genes encoding other high-aftinity glucose
transporters, Together with the microamay ex-
penments indicating changes in gene expression
relating to cabohydrate metabolism, our results
suggest that ancuploids require more carbohy-
drates or energy (or both) for cell survival and
proliferation than do wild-type cells,

Most genes on the aneuploids’ extra
chromosomes are expressed. Why would
aneuploids need addivonal glucose? Because an
cstimated 60 10 90% ol the ntracellular chemical
enerzy is devoted to protein production (20), we
hypothesized that macromolecule biosynthesis
from the additional chromosome present i
ancuploid strains could be one reason. Indeed,
our expression profile analvsis of ancuploids
showed that most genes present on the additional
chromosomes were transcribed: 93% of genes
carried on the chromosome that was present in
two copies were overexpressed by a [actor of al
least 1.3 over the wild type, and expression of
R3% of genes went up by a factor of 1.5 or more
(Fig. I, A and C). To determine whether the
transcripts produced from the exira chromosomes
were also translated, we measured the amounts of
a small number of proteins. The amounts of
A5, Tepl, and Cde28 protein were inereased in
strains disomic for the chromosomdes containing
the genes encoding these proteins (Fig, 4A). Our
results suggeest that at least some of the genes
present on the additional chromosomes are not
only trmnscribed but also ranslated.

Imerestingly, most of the proteins (13 of 16)
that we analyzed showed no change in abun-
dance, even though the amount of tRnscript was
increased in accordance with the increase in gene
copy number (Fig. 4A and fig. 57) With the
exception of Lebd and Fey (for which it is not
known whether they are componenis of protein
complexes), all 13 proteins analyeed are compo-
nenis of protein complexes. Rpal s a component
of the replication machinery, Mrel | of the RMX
complex, Rps2 and Rpl32 of the ribosome, Rptl
of the protcasome, Nopl of the nucleolus, his-
tone 13 of the nucleosome, Yaf® and Eal3 of the
NuAd histone H4 acetvliransferase complex,
and Elp3 of the clongaior complex. These
lindings indicate that many proteins synthesized
from the additional chromosomes are either not
translated or, more likely, degraded shortly after
synthesis (21).

Consistent with the idea that increased protein
degmdation ocours in ancuploid veast strains, the
proliferation of a number of ancuploid stmins (1,
ML XL XY, and XV was inhibited by con-
centrtions of the proteasome inhibitor MG132 m
which wild-type cells grow, as judged by their
ability 1o fonm colonies on plates containing the
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Fig. 1. Effects of aneuploidy on gene expression. (A) Gene expression of wild-type and aneuploid strains
grown in batch cultures, ordered by chromosome position. Experiments (columns) are ordered by the
number of the chromosome that is present in two copies. The expression patterns of aneuploid strains were
compared to those of wild-type cells (A11311) grown under the same conditions. Data were renormalized to
account for the disome. The arrow points to the genomic location of HXT6 and HAT?. The data are provided
in table S5. Strain order [note that the number after each strain number denotes the experiment number;
the same nomenclature s used in (B): A11311 #1, A11311 #2, A11311 #3, A11311 #4, A12683 #1,
A12683 #2, AGB63 #1, AGB63 #2, A12685 #1, A12685 #2, AGBSS #1, AGB6S #2, A1268T #1, A1268T #2,
Al14479 #1, AL3628 #1, Al13628 #2, A15615 #1, ALS615 #2, A13975 #1, AL3975 #2, A12689 #1,
A12689 #2, ARBAT #1, AGD6T #2, A13771 #1, A13771 #2, A12691 #1, A12691 #2, A12699 #1, A12699
#2, A12693 #1, AL2693 #2, AL12695 #1, A12695 #2, A13979 #1, A13979 &2, A12697 #1, A12697 &2,
A12700 #1, A12700 #2, (B) Hierarchically clustered gene expression data obtained from strains grown in
batch cultures. Data from (A) were filtered for genes changing by a factor of =1.8 on at least two arrays.
Genes present on chromosomes in two copies were downweighted and all data were clustered using the
program WCluster. Clustering with all genes weighted equally is shown in fig. S3A. Gene expression for
strains, ordered by increasing doubling time, carrying a cdcl 5-2, cdc28-4, or cdc 3-1 mutation compared to
a matched wild type (A2587) grown at 23°C is shown adjacent to the main cluster. The columns labeled WT
are biological replicates, Note that cdcl5-2 mutants do not show the ESR expression profile, which &
consistent with the fact that cdc15-2 mutants show only a slight proliferation defect at 23°C. Green and red
bars correspond to putative clusters associated with ESR or growth rate that are down- and up-regulated,
respectively, Replicates for each strain were more related to each other than to any other strains, indicating
that the expression arrays were highly reproducible. Strain order: A11311 #4, A12685 #2, A12685 #1,
Al2683 #2, A12683 #1, A12689 #2, A12689 #1, AGBAS #2, AGBES #1, A12699 #2, A12699 #1, A12700
#2, A12700 #1, AL2687 #2, A12687 #1, AL2695 #2, AL2695 #1, A12691 #2, A12691 #1, A12697 #2,
AL2697 &1, AL4479 #1, A13979 #2, AL39T79 K1, AL15615 #2, ALS615 #1, A13975 #2, A13975 #1,
AL3TTL#2, A13771 #1, A12693 #2, A12693 #1, A13628 #2, A13628 #1, A11311 #3, A11311 #2, AGBAT
2, AGBAT #1, A6BH3 #2, AGBA3 #1, A11311 #1, A2596, A2594, A755. (C) Hierarchically clustered gene
expression data obtained from strains grown in a chemostat under phosphate-limiting conditions. The
expression patterns of aneuploid strains were compared to wild-type cells (A11311) grown under the same
conditions. Data were renormalized, filtered for genes changing by at least a factor of 1.3 in at least one
experiment, and clustered with genes present on chromosomes present in two copies downweighted.
Clustering with all genes weighted equally i shown in fig. S3B. Gene expression for strains carrying a
cdc15-2 (A2596), cdc28-4 (A2594), or cdc23-1 (A755) mutation as compared to a matched wild type
(A2587) grown at 23°C is shown adjacent to the main cluster. Green and red bars indicate putative commeon
transcriptional responses that are down- and up-regulated in aneuploid strains, respectively. The data are
provided in table 55. Strain order: A12697, AL12695, A12689, A12699, A13771, A13628, Al4479,
A12693, A13979, A12687, A13975, A12700, Al2685, Al2683, A11311, A2596, A2594, A7S5. (D) Pie-
chart representation of genes changing expression significantly in at least 10 of 14 disomic strains grown
under phosphate-limiting conditions grouped by GO terms. Full GO results, including genes annotated to
each term, can be found in table 54,

drug (Fig. 4F; noie that stmins with multiple
additional chromosomes could not be tested
because of the need 10 delete PORS 10 1est the
effects of MG132) (22, 23). Funthermore, prolif-
cration of all ancuploid sirains was hampered by
the protein synthesis inhibitor cyveloheximide
(Fig. 4C), which can be a sign of ubiquitin de-
pletion ( 24), Several proteins such as e-tubulin and
histones, which are components ol multiprotein
complexes, are degraded iNhey ane overexpressod
or their binding panners are missmg (23, 26). Such
a mechamism might regulate the amounts of the
proieins that did not increase i abundance, in
accordance with gene dosage in the aneuploid
strains. Thus, tmnscription, translation, and
degradation of proteins produced from the
additional chromosomes present in ancuploids
miay contribute 1o the increased glucose uptake of
these cells,

Proliferation of aneuploids is inhibited by
protein synthesis inhibitors and high temper-
ature. To determine whether the synthesis of
proteins from the addinonal chromosomes and
their presence in the cell represents an increased
burden on the cell's protein production machin-
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ery, we examined the ability of ancuploid strains
to grow under conditions that interfere with tran-
scription, protein svothesis, and protein folding.
Proliferation of all ancuploids, with the exception
of strains disomic for chromosomes 1. X, or XIV,
was inhibited by a high (20 pg'ml) concentration
of the RNA polymerase inhibitor thiolutin (Fig.
4B). At low concentrtions of the RNA poly-
merase mhubitor (5 pg'ml o 15 pg'ml), prolifer-
ation of only a subsct of struns was iopaired | Az,
SEH). However, all ancuplowd strains showed
deereased proliferation when exposed 1o the pro-
tein synthesis inhibitor cyeloheximide at coneen-
trations of 0.1 and 0.2 pg/ml, and proliteration
of most strmins was impaired at a concentration of
0.05 pg/ml (Fig. 4C). With the exception of
strains disomic for chromosomes 1, 1L or [X,
ancuploid strains also showed increased sensitiv-
ity 1o the protein synthesis inhibitors hygromyein
and rapamyein (Fig, 40; cells disomic for chro-
mosome X were nol sensitive 10 rapamyein,
perhiaps because TORY s located on this chro-
mosome). The proliferation-inhibitory elfects of
protein synthesis inhibitors on ancuploids was
not a consequence of the proliferation defect of

RESEARCH ARTICLE

ancuploids, because alfe 28 and cde 23- 1 mutants,
which are severely impaired in cell division even
at 23°C, did not exbibit increased sensitivity o
cyeloheximide or mpamyein (Fig. 4, Cand D),

Proliferation of ancuploids was also de-
creased under conditions that led to the accumu-
lation of untolded protems. All strains camying
an extra chromosome, with the exception of cells
disomic for chromosome 1, showed impaired
proliferation at incrcased temperaures (37°C;
Fig. 4E) and were modesily sensitive 1o the
Hsp®0 inhibitor geldanamycin (except cells
disomic for chromosome X; Fig. 4F).

Ancuploids did not exhibit increased sensi-
tvity 10 any toxic agents. Ancuploids formed
colonies as well as did wild-type cells on me-
dium comtaining the DNA replication inhibior
hydroxyurea (fig. S8B) or medium containing
the proline analog azctidine 2-carboxyvlic acid
(AZC: N, SBE) or 6-azauracil (AZA: Nig. S8I),
which mterferes with uridine triphosphate and
guanosme inphosphate bosynthesis. None ol the
ancuploids showed aliered proliferation in the
presence of the avtophagy inhibitor chloroguine
(fig. S8D) or hydrogen peroxide (lig. S8G).
Strains were also respiration-proficient as judged
by their ability 1o grow on the nonfermentable
carbon source glyeerol (g, S8, C and 1) and did
not exhibit increased sensitivity 1w the FIFD
adenosine tiphosphate synthase inhibitor oligo-
myein (fig. S81). About hall of the ancuploid
strains analvzed exhibited increased sensitivity o
the microwbule-depolyvmenzing drug benomyl
{lig. SKF), the basis of which warmants further
inviestigation. Our results indicate that the prolil-
cration of ancuploid strains is specifically impaired
under conditions interfering with  transcription,
translation, and protein folding.

The phenotypes shared by aneuploid yeast
strains are due to the presence of additional
yeast genes. The phenotypes shared by aneu-

ploids might result from the mere presence of

additional DNA or from the RNAs and proieins
synthesized from these chromosomes. Thus, we
tested the effects of seven veast artilicial chro-
mosomes (YACs) containing human or mouse
DNA inserts ranging from =350 kb w 1.6 Mb in
size (table 53). Although we cannot exclude the
possibility that some transcaption and transla-
tion occurs from the mammalian DNA in veast,
the YACs do not produce yeast proteins, and it
15 highly likely that the amounm of tanscrption
and translation from the YACs is less than tha
occurring from yeast chromosomes, which are
densely packed with mostly intronless genes,
The gene expression profile shared by ancu-
ploid stmins grown under phosphate-limiting
chemostal conditions was also observed in
YAC-carrving strains (Fig. 3A), which suggests
that the mere presence of extra DNA is mainly
responsible for this gene expression patterm, The
other phenotypes observed in ancuploids were
not shared by the YAC-beanng strains, With the
exception of a minor (5 min) delay observed in
cells carrving the langest YAC (YAC-1: 1.6 Mb),
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none of the YAC-bearing strains exhibited delays
in entry into the cell cyele (Fig. 5C) Nor was
progression through other cell eyele stages
affected, as judged by DNA content analysis
(Fig, 3D). Furthermore, YAC-bearing strains did
not exhibit increased sensitivity to thiolutin,
cycloheximide, rmpamycin, or high temperature
(Fig. 5B). Cunously, the strain beanng the largest
YAC exhibited increased sensitivity 1o hygro-
mycin, the basis of which is at present unclear,
We conclude that at least two aspects of aneu-
ploidy may contribute 1o the phenotypes shared
by ancuploid strains: (i) The expression signa-
ture shared by ancuploid strains appears 10 be
elicited by the presence of extra DNA, and (i)
the cell cycle delays and prolifertion defects
under conditions interfering with protein syn-
thesis and folding are in large pant due o veast
transcripis and veast proteins generated  from
extra chromosomes,

Discussion. Our analysis of ancuploid yeast
strins was, by virtue of the way they were iso-
lated, limited to ancuploid strains that are viable,
Thus, most strains we characterized contained
one additional chromosome, a few carfied two,
and one caried three. Strains with many addi-
tional chromosomes were not obtained, likely

because they are inviable, The characterization of

the 20 viable ancuploids that we analveed none-
theless revealed that in addition 1w phenotypes
that are chromosome-specilic (for example,
several ancuploid strains oxhibit cell eyele defiects
in addition to the Gy delay observed in most
strains), these strans share several phenotypes.
Diploid veast cells do not exhibit the pheno-
Lypes ~;I1.m_d by the ancuploid strains we ana-
Ivered (figs. S4 and S8A). This result shows that
the duplication of the entire genome is not nearly

as deleterious as the duplication of a subsct of

chromosomes: morcover, it indicates that the ge-
nomic imbalance that results from ancuploidy is
responsible for the phenotypes we observed. The
finding that the severity of the phenotypes shared
by ancuploids is generally greater in simins diso-
mic for large or multiple chromosomes suppons
this idea, Our data Turther suggest that an increasc
in ploidy bulfers the detrimental effects ol the
imbalances caused by ancuploidy. The pheno-
tvpes shared by ancuplowds were generally less
severe in risomic than i disomic cells.

Our analysis of stmins camrying YACs with

loganthmically growing cells, impaired prolifer-
ation in the presence of proteasome inhibitors,
and Gy delay—appear to correlate with the nume-
ber of additional yeast genes. In the case of other
phenotypes, such as increased sensitivity to pro-
tein svnthesis inhibitors and conditions requiring
increased protein folding activity, the correla-

tion s not as striking. These findings, together
with the observation that disomy tor the small
chromosome V1 s lethal (/0), indicate that the
tdal amount of addional RNA and proten
produced by ancuploids, the cellular imbalances
caused by these extra proteins, and specific gene
products present on individual chromosomes all
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mammalian DNA inserts suggests that most
phenotypes common o ancuploids are caused
by the additional veast gene products. Only the
zene expression patiemn of ancuploids observed
under phosphate-limiting conditions is also seen
in the YAC-carmying strains, which suggests that
the mere presence of extra DNA eliciis this gene
expression response. The cell evele delay and
impaired prolifermion in the presence of tran-
scription antagonists, tmnslation inhibitors, or
high temperatures were not observed in YAC-
bearing strains. Most of the phenotypes shared by
ancuploids—such as the increasce in glucosc
uptake, the gene expression patiem observed in

Cin2
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Fig. 2. Delay in Gy of the cell cycle in aneuploid cells. Wild-type cells (A11311), cells disomic for
chromosome IV (A12687), disomic for chromosome X (A12695), and disomic for chromosomes
VIl and XIV (A15615), all carrying a CLN2-HA fusion with the exception of strain A15615, were
arrested in Gy with a-factor pheromone and released from the block as described (10). Samples
were taken at indicated times to determine the percentage of budded cells (A), DNA content (B),
the percentage of cells with metaphase and anaphase spindles (C), and the amount of CLN2 RNA
(D} and Cin2 protein (E). ACTI was used as a loading control in Northern blots (D). Pgkl was used
as loading control in Western blots (E). In strain A15615, we only examined CLNZ2 RNA levels
because chromosome XIV is not marked in this strain and we were therefore not able to select for
the presence of two copies of this chromosome when introducing the Cln2-HA allele.
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likely contribute 1o the phenotypes shared by
ancuploids,
Stnking among the phenotypes shared by

ancuploid yeast strains are those indicative of

protein degradation and folding distress. These
obscrvations suggest that proteins synthesized
from the additional chromosomes disrupt cellular
physiology, interfering with metabolic pathways
and other basic cellular processes, We propose
that the cdl responds to this state of imbalance in
a multilayered fashion not dissimilar 1o that of a
stress response. The cell’s attempt to restore wild-
type physiology is reflected by the fact that al-
though most genes present on the additional
chromosomes are tmnscribed, the amounts of

many proteins are not increased, The decrease in
biomass produced per glucose molecule may be
an mdicator that more energy 1s being used w0
degrade proteins and induce mechanisms that
shicld the cell from the effccts of excess
proteins or compensate for their effects, Even
the delay in Gy might be a reflection of basic
cellular pathways (such as growth) being slowed
down.

Cancer cells, most of which are ancuploid,
share several propertics with veast cells carrying
additional chromoesomes. Proliferation of both
tvpes of cells s impaired in the presence of
protein synthesis inhibitors (27) and geldanamy-
cin (28}, and both exhibit increased glucose

RESEARCH ARTICLE I

uptake (29, These parmallels between tumor cells
and ancuploid yeast stmins raise the possibility
that some phenotypes exhibitad by twumor cells
are clicited by their ancuploid state. Thus, the
phenotypes exhibited by ancuploid yveast strains
could be the starting point 0 determine whether
ancuploid mammalian cells also share a sct of
phenotypes, These shared properties would be
ideal targets for chemotherapeutics,

Our analysis shows that ancuploidy causes a
proliferative disadvantage in yeast, The same
could be true in human cells, not only because of
the high degree of conservation ol basic cellular
processes among cukarvoles but also because
tnsomy 21 foreskin fiboblasts prolifermie more

A D —._—wr —E~ WT Glucose
—&— Distv & Dis IV Glucoso
10 4 e 14
~a-Dis IX
-+ Dis Il
~Dis V )]
-=[is | e
Dﬁ 6 ¥ ~Disxvi g
= iz Xl
@] = Dis WIHI| E
= Dis X 3
= Dis XV Q
= Dis X1l 3
= Dis XIV =
~=-Dis XI
- Dis IV
24 0 10 20 40
Time (h)
B E —&WT == WT Glucose
=—i— Dis XV =i Dis XIV Glucose
~%-— Dis XI+XVI ¥~ Dis Xl+XVI Glucose
--WT 10 L,.._
- 20
8 1 w
s 155
(] D§ 6 @
O ~DisVIbXIV O =
- D5 X1+XV| 4 10 3
- Dis XXV =
2 4 -5 -?_.-
- 0 ——=%0
24 0 5 10 15 20
Time (h)
c 1 e B WT = F i u
00 : . . § 4Dl Fig. 3. Increased glucose uptake in aneuploid strains. (A) Wild-type
- : ‘1—- = g = — # Dis XV and aneuploid strains were grown in —His+G418 medium and OD g5
00 L - ﬂ: ;WI was measured at the indicated times. The following strains were used
= . ] i % T . pisxi for this analysis: wild-type cells (A11311) and cells disomic for
2 1.0 - . i $ g: !fm chromosomes | (A12683), Il (A12685), IV (A12687), V (A14479), VIll
= s o Dis +VieXil  (A13628), IX (A13975), X (A12689), XI (A13771), XNl (A12693), XINI
g " . . N =D Vil (A12695), XIV (A13979), XV (A12697), and XVI (A12700). (B) Same
> K} i o Dis Xle XV as (A), showing wild-type cells (A11311) and cells disomic for
£ - . 2 g: ﬁlmw chromosomes VIl and XIV (15615), X1 and XVI (A12699), and Xl and
2 0.01 + Dis %I XV (A12691). (C) Wild-type cells and aneuploid strains described in
o o A = gﬁ i (A) were grown in —His+G418 medium to saturation. Samples were
r & Di: ¥l taken at the indicated times, cells were plated on —His+G418 plates,
0 3 6 g 12 15 and the number of colonies was determined. Note that only cells
Time (d) disomic for chromosomes Il (A12685) and XV (A12697) maintained

a high viability during stationary phase. (D and E} Wild-type cells
and cells disomic for chromosome [V (A12687) were grown to log phase and diluted into fresh medium, and the ODgqq and amount of glucose in the medium
were determined at the indicated times. (E) Same as (D) for wild-type cells and cells disomic for chromosome XIV (AL3979) or XI+XVI (A12699).
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slowly than normal diploid fibroblasts (73 Is ot
thus possible that ancuploidy does not contribute
to carcinogenesis but rther antagontecs 17 Ancu-
ploidy provides a means of gaining additional
copies of oncogenes or losing Wwmor suppressor
genes (4, 303, and the cellular imbalances caused
by ancuploidy could create a selective stress that
could promote the accumulation of growth and

profifermtion-promoting genomic alteration. Un-
der selective conditions, even in veast, ceriain
ancuploadies may be advantageous (37). How-
ever, our data show that ancuploidy in itsell re-
sults in a proliferative disadvantage for the cell.
Clearly, this disadvantage must be overcome
during wmaor formuntion through the acquisition
of mutations that allow cells w0 wlerte ancu-

ploidy. The ancuploid veast strains described
here could provide the opportunity to identify
such genes.
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Detection of Circumstellar Material
in a Normal Type la Supernova

F. Patat,™ P, Chandra,” R. Chevalier,® 5. Justham,” Ph, Podsiadlowski,* C. Wolf,?
A. Gal-Yam,® L. Pasquini,* I. A. Crawford,” P. A. Mazzali,®” A. W. A. Pauldrach,®

K. Nomoto,” 5. Benetti,)? E. Cappellaro,!”

N. Elias-Rosa, 1 W. Hillebrandt,®

D. C. Leonard,? A. Pastorello,™ A. Renzini,X® F. Sabbadin,® ). D. Simon,* M. Turatto®

Type la supernovae are important cosmological distance indicators. Each of these bright supernovae
supposedly results from the thermenuclear explosion of a white dwarf star that, after accreting material
from a companion star, exceeds some mass limit, but the true nature of the progenitor star system
remains controversial. Here we report the spectroscopic detection of drcumstellar material in a normal
type la supernova explosion. The expansion velodties, densities, and dimensions of the circumstellar
envelope indicate that this material was ejected from the progenitor system. In particular, the relatively
low expansion velocities suggest that the white dwarf was accreting material from a companion star that
was in the red-giant phase at the time of the explosion.

s a result of thaeir extreme lumimositics
Aulu] high homogeney, type Ia super-

novae (SNe la) have been used exten-
sively as cosmological reference beacons 1o trace
the evolution of the universe (/. 2). However,
despite recent progress, the nature of the pro-
genitor stars and the physics that govem these
powerful explosions remain poorly understood
(.3, 4. In the presently vored single-degencrate
model, the supemova (SN) progenitor is a white
dwarl that accreies material from a nondegener-
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ate companion star in a close binary system (3);
when it approaches the Chandmsckhar limit, the
white dwarl explodes in a thenmonuclear blast. A
dircet method for investigating the nature of the
progenitor systems of SNe la is to search for
signatures of the material transfomed o the ac-

creting white dwarl in the circumstellar material
(CSM), Previous attempts have aimed at detect-
ing the mdintion that would anse from the
meraction between the [ast-moving SN gjecta
and the slow-moving CSM in the form of namow
emission lines (6), radio emission (7), and x-ray
emission (4. The most stringent upper limit 1o
the mass-loss rate sel by radio observations 15 as
¥ solar masses per year (M year ')
(7).
Two notable exceptions are represented by two
peculiar SNe la, SN 2002ic and SN 2005gj.
which have shown extremely pronounced hydro-
gon emission lines (9, 10) that have been inter-
preted as a sign of strong ejecta-CSM interaction
(1), However, the classilication of these super-
novae as SMNe la has recently been questioned
/2y, and even if they were SNe la, these
supernovae are unlikely o account for nommal
SNe la explosions (7) that, of those observed so
far, lack any signature of mass transfer from a
hypothetical donor. Here we repon direct evi-
dence of CSM in a SN Ia that has shown
normal behavior at x-ray, optical, and radio
wavelengihs.

SN 2006X was discovered in the Virgo clus-
ter spiral galaxy NGO 4321 (/3). A few days
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alier s detection, the object was classilied as a
nomal SN [a event occurmring | 1o 2 weeks belore
maximum light, which was aflected by substan-
tial extinction { /). Prompt obsenvations with the
Very Large Armay (VLA) telescope have shown
no radio source at the SN position (/3), establish-
ing one of the deepest and cardicst limits for radio
cemission from a SN la and imply ing a mass-loss
rate of less than a few 1078 Ms vear ! (for a low
wind velocity of 10 km s7'). The SN was not
visible in the 0.2410-10 keV x-ray band down o
the detection limit of the Swift satellite ().

We have observed SN 2006X with the Ulin-
violet (UV) and Visual Echelle Specirogriph
mounted at the ESO 82-m Very Large Tele-
scope. Observations were camed oul on [our
ditferent epochs, which correspond 10 days 2,
H14, #61, and +121 with respect to B-band
maximum light. Additionally, a Gifth epoch (day
FI03) was covered with the High Resolution
Echelle Spectrometer mounted at the 10-m Keck
telescope (16). The most notable inding from
our data is the clear evolution sean in the profile
of the Nal D doublet lines (5889.95, 5895092 A ),
Indeed. besides a strongly saturated and constant
component arising in the host galaxy disk
[supponting online material (SOM) text 52 and
lig. S1). a number of features sr:mning avelocity
range of about 100 km s appear to vary
substantially with time (Fig. | and g, 52). SN
2006 is projected onto the receding side of the
galaxy, and the component of the rotation
velocity along the line of sight at the apparent
SN location is about +75 km s (17), which
coincides with the strongly satumted Na 1 D
component, the saturated Ca I HEK lines, and a
weakly sawrated CN molecular vibrational band

(0-00 (Fig. 2 and fig. S1). This and the lack of

time evolution prove that the deep absompiion

Fig. 2. Evolution of the
Na | D; and Ca Il K line
profiles between day -2
(black), day +14 (red),
and day +61 (blue, Na |

arises within the disk of NGC 4321 in an
interstellar molecular cloud (or svstem of clouds)
that 15 responsible for the bulk of the reddening
suftered by SN 2006X (SOM text S2).

In contrast, the relatively blue-shilied struc-
tures of the Na 1 D lines show a mther complex
evolution, The number of features, their intensity,
and their width are difficult 1o establish.
Nevertheless, for the sake of discussion, four
main components, which we will indicate as “A,”
“B," C and D" can be tentatively identified
in the first two epochs (Fig. 2). Components B,
C, and D strengthen between day -2 and day + 14
while component A remains constant during this
time mterval. The siuation becomes more com-
plicated on day +61: Components C and D clear-
Iv stant 1o deercase in strength, but component B
remains almost constanl, and component A
becomes deeper and is accompanicd by a wide
absomption that extends down 10 a rest-frame
heliocentric velocity v, = 50 km s (Fig, | and
fig. 52). After this epoch, there is no evidence of
evolution, and component A remains the most
intense feature up to the last phase covered by our
observations, more than 4 months after the
explosion.

Vanable interstellar absorplion on compara-
bly shom time scales has been claimed for some
gamma-ray  bursts (GRBs), and it has been
attributed by some authors o line-ol-sight
geometrical effects, resulting from the fast GRB
expansion coupled o the patchy nature of the
intervening absorbing clouds (/&) Our data
clearly show that despite the marked evolution
in the Ma I D lines, Ca I H&EK components do
not change with time (Fig. 2, Og. 83, and SOM
text 83 and 54). Therefore, in the case of SN
2006X, wansverse motions in the absorbing
maieral and line-ol=sight effects duc 1o the fast

Dz only). The wvertical
dashed lines mark the
four main variable com-
ponents at =3 ("A"),
+20 ("B"), +38 ("C",
and +45 (“D") km s7%,
For comparison, the up-
per panel shows the R(0),
R(1), and P(1) line pro-
files of the (0-0) vibra-

IIIIlITI1

Normalized Flux

tional band of the CN
B - X*£. The velocity
scale refers to the RI(0)
transition (3874.608 A).

III.IJIIIII

100

Restframe Heliccentric Velocity vy, (km g1y

www.sciencemag.org SCIENCE VOL 317

REPORTS

SN photosphere expansion (typically 10 kms™)
can be definitely excluded, because they would
cause variations i all absomption {eatures,

For this reason, we conclude that the Na |
fcanures seen in SN 2006X, ansing in a number
of expanding shells (or clumps), evolve because
of changes n the CSM ionization conditions
induced by the vanable SN mdiation ficld. In this
context, the different behavior that is seen in the
Na land Ca Il lines is explained in terms ol (i) the
lower ioniamtion potential of Na [ (5.1 ¢V,
comesponding to 2417 A} with respect w Ca
(11.9 eV, corresponding to 1045 A, (i) their dif-
lerent recombination coeflicients, and (iii) their
photoionization cross sections coupled to a UV
deficient radiation ficld (SOM 1ext 54}, Regret-
tably, not much is known about the UV emission
of SNe la shortward of 1100 A (&, 19). Theo-
retically. a severe UV line blocking, by heavy
clements such as Fe, Co, and Mg, 15 expected
{200y, An estimate of the Na [ iomzing lux, Spy
can be derived from a synthetic spectrum of a SN
la at maximum light (27), which turns out to be
Sy = 5% 10 photons 5!, One can verify that
this Mux is largely sullicient to fully joniae Na |
up 1o rather large distances (-5 = 10" ¢m).

Nevertheless, because the recombination time
scale 1 must be of the order ol 10 days, this re-
quires an clectron density 1, as large as 10° em?
(SOM text S43. Given the low abundance of any
other element besides hydrogen, such a high
electron density can be produced only by partial
hydrogen ionization. As a result of the severe line

Blocking suffered by SNe la (20), the Mux of

photons capable of ionizing H is very small (-4 =
10* photons s '), and this requires that the gas
where the Na [ ume-dependent absomptions arise
must be confined within a few 10" em from the
SN (SOM text S4). Ina SN ol this type, the Nux
in the 1120-10-2640 A band decreases by a factor
of 10 in the first 2 weeks after maximum light
(8, 19). Because, at a distance of ~10" ¢cm from
the SN, the jontzation time scale 1 for Na | is
much shorter than 1. the ionization [raction
grows with time tollowing the increase of the UV
flux during the pre-maximum phase, whereas,
alier the maximum phase, the ionization {raction
decreases ollowing . This result would explain
the overall growth of the blue components” depth,
as shown by our data, in terms of an ncreasing
fraction of ncutral Na, whereas the different evo-
lution of individual components would be dictaed
by differences in the densitics and distances from
the SM. Moreover, once all the Na 11 has re-
combined | which should happen within a few 7,
(e, =1 month)], there should be no further
evolution, which is in qualitative agreement with
the observations. Additionally, because the Mux
of photons that can ionize Ca Il is more than four
orders of magnitude less than that of Na 1 {SOM
text 343, the cornesponding jonization fmction is
expected 10 be only a few percent. Therefore, the
recombination of Ca 1o Ca I docs not produce
mtisurable effects onthe depth ofthe Ca 11 HEK
lines, as is indeed observed (SOM st 53),
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The H mass [M(H)] contained in the shells
generating the observed absorptions can be esti-
mated from our observations aller some consery-
ative assumptions are made, The Na I column
density MNa ) deduced from the most imtense
feature (component D, day + 14)is MNal) = 102
em 2, Assuming that the material generating this
component is homogencously distributed in a
thin spherical shell with radius 10" em, a solar
Na'H ratio (log Na'Hl = -6.3). and complete Na
recombination, an upper limit to the shell mass
can be estimated as M(H) < 3 = 107 Ms (this
value is reduced by a factor of 1OU for material at
about 10" em, the most likely distance for
components O and D). Even in the case of
complete ioniaton, such a H mass would
produce an He luminosity of -4 = 10% ergs |,
which i two orders of magnitude below the 3-o
upper limits set by our observations at all epochs
(table 52} and by any other SN la observed so far
(0. Therelore, the absence of narmow cnission
lines above the detection limit docs not contradict
the presence of pantially onieed H up to masses
of the onrder of 000 M,

However, photoionization alone cannot ac-
count for the fact that not all features increase in
depth with time (Fig. 2). Indeed, on day <61,
components C and D return o the same low
intensity values that they had on day 2. One
possible explanation is that the gas s re-ionized
by some other mechanism, like the ejecta-CSM
interaction. In this case, the absorbing material
gencrating components C and D must be close
cnough 1o the SN so that the ¢jecta can reach it in
about 1 month after the explosion (~10" em for
maximum ecjecta velocities of 4 107 km s7).
Similarly, in order not 1o be reached by the cjecta
more than 4 months afier the explosion,
component A, component B, and the broad
high-velocity components must arise ot langer
distances (=5 * 10" ¢m). This scenario is not
ruled out by the lack of rmadio emission from SN
2000X% (/13). Indeed, in light of our cumrent
undersianding of the ejecta-CSM  interaction
mechanism (22), the presence of similar shells
with masses smaller than a few 107* Ms cannot
be excluded by mdio nondetections of SNe lain
general (7). Owr findings are consistent with
upper limits on the mdio ux sct by our VLA
obscrvations, obtmined about 10 months after the
cxplosion (SOM text S1), which are comparble
to the best upper limits set on the radio luminosity
of other normal SNe la (7).

If we adopt the velocity of the CN lines as
indicative of the host galaxy rotation component
along the line of sight o the SN location, then our
observations provide solid evidence of CSM
expanding at velocities that span a mnge of about
100 km s~ (Fig. 2).

The most imponant implication of these
observations is that this CSM was gjected from
the progenitor system i the recent past, For
instance, with a shell radius of 10" cm and a
wind velocity of =50 km s ', the matenal would
have been gjected some 30 years before the

17 AUGUST 2007 WVOL 317 SCIENCE

explosion. This almost certainly rules out a
double-degencerate scenario for SN 206X,
where the supernova would have been tnggencd
by the merger of two carbon-oxygen white
dwarfs. In this case, no substantial mass loss
would be expected in the phase immediately pre-
ceding the supemova, Thus, a single-degencrate
model is the favored model for SN 2006X, where
the progenitor accreted from a nondegencrate
companion star.

Mean velocities for the CSM of ~50 km 5™

are comparable 1o those reported for the winds of

carly red giant (RG) stars (22% velocities
matching our observations are also expected for
late subgiants, The observed matenial is moving
more slowly than would be expected for winds
from main sequence donor stars or from compact
helium stars. These wind velocitics scem more
consistent with the shorer-period end of the
symibiotic formation channel than with the other
major formation channel proposed lor a SN la
with a nondegenerate donor star (23). The
observed structure of the CSM could be due 10
varability in the wind [rom the companion RG:
considerable variability of RG mass loss is
generally expected (24).

An alternative interpretation of these distinet

features is that they anise in the remnant shells of

successive novae, which can ereate dense shells
in the slow-moving material released by the
companion star (23, 26). This scenario seems 1o
require an aspherical shell geometry in onder 10
maich the observed low velocites (SOM text
S6). Not only might this be expected a priori ( 27),
but observations ol the 2006 outhurst of RS
Ophiuchi also show that there is an equatorial
density enhancement that strongly restrains the
expansion of the nova shell (28-30),

Une crucial issue 1o resolve regarding what
we have seen in SN 2006X is whether it rep-
resenis the rule or whether it is an exceptional
case. Other cases of SNe la showing negative
velocity components are known, such as SN
1991 Tand SN 199%8¢s (fig. 55 and SOM text 55).
Unfortunately, multi-epoch high-resolution spec-
troscopy is not available for these objects (1o our
knowledge, the SN 2006X data set is distinctive
in this respect), and therefore time varability
cannot be demonstrated. Neventheless, the data
clearly show componcnts approaching the ob-
server al velocitics that reach at least 50 km s~
with respect o the deep absomption that we infer
1o be produced within the disks of the respective
host galaxics. This, and the fact that SN 2006X
has shown no optical, UV, and radio peculiarities
whatsoever, supports the conclusion that what we
have witnessed for this object is common 10
normal SNe la, and possibly 1o all SNe la, even
though variations resuling from different incli-
nations of the line of sight with respect 1w the
orbital plane may exist.
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Radiationless Electromagnetic
Interference: Evanescent-Field
Lenses and Perfect Focusing

R. Merlin

Diffraction restricts the ability of most electromagnetic devices to image or selectively

target objects smaller than the wavelength. We describe planar subwavelength structures capable
of focusing well beyond the diffraction limit, operating at arbitrary frequencies. The structure
design, related to that of Fresnel plates, forces the input field to converge to a spot on the focal
plane. However, unlike the diffraction-limited zone plates, for which focusing results from the
interference of traveling waves, the subwavelength plates control the near field and, as such, their
superlensing properties originate from a static form of interference. Practical implementations of
these plates hold promise for near-field data storage, noncontact sensing, imaging, and

nanolithography applications.

he closely related problems of clectro-

magnetic imaging and focusing beyvond

Abbe’s diffraction limit, sel by ~kin,
where A is the vacuum wavelength and # is the
refractive index (/). have received considera-
Ble anention in the past decade, motivated in
part by optical swdies using subwavelength
apertures to probe the near field (2) and relaed
work ot microwave frequencics (3). Various
schemes have been developed o improve the
resolution, involving, for example, sharp tps
{4, 5}, coherent control (61 and Far-ficld tme-
reversal mirrors (7), and values as small as
=i/ 100 have been reported for the TH: mnge
(40, Subwavelengih focusing necessarily involves
the evanescent components of the held, that
is, the near field Because of this, standard
interference techniques or geometrical optics
methods do not apply. More recently, negative
refraction has emerged as a topic of interest
near-Meld studies (9, 70}, following proposals
of perfect lensing (- 140 and the subsequent
experimental verification of negative relrac-
tion at microwave frequencies (13, 16) and
imaging bevond Abbe’s limit with negative-
pemmittivity slabs (£ 7, f8) In this work, an ap-
proach to subwavelength focusing is described
that uses pattermed, planar structures 1o nduce
convergence of the near ficld. The focusing
cffeet described is reminiscent of, but the

physics is substantially different from, that of

both negative refraction slabs and Fresnel
zone plates (/9).

Let £ be one of the canesian components of

the electric (E) or the magnetic (H) field . and
assume that all the field sources are mono-
chromatic, with time dependence given by ¢ ™
(e is the angular frequency ), and that they lie w
the left of a panticular plane, delined as z = 0,
Then, for = = 0, F satishies the Helmhaoltz
cquation VIF + BF = 0 and can thus be ex-
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pressed in the angular-spectnim-representation
form (20, 21)

: e
Flx,v.za) = a2 J.J'jj.f'l.l'.ll'.:jj_l
=

w (= ey iz :n.Illl{rlfll_.l}{ﬁ]'.tﬁl{.r_l' (1)

providing an exact relationship between the
solution to the wave cquation in two arbitrary
plaines, parallel w cach other, 2=z, = 0and = =

zp = 0 Here, £ = 2r/A and
4 e 1 L2y 13 ¥ 2= g2
o= Jillax +ay o R gy =k
(k* :,ﬂf qf]”z :ﬁ 4 .—;f < k2

(2)

With the sources locaied in the half-space = < 0,
the choice of signs in Eq. 2 is dicated by the
requircments that the homogencous and in-
homogencous {or evanescent) solutions 1w the
wave equation must travel and decay in the
positive = direction, respectively.

According to Eq. 1, the field in the region
= =0 is determined by the boundary values
Fleph, Hence, the question ol focusing (for
both the subwavelength and the conventional,
diffrmction=limited cases) becomes that of 1den-
tifving the sources needed o generate the ficld
profile a1 = = 0 that converges o a ot of a
predetermined size at the focal plane, = = f.
Although the angular-spectrum  representation
shows that Fap) is, in wm, uniquely deter-
mined by the focal-plane values, Fixva. /), the
answer 10 the focusing problem s not unique,
and the search for the optimal solution is not
trivial, because “focal spot™ is, m best, an elec-
tromagnetically vague concept. The difficulty
here is that the wrong choice of Fixas /) may
result in g field that is unsuitable for applica-
tions, that diverges, or that docs not exist (every-
where in a region or at cerlain points), or in a
boundary ficld that is difficult 1o implement in

REPORTS

practice. In our approach, Flxd) is defined by
the transmission propeiics of subwavelength-
patterned planar structurcs that behave, n some
sensg, ke the evancscent-wave counterpars to
Fresnel’s wone plates (/19), Similar o the latter
structures, the waves exit our plates in a pattem
sct by the plae design, which forees them o
converze o a spot on the focal plane, as pre-
scribed by Eg. 1. Unlike the Fresnel plates,
which rely on interference involving mdiative
components of the ficld, and are thus subjecied
1o Abbe’s constraint, our plates allect primarily
the evanescent waves leading 1o imterference ¢f-
fects that are electrostatic or magnetostatic in
nature and, as a result, the spot size can be
arbitrarily small. As with other near-ficld effects,
our plaes” ability to focus at large distances 1s
severely lnmuted by the exponential decay of the
near field which, in practical applications.
constrains the focal length o dimensions much
smaller than A.

The proposed plates can be tailored o give
subwavelength focal patiems of vanous types
and symmetrics. We concentrate on two key
geometries displaying evlindrical and azimuthal
symimetry. In the eylindncal or two-dimensional
case, OF [ dx = 0, the perfect focus is a line, and
Eq. | becomes

] +30
Fir.z:) = —J‘IFH".: }
: 2n S

Sy R (3)
where wig) is given by Eq. 2 with :;_f + :Jr:"_—r:]ri_
For electromagnetic fields propagating in the 2
direction that have wamuthal symmetry, such as
the axicon (22) and Bessel beams (23), the
tangential o component of the clectric field, as
well as the = and mdial p componenmt of H
vanish, whercas the noweero components ' =

H, or £, obey

Yp.za) = H ip" zplhigp' Wigp)

x ™= st dntgdy (4)
Replacing the Bessel function .y by Wy, one obtains
the comesponding expression for £, Note that
e explinlgo)z] and Jilgep) explivigok] are.
respectively, solutions of Egs. 3 and 4 for
arbitrary gg that become evanescent modes for
o = & For lgg < &, the corresponding fields are
the well-known diffraction-fiee plane waves and
Bessel beams, These states and, more generally,
source-free electromagnetic fields with compo-
nents of the form fg, (plexplis(go)z], where p is
a vector nomal to the = axis, play a crucial role
in near-field lensing.

Our approach to subwavelength focusing
relics on a property of the near licld thay, w the
best of our knowledge, has not been considered
before. Assume that f,explix(go)z] is part of a
full solution 10 Maxwell's equations and that a
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certain field component (cancsian or otherwise)
at the source plane, = (), 15 of the fomm
Mip) * fglp) where M s a modulation Tunc-
ton. wlhich 1s characterized by the length scale
L = { = 2r/lgo and satisfics the requirements
specilied below. Then, itcan be shown for gy == &
that the ficld converges w a focal spo of nes-
olution defined by £ after propagating through a
distance of order L. This effeet is illuswated for
both the wo-dimensional and azimuthally sym-
metrie case in Fig, 1. The basic concepts of near-
[eld lensing are best understood in the eylindrical
geometry. In Eq. 3, take F(1.0) = M{y)e'
and integrate w0 calculate Fi( v,z For go == &,
the relevam states ane evanescent waves, We can

zL=1.7 A~
/  z2l=12
I 1 K 1
zL=1 [
.I. \ i
::: :'. I 2L =1
_—Lﬂu-ﬂ-l—. I'_IH_F
zZL=0 '
) ZL =0
L L, I_._::._‘-i‘-‘:u_..
-2 },_,.-{- +2 0 Qop 20
B 8

Fig. 1. Suhwavelength focusing. (A} Two-
dimensional case: [Fy.z)" versus y from Eg. 3 where
Fly,0)ocefri(1 + y2/12) and Lit = 25. (B} Az-
muthally symmetric geometry: M'(p, 2 versus gop
from Eq. 4 where "¥(p,0) = J; (gop(1 + p?/L%) and
L = B. The contour plots show the focal line (A} and
ring (B) at z = L.

o

therefore _approximate wieg) igl so that
Fv.z) =} e WEp () Ao dhdg /21 (in
this approximation. F 1s harmonic, 1.¢., VE=0,
lor arbitrary M) Lensing occurs for a wide
varety of modulation functions, Mathematically,
a sufficient condition for focusing is that A/
should have one or more poles m the complex
plane with nonzero imaginary components, To
prove this, we assume that A v) i1s a real and
even function, with poles at + iL. Perfonming a
simple integration we obtain, for g = O,
Fiv,z)= L g(y,z) where

'tq.n‘n-f. =) |
glvz) = |—
| w+L-=z
(iv+ L +2)e®WH= 4 (4 L+ 2)

v

As anticipated, the expression mside  the

brackets leads w focusmg at = = £ such that, lor
L=, |F(v,L)|2 Le®Lsin(goy/2) /v| (note
that the singularity at = = L and v = 0 is

removable and that the second term gives a
small comrection of order (/L 1o the resolution).
Because there are no phases associated with
evanescent waves, it should come as a sumprise

that the lensing process shows telliale signs of

conventional interference, panticularly in the way
the waves contributing 1o Eq. 3 add up con-
structively and destructively at the focal plane.
Because it involves nonradiative modes, we will
refer to this unconventional form of oeusing as
radiationless mterference.

Figure 1A shows plots of [Flvz)?, 1lltl:|i11u¢l
rom Eq. 3. tor fp, = ™ and Af=(1 +)7 /L7 A
This form of M is the simplest one for an even
lunction with poles at v = <L, The calculations
are consisient with Eg. 5 and suppon our con-
tention that, for L = 0, the focal length and the
resolution are determined. independently, by
the modulation length, £, and the length scale
of the unperurbed field component, . As shown
in Fig. 1B, the modulated azimuthally symmetric
field (nnglike focus) exhibits a similar effect.

—4

Although our study so far has been limited 1o
simple poles located in the iImaginary axis, it cn
ke shown that (1) lfecusing can also be attamed
with higher-order poles, (1) modulation lune-
tions with multiple poles give multiple fod, and
(iii) the real and imaginary pant of a given pole
determine, respectively, the off-axis position of
the focal spot and the cormesponding focal
length, Within this context, it is of interest 1o
apply our analysis 1o a negative-refraction slab
that exhibits perfect focusing at o L ().
For |1 + nl =< | and a source consisting of a
line of dipoles, the expression for the ficld is
known analytically (1.3, J4). In panticular, if the
slab thickness 1s of and the source 1s o a distance
2 from the nearest slab surface and, therelore,
s image s a2 from the other surlace (/f),
the evanescent lield at the exit side of the slab
can be wrtten as M (v )e'™ whene

_coshimy/2d) — i sinh{my/2d)

_1f:1-| s el i e Iyl
coshi{my/2d ) + i sinh{myv/2d)

and gg = -Inll + ol [ d (M) As expected, M
exhibits a pole at v = id2, reflecting the image
location and, morcover, the expression [or gq is in
perfect agrecment with the known slab resolu-
tion (J3, 14, 24). Because M has an infinite
number of additional poles at v = id / 2 + 2pd),
where p = 0 is an integer, a near-perfect slab will
exhibit not just one, but an infinite number of
images for which the intensity decays exponen-
tially with . These additional images are due 1o
multiple reflections ansing from the shight im-
pedance mismatch ot the slab-vacuum imerfaces.

For the two-dimensional geometry, the above
results can be imvially extended from the simple
sinusoidal o the general case of a perodic field
% vh, of penod . I is apparent that, for values at
the source plane given by Fv, 0) = M (v} Pyl v,
the field will converge at = = L 1w a focal spot of
size -~ . This suggests the path for a practical
implementation of cyvlindrcal near-ficld lensing.
As a periodic ficld can be simply realized by
letting a plane wave go through an aray of pe-
ricdically placed slits or nbbons, it is clear that a

0.8
0.7
0.5

0.3

0.1

Fig. 2. Radiationless interference. (A) Schematic showing a subwavelength plate, represented as a modulated array of linear current sources at 2 =0
and the plane showing the focal line. Lif = 3; see Eq. 7. (B) Contour plot of InlH, ). (C) Contour plot of IH,(z,y) / H,{z.D!II?. The dashed white line atz =L

denotes the focal plane.
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field of the form M{v)Pe(v) can be obtained by
introducing a slowly varving modulation in, say,
the width or the propertics of the matenal of
which an element is made. Simalarly, in the case
of aamuthal symmetry, a Bessel beam can be
used together with a set of concentric rings of
property modulated width placed at radn satis-
fving Jigep) = 0. The technology for manu-
factuning plates of this kind for microwave
applications has been available for quite some
time, whereas nanofibrication methods involv-
ing, for example, cectron and focused jon beam
lithography, can be wsed for the infrared and
optical range. An imponant consideration in the
design of a near-ficld plate s 10 avoid as much
as possible the presence of terms giving a back-
ground thi could overwhelm the sharp features
of the held. An example of background-free
focusing is shown in Fig, 2. These resulis ane for
the diffraction of a plane wave by a sa of nib-
bons of very namow width << 1 and parameters
such that the wial current density s j = (j000)
wherne

= {=1y&(v
3 '.'ﬁl:r 33
k ' Z (1+&*=/L%)

3t}
(7)

(the incident electic field is pamllel to the
evlindrical axis). Such an amay ol currents, with
the sign varving rom one clement to the next,
can be realized ot infrared and optical frequen-
cies by altemating matenal with positive and
negative permittivity and, in the microwave re-

gime, by using a set of interchanging capacitive
and mductive elements. Figure 2B shows a con-
tour plot of the v component of the diffracted
magnetic feld (loganthmic scale). These results
arc similar to those reported for negative-index
slabs (14, 23), therchy revealmg the close rela-
tionship between the two phenomena (26).
Finally, o help ascertain the ongin of mdiation-
less interference, we show in Fig. 2C a lincar
plotof the feld intensity, nommalized to its largest
value ol a given =, Reflecting a property of the
zeros of H,. the figure clearly shows behavior
reminiscent of beam coupling in that the dif-
fraction of the beam produced by a panicular

current source is prevenied by the presence of

its neighbors, 1t is only after the mensity of its
neighbors has decrcased a sufficient amount that
the central beam is allowed 1o spread, and the
paoint at which this happens determines the focal
length,
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Coherent Optical Spectroscopy of a
Strongly Driven Quantum Dot

Xiaodong Xu,! Bo Sun,! Paul R. Berman,! Duncan G. Steel,™ Allan S. Bracker,’

Dan Gammnn,z L. ]. Sham’?

Quantum dots are typically formed from large groupings of atoms and thus may be expected to
have appreciable many-body behavior under intense optical excitation. Nonetheless, they are
known to exhibit discrete energy levels due to quantum confinement effects. We show that, like
single-atom or single-molecule two- and three-level quantum systems, single semiconductor
quantum dots can also exhibit interference phenomena when driven simultaneously by two optical
fields. Probe absorption spectra are obtained that exhibit Autler-Townes splitting when the
optical fields drive coupled transitions and complex Mollow-related structure, including gain
without population inversion, when they drive the same transition. Qur results open the way for
the demonstration of numerous quantum level—based applications, such as quantum dot lasers,

optical modulators, and quantum logic devices.

he quantum oploclectronic propertics of
semiconductor quantum dots (QDs) have

featured prominently in numerous pro-
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posals, including quantum computing, single-
photon sources, and quantum repeaters (f-3).
QDs are panticularly attractive for these applica-
tions because they behave in many ways as
simple stationary atomic or molecular svstems
() with discrete states where the clectron-hole
pair can be weated as a well-defined composite-
particle state (5),

Whencas strong optical excitation of a scmi-
conductor creates a many-body problem because

ol the extendad nature of the wave lunetion (6),
confinement of the wave function in QDs leads 1o
strong energy-level shifis between one exciton
and two or more exciton states, cnabling the
sysiem 1o be considered as o relatively simple
few-level problem. The sirong-field excitation
regime of the transition from the ground state ©
an excited state such as the exciton, a Coulomb
bound clectron-hole pair, 5 then defined by
L3 == 2y where the Rabi frequency 2 = %FE
is a tmnsition linewidth (full width at half-
meaximum, in He), p is the transition dipole
momnent, and £is the amplitude of the optical
clectnie hicld. For time scales less than ' strong
excitation leads w0 Rabi oscillations (7-/4) n
time. The effectof vacuwm Rabi spliving (/1) has
also been observed nasingle QD embedded in a
nanocavity (f2-14).

Under strong continuous wave (CW) narrow-
band resonant optical excitation of a simple
atomic system, the fluorcscence emission spoc-
truim, which s a narrow emission line at low
power (the emission width is the laser band-
width), consists of three peaks referned 1o as the
Mollow tmplet (/5), A simple picture of the ori-
gin of this emission pattern is understood rom a
dressed-atom picture (746), Figure 1B shows the
dressed-state picture with fully guamized atom-
ficld states, when the daving-ficld requency o is
equal o the electronic frequency oy, [n this limit,
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the “bare” states |3, N 1) and 2. N} are degen-
crate, where N labels the photon number of the
driving field. The atom-ficld interaction lifis
this degeneracy and produces “dressed”™ states
al N1} and [BIN-1)) having encrgy scpari-
tion fridy as shown. The dressed states arc lincar
combinations of the bare states, The dashed lines
in the figure indicatc a taplet of possible emission
lrequencies, occurring at o and o = £2g,

In absorption, the spectrum can be more
complex. For the three-level ¥V svstem (Fig. 1A),
where the strong lield couples levels 2 and 3,
theory predicts that the probe absorption from
level 2 w0 level | s strongly modified from the

usual simple Lorentzian seen in the absence of

strong-licld excitmtion. The probe absomption
splits nto two resonanees, known as the Autler-
Townes (AT) sphittmg (/7). When the probe
absomption on the strongly driven tmnsition
(between levels 2 and ) is measured, the spee-
trum s much richer. New physics beyond that
seen in the Mollow fluorcscence iplet is ob-
served (£8-22) and arses from the coherent
coupling between the two optical lelds. When
the Rabi frequency of the strong pump [eld is
sufliciently large, the absorption spectrum shows
gain without population inversion.

pump beam, which is near
resonant with transition H.
{B) The dressed-state picture
of the system shown in (A).
The transitions between states
le,N) (ABNY) and ILN+1),

Fig. 1. (A} The energy-level A B :
diagram of a single neutral _'3_:" I3.N>: 2. N+1> enemenn =
QD. The absorption of the 1= _ G LN et o
weak probe beam by scan- v EEE
ning either transition Vor H . sirong EEE
i5 mmlifiEd hy thE mmg pf{:.be pump 2 : '

12>

outside the energy range of the diagram, are not shown. If a weak beam
probes transition 2-1 as shown by the green arrows, the absorption spectrum
consists of a doublet. lgnoring the state 11}, the emission spectrum of transition
3-2 consists of three peaks (Mollow tripleth a peak centered at the electronic

Three Level Quantum System

We present expenmental results of the AT
splitting and complex Mollow absormpion spec-
tnm {MAS) using a single semiconductor QD
We coherently control the probe absorption with
a strong optical Hield, thus demonstrating that the
single QD coupled with the strong pump can
function as a modulaor of the probe absomtion
(23}, In addition, the spectrum as a function of'the
probe frequency shows Rabi splitting and gain
without population inversion. The results are in
good agreement with the standard theory based
on the optical Bloch equations, Our work dem-
onstrates that on Jong time scales, the discrete
energy-level spectrum of the dot s maintained
even at the high field strengths needed for quan-
tum logic opertions (e.g., qubi rotations) and
single-photon deviees, and that the system be-
haves in a manner similar to that of a tapped
atoamn, The results suggest that it should be pos-
sible o demonstrate numerous quantum level
based applications, such as dressed-state lasers
(24), QD optical modulators (23), and quantum
logic devices (4).

The system ol interest is a single. neutral InAs
sclFassembled QD embedded in a Schonky
diode structure at 5K (25) The tvpical single-
Beam, linear absomption spectrum of a single QD

13, N-1=12,N=™"""

Dressed State Picture

{Fig. 1C), taken with a CW laser with a 300-KHz
Iinewidth, shows that the neutral exciton has two
Iincarly polarized quantum transitions. with or-
thogonal polarizations, The fine-structure split-
ting of the exciton states, due to the QD in-plane
anisotropy (26), is about 15 peVo In the cor-
responding  energy-level diagram of the states
{Fig. 1A), states [1) and 3} represent the exciton
states, state 2) is the erystal ground state, and the
two lincady polanzed transitions are labeled V
and .

To analvtically describe our experiments, we
[ollow the approach used in (17, 19), describing
the system with the optical Bloch equations
f’i% = [H.p| + Decay (27, 28), where p and H
are the density manx and Hamiltonian of the
light-coupled QD system, respectively, The
Hamiltonian is given by H = Hy i - E where
E = Ey + E,. Ey is the strong pump ficld and
E is the weak probe field. For caleulations of the
absorplion spectrum. we can use the semi-
classical approach where the fields are taken 1o
be classical. Hy is the diagonalized Hamiltonian
for the QD structure (Fig. 1A) The resulis of
calculations in the limils approprate to this work
are provided in the Supporting Online Material
125). The theory is fit 1o experimental data with

c
Iiln +la v
o
x
E
-,E -
=8
Z
1;,1;:. 0w

215868 3215028 3215088
Probe Frequency (GHz)

transition us, and two Rabi side bands located at i £ (3 (shown by the dashed
lines). (C) Single-beam, linear absorption profile of a single exciton state. The
horizontally (or vertically) polarized light only excites the corresponding linearly
polarized exciton transition.

Fig. 2. Autler-Townes A = B

splitting by means of a £

single QD. A strong pump 5010 St Pump Detuning (GHz) Pump Intenstly

drives transition H, and a 2 0le

weak probe scans across 40l £ i

transition V. (A) Probe ab- 3| 4, @ [ 3

sorption spectra as a func- @ E jat

tion of the pump intensity § | 2010 D,:, ] %

when the pump is on reso- B Pump Field Strength (,[TTo) 5

nance. lp equals 1.2 Wicm?, § 100a g

The solid lines are theoret- <

ical fits to the data. The

inset shows the AT splitting Sla

{Rabi splitting) as a function o8 .

of the square root of the e Niiaiadsiiina 034 = 2

pump intensity. A linear fit ; ' 4 Y T

{solid line} matches the data SR D04 o1 g
Probe Frequency (GHz) Probe Frequency (GHz)

very well. (B) The probe
absorption spectra as a

function of the pump frequency detuning with fixed pump intensity. The lines are the theoretical fits to the data.
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only the linewidth and amplitude as f(ree
parameters. The dipole moment is extracted from
the lincar dependence of the sphiting on the Deld
strength.

To experimentally demonstrate the AT effect
(471, we use two frequency-locked but indepen-
dently wnable CW lasers with a mutual coher-
ence bandwidth of a fow MHe (25). We sct a
horzontally poladzed pump beam resonant with
the H transition. A weak, vertically polarized
probe beam then scans across tansition V. The
probe absomtion spectra for dilferent pump laser
intensities are plotted in Fig. 2A with increasing
pump intensity, The data are shified vertically for
clamty, In agreement with theory (solid lines)
(23), the probe absorption splits nto a doublet
where each peak has equal strength, There s a
small encrgy shill of the response relative to the
low-intensity excitation that is probably due 1o a
small screening of the applied ficld by photo-
excited charge in the diode. The shilt saturates at
a power between the lowest-intensity curve and
the next higher-power spectrum. The pump laser
is adjusted to Pollow the shifli of the resonance.

The frequency separation between the ab-
sorption peaks shows a strong dependence on the
pump intensity. We plot the measured splitting as
a function ol the square rool of the pump
intensity in the insct of Fig. 2A, The splitting
clearly depends lincarly on the pump ficld
strength and poces to 2ero in the absence ol the
pump, as expected for the dependence of the AT
splitting on the Rabi frequency.

Figure 2B shows the probe absorption as a
tunction of the pump detuning with a fixed pump
micnsity of 304 (the corresponding Qhulnn
number per unit volume s ~1.4 > 10™eam?),
where fhp= 1.2 W em’, corresponding to a Rabi
frequency of ~ §& = 1.1 GHz. Again, the daia
are shifted for clarity, and the solid lines are the
fit of the data 1o the theory (23) and show good
Hgﬁ‘clnﬂlll.

In the MAS, where the pump and probe
beams coherently couple o the sime transition
and the pump field &5 wned o resonance, we
observe a relatively weak maximum centered at
zero probe detuning and two Rabi side bands
with dispersive line shapes. The pump power
dependence of the probe absorplion spectra is
shown in Fig. 3A, The single-beam absorption
data are plotted at the bottom. The speetral shift
of the data with the high-power optical hield is
due 1o the excitation of the charge stales i the
bufler layer. The complex line shape of the MAS
depends strongly on the pump intensity. The
splitting between the two side bands is plotted as
a function of the square root ol the pump inten-
sity in Fig. 3B, again showing that the splitting
lincarly depends on the pump feld strength and
is zero in the absence of the pump Gicld.

The data confirm that the probe beam
experiences optical gain in the pump-probe
configuration for strong cxcitation. The MAS
data in Fig. 3A show that pan of the probe
absomtion curve is below zero, which is the
“gain” ¢ffect. Using the data corresponding o

5.0 .

o
-5.0

L
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0.0
=50

5.0

00
-5.0

]
L

A i

3 6
Pump Fiedd Strength {Jm]

Rabi side bands splitting {GHz)

=]

Absorption (1x107°%)

5.0 ;

=5.0 ]

O B aﬁ[\‘j[\" -—

50.0

0.0

32155;3.5 3215'95.5 3215.9?_5
Probe Frequency (GHz)

Fig. 3. Mollow absorption spectrum when the strong pump and weak probe beams couple to the same
transition. (A) Measured probe absorption versus pump field intensity when the pump is on resonance,
The lines are the fits to the probe absorption function obtained by solving optical Bloch equations. The
MAS data show that the part of the absarption signal is “negative.” Using the data correspanding to 15/
as an example, the absorption/gain ratio is about 0.066%/0.0024% = 27.5. (B) The splitting between the
Rabi side bands versus pump field strength. The solid line is the linear fit to the data.
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154y as an example, the absorption/gain mtio s
about 0.066%00,0024% = 27.5, This gﬂm 15 fmom
the pump and probe beams coherently exchang-
mg encrgy through the QD and comesponds 1o
gain without mversion because there is no pop-
ulation inversion either in the dressed- or bare-
alom piciures.

The AT spliting can provide a method 1o
measure the dipole moment, as the Rabi
frequency is a product of the ransition dipole
moment with the optical field. From the ex-
tracted Rabi splitting with the corresponding
optical feld strength, we can infer a transition
dipole moment of about 30 D for this particular
QD. The Emstein A coellicient (spontancous
emission rate) of a QD in a medium is given

3y 2,3 5
A Y = ‘]:Mni,ujz i rzn:?”..rg"]: Yspo
where # (ngp) s the refractive index of the medi-
um (QD) and v, 1s the spontancous emission
rile of a two-level quantum system in the vacu-
umn (29), By taking n = ngp = 3.4 and nserting
the experimental parameters and the extracted
dipole moment into the equation, we obtain
3 = 190 Mz, which corresponds to a life time
of about 340 ps. Assuming there is no other
decay and no pure dephasing, this would lead 1o a
natural linewidih expecied in the low-power ab-
sorption spectrum also equal o 32 = 190 MHz,
where vy is the decay rate of level § in Fig, 1A,
Compared to the extracted linewidth from the
single-beam, low-power absorption data, which

15 about 500 MHz, v, 1s smaller by a factor of

about 2.5, This discrepancy indicates that there is
possibly a spectral wandering process that
broadens the tansition linewidth (30). This
inierpretation agrees with our previous study on
a single charged QD, which also sugpesied the
absence of pure dephasing.

We can also extract the exciton decay and
deplasing mies from the AT splitting and MAS
data. The solid lines in Fig. 2A are the theoretical
fit of the AT splitting data assuming that vy =
vy and Ty = 0, where yy= (y,+ 12 + Ty vy is
the total dephasing rate, and I'j;is the contribution
to the dephasing rate of the § transition from
sources other than spontancous emission. From
the fits, we find 2 and £ 01176 + 16) MHzand
(357 + 16) MHz, respectively, The theory fits the
data very well and indicates that under these
expenmental conditions, the single QD behaves
like a single atomic system. We also fit the MAS
data 1o theory (23) (solid lines in Fig. 3A) The
fitting yields % and £ of (230 + 12) MHz and
(315 = 45) MHz, respectively. The value of 12
s within 0% of that extracted from the low-
pump feld profile. The physical parimeters from
the MAS and AT splining data show that the
decay rate is almost twice the dephasing rate,
indicating no appreciable pure dephasing, We
speculate that the resson for the discrepancy
between the Einstein A cocflicient determined
from the dipole moment (above) and the fiting
pammeters s again duc w0 spectral wandering,
which leads 1o a it of the theory that over-
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catimates the population relaxation rate. How-
ever, this remaims under mvestigation,

The AT splitting and gain without mversion in
the Mollow absomption spectrum imply that the
absomption and gain mside a single QD are
tnable, In the AT configuration, the absomption
of the probe beam can be switched on and ofl by
applying a strong optical field, In contrast, in the
MAS experiment, the absorption of the frequen-
¢y lixed probe beam can be tuned 1o be positive
or negative (gain) by adjusting the pump field
strength, Our results are the first step woward the
realization of electromagnetically induced trans-
pareney and lasing withowt inversion in the spin-
based lambeda system and suggest that QDs offer
the potential o be used as cloments o opto-
electronics and quantum logic devices (4, 27).

Newte aeledeed in proafs Since the submission
of this paper, two papers have appearcd on
hitp:Varsiv.org that report studies of the mes-
onant excitation of quantum dots m the strong
excitation regime. The st (3) reports a mea-
surcment of the fluorcscence comelation func-
tion that Mollow first calculated, and the second
(32) reports Rabi oscillations.
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Deep Ultraviolet Light-Emitting
Hexagonal Boron Nitride Synthesized
at Atmospheric Pressure

Yoichi Kubota,* Kenji Watanabe, Osamu Tsuda, Takashi Taniguchi

Materials emitting light in the deep ultraviolet region around 200 nanometers are essential in a wide-
range of applications, such as information storage technology, environmental protection, and medical
treatment. Hexagonal boron nitride (hBN), which was recently found to be a promising deep ultraviolet
light emitter, has traditionally been synthesized under high pressure and at high temperature. We
successfully synthesized high-purity hBN crystals at atmospheric pressure by using a nickel-
molybdenum solvent. The obtained hBN crystals emitted intense 215-nanometer luminescence at room
temperature. This study demonstrates an easier way to grow high-quality hBN crystals, through their
liquid-phase deposition on a substrate at atmospheric pressure.

exagonal boron nitnde (hBN) and cubic
Hhﬁmn minde (¢cBN) are known as the

representative erystal structures of BN,
hBN is chemically and thermally stable and has
been widely used as an elecincal insulator and
heat-resistamt material for several decades: cBN,
which is a high-density phase, is almost as hard
as diamond (/)

Promising semiconductor characteristics
due 1o a direct band gap of 5.97 ¢V were
recently discovered in high-purity hBN crystals
obtained by a high-pressure ux method,

Mational Institute for Materials Science (NIMS), Tsukuba,
Ibaraki 305-0044, Japan.

“To whom correspondence should be addressed. E-mail:
kubota.yoichig@nims.go.jp
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paving the way for a material that efliciently
emits deep ultravielet (DUV)Y hight (2, 3)
Similar to alumimum nitride (AIN) () and
gallium nitride (GaN) (5), hBN may have
altractive podential as a wide-band gap material.
The layered structure of hBN makes the ma-
terial mechanically weak, but it has greater
chemical and thermal stability than GaN and
AN, The interesting optical propertics of hBN,
such as its huge exciton-binding enerzy (2}, are
due to its anisoiropic structure, whereas a single
crystal's basal plane in hBN is not casily broken
because of its strong in-plane bonds, Thus far,
the excitation of hBN by an accelerated clectron
beam or by far-UV light above the band-gap
energy shows various clficient luminescence
bands near the band edge.

However, the clecironic propertics of hBN
near the band gap, which is fundamental infor-
mation for developing DUV light-emission ap-
plications, are not vet fully understood, as scen
by the fact that the ongins of the luminescence
bands are sull comroversial (2, 6, 7). Two op-
poscd models, a Wannier exciton model and a
Frenkel exeiton model, have been proposed. The
former model s based on results of the inrinsic
absorption spectra near the band edge from pure
single crvstals (2), and the latier model is based
on theoretical caleulations and a luminescence
study that used powder samples ( 7) showing very
intense impurity bands around 4.0 eV (8).
According 10 work examining the correlation
between impuritics and defects and luminescence
propertics (8, ¥), the intrinsic oplical propentics of’
samples are hindered by the extrinsic ones il
expenmenters do not have careful control of the
samples” crvstallinity and polymomhic punty. In
{ 7}, the strong 5.46-¢V luminescence band, which
15 attributed 1o siacking faulis (%), dommated n
the region of the band gap, and the most nlense
photoluminescence band a1 215 nm, observed in
a pure single crystal, was not observed from the
powder sample. Pure samples with high crysial-
linity must be indispensable for developing this
new material for DUY light-emitting applications.
Because high-quality hBN crvstals have so far
been produced only by high-pressure processes.
it is important o discover an altemative synthesis
scheme for conventional ervstal growth at atmo-
spheric pressure,

DUV-luminous single-crystalline hBN  has
been created through the reduction of O and C
impuritics with the use of a reactive solvent of
the Ba-BN system under high pressure (2, 3, 8).
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Adthough the Ba-BN system is a uselul solven to
obtain high-purity hBN crystals under high pres-
surg, the system cannot be used at atmosphene
pressure, probably because ol the decomposition
of the solvent itsell at high temperature, A closed
high-pressure system is required for using Ba-BN
as a solveny because the Ba-BN system is un-
stable at high temperature and is also extremely
reactive with O and in the presence ofhumidity at
atmospheric conditions (8),

hBN is thermodynamically stable at high
temperatures and al amospheric pressure. There-
fore, it should be possible 1 obtain high-quality
hBN crvstals at atmosphenc pressure by using an
appropriate solvent. Ishii and Sato reporied the
preparation of hBN single crvstals by using a Si
Mux under | amm of N> (/). Although they
claimed that the erystals showed shamp absomption
near 5.8 eV, DUV-emitting propertics were nol
observed. Because the band-edge optical proper-
ties are strongly allected by O and  C impuritics

&), the emussion charactenistics of their hBN
crystals were probably aflected by the C impurity
mentioned in their report (/0L Yano ef al. re-
pored the synthesis of hBN crystals using a Na
solvent under 100 atm of N2 (/1) They observed
a cathodoluminescence spectrum of the hBN
with a peak near 3.8 ¢Vand a weak emission noar
5.6V

Aovariety of solvents have been studied lor
¢BN synthesis at high-pressure and high-
temperature conditions: alkali and alkaline carth
metals (£2, 13), their BN compounds (3, 8, 14),
and somg transition metals (735, 76). Beeause a
solvent uselul for cBN growth may be usclful for
hBN growth, we locused on transition-metal
solvents, which do not decompose at atmospher-
ic pressure. We recently established a reaction
diagram of Ni and BN under high pressures and
found that hBN dissolves in molien Ni and
precipitaies as tiny ¢BN crysials, and also re-
crysiallizes as hBN at high-pressure and high-
temperature conditions (/7). In the chemical
vapor deposition process, N1 seems 1o have a
catalytic action that initiates the formation of the
hBN (/8. A UV-luminous hBN laver was

deposited on a Ni substrate, though the layer
was not homogencous ( /Y). Yang e af, reponcd
that their hBN ernvstals were fonmed from a
miolten surlace layer o N1 substrate, although the
obtained crystals were only a few micrometers in
size (20, They did not claim any information
about the optical charaeteristics of the products.

Here we describe the synthesis of high-
quality hBN crystals under atmospheric pressure
using a Ni basc solvent. Although the grown
crystals formed aggregates with dimensions of
several hundred micrometers, intense DUY emis-
sion was observed across the entire region of the
grown crysials.

Initially, we used a Ni disk as the solvent and
deoxidized hBN powder as a starting matenal for
the atmosphenc-pressure synthesis of hBN (2/).
The materials wene put nto a crucible and heated
at 13507 1o 1 500°C for a soak peniod ol 12 hours
in the furnace. Afier soaking, the furnace was
cooled down at a mte of 4°C'hour 1o 1 200°C,

Colorless and transparent cryvstals with a thin
platelike habit were found to grow on the surface
ol the solidificd Ni solvent. The obained crystal
surface was segmented by striae into triangular or
hexagonal domains. The largest crystal was
about 300 pm across, with thickness of a few
micrometers. The Raman spectrum of the crvstal
showed a single peak at 1365 cm ', which
corresponds 1w the in-plane vibrational mode of
hBN (22 with full width at half maximum
(FWHM) 0f 9.3 em™", The vield of the reaction
wits, however, very low, and the recrvstallized
hBN was observed only on some small parts of
the surface of the solvent

The binary Mi-B and Ni-N phase diagrams
show that approximately 30 weight %o (wi%s) Bis
in a liguid phase at 15350°C (23), whereas ithe
solubility of N in liquid Ni is only 0.0012 wi%s at
1550°C at 1 atm of Na (24). Thus the vield of
recrystallized hBN is controlled by the N solu-
bility in the liguid phase of the Ni solvent.
Kowanda and Speidel reported that the N solu-
bility of a liquid Ni-Mo alloy increases with an
increasing concentration of Mo: the addition of
Mo of 40 wi¥s 1o the Ni solveni enhances the

1mm

Fig. 1. Optical micrographs of recrystallized hBN obtained with a Ni-Mo solvent. (A) Typical hEN
crystal on the solidified solvent (as grown). (B) A fragment of aggregate hBN crystals after acid
treatment (the inset is an optical micrograph of a recovered sample). The shiny white regions are

reflected light.
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solubility of N by 40 times as compared to that in
the pure Ni (24). We thus added Mo to the Ni
solvent so as o nercase N content i solution,

Many faccted platclike hBN cryvstals were
obtained on the surface of the solidified Ni-Mo
solvent (Fig. 1A) The thickness of the crystals
grown was typically 10 pm, as charactenized by
optical microscopy. The largest hBN crystal ob-
tained in this study was on the order of 300 pm +
200 pm. We found that the crystals were ag-
gregated and fully covered the surface of the
Ni-Mo solvent, which was 20 mm in diameter
(Fig. 1B, inset). Although the grown crystals
fragmented inte several picces during the acid
treatment, the recovered crystal was transpareni,
colorless, and about 9 mm = 4 mm in size (Fig.
1B). These results show that the Mo m the Ni-Mo
alloy increases the vield of reerystallized hBN,
probably by increasing the N solubility of the
solvent,

The Raman spectrum of the erystal shows a
single peak at 1365 em ' with a FWHM of 9.0
em ! (Fig. 2A). The FWHM of our high-quality
hBN single crystals obtained by high-pressure
and high-temperature synthesis was 9.1 em ',
suggesting that quality of the erystal from the
Ni-Mo binary system was almost comparable to
that of the ervstal produced by high-pressure and
high-temperature svothesis,

Figure 2B shows an x-ray diffraction (XRD)
profile of the aggregate crystals that were ground
into fine powder. All the peaks can be assigned
as those of hBN (Joimt Committee on Powder
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Fig. 2. Characteristics of recrystallized hBN grown
in a Ni-Mo solvent at atmospheric pressure. (A)
Raman spectrum obtained from recrystallized hBN.
(B) X-ray diffraction profile of recrystallized hBN
after being ground to fine powder. arb., arbitrary.
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Dilffraction Standards card no. 344211 except
the broad peak near 607, which is attributed to
the 51 sample holder

Figure 3 shows typical cathodolumimes-
cence spectra of the hBN arystals grown with the
Niand Ni-Mo solvents, The spectrm were mca-
surcd @t room wmperature, Each spectrum ex-
hibits an intense free-exciton luminescence peak
at 215 nm that is characteristic of a high-quality
hBN crystal (2). The shoulder structure around
227 nm, which we aitribute 10 a bound exciton
caused by a stacking disorder, & relatively low,
suggesting that these crystals have low stacking
disorder (%), We also observed weak broad bands
around 300 pm, especially in the Ni solvent
system, which were probably due 10 residual
impurities such as O and C (2, X 1t s known that
Mo forms carbide whereas Ni does not (25, 26),
suggesting that Mo could play the role of the C
getter in the Niosolvenl. The reduction of O
mpurtics in the crystals was achieved, as
suggested by the les-broadband  feature near
300 nm. The dominant DUV band near the band
edge at 215 nm reveals the low impurity content
ol our crysials.

Our results show that the atmospheric-
pressure Ni-Mo solvent system is as effective

for the synthesis of high-quality hBN as are high-
presswre and high-tempemture selvent systems.
We made direct quality compansons of the emis-
ston chamctenstics of the samples grown i this
study and those grown at high pressures. The
band-cdge emission intensitics of the both crys-
tals were of similar order (Fig. 3C).

hBN eervstallization using a metal solvent
can lead 1o large-arca deposition of high-quality
hBN crystals on a substrte with the use of a
liguid-phase epitaxy process under atmospheric-
pressure conditions. In order 1o examine the growih
of a hBN avstal on a substrate from the solution,
we added a sapphine substre 1w the starting
matenals and applicd the same growth process
as above, using the Ni-Mo solvent. We observed
that hBN crystals with smooth surfaces grew on
the substrate (Fig. 4AL The cathodolummes-
cence spectrum of the hBN ervstals showed the
similar dominant luminescence band at 215 nm
(Fig. 3} Figure 4B shows the intense 215-nm
luminescence image at oom emperature come-
sponding to Fig. 4A. The intensity ol the 21 5-nm
band is uniform  over almost all of the surlace,
The cathodoluminescence image ol strhae is
substantially enhanced by the scattered 215-nm
luminescence in Fig. 4B,

Fig. 3. Cathodolumi- (A
nescence spectra of re-
crystallized hBN at room
temperature. (A) hBN
obtained with a Ni sol-
vent. (B) hBN obtained
with a Ni-Mo solvent. (C)
Direct quality compari-
son of the emission char-
acteristics. Solid line,

Intensity (arb. unit)
cﬁ L LA |

hBN obtained with a I

Aad il aadl e andi e i di i allid i il

Ni-Mo salvent at atmo-
spheric pressure (in this
study); dotted line, hBN

150 200 250 300 350 400 450 150 200 250 300 350 400 450
Wavelength (nm)

Wawvelength (nm)

obtained with a Ba-BN solvent at high pressure and high temperature (HP-HT).

Fig. 4. Images of hBN crystal grown on the a-plane sapphire substrate (obtained with a Ni-Mo solvent
prepared at 1400°0). (A) Differential interference microscopic image. (B} Cathodoluminescence image
for 215-nm band. We did not find any intensity change of the measured spectra between the grain
boundary and the plane surface area when measuring the point-to-point mode of the cathodolumines-
cence system, where the electron beam remained stationary and the measured luminescence was confined

to the exposed spot area.
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When Mo was added to the MNi solvent, the
yvield of reerystallized hBN was substantially
increased because of the enhancement of N solu-
bility in the Ni-Mo system. The grown hBN
crystals were of very high quality, exhibiting their
band-cdge optical nawre of intense 215-nm
lumincscence. Consequently, we can cstablish
an altiemative svnthesis route for large amounts
of high-quality hBN crystals, as well as their
liquid-phase deposition process on a substrate at
atmospheric pressure,
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Temporal Variability of the
Atlantic Meridional Overturning
Circulation at 26.5°N

Stuart A. Cunningham,* Torsten Kanzow,' Darren Rayner,® Molly O. Baringer,?
William E. Johns,? Jochem Marotzke,** Hannah R. Longworth,® Elizabeth M. Grant,*
Jo&l ).-M. Hirschi,® Lisa M. Beal,? Christopher S. Meinen,” Harry L. Bryden®

The vigor of Atlantic meridional overturning circulation (MOC) is thought to be vulnerable to global
warming, but its short-term temporal variability is unknown so changes inferred from sparse
observations on the decadal time scale of recent climate change are uncertain. We combine
continuous measurements of the MOC (beginning in 2004) using the purposefully designed
transatlantic Rapid Climate Change array of moored instruments deployed along 26.5°N, with time
series of Gulf Stream transport and surface-layer Ekman transport to quantify its intra-annual
variability. The year-long average overturning is 18.7 + 5.6 sverdrups (Sv) (range: 4.0 to 34.9 Sv,
where 1 Sv = a flow of ocean water of 10° cubic meters per second). Interannual changes in the
overturning can be monitored with a reselution of 1.5 Sv.

elining the size of the vanability in
DMHI‘.' is a fundamental prerequisite 1o
understanding how it may be changing
on climate-relevant time scales, Recently, it was
suggested that the circulation has slowed by
MG or 8 Sv over the past decade, based on con-
sistent analysis of repeated hydrographic scc-
tions along 26 5N (/) Coupled climate models
suggest that there will be a decline in the Atlantic
overtuming circulation s a result of increased
CO5 in the atmosphere but that the change will
be gradual over this century (). Is the suggested
8-5v change in overtuming just the result of intra-
annual vanability i the eirculation sampled by
cach hydrographic section? What size of'a change
in the ovenuming can be reliably detected above
the inra-annual vanability” To answer such ques-
tions, we define the size and structure of the
intra-annual varability in the MOC at 26.5°N
froom | wear of measurements by using the Rapid
Climate Change (RAPID) mooring amay (J3)
The 26.5°N Adlantic section is separated
into two regions: a westem boundary region,
where the Gulf Stream flows through the nar-
row (820 km), shallow (800 m) Florida Straits
between Flonda and the Bahamas, and o trans-
atlantic mid=ocean region, extending from the
Bahamas at about 77°W 1o Alnca al about [5°W
(fig. S1), Varabily i Gull Swream Qow is de-
rived from cable voliage measurements across
the Florida Straits (), and variability in wind-
driven surace-laver Ekman transpont across
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26.5°N s denved Trom QuikSeat satelline-based
observations (.5). To monitor the mid-ocean fow,
we deploved an amray of moored instruments
along the 26.5°N section (fig. 52) The basic
principle of the army is 0 estimate the zonally
integrated geostrophic profile of nonhward ve-
locity on a daily basis from time-serics measurne-
ments of temperature and salinity throughout the
water column at the castern and westem bound-
arics, Inshore of the most westerly measure-
ments of emperature and salinity, the ranspons
of the Antilles current and deep westem bound-
ary current are monitored by direet veloeity
measurements [supporting online material (SOM)
text).

We deployed the mid-ocean array from
February 1o March 2004 and recovered it from
March to May 2005 (6, 7). The overlapping

Fig. 1. Vertical profile of
the northward mid-ocean

transport per unit depth

REPORTS

period when the entire array was working for
its first year was 28 March 2004 10 31 March
2005, We have since redeploved the amay in
spring 2005 and agan m spring 2006, In this
report, we present results from the first vear.
The design of the RAPID army for monitoring
basin-scale circulation was tested in numerical
occan-circulation models (8, ), and a com-
panion paper (/0) demonstrates from the first
year's time series that five independently mea-
sured wanspons (Gulf Stream, Ekman, boundary
wedge, baroclinic, and barotropic geostrophic
transpons) are in overall mass balance for ume
scales longer than 10 davs, providing evidence
that the monitoring system works (SOM 1ext),

To examine the ntm-annual mid-occan baro-
climic varability i layers (Fig, 1), we estumated
danly transpornts above 800-m depth ithermochne
recirculation), between 800- and 1100-m depth
{mtermediote water low), between 1100- and
J0-m depth (upper North Atantic deep water
or UNADW), and below 3000-m depth (lower
North Atlantic decp water or LNADW). We pre-
fer to use 800 m as a boundary for the themo-
cline recirculation because this is the maximum
depth of the Florida Straits: thus, all of the nonh-
ward transport in the Gull’ Stream and Ekman
layer occurs above S00-m depth,

The time series of layer transports (Fig. 2)
exhibit vanability of about 3 Sv amound their
time-averaged transponts (Table 1) The SD in
thermocline recirculation and LNADW is £2.7

and £3.5 Sv, respectively, indicating the size of

the vanability in baroclinie structure. Such var-
iability s smaller than the 6 Sv previously re-
ported from a modeling study (77, Sall, the rnge
in transports s large: The southward thermocline
recirculation is as small as 6.6 Sv and as large
as -23.3 Sy, and the range in LNADW transpon
is [rom 1.0 1o —18.2 Sv.

(m* s7%). Dynamic height

Intermediate Water

difference {east minus west
in m? s7%) divided by Cori-
olis frequency (s™%) equals
transport per unit depth
and is proportional to the
zonally integrated meridi-

2000 ¢

Upper Morth Atlantic Deep Water

Pressure (dbar)

onal geostrophic velocdty;
negative difference come-
sponds to southward velocity
across 26.5°N. Reference
levels are chosen so that
the vertically integrated mid-
ocean geostrophic transport
equals the northward Gull

4000 ¢

Lower North Atlantic Deep Water

i i i i

Stream transport through gl

the Florida Straits plus the

= 8 £ 4 9 = = 0 1
Transpart per unit depth (x 109 m2371)

average northward wind-driven Ekman transport across 26.5°N plus the boundary wedge transport.
The profile of year-long average (dashed-dotted curve), the profile on 2 November 2004 during the
extreme (dashed curve), and the maximum and minimum over the year at each depth {solid curves)

are shown.
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From March 2004 to March 2005, the Flor-
ida Straits transport 15 ab its maximum in August
(Fig. 3} typical of its bong-term scasonal cycle
{12} The yvear-long average trmnsport 15 31.7 Sv,
shightly less than the long-tenm mean of 32.2 Sv
(42}, and the daily ransport variations have a
SD of =33 Sv (Table 2). Dunng 2004- 2005,
the northward wind-driven surace-layer Ekman
transport has an annual average value ol 3.0 Sy,
smaller than the long-tenm mean Ekman trans-
poit of about 3.8 Sy, due in part o anomalous
southward transport during February and March
2003, Long-term records of Ekman transport al
26.5°N exhibit small scasonal vanability (/3),
but from 2004 1o 2003, the maximum northwand
Ekman transport occurs in December and Jan-
wary. Daily vanatons i Ekman tmansport via
OuikScat data have a SD of +4.4 Sv. The mid-
ocean themocline recirculation above S00-m
depth s at a minimum in Lie September and a
maximum in December.

The maximum overtuming, as is commonly
used by modelers in their overtuming analyses,
is defined here as the sum of ponthward Gulf
Stream, Ekman, imemmediate water, and south-
ward themmocline recirculation transports, which
gives the maximum amount of northward trans-
port of upper waters (SOM text); maximum over-
turping his an annual mean ranspont of 18,7 Sy
with a 5D of £5.6 Sv. The oventuming reaches a
maximum value ol 34.9 Sv in Seplember, when
the Gulf Stream transpon is near ils sumimertime
maximum and when the southward upper mid-
ocean transport is near its minimum value, The
overtuming achieves a minimum value of 4.0 Sy
in February when the Gull’ Stream wransport s
low, the Ekman manspon s southward, and the
southward upper mid-occan ranspon is rela-
tively strong.

Gull Stream. Ekman, and upper mid-ocean
transport (Fig. 3) are nearly independent time
senes, and there is no signilicant comelation among
them. There is some compensation inherent in
the mid-ocean recirculation because the reference-
level velocity depends on the size of the Gull
Stream transport plus Ekman transport on each
day, but most of the transport compensation oc-
curs in the deep-water transports that have larger
arcas. The SD o wupper mid-occan rnsport
(3.1 Sv) s actually smaller than the vanations
in Gulf Swream (433 Sv) ransport or Ekman
(4.4 Sy) tmnspor. Therefore, the varance in
the overtuming is nearly equal to the sum of the
varances, so cach component contributes about
equally to its wmporal variability.

The most notable event in the year-long time
series occurs in early November 2004, when the
deep southward Nlow of LNADW essentially
ceased and there was a brief period of net nonh-
ward transpont of deep waters below 3000-m
depth, In the time series of temperatures o the
western boundary station (fig. 54), the signature
of this event is a T00-m downward displacement
ol isotherms below 2000 m, The vertical profile
of dynamic height difference (Fig. 1) shows
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the sharp decrease in southward velocity in the
deep water, as compared to the average prodile.
In tenns of water masses, the cold LNADW ¢f-
fectively disappears at the boundary, Even
though the southward Mow of LNADW stopped,
there is not a large anomaly in overturning. This
event is strongly bamoclinic (Figs 1 and 2): The
thenmocline recirculation s close w0 its average
value whereas the southward flow of UNADW

is larger than average, which compensates for
the lack of LNADW transport. Thus, the over-
tuming (Fig. 3) 15 close to s mean value during
this cvent

There has been no comparable evant ob-
served in historical transatlantic sections (/4 18),
There wis a steep descent of deep sothenns ofl-
shore from the westem boundary in the 1957
hydrographic section, but the isothenms recoverad

Fig. 2. Year-long time N L —— 77—
series of layer transports BOO-1100 m
for thermocline recircu- PRl A o™ MW AT
lation (red), intermediate n . = i) —ad v
water (green), UNADW Bakow 3000 m
{light blue), and LNADW
(dark blue). Negative trans- = s
ports correspond to south- = |- | ldi |
ward flow. E L P | HRUAL I
c =10 | ¥ " J1INU |
E I Al 1 I-_ . 8 .
R
Zz n f
n | Y
-20
O-800 m
25

18pr 1May tdun 1Jul 1Aug 1Sep 10ct ThNov 1Dec tdan 1Feb 1Mar 1Apr
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Table 1. Mid-ocean layer transports (data reported in Sv).

Water depth Mean sD Minimum Maximum
0 to 800 m (thermocline recirculation) -16.9 2.7 233 —6.6
800 to 1100 m (intermediate water) 0.7 0.6 -1.3 2.3
1100 to 3000 m (UNADW) =10.7 31 =19.2 =2.7
Below 3000 m (LNADW) =71.8 35 =18.2 1.0
Fig. 3. Daily time series 4 ! = :
ul‘ghrida Su':ils transport Samitaand oo
(blue), Ekman transport 4 |
{black), upper mid-ocean
transport (magental, and
overturning transport (red) 20t ) 1
Creerturning

for the period 29 March
2004 to 31 March 2005.

Florida Straits transport is
based on electromagnetic
cable measurements; a

gap in the time series of
~2 months from 4 Septem-
ber to 28 October 2004 is
due to Humicane Frances,
which destroyed the facili-
ty recording the voltage
(linear interpolation & cho-

U pper Mid-Ooean Tmnspoart

sen here to fill the gap).
Ekman transport is based
on QuikScat-determined

1Apr iMay tdun TJul 1Aug 1Sep 10ct 1Nov 1Dec 1Jan 1Feb 1Mar 1Apr

Time from 28 March 2004 to 31 March 2005

winds. The upper mid-ocean transport, based on the RAPID time series, is the vertical integral of the
transport per unit depth down to the deepest northward velocity (~1100 m} on each day. Overtuming
transport is then the sum of the Florida Straits, Ekman, and upper mid-ocean transports and represents
the maximum northward transport of upper-layer waters on each day (SOM text).
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at the boundary, suggesting that there was a deep
eddy of recirculating LNADW in this offshore
region. With the westem station of the RAPID
army being so close to the westem boundary,
there 15 no room for a deep western boundary
current o be inshore of mooring WBE2 (SOM
text), so we do not consider this November
2004 event o be an eddy, Within 500 km of the
Balmas, the deep westem boundary  current
transport is absent at this time,

In a recemt paper, the strength of the MOC
calculated from hydrogrmphic sections in 1957,
1981, 1992, 1998, and 2004 was found 1o have
reduced from 22.9 10 4.8 Sy, where the over-
twming was defined 1o be the net northward
transport above [000-m depth (/). For the
20042005 ume senes, the overtuming shallower
than 1000 m has a mean value of 19.0 Sv and
a SD of £5.6 Sv. For the year-long time se-
ries, the range in daily overdurning includes all
hydrographic scction estimates, suggesimg that
single hydrographic sections may  represent
only inlra-annual variability mather than a long-
term trend. The 2004 hydrographic section
started at the western boundary on 7 Aprl 2004,
when the thermocline recirculation was large,
when LNADW wansport was small (Fig. 2),
and when the overtuming was small (Fig, 3) Thus,
relative to the 20042005 time serics, the 2004
hydrographic section was taken duning a period
of low overtuming relative w the vear-long aver-
age overturming,

The temporal variability in the overtuming
resulting from Quctuations in the Flonda Straits
or Ekman transports can be pul into the context
ol long time series ol such trnspons. The Flor-
ida Straits ransport time sencs goes back reliably
o 1982, with some cable time series comtinuing
o the 19505 and some dropsonde sections ex-
tending o as early as 1964 (/2. 19, 20). Sim-
ilarly, the National Centers for Environmenial
Prediction reanalysis project (20) archives wind
stiress values back 1w the 19505 Thus, any var-
iobility in annually averaged overuming, due o
changes in Flonda Staits or Ekman transports
of more than | or 2 Sv, should be immediately
recognizable. However, we lack a comparable
long time series of mid-occan transport against
which we might examine changes in nud-ocean

circulation that would aflect the strength of

the overtuming. There are isolated hyvdographic
stations on the castern and westem boundaries
than provide some additional information on long-

term variability in mid-occan transport (22}, but
these “snapshot™ cstimates of mid-ocean circu-
lation all lie within the range of variabilty i the
first year's RAPID measurements, Without addi-
tional historical cstimates to increase the degrecs
of freedom, it is unlikely that we will be able 10
conclusively demonstrate a change in the over-
tuming circulation over the past 50 years,

In terms of the fnure detection of changes in
overturming, the prospects ane better. The 2004
2005 time series define a vear-long average up-
per mid-ocean transport of 16,1 Sv with a 5D
of £3.1 Sv, Based on the integral time scales of
varability (SOM text), the SE of the vearly
avermge mid-occan transpont is about 0U8 Sy,
Indeed, we can monior the vearly avemge mid-
ocean layer tansports as well as the Flonda
Straits or Ekman transports. I fulure vears™ time
series exhibit similar intra-annual vanability, we
should be able to wdentify real interannual var-
rability that 15 larger than 1.6 Sv in mud-occan
transpon averaged over a year Combimnmy the
mid-ocean Ekman and Florida Straits transports
into a time serics of the overturning, we can ¢s-
timate the vearly average ovenuming with a SE
of about 1.5 Sv. Thus, we can monitor the in-
terannual variability in the overtuming at 26.5°N
with a resolution of 1.5 Sv. For example, il the
circulation passcs through a bifurcation (23) or
il the overtuming reduces by 25% [as coupled
climate models suggest that it might under in-
creasing atmosphenic €O, concentrations (24)],
we should also be capable of identifving the
change relative 1o the 20042005 average. There
may be mterannual vanability in the cireulation
and overuming that would obscure a wend, as
found in coupled climate models (23); but, with
longer time series of mid-ocean transpons from
the RAPID amray (combined with cominuing
cable measurements of Flonda Straits transpor
and satellite-based wind estimates of Ekman
tansport), the interannual variability in Atlantic
ovenuming should be defined with a resolution
of 1.5 Sv

Thus, although the imra-annual variability in
the overturning demonstrates that we are unlike-
Iy 1o conclusively identify past changes in the
overtuming using only sparse basin margin den-
sitics at a single lamude, the observed temporl
varability defines the limit of our ability 1w
identify Tuture changes. Fundamentally, we noed
longer time series of the overuming 1o define s
interannual varability,. Ten additional years of

Table 2. Component transports of the Atlantic overturning circulation (data reported in Sv) at
26.5°N for the period 29 March 2004 to 31 March 2005. Qverturning transport is defined as in Fig.
3. The upper mid-ocean transport is defined as the minimum in southward transport of upper waters
on each day. The average depth of the maximum transport is 1041 m (with a 5D of £92 m).

Component Mean sD Minimum Maximum
Florida Straits transport 317 33 20.4 39.8
Ekman transport 3.0 4.4 -71.9 16.3
Upper mid-ocean transport -16.1 3.1 -23.3 5.5
Overturning 18.7 5.6 4.0 349
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unintermupted  measuraments would ensure tha
any scasonal cyeles are well defined and would
also refine the nature of interannual vanations,
whether they are oscillations, tends, or sudden
shifls.
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Observed Flow Compensation
Associated with the MOC at
26.5°N in the Atlantic

Torsten Kanzow, Stuart A. Cunningham,® Darren Rayner,® Joél ].-M. Hirschi,®
William E. Johns,? Molly 0. Baringer,® Harry L. Bryden,” Lisa M. Beal,?

Christopher S. Meinen,? Jochem Marotzke®

The Atlantic meridional overturning circulation (MOC), which provides one-quarter of the global
meridional heat transport, is composed of a number of separate flow components. How changes in
the strength of each of those components may affect that of the others has been unclear because of a
lack of adequate data. We continuously observed the MOC at 26.5°N for 1 year using end-point
measurements of density, bottom pressure, and ocean currents; cable measurements across the Straits
of Florida; and wind stress, The different transport components largely compensate for

each other, thus confirming the validity of our monitoring approach, The MOC varied over the
period of observation by +5.7 x 10° cubic meters per second, with density-inferred and wind-driven
transports contributing equally to it. We find evidence for depth-independent compensation for the

wind-driven surface flow.

he Atlantic mendional overuming circu-
I lation (MOC) consisis of a near-surface,
warm northward flow, compensated for
by o southward return Dow at depth, Heat loss to
the atmosphere makes the increasingly dense
notthward-flowing surface waters sink at high
latitudes to foed the deep retum flow (/). The
verical temperature contrast associnted with this
low results ina northward heat transport of 1.3 =
10" W at 24°N (2), which noticeably moderates
the Northeast Atlantic climaie (3, 4).

-1000 §
-2000
-3000
-4000

-5000
77°W

76.5°W

Fig. 1. Distribution of density (crosses) and bottom-pressure sensors
(squares) of the RAPIDVMOCHA moorings at the western and eastern
boundaries of the subtropical North Atlantic near 26.5°N that are used
for computing the zonally integrated meridional geostrophic flow.
Direct current-meter measurements at the western boundary (circles)
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Most of the observation-based estimates of

Atlantic MOC strength are based on infrequently
acquired zonal hydrogrmphic sections. Because
the frequency distnbution of the MOC vanability
is unknown, long-term changes infemed from
these snapshot sections (5) may not be represent-
ative, Basic MOC characteristics, such as mag-
nitude and time scales of nawral varability (6),
response o local wind-stress forcing, or the rela-
tive imporance of wind-siess and buovancy fore-
ing on subscasonal-o-decadal time scales (7, &),

EB1

76°W 25°W

have not vet been observed. Our ability o detect
future MOC changes depends on the accurate
quantification of the MOC’s speetral distribution
mnd on understanding  the physical processes
mvolved.

We analyeed MOC variability on subseasonal
time scales using a l-year-long moornng-based
volume-transport time serics from March 2004 1o
March 2005, acquired in the Immework of the
rapid climate change/mendional ovenurming
circulation and heat Mux aray (RAPIDMOCHA )
experiment (9, 10), To compute the MOC, the
zomally integrated meridional Dow across 26.5°N
as a function of depth (=) was observed, The
backbones of this cffort are moorings that mea-
sure full water-column profiles of density and
ocean-bottom pressure at the westem and castem
endpoints ol the basin interior (Fig. 1) and on
both sides ol the Mid-Atantic Ridge (MAR) (lig.
52). The emstem-to-western boundary-density
difference allows for the computation of the
temporal evolution of the basin-wide integrated
geostrophic-transport profile relative w 4820 dhar

IMational Oceanography Centre, Empress Dock, South-
ampton, 5014 32H, UK. *Rosenstiel School of Marine and
Atmospheric Science, 4600 Rickenbacker Causeway, Miami,
FL 33149, USA. *National Dceanic and Atmaospheric Admin-
wtration Atlantic Oceanographic and Meteorological Labora-
tory, 4301 Rickenbacker Causeway, Miami, FL 33149, USA
“Man-Planck-Institut fiir Meteorologie, Bundesstrafte 53,
20146 Hamburg, Germany.

*To whom correspondence should be addressed, E-mail: tok@
nocsaton.acuk (LK) jochemmarotzke@omaw.de (LML)

20°W 15°W

complement the observations in the upper part of the western-boundary
continental slope. The loation of the western- and eastern-boundary
mooring sites and that of the Straits of Florida telephone cable can be seen
in the insets, WBA, western boundary acoustic doppler current profiler;
WEH, western boundary homer; EB, eastern boundary.
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(H, 12} [supporting online material (SOM)],
refored to as intemal ransport (Tper ). We ignored

the prescnce of the MAR in the caleulations of

the geostrophic Mow; however, its effeet is as-

sessed crudely in the SOM. Zonal dilferences of

bottom-pressure Muctuations  between adjacent
stations provide the empomlly varying, zonally
integrated reference-level contribution of the geo-
strophic low (1, 12) (SOM), relermed 1o as ex-
ternal transpont ( Ter). The meridional-transport
profile over the continental slope west of mooring
western boundary | (WBI1) (Fig. 1, lefl)—here-
after referred 10 as westem-boundary  wedge
transports { Fypw bwas cstimated  from direct
curment- meter measurements (SOM). Gull Stream
transports through the Stmits of Florida ( Tgs)
are monitored by Natonal Oceame and Atmo-
sphence Administration (NOAA) submarine cable
measurements (£.3) (SOM) The coast-lo-coast
integrated wind-driven Ekman transports ( Tey ),
confined o a thin layer at the sca surlace, are de-
rived from spacehome scalterometry { £4) (SOM).

The sum of Ty (geostrophic reference-level
contribution), Ty (relative geostrophic contri-
bution), and Twpw vields the geostrophic mid-
occan tmnspon uctuations ( Typ) integrated
across the trmnsatlantic section, relative to atime-
invariant offset (/7. 15). Thus, when MOU var-
iahility is addressed, a time-variable fow adjust-

ment is nol required, in contrast to traditional
hydrographic-section data analyses where mass
conservation s imposed o denve absolute
transpons (5, 76), This gives us two altemative
approaches 1o compute MOC Muctuations from
the transport per-unit-of=depth profiles: Tpegiz) +
Tealz) + Twewlz) + Texlz) + Tgslz) and the
traditional T|hr]'{_"| ¥ Twm\.'t} Y TEK‘:I 1 TGS{:H '
mass-conservation constraint, Our observing
system allows us o study: (1) the order of mag-
nitude and time scales of MOC varability and (ii)
how compensation of volume Nuxes is distrib-
uted vertically and accomplished among the
different trmspont. components. As we show
below, (i) 1s a prerequisite for (i),

The Muctuaions (ime-mean-subtmcted) of

the vertically integrted profiles in Fig. 2A
amounted 0 83, 12,6, 1.1, 44, and 3.3 S
(17, 18) for m TEZ_G"_ j“"ﬂ“h -?E. and E
respectively, (Overbars denote transpon inte-
grited vertically over the entire depth range.)
Assuming that mass 15 conserved across a tmns-
atlantic section, one would expeet the different
transpon contributions shown in Fig. 2A 10 com-
pensate for each other. As a first indication, Tper
and Texr display negatively correlated Nuctua-
tions on monthly time scales. On the other hand,
on daily to weekly time scales, none of the con-
tributions can possibly compensate for the large

A
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I Transport [Sv]
= ]
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h o o

mid-ocean /
| transpert | I

I
-
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boundary
yranspory , |
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01.Sep

01.Nov 01.Jan 01.Mar
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Fig. 2. (A) Fluctuations of Ty, red; Texy, blue; Tygw. orange; Tex, green; and Tgs, magenta (table
$2). There is a 2-month gap in Tgs between 31 August and 29 September 2004. All time series were
2-day low-pass filtered and subsampled on a half-daily grid. The initial sampling rates were 15 min
for the underlying density and current measurements and 10 min for the bottom pressure. { (B)
Fifteen-day low-pass—filtered fluctuations of vertically integrated mid-ocean {Two = Tt + Teq +
Twew) and boundary transports (Teaumo = Tex + Tes) as black and gray lines, respectively. The dashed
part of the gray line denotes the period when Tgs could not be measured. A linear regression between

Two and Tgouwp was used to fill this gap (SOM).
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variability seen in Texr (£8.0 Sv when applying
a l0-day high-pass filier). Thus, in the high-
frequency limit, 2ero net flow across the section
Is not a good approximation.

Because low compensation for the different
components occurs during periods longer than 10
days (fig. 51), we restneted the analysis o low
frequencies by applying a | 5-day low-pass filier
to the transport components, Alter [hering,
Nuctuations amounted 1o <74, 9.1, 1.0, 3.9, and
3.1 Sv for Tinr, Texr. Twaw. Jrx. and Tgs.
respectively. We observed a maximum negative
correlation of 0,83 between Ty and Texr ot
zero time lag, It appears plavsible that mndom
boundary-density  fluctuations affecting  Tin.
primarily caused by Rossby waves impinging
omo the westem boundary (6) or by boundary
waves propagating southwand, act o create a
miass imbalanece, whercas Tgyr, being composed
of depth-invanant motions (SOM),  responds
quickly to maintain mass balance. Tyg and the
sum of Tgg and Tgs (refered to as westem-
and surface-boundary transport Touwp ) display
a negative comrelation of ~0.74 (ignoring the
perod from September to October 2004 when
Tas was not measured) (Fig. 2B). The fact that
Two and Tgounp (being completely indepen-
demt measurements) strongly compensate for
cach other demonstrates that our MOC observing
strategy, using moorings at the section end points
only 1o monitor Tz, is successiul.

Tas and Tee are essentially uncorrelated
(-0.04). Howewver, compensation for both in
equal shares is provided by Tyg. with cach
showing a similar amount of negative corme-
lation 10 Tyg (047 for Tgg and —0.55 for
Tex ). Tex displays a weak but significant
negative correlation (/9) 1o Texr (0.32) and
an insignificant correlation to Tper (0.05). Thus,
compensation for Tge  variability is primarily
provided by Texr. Because the 2-month gap in
Taouwp  would have limited our analysis to 10

mionths, we lilled the gap (Fig. 2B) by means of

a linear regression between Tyo and Trouro
(SOM ).

There is a mass imbalance in the un-
constrained total transpon, defined as Tyo -
Taouwp  (Fig. 2B} although it amounts to only
3.4 Sy, compared w0 4.9 Sv for Thouso
tleaving o the penod from September 1o
October). Uncertamtics of the five measurement
Lumrnmum '\"iLIdiI'I!:. ._.'." Sv I"i-U\rH account !'{rr

mlh " A Sviv3 A 27 sy bol lhc imbalance
may arise from deliciencies, such as the Mow
below 4820 dbar not being included in Tyynlz)
and the role of the MAR in possibly upsenting the
balance between the coast-lo-coast integrated
meridional Now and the coast-lo-coast pressure
gradient not being assessed, Observed transpon
fluctuations through the Bering Strat (20)
sugeest that an imbalance ol 0,66 Sy across
26.5°N on intraannual tme scales may exist,
We infemed MOC-transport vanability from
the vertical distnbution of mendional-transpon
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Muctuations. Owver the 12-month period, the
cumulative unconstrained total tansport fluctua-
tions {integrated wpward from 4820 dbar toward
the sea surface) show Nuctuations of +3.9 Sy al
3600 dbar, have their peak value of +5.7 Sy at
1040 dbar and reduce 1o 3.0 Sy at the sea
surface (Fig. 3), Given that we observed the
maximum value near 1000 dbar, the tansports
integrated between 1000 and 4820 dbar will be
referned to as MOC transpons, lollowing the
traditional view that the MOC represents a two-
laver Now, The small change in the cumulative
transports at mid-depths (between 3600 and 1 000
dbar) suggests that the MOC variability s
dominated by pear-bottom and  upper-ocean
coniributions.

We computed the MOC vanability using the
traditional approach to infer MOC transports
from hydrographic-section data (5, /6). Instead
ol using Texp(z), we imposad an across-section
zero-nel-flow constraint at cach time siep by
adding a depth-independent compensation. This
allowed us (i) to estimate the relative imponance
of the density-inferred and locally wind-stress

driven contributions and (i) to test the reliability of

the waditional method by comparing it 1o the
above unconstmined MOC astimate. To isolate the
geostrophic contribution to the MOC, we assumod
Texiz) 1o be time-invariant. Thus, we constrained
the vertical integral of Tinr(z) + Tamwiz) + Taslz)
to be zero at each time step (Fig. 3, light blue line)
and referred 1o it a8 constrained total geostrophic
transport, assuming TygpedZ) and Taelz) o be
largely in geostrophic balance. This MOC-
trnspont contnbution neglecting Tpelz) vanes
by =41 Sw, peaking at | 160 dbar.

The constmined ol ransport [zero-nei-llow
constramt imposed on Tper(2) + Tamwiz) + Teglz)
Tasiz)] displays an Ekman-induced strong in-
crease in near-surface variability (Fig. 3. orange
lingd with a maximum value of <48 Sv at 920
dbar. This amplitude and the gradual increase
below the Ekman laver are similar o the uncon-
strained wtal transpor. However, with only <2.3 5y
at 3600 dbar. the cumulative constrained total
transpori. shows a nearly uniform (rather than
depth-intensified) increase between the bottom
and the depth of maximum variability, as
comparcd with the unconstrined transport, The
fact that the peak-level amplitude of the con-
strmined total Qow is slightly less than that of the
unconstrained 1otal Mow can partly be explained
by having considered only the baroclinic flow
between WBI and WB2 in the constmined

solution 1o simulate the traditional approach of

infernng MOC ransports (SOM).

For cach of the cases, MOC-transport time
series are computed (Fig. 4). The unconstrmined
MOC fluclwations (Fig. 4. black line) cover a
range of 283 Sv. For the constrained tomal
geostrophic (Fig. 4, light blue ling) and total
{Fig, 4, omnge line) MOC contributions, the
ranges are 218 and 24.7 S+, mespectively. The
correlations between the unconstraimed  1oal
MOC wranspont and the constmined total geo-

17 AUGUST 2007 WVOL 317 SCIENCE

strophic and total MOC transport yield 0,60 and
0.82, respectively. Not only do the overall
magnitudes of the unconstrained and constramned
total transport variability agree (Fig. 4, black and
orange lines), but their temporal evolutions are
similar, o0, Thus, deriving MOC vanability
from constrained flows Jeomputed from contin-
uous observations of Tperlzh Twawlz) Texlz)
and Tgsg(=)| appears to be a reliable wehnique for
perods longer than 15 days. Also, as noted
carlier, Text shows a weak negative correla-
tion 10 Tex. When including Tik(z) into the
constrained solution [which excludes Tz,
the correlation between the resulting MOC
transport and that from the unconsirained solu-
tion | which uses Tgyriz)| inereases, We therelore
conclude that the depth-independent compensa-
tion for Tegiz) is partly contained in Texr (7).
In conclusion, the scction-wide integrated
Thalz) and Tgeumplz) largely compensate for
cach other. This is strong evidence that the end-
pomt moonng approach o continuously momtor
the MOC s valid. A net How imbalance of +3.4
Sv remains, which is mainly attributable to mea-
surement errors of 22,7 Sv. However, a time-
varable transpon imbalance of <0L66 Sv may
actually exist, associated with Berng Strait
throughflow (20, The measurement uncerainty

in MOC fluctuations should amount 1o only 2.0
Sv and consequently be smaller than the wop-to-
bottom integrated £ 3.4-5v imbalance, because
only the Now deeper than 1000 dbar needs 1o be
considered (SOM ).

Dwring periods shoner than 10 days, fuciua-
tions of 8.0 Sv in T remain uncompensated
for. Reeent evidence fiom T observed inan
experiment at 16°N indicates that the high-
frequency fluctuations exhibit spatial correlation
scales of more than 1000 km (24). For the high-
lrequency flow 10 be unbalanced would require
the average water-column height of the North
Atlantic 1o Muctuate coherently by <2 10 3 cm
during periods <10 days for which indications
have been found (22, 23).

AL 265N, much of the observed compen-
sation of the (zonally intcgrated) lows is
expected w0 take place close o the westem
boundary (24} however, this may not hold @
olher latiudes (11, 25).

Both the unconstmined and constraned 1otal
transports display maximum cumulative varia-
bility { from the bottom up 1o 1OOG dbar) of +5.7
and 4.8 Sy, respectively, with the lormer
showing near-bottom imensified variability re-
sulting lrom zonally non-uniform contributions
in Terlz) over varable wpogrphy (which the

Fig. 3. Standard deviation 0 e —
of cumulative-transport st )
fluctuations integrated

upward from 4820 dbar. 1000k

The black line shows the

cumulative total uncon- 1500 ¢

strained transports [Taelz) +  _ s T Tt T Taat T

Teal?) + Twmwle) + Tadd + 2 2700 T+ Tt T CONSHY

Tes(2]. For the remaining g pgngl | 7,470 b ToyoT,y conste

two curves, a constraintof 3

zero net flow across the
26.5°N section was im-
posed at each time step.
The cumulative constrained
total geostrophic [Td2) +
TwawZ) + Teelzl] and con-
strained total [Tyelz) +

Twew(@) + Tecl) + Tesl2l]
transport fluctuations are
displayed as light blue

3
Transpor [Sv]

and orange lines, respectively (table $3). All time series were 15-day low-pass filtered.

— “ldnTnﬁme-ﬁT“-ﬁTn —Tlmd-qu-T, constr, ———-—de-derTﬁ-i-T, constr,

01.May 01 .Jul

01.Sap
2004

01.Mew 01.Jan 01.Mar

2005

Fig. 4. MOC-transport fluctuations: cumulative-transport variability at 1000 dbar (integrated
upward from 4820 dbar) for the three different cases displayed in Fig. 3.
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constmined MOC mnspon docs not account
tor). The presence of the MAR has not been
accounted for o ow calculations. Including
moored-density and  boltom-pressure measure-
ments on both flanks of the MAR allows for the
computation of Tyyplz) below the MAR erest
independently for the western and castern basin
(fig. S2) However, the cffieet of this on the
temporal evolution of unconstrained MOC time
serics is mther small (fig. 53), with the difference
between caleulations taking into account and
neglecting the measurements on the MAR Nanks
varyving by <11 Sv (SOM),

Fluctuations in Tge of =3.9 Sv do not dom-
imate MOC vanability on subscasonal time scales

at 265N, Rather, we observe an equal share of

varability between Ekman and densiy contnbu-
tions, with the constrained total geostrophie MOC
solution (excluding Fge ) displaying 4.1 Sv. We
have presented evidence that the depth-
independent compensation for Tgg 15 partly
contamned in Teer - We have demonsirated the
validity of our MOC-observing approach and
deseribed previously unobserved basic charmeter-
istics of the MOC varability near 26.5°N in the
Adlantic alter | year of continuous observations,
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Reduced Egg Investment Can
Conceal Helper Effects in
Cooperatively Breeding Birds

A. F. Russell,™**t N. E. Langmore,” A, Cockburn,® L. B. Astheimer,® R. M. Kilner®*

Cooperative breeding systems are characterized by nonbreeding helpers that assist breeders in
offspring care. However, the benefits to offspring of being fed by parents and helpers in
cooperatively breeding birds can be difficult to detect. We offer experimental evidence that helper
effects can be obscured by an undocumented maternal tactic. In superb fairy-wrens (Malurus
cyaneus), mothers breeding in the presence of helpers lay smaller eggs of lower nutritional content
that produce lighter chicks, as compared with those laying eggs in the absence of helpers. Helpers
compensate fully for such reductions in investment and allow mothers to benefit through increased
survival to the next breeding season. We suggest that failure to consider maternal egg-investment
strategies can lead to underestimation of the force of selection acting on helping in avian

cooperative breeders.

reccive food from helpers in addition 1o their

I:1 cooperative breeding  systems, oflspring
parcnis, Although parents can reduce the
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rate a1 which they feed their offspring in the
presence of helpers, this reduction s usually
incomplete, and so offspang reccive more food
when helpers ane present than when they are ab-
sent (). Given that oflspring receive more food
when also provisioned by helpers, it is cumently
unclear why many long-tenm studics have failed
o detect helper effects on oflspring growth and
survival (2) or have detected only weak ellects
(3). This Rilure w0 document the benelits 1o ol
spring has prompted hypotheses proposing that

helping behavior is an unselected consequence of

physiological priming 1o provide care to begging
oflspring (4), is contingent on future reciprocity
(F), or s a form of “rent payment”™ (6). These
altematives are problenatic because helping has
been shown 10 be costly (7) and strategically

directad 10 maximize benelits (3, &), cooperative
breeding based on direet reciprocity is inher-
ently unstable (9), and rent payment oceurs
under conditions that will be seldom met (/0),

In cooperative breeding  systems, securing
and mainaining a breeding position is particu-
larly challenging but offers substantial hitness
benefits (/1) Consequently, breeders might be
expected o be under strong selection o reduce
their investment i each reproductive aempt in
order 0 increase the number of atempts that

they can have in a lifetime. For example, one of

the most commonly reporied helper effects in
avian cooperative breeding systems is load light-
cning, where breeding females reduce offspring
provisioning with increasing helper numbers (f).
Load lightening could also occur at the cpe stage
(/2). However, despite growing evidence from
noncooperative species that female birds can
adaptively manipulate investment within cggs
(13}, this possibility has not been explored in
cooperatively breeding specics. Furthermore,
hypotheses regarding such adaptive maternal
cee investment typically predict that mothers
should increase their level of within-egg in-
vestment when breeding in favorable conditions
(/4, 15). Yet it is also theoretically plausible tha
mothers breeding in privileged circumstances
{in this case, with the benelit of helpers) migh
dlso benefit from reductions in egg investment,
if the fure litness payolls from doing so ex-
ceed the cumrent fitness pavolls from increasing
cgg investment, I5 mothers reduce their mvest-

ment in eggs when breeding in the presence of

helpers, then any benefit that helpers might
have on ollspring condition and survival will
be masked.
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We tested (i) whether helper presence is as-
sociuted with reductions in matemal investment
at the ege stage, (n) whether these reductions
confound cstimates of helper contributions o
nestling mass, and (1ii) whether maternal reduc-
tions are adaptive, We investigated these ques-
tions i the cooperatively breeding superb
fairy-wren Malurus cvanens, a passerine bind
endemic 1o southeastem Australia, whose social
maling system comprises both breeding  pairs
and cooperatively breeding groups (16). Previ-
ous work on this species has shown that nestl-
ings receive more food in the presence ol helpers
(/7). but despite this patiem, helpers have no
effect on the mass or survival of chicks (/4),
The same was true in our study population (/6),
Chicks thar were provisioned by a breeding pair
with helpers receaved 192 more food than did
those that were tended by an unassisted breed-
ing pair (Fig. 1A). Neverheless, chicks reared
by groups wene of similar mass 0 those eaned
by pairs alone (Fig. 1B There were no obvious
differences in prey loads or specics fed 1o chicks
in pairs and groups (19),

Consequently, we investigated whether mothers
reduced their investment in eggs when breeding
in groups. Clutch size and mean egg volumes
were uncomelated [lincar mixed-effect maodel
(LME) controlling for repeated measures within
territorics: 3,0 = 0,01, P= 091, N = 6 clutches),
and clutches were similar in size in both groups
and pairs [LME, 3,® = 0.29, P = 0,59, N = 68
cluches). In contrast, mothers breeding in groups
laid copgs that were 5.3% smaller than eges from
those breeding in pairs (76) (Fig. 2A) Eggs kud
by females in groups were also of lower nu-
tritional content than those laid by fomales in
pairs (/a). Helpers were associated with a 14%
reduction in the wet mass of volks (Fig. 2B8) and
a 9% reduction in the dry mass of yolks (Fig.
207, indicating that the reduction in egg volume
was not simply due 1o reductions in albumen or

water conient. Furthermore, the dried volks of

cops laid by females in groups had 12% less lipid
and 13% less protcin than did those laid by
females breeding in pairs (Fig. 2D), suggesiing
that mothers invest less energy in their eges when
broeding in the presence of helpers.

Furher analysis of our observational data
suggests that this reduced matemal mvestment
at the cgg stage conceals helper effocts on chick
wrowth (f6), First, small eggs gave nise o small
chicks (measured 6 w0 ¥ days afier haiching)
(Fig. 3A). Second, alter controlling for the dif-
ferences in egg volumes between groups and
pairs (Fig. 2A) we found that helpers had a
significant positive effeat on chick mass (Fig.
IB). The magnide of this laner helper effect
equates 10 an 18% increase in chick mass, sug-
gostively close w the 19% increase in food that
chicks received when provisioned by helpers
(Fig. 1A).

To test fully the possibility that reduced ma-
termal investment obscurcs helper eflftats, we
conducted a cross-lostering experiment invaly-
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Fig. 1. Relation between helper A 5 B i

presence and (A) chick provisioning ] T |

rates or (B) chick mass. (A} Helpers £ 2. I @ g

had a positive effect on the rate at T E I I
which chicks were provisioned [gen- E 15 . x 7] |
eral linear model (GLM), Fius = B £

582, P = 0027, r° = 10%]. (B) & ] £ °

Helpers had no effect on chick mass P 12 B ¥ i 9 6

(GLM, Fy.q = 0.00, P = 0.97).
Brood size was fitted as a covariate

Pair anly Plus halpart'

Pair only .P'Il.li halpeu'

in (A), as was tarsus length in (B). The predicted means + SEM (error bars) are shown. The values in each

bar are the numbers of independent breeding units.

Fig. 2. Relation between A

helper presence and (A) egg . 13801
volume or (B to D} egg com- g

position. In the presence of 2 1300 1 I
helpers, mothers laid eggs 5

that (A) were smaller [LME, B 1259

1P =562 P=0018, (80 B

had a reduced wet mass of @ 1200

yolk (GLM, Fi14 = 5.24, P = g i &0
0.039, r? = 14%), (C) had a Pair only
reduced dry mass of yolk

(GLM, Fi45 = 5.26, P = c

ﬂ.ﬂﬁ?* .I"z = 21%}, or {D} - 012 -

had reduced masses of lipid ?

{GI-M, FL14 = 5.92, P = E 0 4 T
0.029, 2 = 21%) and X L
protein (GLM, F114 = 5.79, © o0

P = 0.031, r* = 19%). The i

territory identity (1D} was 00 |

fitted as a random factor (1 i "
to 4 clutches per territory), e

the year was fitted as a Fair only

covariate in (A), and the lay

B
T 0451
@
E 0. o
H f
T 2 0.35 .
I g 0.30 4 L
36 2 1 &
. y 025 v v
Plus helpers Paironly  Plus helpers
0
= 008 O pair only
z arius hepers
= 00d —F
g +
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1
0.02
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] ] 1|8
T .| : o L 1
Plus helpers Lipid

date was fitted as a covariate in (A) to (D). The predicted means = SEM lerror bars) are shown. The values
in each bar are the numbers of independent breeding units.

ing penmanent reciprocal wranslocation ol com-
pleie clutches between females before hatching
(/6). There were two experimenial treatmenis:
(i) one in which clutches wene moved from nests
of pairs 10 nests attended by groups and vice
versa (expenmental treatment) and (i) one in
which clutches were swapped between nests
attended by the same number ol adults {control
treatment). First, if mothers reduce their egg
investment in the presence of helpers, we would
predict that chicks from cges Lad in groups and
rearcd m pairs (gp-pr, Fiz, 3C) would be sig-
nilicanly lighter than either control chicks or
those laid m pairs and reared in groups {pr-gip,
Fig. 3C)L In support of this prediction, chicks
arising from ¢cgges that were laid in groups and
reared in pairs were significantly lighter than
those from the other two treaiments (Fig. 30),
Second, our cross-lostering experiment also con-
finmed that matemnal reductions in egg investment
wholly conceal helper effects. We found that the
mean mass of nestlings i the foster wemitory
declined as the number of males in the natal
temitory increased (prenatal-cifect size = 0,54 ¢
0.18) (Fig. 3D). However, this negative effect
was completely offsct by the positive influcnce
of the provisioning rate of foster males (postnatal-

effect size = 036 + (L15) (Fig. 3E). which was
isell significantly influenced by the number of
foster males contributing (Fig. 3F) Taken
together, these results confinm that provision-
ing lrequency is a reliable indicator ol chick
caloric imake and that the benefits o chicks of
receiving food from helpers are concealed by
reductions in egg investment by females with
helpers.

Criven that, in other cooperative breading sys-
tems, offsprng of low mass are shown o have
roduced chances of recrwment (20 and  low
future reproductive success (20, why do females
breeding in the presence of helpers lay cgpes that
vield suboptimal offspring? We know that the
dumations of incubation and chick reanng are
inflexible in superb fairy-wrens and so are un-
influenced by helper presence (16, [8). One pos-
sibility s that mothers are constrained from
optimal allocation of resources into eggs beciuse
of competition with helpers for food in their ter-
ritory. Adematively, fomales breeding in groups
might explon helper contributions 1o nestling mass
by reducing their own investment in reproduc-
tion to save resources for Tuture breeding at-
tempts. The latter explanation is more strongly
supported by our evidence,
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Fig. 3. Comelational and experimental evidence for maternal and helper
effects on nestling mass (A to E) and male-number effects on overall male
provisioning rates (F), (A} Chick mass increased with egg volume (GLM,
Fy14=15.86, P = 0.003, r¥ = 20%). N = 17 broods. (B) After controlling
for differences in egg volume, chick mass was influenced positively by
helper presence (GLM, Fy 44 = 7.66, P = 0.020, r? = 9%), (C) Chick mass
varied between treatments (GLM, Fz2. = 3.95, P = 0.033, r? = 19%).
grp-pr, eggs laid in groups and reared in pairs; pr-grp, eggs laid in pairs
and reared in groups. (D} The mass of foster chicks declined with the
number of males in their natal territory (GLM, Fy 25 = 9.15, P = 0.006,
r? = 15%). N = 27 nests. (E} Chick mass increased with the provisioning
rate of males in their foster territory (GLM, F 14 = 5.59, P = 0.033, k=
10%). N = 18 nests. (F) The rate at which chicks received food from
foster males increased with the number of foster males (regression, Fq 16 =
12.28, P = 0.003, r* = 40%), N = 18 nests. The tarsus length [{A) and (C
to E)], lay-date (A), mean egg volume (B}, and number of males in the
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natal territory (E) were fitted as covariates. The predicted means + SEM
{error bars} are shown. The scatter plots show the predicted values, and
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breeding units.
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Fig. 4. Relation between helper presence and fe-
male survival probability. Females had an increased
probability of survival to the following breeding
season when they bred in the presence of helpers
[GLMM, %,% = 12.13, P < 0.001]. Age and spring
rainfall were fitted as covariates, and maternal
identity was fitted as a random factor. The predicted
means + SEM (error bars) are shown.

First, females presented with experimentally
enlarged broods increased  their provisioning
frequency o a similar extent imespective off
whether they were I groups or pairs (/6), in-
dicating that extra group members do not con-
strain females from increasing  invesiment,
Second, analysis of data from the 19-year study
of an unmanipulated neighboring  population
(16) revealed that when females bred in the
presence of helpers, they had a 22% hazard or
monality until the following vear, bul when
they bred in the absence of helpers, this risk
increased to 33%. Helpers are therefore asso-
cimted with a 30% reduction in monality nsk for
mothers (Fig. 4). Relaions between helper
numbers and adult survival could be spurious,
bocause wrmtories that promote survival are
likely to accumulate philopatric helpers (1, 2).

www.sciencemag.org SCIENCE VOL 317

However, we found no evidence that breeding

1o females
gy investment.
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A Whole-Genome Association
Study of Major Determinants

for Host Control of HIV-1

Jacques Fellay," Kevin V. Shianna,”* Dongliang Ge,'* Sara Colombo,”* Bruno Ledergerber,**
Mike Weale,* Kunlin Zhang,? Curtis Gumbs,® Antonella Castagna,® Andrea Cossarizza,®
Alessandro Cozzi-Lepri,” Andrea De Luca,® Philippa Easterbrook,’ Patrick Francioli,®

Simon Mallal,'® Javier Martinez-Picado,’ José M. Miro,* Niels Obel,™* Jason P. Smith,?
Josiane Wyniger,? Patrick Descombes,*® Stylianos E. Antonarakis,’® Norman L. Letvin,"’
Andrew ]. McMichael,*® Barton F. Haynes,” Amalio Telenti,*+ David B. Goldsteint1

Understanding why some people establish and maintain effective control of HIV-1 and others do
not is a priority in the effort to develop new treatments for HIV/AIDS. Using a whole-genome
association strategy, we identified polymorphisms that explain nearly 15% of the variation among
individuals in wviral load during the asymptomatic set-point period of infection. One of these is
found within an endogenous retroviral element and is asseciated with major histocom patibility
allele human leukocyte antigen (HLA)-8*5701, whereas a second is located near the HLA-C gene.
An additional analysis of the time to HIV disease progression implicated two genes, one of which
encodes an RNA polymerase | subunit. These findings emphasize the importance of studying
human genetic variation as a guide to combating infectious agents.

umans show remarkable vanation in
H'. ulnerabiliy o nfection by HIV-l and

especially i the climeal outcome aller
nfection. One sinking and larpely  unexplained
difference is the level of circulating virus i the
plasma during the nonsymplomatic phase pre-
ceding the progression 1o AIDS. This is known as
the viral set point and can vary among individuals
by as much as 4 10 5 logs (/-6). We aimed to
identify human genatic differences that influence
this vanation.

To deline a homogencous phenotype for ge-
netic analyses, a consortium of nine cohorts was
formed [termed Euro-CHAVT (Center for HIY,
AIDS Vaccine Inmunology ) (7)), and a wial of
0,000 patients were screened 1o adentily those
most appropriate for analysis, All longidinal
viral-load (VL) data were asscssed through a
computerized algorithm to climinate VL not ne-
Necting the steady state and were individually
inspected by an experienced infectious-discase
climcian (Fellay) to exclude suspicious VL data
and patients that do not show a clear s¢t point,
leaving 486 patients with a consistent and accu-
rately measured phenotype (7). For patients with
at least four CD4 cell-count resulis, we defined a
progression phenotype as the ime 1o reatmaent
initiation or 1o the predicted or observed drop of
the CId cell count below 350 (7, &),

All samples were genotyped with the use of
Mumina’s HumanHap3 50 BeadChip with 555 352
single-nucleotide polymorphisms (SNPs). A serics

17 AUGUST 2007 VOL 317 SCIENCE

of quality-control steps resulied in the elimina-
tion of 20,251 polymorphisms (7). We applicd
methods o identily delenons and targeted copy-
nuwber vanations and w0 assess whether they
influenced the phenotype (7). Our cone association
analyses focused on single-marker genotype-trend
tests of the quality control-passed SNPs, using
linear regression (7). To control for the possibility
ol spurious associations resulting from population
stratification, we used a modificd EIGENSTRAT
method (7, ¥). We assessed significance with a
Bonferoni comection (P cutofl = 9.3 = 107%),
Analvses incomporating buswit lenkoote antigen

(FEAY typing were camied out on a subgroup of

18T patients with available four-digit A4 class |
allelic determination,

These anmalyses dentfied two independently
acting groups of polvmorphisms, associated with
HLA loci B and ¢, that are estimated 1o explain
9.6 and 6.53% of the wtal variation in HIV-1 set
point, respectively, and can thus be considered as
meajor genetic detenminants of viral set point. A
third s¢t located =1 Mb away in the major his-
tocompatibility complex upstream of a gene that
encodes an RNA polymerase 1 subunit explains
5.8% of the total variation in disease progression,
Together, the three polymorphisms explain
14.1% of the varation in HIV-1 set point

One polymorphism located in the HLA
complex £ (HCPS) gene explains 9.6% of the
total varation in set point, despite a minor-allele
frequency of 0,03 (Single Nucleotide Polymor-

phism database number 2395029, P = 936 -
107"%), A single copy of the controlling allele was
found to result in a reduction in VL of =1 log
(Fig. 1) at 2= 936 = 107", this genome-wide
association is significant,

The HCPS gene is located 100 Kb centromer-
ic from HLA-B on chromosome 6 (Fig. 2), and
the associated variant 15 known 1o be in high
Inkage Lli.uquilji'n'ium (LD} wath the LA allele
BEITON (1) (0= = 1 mn our data set). This allele
itscll’ has the strongest-described  protective
impact on HIV-] discase progression (/1) and
has been associated with low VL (£2),

Given the strong functional data supporting a
role for HLA-B*5701 in restricting HIV-1, our
first hypothesis is that the association observed
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here is due to the eflect of HLA-B*5701, re-
flected in its tagging a SNP within HCPS (10,
We emphasize, however, that genctics allows
no resolution of whether this eflect s exclu-
sively due to B=5704 or if HOPS variation also
contributes to the control, In fact, as a human
endogenous retroviral clement (HERV) with
sequence homology to retroviral pad genes (13)
and confirmed expression in lymphocyies ([4),
HOPS is itsella good candidate 1o interact with
HIV-1, possibly through an antisense mecha-
nism (/). Morcover, HOPS is pradicied 1o encode
two proteins, and the associated polymorphism

results in an amine ackd substitution in one of

these proteins,

A model m which HCPS and HEA-B*3701
have a combmed haplotypic effieet on the HIV-]
sel pomt 15 consistent with the observanon that
suppression of viremia can be maintained in
B*53704 patients with undetectable VL, even afier
HIV-1 undergoes mutations that allow escape
from eyviotoxic T lvmphocyie (CTL mediated
restriction (/5). However, this observation has
also been explained by a decrease in viral fitness
associated with the escape vardants (/6) In
addition, B* 370 patients present bess frequently
with symptoms durng acute HIV-1 infection
(12), sugpesting control before the time of a
maximal CTL response (17),

The second most significant polyvmorphism
we identified, rs9264942, is located in the &

A
=, 5
E
8 a
=
g3
a
=2
T
TT,N=439  GT,N=45 GG, N=2

HIV-1 VL (log, , cp/ml)
]

1n

TT,N=1686 TC,N=238 CC, N=82

Fig. 1. HIV-1 VL at the set point is highly cor-
related with (A) the HCP5 rs2395029 geno-
type, where T is the major allele and G is the
minor allele, and with (B) the HLA-C 5" region
59264942 genotype, where T is the major al-
lele and C is the minor allele. Mean and SEM
{error bars) are represented for the respective
genotypes.
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region of the HLA-C gene, 35 kb away from
transcription imtiation (Fig. 2) and 156 kb
telomernic of the HCPS gene. This SNP ex-
plains 6.5% of the variation in st point (Fig. 1)
and shows a genome-wide sigmificant asso-
ciation (P = 3,77 = 107%), Despite minor LD
between the HCPS and HLA-C SNPs (i =
0,05, ¥ = 0.84), nested regression models

clearly demonstrate an independent effect of

cach ol these variants, In a model including

the HCPS variant, the addition of the HLA-C

variant results in a highly significant increase

in explanatory power, as does the addition of

the HCPS variant 1o a mode] already includ-
ing the HLA-C variant |supporting online ma-
terial (SOM) wext).

This SNP also assocites strongly with dif-
lerences m HELA-C expression levels, both m
the Sanger Institute Genevar expression data-
base (/&) (table 81 and in a replication group
ol 48 healthy volunteers established Tor this
study (SOM text). The protective allele leads
to a lower VL and is associated with higher ex-
pression of the HLA-C gene. This strong and
independent association with HLA-C expres-

sion levels suggests that genetic control of

expression levels of a classical HLA gene in-
Muences viral comrol, Other HLA-C 5" variants
also associate with HEA-C expression but do
not contribute  independently o viral control
(SOM text).

Although these daa make a strong case
lor a causal role for HLA-C expression levels,
extensive LD throughout the MHC region makes
it necessary 1o direetly test for alternative causal
variants. Specifically, we vsed nested regres-
sion models 10 assess whether the observed
association could be determined by desenbed
functional HLA class 1 alleles. In fact, the

REPORTS

HELA-C expression SNP shows association with
certain alleles or group of allcles (Tables 1 and 2).
In cach case, however, although the HLA-C
expression variant can explam the eflect of these
alleles on the HIV=1 set point, the reverse is not
true, When a lincar regression model includes
known ALA alleles, the addition of 9264942
results in a significant increase in the ex-

plained variation, On the other hand, none of

the HEA alleles considered, with the exception
of HCPS/B* 5701, adds significantly 10 a mod-
el that already incorporates the HELA-C variam
(Tables | and 2).

Mo other single marker reached genome
significance, and none of the idemilicd copy-
number variations (7) showed any association
with the HIV-1 set point. An analysis com-
paring the observed set of P values o that
expected under the null hypotheses shows
no overall inflation of  values (indicating Tit-
tle contnbution from population stratilication )
but does show an exeess of low P values, be-
ginning with the 3535th most associated SNP
(fig. 51). This indicates that additional real
effects are likely to be present among the
most associaled polymorphisms in this study
{complete list available in able S2), Potential-
Iv interesting candidates with a lesser as-
sociation with the set point (listed in tables
53 1o 85) were chosen on the basis of their
ranking in the study or their link with HIV-1
biology.

We next identified polvmomhisms that as-
sociate with progression rather than VL: The
strongest association included a set of seven
polymorphisms located i and near the ring
finger protein 39 (RNF39) and zine ribhon
demain-containing I (ZNRDI) genes, respec-
tively (9261174, rs3869068, rs20744580,

Table 1. The impact of HLA-C 5' expression polymorphism 159264942 on the set point is
independent of its association with HLA alleles and groups of alleles previously implicated in HIV-1
control. The addition of rs9264942 to the linear regression model significantly improves the fit for
all HLA alleles or groups of alleles that have been suspected to have an influence on HIV disease.

M.A., not applicable,

LD between Models with Addition of Addition of

Allele rs9264942 and  HLA alleles  rs9264942 to models HLA alleles to a
HLA alleles (r®) (P value) with HLA alleles model with rs9264942
(P value) (P value)

HLA-B*27 0.07 0.19 13 x 10°° 0.91
HLA-B*5701 0.05 2.6 x 107° 8.5 x 107° 4.1 x 107
HLA-B*35Px 0.04 0.18 8.1x 10°% 0.73
HLA-B*08 0.09 0.042 3.6 x 1077 0.41
HLA-B"51 =0.01 0.44 53 % 107 0.36
All 5 above N.A. N.A. 3.1x 107" 4.4 x 107
B22 serogroup 0.01 0.28 8.1 x 107% 0.59
B7 supertype 0.17 0.007 1.7 x 1074 0.35
Bwd serotype 0.23 0.010 1.7 x 107* 0.65
Bwé serotype 0.16 0.033 6.3 x 10°° 0.76
HLA-A*23 <0.01 0.41 6.9 x 107% 0.38
A2 supertype =0.01 0.72 6.4 x 107° 0.53
HLA-Cw*4 0.10 0.041 1.3 x 107 0.56
HLA-Cw*7 0.25 0.065 1.0 x 107 0.83
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rs7T738512, rs9261129, rs2301753, and
rs2074479) This group of polymormphisms ex-
plains 5.8% of the vanation in progression,
with a relative hazard of 0064 (g, 523, and
approaches genome-wide significance (P =
3.80 « 1077), It also associates with VL at
the set point (P = 7.11 = 107%), These var-
ants are =1 Mb telomeric from the previous
candidates (fig. $3), and their elfect on both

progression and set point is independent of

HOPS- and HEA-C-related  polymorphisms
and HLA alleles or groups ol alleles previous-
Iy implicated in HIV-1 control (SOM text and
table 86,

Using the Genevar database and our group
of 48 healthy volmicers, we observed that
ANRDY expression s significant]ly  associated
with the wdentified SNPs (SOM text and table

51). Two of them (rs3869068 and rs9261174)
are located in a putative regulatory 5% re-
gion, 25 and 32 kb away from the gone, re-
spectively, Bocause ANROT encodes an RNA
polymerase 1 subunit, if this gene is respon-
sible for the restriction of HIV-1, the mechanism
could mvolve interderence with the processing
of HIV-1 trmnscripts by the HIV-1 regulatory
protein Rev. Rev is known 1o be localized in
the nucleolus (where RNA polymerase 1 wan-

scribes nbosomal BNA), and the blockade of

RNA polvmerase | has been shown 1o influ-
ence the distribuion of REV, causing a shifi
from the mucleolus o the eytoplasm (19, 200, EF-
ficiency in provirus transcription 15 highly
variable among individuals; in one sudy, dif-
ferences m transcnption efficiency accounted
for 64 o 83% of the 1otal vanance in virus pro-

duction that was attributable to post-entry ccl-
lular factors (21).

The second gene, ANFIY, 15 poorly charac-
tenzcd but cannot be ruled out as a candidate
because two of the assocdated polymormphisims
are located in its coding region and result in
amine acid changes (2301733 and r2074479).,
No other genome-wide sigmificant association
wits observed in the analysis of the progression
phenotype (S0M ex).

We established an independent replica-
tion cohort of 140 Caucasian patients, drawn
from the same participating cohorts. For this
follow-up study, we relaxed the interval from
2 documented negative test 1o a positive test
{lor infection) from 2 years to 4 vears o iden-
uly addmonal qualfving study participants.
We genotyped representative polvmorphisms

mrmntchrﬁ : . L . . . . . . . . . J . )
10M  20M 30§  40m  SOM 60N TOM  BOM  90M  100M  110M  120M  430m  140M  1%0M  160M  170M
“""“""Cl B 11, I IH | N NEEE s
12 31300K 31348?: Em .31“5K ?1493!( .31541K 590K
942 rs2395029
o
§
0. |‘.L| ; |l||i..tl JII I"n". Iluu |

IIIIIIIIIIIIWMMHWWWMM%%HWMHHIIIIIIII il

I* I’“ﬂ?

B
I ll I
HIIIIIIIIIlIIIIIIIFIIIHI!IIEIIIIIIIIIIII

Fig. 2. Partial map of the HLA class | region (chromosome & p21.3). The P
values [-log(P)] of all genotyped SNPs annotated with the gene structure
are indicated. The two independent SNPs that show genome-wide
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significant association with HIV-1 VL at the set point are marked in red.
The graph was drawn with WGAViewer software (www.genome.duke.edu/
centers/pg2/index_html/downloads/AnnotationSoftware).
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for the associations reported above (HOPS,
rs2395029; HLA-C, rs9264942; and ZNRDI,
rs9261174). Each association was replicated
with effects all in the same direction: HCP3,
P=14%107% HLA-C, P=2.8* 107" and
ZNRDI, P = 48 = 1072,

We have sccurcly identified at least two
mechanisms not previously known o nestrict
HIV-1: HLA-C, which has been suspected but
never confirmed o conwribute to HIV-1 control,
and an RNA polymerase subunit that substan-
tially changes the time course of HIV progres-
sion (Mg S1) We also suggest the possibility
that a HERV-derived gene may contribute 1o
the viml control attributed to the HELA-B*570]
allele. Our flindings confirm and emphasize the
central role of the MHC region i HIV-1
restnetion, estimate its contribution agamst all
genome inflluences, and open up new per-
spectives in the undersianding ol its mode of
action: It is necessary 1o expand HLA analysis
o melude high-density genotvping. It s also
noteworthy that this genome-wide study of
host determinants has three clear discoveries,
implying that determinants of host response

Table 2. In contrast to Table 1, only HLA-B*5701
has an independent impact after taking into
account the effect of rs9264942. The indepen-
dence of HLA-C is also clearly seen in the mean
values of the HIV-1 set point for each rs9264942
genotype: The minor allele C is associated with a
decrease in WL, independent of all considered
alleles and groups of alleles. Numbers refer to a
subgroup of 187 patients with available four-digit
HLA class | allelic results,

159264942 Number

genotype of patients meen »
All patients

17 &7 4.37 0.85

TC 87 3.84 119

cC 33 3.24 1.28
Patients without HLA-B*27

11 66 4.39 0.83

TC 78 1.86 1.21

C 25 3.13 1.23

Patients without HLA-B*5701

L} 67 4.37 0.85

TC 16 3.97 1.08

CcC 27 3.43 1.25

Patients without HLA-B*35Px

T 56 4.32 0.88

TC 84 3.86 1.17

cC 32 3.23 120
Patients without HLA-B*08

1T 50 4.26 0.87

TC 81 3.83 1.22

cC 33 3.24 1.28
Patients without HLA-B*51

11} 56 4.38 0.85

TC 73 3.77 117

CC 28 3.21 1.28

www.sciencemag.org SCIENCE VOL 317

may often include gene variants with major
cllects. This suggests a degree of urgency in
carrying out similar studies tor other infectious
discascs.,

Our results suggest two possible directions
for thempeutic imervention, First, if HCPS and
ZNRD] contnibute 1o the control associated with
HLA-B=5701, they could lead 1o therapeutic ap-

plications. On the other hand, the implication of

HLA-C in HIV-1 control could presem im-
portant opportunitics, given that the HIV-1 ac-
cessory protein Nel selectively down-regulates

the expression of HLA-A and -8 but not tha of

HLA-C on the surface of infected cells (22)
Originally, this strategy was considered ad-
vantageous for the vins because HLA-A and
-8 present forcign (notably viral) epitopes 1o
CDS T cells, resulting in cell destruction, where-
as HLA-C binds sel-peplides and interacts with
natural killer (NK) cells w0 avoid NK attack.
However, HLA-C also has the ability o present
viml peptides 1o cytotoxic CDR™ T cells and
consequently to restnet HIV-1 (23, 24). Our ob-
servations suggest that HLA-C-mediated re-
striction may be an important element of viral
control in specilic genetic backgrounds, and

that the apparent immunity of HLA-C to Nel

down-regulation could present an opporunity
for vaccine strategies targeting HLA-C-mediated
TCAPHIsUsS,
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Spatial Regulation of an E3
Ubiquitin Ligase Directs Selective
Synapse Elimination

Mei Ding,* Dan Chao,™* George Wang," Kang Shen

1,2,

Stereotyped synaptic connectivity can arise both by precise recognition between appropriate
partners during synaptogenesis and by selective synapse elimination. The molecular mechanisms
that underlie selective synapse removal are largely unknown. We found that stereotyped
developmental elimination of synapses in the Caenorhabditis elegans hermaphrodite-specific
motor neuron (HSNL) was mediated by an E3 ubiquitin ligase, a Skpl—cullin—F-box (SCF) complex
composed of SKR-1 and the F-box protein SEL-10. SYG-1, a synaptic adhesion molecule, bound to
SKR-1 and inhibited assembly of the SCF complex, thereby protecting nearby synapses. Thus,
subcellular requlation of ubiquitin-mediated protein degradation contributes to precise synaptic
connectivity through selective synapse elimination.

ynapse climination is a developmental hall-
mark of neurl crcut refinement (/) In
the verebrate neuromuscular junction, the

neurtrmansmitter acetyleholine (ACh) drives clim-
ination of postsynaptic ACh receptor clusters

(2,

2 However, little 15 known about the mo-

lecular machinery that climinates  presynaptic
specializations, or the mechanisms that sclec-
tively elimmate certain synapses while sustain-
ing others,
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We investigatod synapse elimination in the cgg-
laying motor neuron of O elegans, the HSNL. In
adult amimals, the HSNL connects 1o its targets,
the vulval muscles and VO motor neurons, via a
cluster of synapses localized exclusively e the
vulval region, the primary synapse region (PSR,
These synapses were visualized with the vesicle
marker synaptobrevin fused w0 yellow Nuorescent
protemn (SNB-1:YFP) () (Fig. 1) To determine
whether synapses specifically localize 1o the PSR
as a result of synapse elimination, we followed the
development of svnapses in individual live ani-
mals, At carly stages of development. we ob-
served that addiional SNB-1:YFP puncia formaed
:i|:|11||x,'L|:|:|l|;[_\ .ulh.'l'in: 1oy the nll"..l. e SO0 l:lui:u‘}
synapse region (SSR) (Fig. 1, B and E). Swereo-
typed climination of these puncia gave nse w the
synaplic pattem present m o adull smmals (Fig. 1,
A o 1), The average number of SSR puncta per
amimal and the percentage of amimals with S5R
puncta gradually decreased a5 the ammals ma-
tured (Fig. L1} In addition to SNB-1, these S5R
puncta contamed synaptic vesicle protein RAB-3
rab3 (§). acuve zone protem SYD-2hiprin (6)
(Fig. 1, K 1o P), and presynapic protein UNC-
TOVRIME (fie. ST, Thus, SSR puncta probably rep-
reseil bona lide presynaplic siruciures,

The i[l]!lI1l|f|l.l'_',1I1'l|.'l-IIrI[I AUPCT 1':u||i|_'. | [:._'Ht" | pr-
tein SYG-1 (homologous o NEPHI and [reC
in momse and Drosapdiila, respectively) is an os-
sential determinant of synaplic specificity in
the HSNL (4). In sve-fik652) null mutants, the
SNB-1 puncta ot the S5R failed w be climinated
and nstead persisted ino adulthood (Fig. 2A),
whereas synapses ol the PSR were greatly dinmin-
ishad (4) A weak allele ol sie-f, w2, displayed
SSR puncta m 1009 of mid-L4 ammals: how-
ever, only 47.3% ol w2 adulis showed 55R
puncta (Fie. 2A) Thus. the level of functional
SYG-1 may influenee synapse elimination. To wst
this idea, we generated animals with varying dos-
ages of SY G-, Heteroeygous sve-{ad32) ani-
mals exhibited a leve of S5R puncta intermediate
0 those of homosyveous and wild-tvpe animals.
Funthenmore, overexpression of full-length SYG-1
resulted in a lower frequency of SSK puncta rel-

ative 1o the wild type (Fig. 2B). Thus, the level of

SYG-1 in the HSKL dircctly comelates with the
extent of SSR puncta climination,

SY G- localizes near the vulva region through
its mteraction with SYG-2, another [gSF protein
cxpressed i the guidepost epithelial cells (7).
To understand the relationship between SYG-1
localiznion and SSE puncta fate, we examined
SY G-l subcellular localization during synapse
chmmaton. In all developmental stages exam-
ined, SYG-1 localized exclusively 1o the PSR
where SNB-1 puncta persisted (Fig. 2, C, F, and
[} SNB-1 puncia m the SSR (Fig. 2, D and G)

'Department of Biological Sciences, Stanford University,
Stanford, CA 94305, USA. *Meuroscience Program,
Stanford University, Stanford, CA 94305, USA

*To whom correspondence showld be addressed. E-mail:
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did not overdap with SYG-1 tused to cvan flu-
orescent protein (SYG-12CFP)y (Fig. 2, Cwo K).

To understand how 5YG-1 promotes climi-
natin of 55K synapses, we performed a yeast
two-hybnd sereen and lound that the SYG-1 1n-
tracellular domain bound 10 SKR-1 (fig. 52). This
result was confinned by colmmunoprecipitation
(Fiz. 3A) SKR-1 i the onholog of venebrae
Skpl, a core component of the Skpl-cullin-F-
box (SCF) comples (8), SCF complexes are E3
ubiquitin ligases that wansfer ubiquitin 1o targel
proteins destined for degradation by the protea-
some (Y, Regulated ubigquitin-proteasome svs-

tem (LIPS) '.u.;linl} controls diverse aspects of

A Early L4 (35 hr) D

Mid L4 (40 hr)

neuronal development and function, including
neurite ougrowth, synapse growth, and pre- and
postsynaptic receplor traflicking (JO0-14). To de-
termine sk-0s role mosynapse climmation, we
performed a loss-ol-lunchon analysis wing an
RNA interference (RNAD) approach. At both the
mid-L4 and adull stages, more ske-/ RNAI

treated amimals than control animals displayed
S5R puncta (Fig. 3, B and C). RNAI knockdown
of CUL-1/Cull, another obligatory componen
of the SCF complex (8), produced svnapse ¢lim-
ination defects similar 1o those ol skl RNAI

treated animals (fig. 52, Therefore, an SCF com-
|'|l;,'\ 5 essental Tor PIOPCT SYNapse elimination

Young adult (50 hr)

Wid La

& 100 - -3
!J E R - O animais E
; 0 4 [ #snB-1 puncts in 558 H
= =2
5 3
8 m 4 i:
H 25
= - , B E
£ 3~ &
H | | :
- [ i | Ep— QE
]

Early L&

-
L]

GFP::5YD-2 Early L4

Young ndull

Wil by

Fig. 1. Synapse elimination at the 55R in the HSNL. The vulval epithelial cells are used as a staging
criterion for early L4 (A to €), mid-L4 (D to F), and young adult (G to I) animals. SNB-1::YFP reveals
SSR puncta in early and mid-L4 animals [{B)} and (E}], which are absent in adult worms (H). Asterisks
mark the vulva; arrows and brackets indicate SNB-1:YFP puncta at the SSR and PSR, respectively;
arrowheads mark the HSNL cell body. ()} Quantification of SNB-1:YFP puncta in the S5R; error bars,
SEM. (K to S) RAB-3 colocalizes with SYD-2 at synapses in both the PSR and 55R [enlarged view in (K)
to (P)]. All images are lateral views, anterior to the left and ventral down. Scale bar, 20 um.
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F-box proteins provide target specilicity for
SCF complexes (8). We next tested candidates
to Wenuly the specilic F-box protein that reg-
ulates synaptic chmmation i the HSNL. FSN-|
and LIN-23, two F-box proteimns that have been
implicated in presynaptic differentiation and post-

>

5 100 = Wild type i
i = OEg-TlESH =
I o wyg-1 wyd) g
*;' B0 5
; i
§ 60+
[ o
1 &
E 404 5
&£
5 5
- 204 =
i g
g o 5

Ml L4

uy)

8 3 2 B

B
-

symaptic receptor traflicking (/5. fa) did not
affect the HSNL synaptic pattern (fig. 52) We
then mvestigated another F-box protem, SEL-10,
which 15 known to bind to SKR-1 and functions
m the Motch signalng pathway as well as m sex

determination in O, elegans (17, 15). Interesting-

— 0% snimals y
004 f - D# SHB1 punctain 55R [ 5 o
L] m
04 4 £
e E"
we F 3 !
ol |1
-
[‘] g
/MEETE 0k
ot s =
Mid Ld qﬁ'-'”w’

*
Young adult

Fig. 2. 5YG-1 is required for SSR synapse elimination. (A} Quantification of SSR puncta in a null
syg-1{ky652) allele and a weak syg-1(wy2) allele. (B) 5YG-1 dosage effect on the SSR SNB-1:YFP
puncta, **F < 0.01; n = 100. (C to K) 55R SNB-1::YFP puncta are located anterior to the developing
vulva (dashed boxes) and do not overlap with 5YG-1::CFP. Asterisks indicate the vulva.

Fig. 3. The SCF® complex is
required for synapse elimination
in the HSNL. (A} SKR-1 immu-
noprecipitates the intracellular
domain of SYG-1 in 2937 cells
{B and €) The S5R puncta are not
eliminated completely in skr1
RNAi—treated amimals, (D and E)

A

The sel-10 synapse elimination defect is rescued by expressing
se-10 in HSNs but not in other tissues. Punc-86 is expressed
in HSNs and other neurons; Pegl-17, in the vulva epithelium;
Plin-118, in VCs and the vulva epithelium; Psra-6, in PVQ
and ASH neurons; Punc-4, in VC neurons, ***P < 0,001, *P <

0.01; NS, not significant; n = 100.

WwWWL.SClencemad.org

WH: antl FLAG-SKR-1

WE: anll FLAG-SKR-1

Iy, sel-00 mutants displaved a phenotype similar
o that of skr-f Knockdown worms:
SS5R puncta o detected with both SNB-1 and the
active 2one marker SYD-2 (Fig. 3 and hg. 52)
Thus, SEL-10 nay serve as a spealic F-box pro-
tein in synapse ¢limimation in the HSNL.

MNext, we sought 1o identify the site of action
A transgene
containimg  the sel-f0 promoter drving green
fluorescent protan (GFP) labeled a subset ol
neurons including the HSNL, which suggests
that sed-/0 15 expressed in the HSNL (fig. 83)
Then we expressed the sel-/0 cDNA under the
1'ur]1|n| HI. 'A..'!'IiU-II:\ -\'\,'ll-hF‘\.'l,'ilil.' '|"'||'l'||'I|:I|'|\"I.'1- :II]I,I

increased

for sel-f0) in synapse elimination.

asked which Proanoters -.'Lluhl rescue the mutan
phenotype. An pnc-86 promoter driiving the sel-
{00 cDNA, which confers expression i HSNs,
fully rescued the sel-f0 mutam phenotvpe (Fig.
3. D and E) In contmst, when we used pro-
moders that drove expression in cells adpacent
the HSNL, the sel- 10 defect remained (Fig. 3D).
Finally, we examined the subeellular localization
of SEL-100 SEL-10:GFP was difTusely localiaod
along the entire axon throughout development (fig.
53). Thus, SEL-10 functions cell-autonomously
to regulate synaptic elimination and is present a
both the PSR and SSR.

Because SCF E3 ubiquitin ligases panicipate
in UPS-medimed protein degradation (8), we
asked whether proteasome activity is requined for
svnapse climination, We found that SSR svnapse
climination was dmstically compromised in ani-
nels treated with lactaeysiing 4 protemsome in-
hibior (79), which suggests that UPS-mediated
protein degradation is required for synapse ¢lim-
tion (lig. 54).

Because the SCFSE-1° complex is present at
both the PSE and S5R. why docs synapse ¢lim-
imation oocur specifically at the SSR. but not at the
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PSR? We considered two models. First, the SCF-
LIPS pathway could exent its effect by regulating
the expression of sig-f. SYG-1 would then pro-
mide symapse chimmation through an unidentfied
pathwary. Altematively, SYG-1 could regulate SCF
complex formation or activity, To distinguish be-
tween these models, we examined S3YG-15:GFP
expression in bictacystm-treated animals and sel-11)
mutants. In these womns, the SYG-12GFP patiem
wis indistinguishable from that of wildtvpe ani-
mak (Fig. 4, A and B). Funhermore, the SEL-10
WD-repeat domain, which recruits substrates (20),
did not bind the inmcellular domain of SYG-1
(fiz. 540 Theretore, it is unlikely theat the SCF com-
plex controls the level or localization of SYG-1,

To imvestigate whether SYG-1 regulates the
formation of the SCF3E-? complex, we assayved
the imermction of SEL-10 with SKR-1 by co-
immunoprecipitation. The binding between SKR-1
and SEL-10 was sigmilicamly weaker in the pres-
ence of the SYG-1 mmeellulr doman (Fig. 4. C
and D, which sugpests that the SYG-1-5KR-1
interaction inhibited the assembly of SCF com-

SYGA:GFP

WB: anli FLAG-SKR-1

Wilk: anti FLAG-irtra SYG-1
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1
L
L
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22
197
ANFF

Mid L4

plexes, Becwse SYG-1 protein was stnctly local-
wzed 1o the PSR (Fig. 2. C, F. and I), whercas
SO0 o presem at both the PSR and S5R
(fig. S3) and synapse climimation only occurmed
at the SSR, we hypothesized that SCpSE-I0
degraded synaptic components and it activity
was attenuated ot the PSR because of the pres-
ence of SYG-1 (fig. 85) Furhermore, in syge-/
mutants, PSR synapscs are significamly reduced
and SSR synapses ane increased (), One expla-
nation for this observation is that the SCF complex

may be limiting within the HSNL: a high level of

SCF activity at the PSR causes depletion of SCF
at the SSR, and vice versa, Therefore, in the wild
tvpe, SYG-1 localizes at the PSR and imerferes
with the assembly of the SCF complex by bind-
ing to SKR-1. As a resul, SCF acuvity is low at
the PSR and lugh at the S5R, leading 1o synapsc
stabilization at the PSR and synapse climina-
tion at the SSR (fig. 85}, In the absence of SYG-1,
SCF actuvity mercases at the PSR, leading 10
symapse climmation, whereas at S5R the SCF
activity is low and synapses persist,
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Fig. 4. SYG-1 inhibits SCFE1 assembly. (A) SYG-1:GFP expression is not altered in sel-10 mutants.

Arrows indicate SYG-1::GFP; asterisks mark the vulva. Scale bar, 20 pm. (B) Quantification of SYG-1::GFP
intensity. N5, not significant; n = 20. (€) Coimmunoprecipitation of SKR-1 and SEL-10 is reduced in the

presence of 5YG-1 intracellular domain. (D) Quantification of the SKR-1-5EL-10 interaction. (E) Effects
of SCF activity and 5YG-1 on PSR synaptic intensity. Depletion of SCF or overexpression of 5YG-1
intracellular domain enhances PSR synapses; n = 20. (F) Overexpression of skr-1 reduces the SSR

synapses, whereas overexpression of SYG-1 intracellular domain or the Fbox domain of SEL-10 causes

an increase im SSR synapses; n = 100. **P < 0.01, ***P < 0.001.
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To validate this hypothesis, we tested three
additional predictions suggested by the model.
First, i the SCF i mte-limiting for synapse deg-
rdation, then mercasing the SCF complex lev-
els should enhance synapse climination at both
the SSR and PSR sites. Indeed, overespressing
SKR-1 protein resulted in reduced PSR (Fig.
4E)y and decreased occumence of S5R synapses
{Fig. 4F), Conversely, overexpressing a dominant
negative fom of SEL-10 that contained only the
F-box domain inhibited synapse elimination and
led o more SSR puncta (Fig. 4F).

Sccond, il SYG-1 protects synapses from
degmdation through s inhibition of SCF, a
form of SYG-1 that is diffusely localized should
inhibit SCF assembly and penturb synapse elim-
mation at both the S5R and PSR. Consistent
with our model, the expression of a freely dif-
fusing SYG-1 intracellular domain construct in-
ereased the PSR puncta intensily in sve-J mutants
iFig. 4E and fig. S6) and the S5R synapses n
wild-type ammals (Fig. 4F).

Third, if the SCF complex also functions in
synapse climination at the PSR, we predict that
inhibiting SCF activity should suppress the di-
minished PSR phenotype of sig-/ mutants, In-
deed, inosie-/ mutant animals, compromising
SCF by ske-d RNAG or a sef-/0 muitation signil-
icantly enhanced PSR synaptic intensity (Fig. 4E).
These three lines of evidence support a model in
which SYG-1 protects the synapse a the PSR by
antagonizing the function of SCF, and SYG-1
promoles synapse climination by noking  more
SCF available distntly an the SSR. I is also pos-
sible that SYG-1 acts through unknown mecha-
nisms o repulae SCF actvity at the S5R, which
would not requine SCF activity 1o be Timiting.

Synaptic circuit assembly is a highly dynamic
process of concurrent formation and elimination
of synapses during development (27). The UPS
is widely used in many cellular processes, in-
cluding axon pruning, dendrite pruning, and syn-
apse developmem (£, 22-26) Our findings
reveal that the UPS also mediates local elimi-
nation of synapses without obvious neurite loss,
a process that requires precise control of UPS
activity, One way 1o explain the spatial regu-
lation of UPS activity is through local inhibi-
tion of the SCF complex by synaptic specificity
molccules such as SYG-1. This cnsures  that
synapscs are stabilized at appropnate sites but
removed from inappropriate siles. A recem study
showed that the proteasome could function lo-
cally within distal dendrites of venchrite neurons
{27 Our results provide a molecular link be-
tween spatial regulation of ubiguitin-mediated
profein degradation and selective synapse elimi-
nation: similar local protection mechanisms may
also underie venebmte neural circuit formation.
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Rapid Erasure of Long-Term
Memory Associations in the Cortex
by an Inhibitor of PKMC(

Reut Shema,® Todd Charlton Sacktor,® Yadin Dudai®*

Little is known about the neuronal mechanisms that subserve long-term memory persistence in the
brain. The components of the remodeled synaptic machinery, and how they sustain the new synaptic or
cellwide configuration over time, are yet to be elucidated. In the rat cortex, long-term associative
memories vanished rapidly after local application of an inhibitor of the protein kinase C isoform,
protein kinase M zeta (PKMZ). The effect was observed for at least several weeks after encoding and
may be irreversible. In the neocortex, which is assumed to be the repository of multiple types of
long-term memaory, persistence of memory is thus dependent on ongoing activity of a protein kinase
long after that memory is considered to have consolidated into a long-term stable form,

ersistent phosphorylation by the atypical
P protein kinase C isofomm PEMC is required

for maintenance of long-term potentia-
tion (LTP) in hippocampus and for sustaining
hippocampus-dependent spatial memory (/). liis
neocortex, however, which is assumed uliimately
to store muliple wpes of long-lenm memory in
the mammalian brain (2, 3} We set out o deter-
mine whether persistent phosphory lation by PKMZ

Test (day)
Fig. 1. Erasure of long-term CTA memory by a single application of the PKMZ ~ which was a single conditioning session (3 and 7 days groups) or two

inhibitor ZIP into the IC. (A) ZIP was administered 3 days after training, and
memory was tested 1 week or 1 month later. Controls were tested at 1 month.
Data are shown for three successive tests, 1 day apart. The dashed line
indicates equal preference for the C5 and water, i.e., Al = 50 (5). A preference
for the C5 may develop over time in nalve or CTA-extinguished rats, but Al
usually does not decline below 20 to 30 even in najve rats. For statistics, see
text. (B} ZIP was microinfused into the IC at the indicated times after training,

www.sciencemag.org SCIENCE VOL 317

is critical for storage of long-ierm memory in
corex. We investigated taste memory in the insular
cortex (1C), which comains the gustatory conex ().

We trained rats on conditioned taste aversion
(CTAY (5) using saccharin as the conditioned
stimulus (CS), and 3 days later, microinfused the
sclective PRKME pscudosubstrae inhibitor Z1P
(1, 6) bilaterally ino the IC. Controls received
vehicle only. We tesied one ZIP group | week

C
100y 100
§
§ 60
Fa o -
20
3 7 25

Time to ZIP application (days)

later and another | month later. ZIP in the 1C
blocked CTA memory in both groups |one-way
analysis of variance (ANOWVA), F2.16) = 7.61,
P < 0.005] (Fig. 1A). Post hoe comparisons
unveiled no difference between the ZIP groups:
however, cach was different from the control
(P < 0.05), The difference persisted in extine-
tion [repeated-measures ANOVA, group elfect,
F12,16) = 6.17, P < 0.01, test effect, F(2,32)
RO1, P < 0,001 ). The ZIP groups did not differ
from cach other, but cach was different from
control (7 < 0L05),

Adthough consolidation of memory in the [C
is considered o be over within hours, judged by
loss of vulnermbility o amnesic agents (7), we
wondered whether the vulnerability 1o ZIP re-
flects a longer consolidation process (8). We ad-
ministered ZIP a1 various times 3 1o 25 days alter
trmining, followed by CTA wsting. The PKMC
inhibitor blocked memory at all time points wesied
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Medical Center, 450 Clarkson Avenue, Brooklyn, NY 11203,
USA.

*To whom correspondence should be addressed. E-mail:
yadin.dudai@weizmann.ac.il

ahicks
.*zl.pn i J L i *L’Cl. i i
1 2 3 4 "7 42 14 15 1B
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successive conditioning sessions, a day apart (25 days group). Memory was
tested 2 hours (3 and 7 days groups) or 1 day (25 days group) later. (C) Rats
were trained on CTA and tested once 3 days later, followed 1 to 4 min later by
microinfusion of ZIP into the IC. Although spontaneous recovery was seen in
the no-test interval between days 4 and 12 in the control group, the ZIP-
treated rats showed neither spontaneous recovery nor any indication for UCS-
reinstatement (LiCl, day 13).
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[(Fig. 1By £ < 0,001 for the difference between
ZIP groups at 3 days and 7 days and the controls,
P = (0,003 for the difference between the 25 dayvs
group and control]. There is no evidence, there-
fore, for closure of a consolidation window even
afier several weeks, The efleet of ZIP on long-
term memory s rapid [within 2 hours ot most;
(Fig. 1B}, at 3 and 7 davs| and is not chminated by
intensifying training [(Fig. 1B), at 25 days afier
two suceessive CTA trainings o the same taste),

To exclude the possibility that the elect of the
inhibitor is unique 1o the C5 used, we replaced
saccharin with glycine, ZIP was administered 3
davs afier taining. Scrambled mactive ZIP was
used as comrol (/). A test | day later showed an
aversion index (AL = 74.7 « 6.5 in the Z1P group,
and 982 = 1.05 in the control (w = 8 cach, P <
0.005). The effect s thus not unigque o the CS
used and requires inhibition of PEKME activity,

In the experiments above, ZIP was admin-
istered before the first test. Because reactivation-
induced reconsolidation may reinforee the
memory trace (9-11), we wondered whether re-
trieval under conditions that promote reconsoli-
dation (%) might render the trace immune to
PEMC inhibition. We subjected mis 1o two CTA
training sessions, a day apart, followed by atesta
week later [before ZIP, Al =945 £ 276, 1 = 10
before vehicle, Al =955 £ 224 n =8 F(l,16)=
1], We then delivered ZIP a day alter the test. and
retested a day later. The effect of ZIP was nol
eliminated [after ZIP, 58.68 + 7.9; after vehicle,
921 + 3.8 F(1.16)= 12.27, P < 0.005].

A
Ne Li training

;
3

Aversion indax
M-
W‘-

B
80
a0 LA
Y, W
0 1 3 5 T 1

Tesi (day)

Fig. 2. (A} In LI, familiarity with the tastant at-
tenuates the potency of that tastant to serve as (5
in subsequent CTA training (compare wehicle, LI
training to no Ll training). Microinfusion of ZIP into
the IC after the exposure to the tastant in the LI
protocol (ZIP, LI training) has no effect on famil-
iarity. (B) Neophobia declines over repeated non-
reinforced exposures to the tastant (days 1 to 6).
Application of ZIP into the IC has no effect on
familiarity in this protocol either,
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To examing the possibility that the inhibitor
blocks memory performance only transiently, we
contmued testing ZIP-treated mts over tme, o
unvell spontancous recovery, and i addition,
after about 2 weeks, reapplicd the uncondiioned
stimulus (UCS) 1o elicit potential reinstatement,
None of these manipulations viclded evidence
for recovered memory in the ZIP group (Fig, 10),
Repeatod-measures ANOVA on days 4 and 12
(the no-test interval, in which spontancous recov-
ery might oceur) shows signilicant group effect,
F(1,12) = 579, P < 005, and a trend towand
group = lest imermction, M{1,12) =429, = 006,
Post hoc comparisons reveal nonsignilicant
difference between groups on test day 4 (P =
0.28), but significant difference on day 12 (" <
0,011 All m all this indicales  spontancous
recovery in the control but not in the ZIP group.
The lack of expected extinction in the control
between days 12 and 14 (paired 7 test, P= 0.84)
suggests a reinstatement effect. No evidence lor
an clieet from UCS reapplication was observed
in the ZIP group.

Can ZIP disrupt more than one association at
a time? Rats were trained on CTA 1o saccharin
(CS1), and 2 days later 1o glycine (C52). These
tastants are perceived differently (723, One week
later, ZIP was microinfused into the 1C, and a day
later. a test schedule was initiated in which the
rats (n = ®) were tested on CS1 and €82, con-
sceutively, | day apan over 6 days. Both CS1-
UCS and CS2-UCS associations were dismupted;
Al on the first test for CS1 association was 94.0 +
316 in the control (v = T), 70.3 = 7.09 in the ZIP
group [F(1,13) = 841, < 0.05]. Al on the st
test for CS2 association was 97.6 + 097 in the
control, 789 + 38 in the ZIP group [F1.13) =
R4l P < 0.05). No significant difference was
detected among groups in extinction rate, indi-
cating lack of recovery from the ZIP effeet on
repetitive testing |repeated-measures. ANOVA,
group * test interactions, F(2.26) < 1. not
significant .

W tesied the effect of the PKMC inhibitor on
the ability 10 encode, as opposed 1o retain, CTA
memory in the IC. First, we microinfused ZIP
into the 1C 2 howrs before exposure to a glycine

1007

8

g

Avarsion index

i I

1 2 3 4
Test (day)

Fig. 3. PKMC inhibitor in the hippocampus does
not impair CTA memory. ZIP was microinfused
bilaterally into the hippocampus 3 days after CTA
training, and memory was tested starting a day
later, These data also demonstrate that the effect
of ZIP on CTA memory in the IC is region-specific.

&

(4

CS in CTA training and tested 3 days later, We
found no cffect of ZIP on acquisition of CTA
[ZIP group, 854 + 5.0, 1 = 8; vechicle, 874 = 59,
i =T, onc-way ANOVA, FIL13)<1.P=0381].
Similar results were obtained using saccharin as
the CS |ZIP group, 79,6 + 3.9, n = &; vehicle,
8000 = 38, i = 1 onc-way ANOVA, F(1.14)
<], P=0495], Second, rats that were trained on
CTA to sacchann and then wreated with ZIP, were
subjected a week later to a new CTA triining 1o
glveine, There was no difference between the ZIP
and the control mts in their ability 1© reacquire
CTA [ZIP group 93.2 = 2.3, 1 = 9; vehicle 95.0 +
2.9, 1= 5, wsted 3 days afler retraining: one-way
ANOVA, F(1,12) <1, P=0.62].

The IC subserves detection and consolidation
of taste familianty (£3-17) We used two par-
adigms to determine whether the PKME inhibitor
eisrupts taste famiharity once formed. The lirst is
latent inhibition (L1) (7 7). Preexposure to the CS
in a LI protocol attenuates later CTA trming o
the same CS: hence, CTA performance serves as
a lamilianty detector (17). Introduction of ZIP
into the IC after the preexposure to the taste in the
LI protocol had no effect on LI [{Fig. 2A): one-
way ANOWVA for the first west, F{2,37)=7.77, P <
0005], Post hoe comparisons showed no sig-
nificant difference between the ZIP-LIT and the
vehicle-LI groups: however, both groups were
signilicantly ditlerent from the no-LI group (P <
0.01). Repeated-measures ANOVA showed sig-
nificant group effect, A2.37) = 6,83, P < (L0035,
and significant test effect, FI2,74) = 1594, P =
0001, Again, post hoe comparisons showed no
significant difference between the two LI groups,
and cach ol these groups was signilicantly
difterent trom the no-LI group (72 < 0.01),

We also examined atenuvation of neophobia
{48). Here, rats are presented with an unfamiliar
tastant that invokes lear-of-the-new and then
repeatedly presented with the same tastant. Over
time. the neophobia decreases, serving as a
measure of familiarty. PKMZ inhibition had no
effect in this paradigm |(Fig. 2B). repeated-
measures ANOVA, signilicam attenuation of
neophobia in the repeating tests, AS112) = 2101,
£ < 0,001 |; however, no significant diffcrence was
seen between the groups, F(1,14) < 1, P = 0.85].

PEKML has been previously shown to main-
tain LTP and spatial memory i the hippocampus
(/). The role of the hippocampus in CTA 15 sull
unsettled (/9). Hippocampal lesions do not
impair CTA and were even reported 1o enhance
it (20). Micmoinfusion of ZIP into the dorsal
hippocampus 3 days after CTA did not impair
CTA memory when tested a day after ZIP ad-
ministration (Fig. 3). IFat all, there was a trend
toward memory enhincement [repeated-measures
ANOVA, FI1,16) =298, P = 0.1]. Besides dem-
onstrating that PKML in the hippocampus 15 not
essential for long-term CTA memory, these data
also indicate that the effect of ZIP on memory in
the IC is region-specific,

The cffect of the PKMC inhibitor on long-
term CTA memory in IC is consistent with
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reports that the IC s critical for consolidation,
storage, and extinction of CTA (7, 13, 21, 22).
Adthough the map of CS-UCS association sites m
CTA encoding s stll meomplete and probably
includes subcortical structures (23), once the
association is formed, the 1C s likely o store
elements of the assocative hedonic or incentive
value of the CS (240 In contrast, whereas the IC
is documented 1o detect taste novelty that
facilitates encoding ol CTA (4, 7, 13, 14, 21),
the present data are in line with the possibility
that taste familiarity perse is not stored in the 1C,

S0 far, we have found no evidence that the
effect of ZIP on associative ste memory in corles
15 reversible: henee, we heunstically propose that
the PEKME imbibstor might practically emse some

long-term memory associations. We are aware of

the difficultics in concluding that a memory trace
is crased from the lack ofability 1o detect a change
in performance that is atinbuted 1o that mce, This
mherent difficulty haunts the long-standing debate
on whether amnesia 15 a stoage or a retneval
deficit, vet does not preclude the mssumption that
amnesia is a storage delicit (8, 9, 25).

Recent data on reactivation-dependent vul-
nerability of memory 1o amnesic agents (8, ¥)
recmphasize the failty of the engram - an aitri-
bute long recognized by cogmitive psvehologists
(26}, but somchow mostly ignored tll recemtly by
neuroscientists, Our data reinforee the notion that
memory races are prone o swill interferences
long afier their encoding, In comrast 1o these car-
lier studies, however, no reactivation is needed 1w
render the trace susceptible 1o ZIP. The possi-
bility that the race reactivates implicitly is low
given that elassical amnesie agents, ¢.g., macro-
molecular synthesis inhibitors, have no elfect on
the long-term CTA tace that has not been

sactivated (7, 13).

The possibility cannot yet be excluded thal
vulnerahility of memory 10 PEME inhibition in
cortex might wane. Il so, then the temporal
window of “cellular consolidation,” i.c.. the sta-
bilization process that is postulated 1o occur in
synapses and cell bodies after memory encoding
(&), lingers far longer than originally  thought,
This conclusion is even more stiking given that
clemental CTA seems hippocampus-independent,
excluding a “systems consolidation”™ process in
which the hippocampal tree imvades neocornex
over days o weeks (8) An aliernative possibility
is that PKMC permanently maintains long-tenm
memory and, thus, is a target for amnesic agents
as long as the memory persists In this casc,
defining consolidation on the basis ol vulnerabil-
ity 10 amnesic agents (8) requires reconsideration,

How does PKMC inhibition dismupt memory
inneoconex? INwork on LTP in the hippocampus
is @ guide, the elfect of PKMC might be on the
microstructure of preexistng synapses, resulting
in a doubling of the number of functional post-
synaptic AMPA-type glutamate receptors (27),
Our results indicate, however, that these changes,
even weeks aller learning, are not indelible mod-
ilications of synaptic structune, but remain de-
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pendent on ongoing enzymatic activity and, thus,
are capable of apid and dynamic alterations by
cxpenmental manipulation or, perhaps, i the
course of incompomtion of new expenience into
associative knowledge schemas i cortex (28).
The idea that persistent enegymatic activity keeps

memory going has been raised on the basis of

theoratical considerations (29-3/), The finding
that this takes place, via PRMC, not only in LTP
and hippocampus ( /, 6, 27), butalso in long-term
memory in neoconex, has, in addition w theo-
retical implications, potential clinical signifi-
cance, .., in the field of cognitive enhancement,
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Detection of Near-Atmospheric
Concentrations of C0O, by an Olfactory
Subsystem in the Mouse

Ji Hu,*?* Chun Ihung,u' Cheng II‘.iimg,'l Qiuyi Chi,? Andreas Walz,* Peter Mombaerts,*

Hiroaki Matsunami,” Minmin Luo

Carbon dioxide (CO;) is an important environmental cue for many organisms but is odorless to humans.
It remains unclear whether the mammalian olfactory system can detect CO; at concentrations

around the average atmospheric level (0.038%). We demonstrated the expression of carbonic
anhydrase type Il ({CAIl), an enzyme that catabolizes €05, in a subset of mouse olfactory neurons that
express guanylyl cyclase D (GC-D* neurons) and project axons to necklace glomeruli in the olfactory
bulb. Exposure ta €O, activated these GC-D* neurons, and exposure of a mouse to €O, activated
bulbar neurons associated with necklace glomeruli. Behavioral tests revealed CO, detection thresholds
of -0.066%, and this sensitive CO; detection required CAll activity. We conclude that mice detect
CO; at near-atmospheric concentrations through the olfactory subsystem of GC-D* neurons.

05 s an olfactory stimulus for many
‘ inventehrmtes (£, 20, OO, levels Nuctuate

locally with biclogical activities, such as
animal respiration, plant photosynthesis, and the
decomposition of organic matter, OOz signals
regulate many inscetl innate behaviors, such as
secking food and hosts, avording stresstul envi-
ronments, and ovipositioning (3-6), C05 has no
discemable odor 10 humans, but at high concen-

trations (=30%), it produces a pungent tigeminal
sensation in the nasopharynx (7). Carbonic an-
hydrase (CA) an emeyme that is implicated in
C0y sensing by penpheral svstems such as carotid
chemoreceptors (2, &), is expressed in a subsot
of olfactory sensory neurons (OSNs) in several
vertehrte specics (8, 90, Studies indicate that rats
can deteet CO» at levels above 0.53% (0, 1 I
remains unknown whether mammals can detect
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953



954

COs ot concentrations near the atmospheric level
(0038%), and 1f s0., whether this detection s
mediated by a specialized olfactory subsystem.
In the mouse ollactory epithelium (OFE),
conventional OSNs use adenosine 3-3" mono-
phosphate (cAMP) in odorant-cvoked signal
transduction, but a minor population of neurons
appears o use guanosine 3'-3" monophosphate
(cGMP) (214, Unlike conventional OSNs, this
munor popalation of cells expresses phosphodies-
terase 2A (PDE2AY, guanylyl eyelase D (GC-D),
and cOMP-sensiive ovelie nuclaotide-gated (CNG)
channels (/2-74). They project axons to the
I]g‘\'kiil\'\‘ 3_-|11||h,':u|i,.;| =1 |1|';|ull|\;n||i l|!|:I| |i1|1'|1 4|
"I!u..'k lace™ In l|u.' caudal \,.'i'lf.! of the |||I!':|-;,'1:1|'_-. bulb
(OB) (13, 13 The necklce glomeruli have
been mphcated in detecting suckling phero-
mones and pheromonal compounds (16, 7).
Here we show that mice can sense OO at near-
atmospheric levels through the subset of olfe-
tory neurons that express PDE2A and GC-D.
We lirst examined the gene expression profile
of neurons expressing PDE2A (PDE2A

rons) by smgle-cell seral analysis of gene ex-

L=

pression of dissociated cells from the candal OF
of mice (/8). We found that PDE2A
expressed high levels ol CA wpe IHCALD, where-
as conventional OSNs did not (fig. S1, A w C),

TICRITRR S

|"'1]‘ll'c.\.~.inli of CAINCar2 mRNA :I‘-:. a subsotl of

OF cells was verilied by in situ hybridization
(fig. SI1D). Immunostaining showed abundant
CAll expression by a small population of aclls in
the caudal OF. Most of these CAIT cells clus-
tered with bilsteral svmmetry in the cul-de-sac
regions within the caudal recesses of the nasal
cavity (Fig. IA). CAll localeeed with PDE2A in
the OF (Fig. 1. B o D) and i 20 glomerul
more than 30 pm in diameter in the candal OB
(Fig. 1, Eto H; and fig. 82, n = 6 mice). Because
PDE2ZA tntum s coexpressed with GO-D (43, 140,
we analviasd a mouse strain with a tanzeted mu-
tation in the GC-02 locus that produces bicistronic
messages causing cotranslation ol GOC-D with a
fusion protein of tauw and green luoreseent pro-
tein (GFPY GO D-1TG mice). CAIHL immunore-
activity and GFP intrinsic fluorcscence complctely
overlapped in the OF (Fig. 1, [ to K) and OB
(Fig, 1, L to N, = 2 mice) Heneeforth, we refer
to the subset of CAIN-PDE2A-GC-D™ neurons
as GC-D" neurons,

CA catalyees the reversible reaction of CO4
Ha0) == OOy H (19 20). Because CA 15
implicated in COs sensing, we tested whether
G-I neurons respond 10 COs using calcium
imaging in an intact OF preparation from GOD-
TG mice (&, 21) OSNs wene incubated with
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China. “Institute of Biophysics, Chinese Academny of Sciences,
Beijing, 100101, China. 1DE'FI-BI’1I'I'1E'|'1|I of Molecular Genetics
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*These authors contnbuted equally to this wark.
110 whom comespondence should be addressed. E-mail:
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rhed-2 acetoxymethyl ester (AM), a calcium-
sensitive red fuorcscent dye. GO-D neurons

were identified by mtninsic green fluorescence of

GFP m ther dendntic knobs and somata (Fig.
2A) and the uptake of rhod-2 AM dye was
confimmed by red Nuorescence (Fig. 2B). Tissuc
wias continuously superfused with oxygenated
HEPES-based Ringer solution. CO, was deliv-
ered by superfusing COy-bubbled Ringer solu-
tion into the maging chamber, resulting in peak
COy concentrations of 04 1o 6.4 mM as caleu-
lated by CO5 solubility (229, After CO, appli-

cation, we observed Muorescence enhancement

int both dendritic knobs and u:|\lc1']}1'1|_-,: somuta of

4258 \'L"l = [ ,: Ie-
spomses of GO-D peurons were dose-dependent,

GOC-D' neurons i |'”tj.,:. WK
with substantial activation starting ot [LOmM (05

(Fig. 2D). GC-D™ neurons were not activated by
COy-free Ringer solution with adjusted pHl or

I
CAll =

GCD-ITG

bicarbonate levels (Fig. 2E and fig. S3A) When
tested with 6.4 mM CO-, most GC-D7 cells were
256 out of 260 (256/260)
tested]. and a few of them were only weakly
activated (hg. 54, n = 4/260),

To examine the role ol CA in OO sensing by
CiC-D7 neurons, we applicd acetazolamide (AZ,
| mM, a CA creymatic mhibitor. AZ completely
climinated the €Oy responses (Fig. 2F and fig.
53B). Calcium signals in response to CO, were
absent in Ca®*-froe Ringer solution, indicating
that calcium signals were due o extemal caleium
influx (Fig. 2G and fig. S3C). Low concentra-
tions of L-od-diltiazem (10 pM), a CNG channe]

not activated [

|1|..1._'L1;|' 1_‘.1' | I L | .\.H‘ll} hlocked the TCSPRSe of
GO-I newrons to COs (Fig. 2, H and 1), Thus,
(0, specifically activates GC-D' newrons, and
this activation requires CA enevmatic activily
and the opening of CNG channels.

-

Cal —

-
PDE2A

D -y

L

avarlay

ovarlay

L Mo
N— 1 GCD-ITG overlay

Fig. 1. CAll immunoreactivity in GC-D* neurons and necklace glomeruli. (A) Bilaterally symmetric
distribution of CAII" cells (arrows) in the OE. (B) High-power view of CAll immunoreactivity in a CAIl®
cluster, (€C) PDE2A immunoreactivity in the same section as (B). (D) Owverlay of (B) and (O). (E) A coronal
section of the caudal OB showing CAII* glomeruli (arrows) with largely bilateral symmetry. (F) High-
power view of CAIl immunoreactivity within the dashed box in (E). (G) PDE2A immunoreactivity. (H)
Overlay of (F) and (G). Blue, DAPI labeling. (I to K) CAll expression overlaps with GFP labeling in the OE
of GCO-1TG mice. (I} CAll immunoreactivity. (}) GFP immunoreactivity within the same region as (1), (K)
Overlay of (1) and (). (L to M) CANl expression overlaps with GFP labeling in the OB of GCD-ITG mice. (L}
CAI* glomeruli. (M) GFP* glomeruli within the same region as (L}, (N) Overlay of (L} and (M), Scale bars
in (B}, 20 pm; (F), 100 m; {n, 10 um; and L, 50 W,
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To test CO2 sensitivity in vivo, we reconded
{room bulbar neurons associated with the necklace
glommeruli atter exposing ancsthetizod mice to
C0 n the airtlow delvered o therr nostnls (18).
Out of =300 cells ested with 0.3% CO» m the
gas phase, excitalory responses were found in
260 cells, almost all of which were near the
necklace glomeruli, By juxtaccllular labeling, we
identificd five cells with dendritic processes that
were delineated elearly and extended imo the
necklace glomenuli (Fig. 3A)
were activated by extemal CO5 at levels above
1% (Fig. 3. B and [3). Excitatory responses o
COz pulses were characterized by initial bursting
with shon luency [3063 + 226 ms (mean
SEM, n = 24 cellsy], vigorous firing throughout
the stimulus, and brcl mhubition after stimwlus
temmnation (Fig. 3C)L Control pulses (006 CO,
and 200 O;) with the same low mate had no
eftect, conlimming that the responses were evoked
by OO but not by mercased airllow. The CO,
responses of bulbar neurons were dose-dependent
(Fig. 3. D and E). For the 18 most sensitive cells

These five cells

tested with a range ol concentrations, significant
activation was observed at (L1% CO,. Response
amplitudes rose steeply between 0.1 and 0.3%
COy and saturated near 0.5% (Fig. 3E). Lower
sensitivity to OO was observed in some neu-
rons, with saturation above 2% (v = 30 cells).

Activation of GC-D7 glomeruli by CO; was fur-
ther confirmed by immunostaining against c-Fos,
a marker of neuronal activation in the olhctory
bulb (17} (hg. 55).

Finally, we used behaviorl assays to examing
the sensitivity of OO, detection by the mousc
(18, Water-deprived adult mice were tmincd 1o
lick a port for water delivery dunng 0.5% OO,
pulses and 1o not lick during control pulses with
the same Now rate and oxygen concentrations
(fig. S6) (/8). Training over 10 days resulied in
stable performance at levels of =90% cormect re-
sponses (Fig, 4A, o =10 mice). During tests,
response accumey remained high for wst stimuli
with =0 1% CO5 but el shamly o nearchance
level as COs levels decreased further (Fig, 4B8).
The response ratio at different €05 concentra-
tions Inted o a Weilbull psychometrie function
reporting a C0; detection threshold of 1,18
0.07 log units or 0.066% CO; (Fig. 4B and hig.
ST n
average OOy concentration in the atmosphere.

= R muce) (24), which is Just above the

The behavioral threshold also matched the re-
sponse sensitivity of bulbar neurons (Fig. 3E).
When the OE was ablated by nasal irrigation with
#ine sulfae (50 pl o a concentration of 3%6), mice
were unable 1o detect 0.5% CO5 pulses (Fig. 40).
Consistent with OSN regeneration, they slowly
regained their ability in 1 1o 2 weeks (25)

REPOI

COy repels Dvosaphila (4) but attracts mos-
quitoes to hosts (31 In a T-maee assay, we found
that mice avorded COk at concentrtions as low
as 0.2% (n =31 muce, =< 0L01, £ test). The avod-
anee became substantially more marked at higher
concentrations  (Fig, 4D, 04 1w 3.2% CO;).
Lesions of the OF by nasal imigation with zinc
sulfate eliminated the avoidance of €O, (Fig.
4D0). The effects of lesions on mice both wrained
and untrained for CO; detection, in combination
with the fast reaction time for OO detection (g,
583 and the low COy sensitivity of the iigeminal
svstem (fig. 593, demonstrate that the OF has a
direet role in COs datection.

Because CAll is expressed exclusively in
GO-D' neurons and s activity is essential for
Oy responses m these neurons (Figs, | and 2),
we examined the behaviom] phenotvpe ol mice
homozygous fora null mutation inthe CACar2
gene that was induced by chemieal mutagenesis
with Neethyl-N-mitrosourca (g, S1TO) (260, 26).
These mutant mice were unable to detect CO;
al concentrations below 1% (fig. S11), but ther
leaming curve and deteetion threshold for detect-
ing amyl acetate (0,107 saturated vapor) were
indistinguishable from those of wild4ype mice
(Fig. 4E, = 6 for mutant and 7 for wild-type
mice) (£8). After learing the behavioml para-
digm with amy] acctate, both wild-type and CAl

GCD-ITG Rhod-2/AM [ AF/Fto CO2 D
12}
= E 8 :
w
(i
= 41
ﬂ L M i
0 2 4 6
COs concentration (mM)
F G H |
121
12k 12 124
= 8} o) = . 0z  COgz+Diltiazem COgz+wash 3%
) — Amt — = — 8t
& & & &
=1 4 =<1 4l =l 4} =141
0 0 0 X/\
CO; pH HCOy baseline AZ CO; baseline Diltiazem wash

control control

Fig. 2. CO, activates GC-D* neuwrons, and this activation requires CA

0 n::.a2+

CO; versus pH-adjusted control; AFF =

0.4 = 0.2% for bicarbonate

activity and the opening of CNG channels. (A) GFP labeling of a cluster of
GC-D" newrons within an intact epithelial preparation from a GCD-ITG
maouse. The arrow points to a dendritic knob. (B) Uptake of the calcium-
sensitive dye rhod-2 AM into GC-D* neurons within the same region as
(A). (C) Map of normalized fluorescence changes (AF/F) within the same
region as (A) and (B} showing activation of GC-D* neurons after CO,
application. The color scale at the right indicates a AFF range of O to
20%. For all GC-D" neurons tested, ARF =111 + 0.4% (mean + SEM, n =
428 cells, 8 mice). (D) Dose-response curve of the calcium signal to CO,
{(n = 123 cells). (E} Group data showing that GC-D* neurons respond to
6.4 mM CO; but not to pH-adjusted and bicarbonate controls (AFF =
0.7 = 0.1% for pH-adjusted control, n = 123 neurons, P < 0.001, ¢ test,
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control, 7 = 170 neurons, P < 0.001, t test, COs versus bicarbonate). Error
bars in this and the following figures indicate SEM. (F) Group data
showing blockade of CO; responses by the CA inhibitor AZ ( ARF=12.8 =
0.5% in baseline conditions versus 0.5 = 0.1% in AZ, n = 225 neurons,
P < 0.001, t test). (G) Group data showing the absence of CO, responses in
Ca®*-free Ringer solution (AF/F = 13.0 = 0.5% in normal Ringer solution
versus 0.0 = 0.1% for Ca®*-free Ringer, n = 118 neurons, P < 0.001, ¢
test). (H and 1} A single example (H) and group data (I} showing the
reversible blockade of CO, responses by v-cis-diltiazem (ARF = 123 =
1.1% in baseline, 1.8 %+ 0.3% during diltiazem application, and 6.9 %
0.5% during washout; n = 225; P < 0.001; ¢ test). Scale bar in (A), 10 um;
in (H), 50 s and a AFF of 10%.
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Structure of the Membrane Protein
FhaC: A Member of the Omp85-TpsB

Transporter Superfamily

Bernard Clantin,** Anne-Sophie Delattre,®** Prakash Rucktooa,™** Nathalie Saint,>®
Albano €. Méli,*>* Camille Locht,®** Francoise Jacob-Dubuisson,>*#* Vincent Villeret™%*+

In Gram-negative bacteria and eukaryotic organelles, [-barrel proteins of the outer membrane
protein 85=two-partner secretion B (Omp85-TpsB) superfamily are essential components of protein
transport machineries. The TpsB transporter FhaC mediates the secretion of Bordetella pertussis
filamentous hemagglutinin (FHA). We report the 3.15 A crystal structure of FhaC. The transporter
comprises a 16-stranded [§ barrel that is occluded by an N-terminal o« helix and an extracellular
loop and a periplasmic module composed of two aligned polypeptide-transport—associated (POTRA)
domains. Functional data reveal that FHA binds to the POTRA 1 domain via its N-terminal domain
and likely translocates the adhesin-repeated motifs in an extended hairpin conformation, with
folding occurring at the cell surface. General features of the mechanism obtained here are likely to

apply throughout the superfamily.

argeting of proteins to their dedicated

I subcellular compartments is essential for
cell function and organclle biogenesis,
Translocation of profeins across o inseriion into
membranes s mediated by protein machinenes,
some of which have been conserved throughout
evolution, such as the tmnsponers of the Ompk3-
TpsB superfamily. TpsB transporters arc compo-
nents of two-partner secrction (TPS) systems in
Girame=negative baciena. They scorete large, mosi-
Iv p-helical proteins called TpsA proteins that
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generally serve as virulence factors (/. 2). TpsB
transporters function without accessory factors.
The superfumily also includes the Toe 75, SamS50-
Tob55, and Omps3-YacT homologs, which are
the cores of large hetero=oligomene complexes
involved in protein ransport across, and mscrtion

of B-bamrel proteins into, the outer membrnes of

chloroplasts, mitochondria, and Gram-negative
bactena, respectively (3-9),

Onmps 3-TpsB transponters have been predictad
o comprise a consenved Caerminal tamsmembrane
[ barrel and a soluble N-erminal region harbonng
one to five putative polyvpeptice-trmnspon-associated
{POTRA) domains, which are hypothesized 1o me-
diate protein-protein interactions (/0 2). The
transporters also harbor conserved C-proximal sig-
nature motifs of unknown function in their pore-
forming regions (13). In spite of their implication
in entical physiological processes such as mem-
branc biogenesis and seerction of vimlence pro-
teins, the molecular mechanisms of protein

translocation or insertion into membranes by
those transponiers remain poordy understood. To
address these issues, we determined the erystal
structure of the TpsB prototype FhaC that me-
diates the translocation to the bacterial surface
of flamentous hemagg lutinin (FHA)L the major
adhesin of the whooping cough agent Bordetella
Preriussis,

FhaC was erystallized in space group C222,,
and the erystals contained one molecule in the
asymmetric unit. The structure was solved by the
single-wavelength anomalous diffusion (SAD)

micthod (74) and 15 reported o a resolution of

305 A uble 81 and fig. S1). The protein 15 a
monomer and comprnses a 35 A high § barrel
composed of 16 antiparallel B oswands (B1 1o
Bloy (Fig. 1A and fig. 52) with a shear number
of 200 The 5 barrel comesponds 1o the C-terminal
moicty of the protein and encompasses residucs
208 1w 354, The periplasmic and extracellular
sides of the barrel are characterized by short wirns
and longer loops (L1 to L8), respectively. in
general agreement with a prior topology model
(15). The N werminus of the protein is located in
the extracellular milicu and folds o a 20-
residuc-long a helix (H1) that goes night through
the transmembrane § barrel (Fig. 1, A and B). The
C terminus of helix HI emerges ino the
penplasm and 15 connected 10 a peniplasmic
module via a 30-amino acids linker that has no
well-defined cleciron density in the erysial
sructure. This penplismic module of 150 nesi-
dues precedes the [ barrel, a feature that had not
been predicted carlier (£3).

The interdor of the f barrel is panly hydro-
philic, with 17 charged residues pointing inward.
Helix FH is also charged with six Lys and'or Arg
and six Asp andlor Glu residucs, The charged nes-
icducs are not uniformly distnbued inside the bar-
rel but form three clusters (g, S3). Cluster | runs
from the penplasm w0 the bacterial surlace and
commprises residucs Arg™ and :‘lu-irnEﬁz (B3), L"q".'\ju
(B6) Lys™ and Ang™® (B7), Asp™ (BS). and
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r\rg'm (B10) (hig. S3A) They are complenmented
by residues from H1 (Arg', Asp', :\.T"’, and
.J"ﬁ.rg]q}. Cluster 2 comprises residues Asp ¥ (B1),
Lys™" (B2), Are™ (B3), and Glu™* (B4) and is
located close o the extmecllular side, Lastly, cluster
3 comprises residues— Lys*®! (loop B12-B13),
Arg™® and Asp®™ (B14), and Arg™® (B13)

close 1o the penplasmic side of the B bamel (fig,
S3B). The large extracellular loop L6 (residucs
431 1o 469) is foldad as a haimpin in the barrel in-
terior, with its tip reaching the periplasm (Fig. 1B).
This loop, which is not rigidly bound 1o the b bar-
rel, covers the inner face of the bamel comprising
strands B 1o B16 (g, S3C). Loop L6 is not well
defined in the clecton density map and was there-
fore built as a polyalanine chain. The average
temperature factor for Ca in loop L6 is 63 A2,

compared 1o an overall Ca temperature (actor of

38 A% in FhaC.

Analyses of the pore dimension (g, S4A)
mdicate that the channel in FhaC i too namow o
accommaodate the ransitimg FHA polypeptide
because the constricted channel ranning from the
periplasm 1o the surface between HI1 and L6 is
only =3 A. FhaC forms ion-penneable channels
in antificial membranes with conductance values
around 1.2 nSin | M KC(/6). Assuming that the
protein forms a perfect cylinder. the pore diameter
caleulated (17) from the measured conductance
would be 8.2 A However, conductance is nol
simply related o the size of the channel opening
but also 1o the distribution and environment of the
charges inside the channel. Thus, the observed
conductance most likely reflects large confonma-

A
E
M
maotif 4
P A

POTRA 2

Fig. 1. Crystal structure of FhaC. (A} Ribbon representation of FhaC viewed
from the membrane plane, Putative position of the membrane (M) boundary &

indicated with horizontal lines, with the extracellular side (E) at the top and the
periplasm (P} at the bottom. The « helix H1 is colored red, POTRA 1 light blue,
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tional changes in FhaC in the clectrophy sinlogical
experiments, possibly with H1 and'or L6 moving
out of the pore,

The periplasmic module consists of two glob-
ular domains, Both are composed of 75 residucs
(from 3910 134 and 135 10 208, respectively) and
are organized around a three-stranded f sheet and
one a helix (designated hercafter as a POTRA
helix). They share the same strand-helix-strand-
strand opology. Domain 1 {POTRA 1) comesponds
in sequence 1o the in silico-predicted POTRA do-
main of the Omp83-TpsB superfamily (7). Do-
main 2 was not previously predicted 1o also adopt
this architecture. Between the first strand and the
POTRA helix, the POTRA domains also com-
prise either an additonal wm of a helix and a
loop (POTRA 1yor a 10-residue-long addinonal
a helix (POTRA 2) (Fig. 1A and fig. 52). The
relative onentation of the POTRA domains was
assessed by comparing the angles formed be-
tween the axes of heliees H2 and H4 with the
central axis of the FhaC P barrel. The POTRA
1 and POTRA 2 angles are 148% and 111°, re-
spectively. The two POTRA domains interact
with cach other via a few hydrogen bonds be-
tween loops H2-P2 and H3-H4. POTRA helices
H2 and H4, together with strands B35 and f6
(POTRA 2}, constitute the surface of the pen-
plsmic module, which is orented toward the
barrel (fig. S3) and close 1o the ranslocation pore.

Although well conserved in structure (/8), the
POTRA domains are only 14% identical in se-
quence, Residues forming the POTRA signature
(1) either are involved in the hydrophobic core

defined by the POTRA helix and the three-
stranded [ sheet or comespond to glycine residues
in loops. such as Gly® and Glv'™ in loops p1-H2
and H2-B2 for POTRA 1 and Gly™ and Giy'™
in loops P-H3 and H4-BS for POTRA 2, respoc-
tvely (Fig. 2A) Another residue of the POTRA
signature, Gly'™, is located at the POTRA domains
Junction, The contribution of these signature res-
iducs is esentially structural, and therefore the
solvent-accessible surfaces of the POTRA domains
are mostly made up of nonconserved, specilic
residues,

Besides representing the TpsB family, the FhaC
structure is also representative of more distantly
related transporters of the superfamily, which all
share a common architeciure consisting of a vari-
able number of POTRA domains in tandem (ol-
lowed by a Caermunal, =30-kD B-barrel doman
i, In silico analyses of this superfamily have
also pinpointed conserved motils within the § bar-
rel, called monls 3 and 4 (/3), In FhaC, moufl 3
{amino acids 432 10 474) (Fig. 1) comprises loop
L and the first hall of strand B12, The consarvad
tetrad VRGY (J9) (residucs 449 10 452) is located
at the extremity of the [ hairpin in loop L6 and
reaches the periplasm. Motif 4 (residues 508 o
536) comesponds to strands B14 and BIS, thus
comprising residucs from the inner and outer fGces
of the barrel. Residues Met™™, A rg“". and Asp”™®
(B14) and Arg™, Ser'™, The™, and Ser™ (B15)
are located in the vicinity of loop L6, on the inner
face of the B bamel. Motil 4 also comprises resi-
dues from the uncharged inner face of the [§ barro,
along which loop L6 is positioned (g, S30C)

POTRA 1

created with PyMOL (30).

POTRA 2 purple, motif 3 green, and motif 4 blue. (B) Cutaway view of FhaC
from the membrane plane, rotated about 90° relative to A. The o helix H1,
POTRA helices H2 and H4, and the loop L& are indicated. The images were
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In light of the crystal structure, functional as-
pects of FHA translocation by FhaC' have been
probed by mutation and deletion studies. FHA
secretion has previously been shown 1o not be
alfected by removing helix HI (43, 76), nuling
out an essential contribution of H1 in facilitating
secretion. FhaC lacking HI forms channels of
similar conductance to that of the wild-type pro-
tein in planar lipid bilayer experiments (/6). Re-
moving H1 would creae a =8 A large pone (1ig.
S4B) in FhaC, a size compatible with the con-
ductances observed for both the native and the
tuneated proteins, These data are in agreement
with a model in which HI, found inside the pore
in the erystal structure, would be located outside
the pore in the electrophysiological experiments,

A

This is similar 1o previous observations on the
crystal structure and clectrophysiological data of
the ranslocator domain of the NalP autotrmns-
porter (20, 21, Also similar 1o NalP, the removal
ol H1 from FhaC enlarges the channel in vivo, as
assessed by increased sensitivity 1o antibiotics
(table 521,

In conrast o HI, the deletion of L6 per-
formed in this work abolished seeretion, demon-
strating its key role in the seerction mechanism
(Fig. 3A). This deletion also strongly altected the
channel propenties of FhaC and decreased the ob-
served conductance to 0.4 o 0.6 08 (Fig. 3). Al-
though removing L6 is predicted 1o create a 8 A
large channel in FhaC (fig. S4C), the reduction of
1on conductance suggests that 1 affects the con-

Fig. 2. (A) Cu stereoview of the two POTRA domains. POTRA signature residues (11) involved in the
hydrophobic core are shown in stick representation, whereas the conserved glycines are colored red. V61
and 1114 do not belong to the hydrophobic core of POTRA 1. (B) Ribbon representation of FhaC viewed
from the periplasm. Insertion positions of the two-residue motifs are indicated by black triangles. Side
chains of residues analyzed by site-directed mutagenesis are shown with a stick representation. He, H4,
and [35 are colored green, red, and blue, respectively.
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fomational stability of the protein and causcs im-
poriant charge reamangements inside the channel.
Crystal structures of OmpF o which the constne-
tion loop L3 has been altered or partially deleted
have revealed an increase of the channel size by

dbout 50%, although the ion conductances of

these mutams were drastically reduced (22-24).
Evidence for the formation of larger channels by
Fha(' lacking L6 was obtained [rom antibiotic
sensitivity experiments (table 52, consistent with
arole for L6 in plugging the channel. A protease-
specific cleavage site insened afer Ser™ of Fha(®
was previously shown to be accessible from the
bacterial surface only when FHA is coproduced
with FhaC ( 1.5}, indicating conformational changes
ol L6 dunng secretion.

The deletion of either POTRA domamn, per-
formed here, also abolishes seeretion, although
FhaC stll torms channels in lipid bilayers (Fig. 3,
E and F). Therefore, the POTRA domains are
stnctly required for the seerclion process but not
lor pore formation. The precise onentation of the
two POTRA domains is also required, because the
insertion of a glycine-senne motil immediately
after the conserved Gly "™ residue of the POTRA
sequence signature at the junction of the POTRA
domains strongly aflects secretion, as shown pre-
viously (15)

The POTRA domains are involved in FHA
recognition, which is likely reluted to their fune-
tion in secretion (23). Previous work has shown
that they recognize a nonnative state of FELA, pre-
sumably corresponding 1o its extended periplas-
mic conformation in the course of secretion (25).
In order o wently regions ol the POTRA do-
mains involved in these interactions, we inter-
preted a previously reporied insertional analysis
in the context of the structure, looking at the ef-
feet of inserions in the solvent-cxposed regions
of the POTRA domains, and we complemented
this data with site-directed mutagenesis (Fig. 2B).
Insertions. of two-residue moiils after positions
72, 73, 79, 8%, 93, and 125 (in POTRA 1) and
150, 193, and 206 {in POTRA 2) were shown
previously to not allect FHA secretion (1.5). muling
out a major role for these regions in the specific
recognition of FHA and in the secretion process.
The targeted regions, loop (1-H2 (72-93), loop
B2-B3 (125), and helix H3 (150), arc located on
the faces of the POTRA domains pointing away
from the B bare] pore. Thus, the structure ratio-
nalizes why they do not affect seeretion (Fig. 2B),
Insertions in loop [3-f6 (193) and in strand [6
{2060 (1.5 are oriented wward the fbamel interior,
but because they do not aftect secretion they pre-
sumably are not major FHA recognition deter-
minants. Therefore, specilic interactions of the
POTRA domains with FHA likely involve their
remaining solvent-exposed surfaces, including
helix H2, helix H4, and/or strand B3, Residues
located on the exposed faces of these sccondary
structures that might form hydrogen bonds with
FHA, in H2 [K99, ¥ 106, D107, or R1OS (19)],
14 (D173 or Y177), and swrand B3 (TI85 or
NI8T), were thus replaced by alanines. Both sin-
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Fig. 3. (Ato D) Behavior of FhaC-AL6. (A) Secretion of
Fhad4, an FHA derivative used as a model FhaC substrate
in Escherichia coli, by UT5600 (pFJD12, pFc33) (right
lanes) and UT5600 (pFID12, pAS-FcALS) (left lanes).
Fhadd (top) and FhaC (bottom) were detected with
appropriate antibodies by immunoblot analyses of
nonconcentrated supernatants and membrane fractions,
respectively. wi, wild-type FhaC; AL6, FhaC lacking loop
Lé. (B) Electrophysiological behavior of the FhaC
derivative lacking L&. The current-voltage curve is shown,
with the arrows indicating the direction of the applied
voltage ramp. This I4V curve should be compared to that
of wild-type FhaC reported in Méli et al. (16). (O Single-
channel recordings at +30 and +50 mV. The dashed
lines represent the zero current bevel. € and O represent
the cosed and opened states of one channel, respec-
tively. (D) Amplitude histogram of the single-channel V=430 my
recordings at +30mV, illustrating the distribution of the
current values between the closed (C) and opened (Q)
states of one channel. The main conductance of this
channel is equal to 0.6 nS. (E and F) Behavior of
FhaC-APOT1 and FhaC-APOT2. (E) Secretion of Fhad4
by UTS600 (pFlD12, pFe33) (left lanes), UT5600
(pFD12, pAS-FcAPotl) (middle lanes), and UTS600
(pAD12, pAS-FcAPot2) (right lanes). Fhad4 (top) and
FhaC (bottom} were detected with appropriate anti-
bodies by immunoblot analyses of nonconcentrated
supernatants and membrane fractions, respectively. wt,
APL, and AP2 represent wild-type FhaC and FhaC
lacking POTRA 1 or POTRA 2, respectively. The positions
of the relevant proteins are indicated by arrowheads. The
anti-FhaC immunoblot had to be developed for a long
period of time, most likely because the deletion variants
were poorly recognized by the antibodies and their levels
of production were lower than that of the wild-type pro-
tein. (F) Electrophysiological behavior of FhaC-APOT1 and
FhaC-AP0OT2, Current-voltage (-V) curves are shown for
the two proteins. These /- curves should be compared
to that of wild-type FhaC reported in Méli et al. (15). The arrows indicate the direction of the applied voltage ramp. Note that the |-V curve of FhaC-APOT1 is
similar to that of the wild-type protein, unlike that of FhaC-APOT2, in keeping with the respective positions of the two domains relative to the barrel.
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Fig. 4. Proposed model of FHA transport across the outer membrane. (A) The  structure. (€} FHA progressively folds and elongates into its [-helical fold. (D)
TPS domain of FHA in an extended conformation interacts with POTRA 1 of  After the C terminus of FHA has reached the surface, the TPS domain
FhaC. (B) The channel opens after conformational changes of loop L6, and  dissodates from POTRA 1 and is translocated. The folding of the TPS domain
translocation initiates, with FHA adopting transiently an extended 5 hairpin ~ caps the N terminus of the FHA | helix.
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2le and double substitutions were created in each
of these secondary structures, and the ability of
Fhat’ variants to interact with FHA was assessad
{fig. S6) by using an overday assay developed pre-
viously (25), Modifications in H2 affected FHA
recognition by FhaC inthis overlay assay, indicating
that helix H2 forms pant of the specific recogni-
tiom surface of FHA.

Collectively, previous data (15) and our new
mutagenesis data indicate that the L6 loop-motil
3 and the POTRA domains, which are the hall-
mark features of the supedamily, constitute the ac-
live seeretion ¢lements of FhaC, FHA is a 50-nm
elongated rgh-handed pamallel B helix (2628,
with the adherence detemminams presented on loops
or extrahclical mouls along the 3 helix. The helix
mtenor is essentially filled with stacks of aliphatc
residucs (Val, Lew, le, Ala, and Glv), a chame-
teristic oflen observed in such B helices. In the
light of our structural and functional analysis of
Fha(C'. we propose the following model for mns-
port of FHA across the outer membrane (Fig. 4).
The Neternunal TPS domain of FHA, which s
characteristic of TpsA proteins and harbors spe-
cilie secretion signals, initally interacts in an ex-
tended conformation with the POTRA | domain in
the periplasm. Given the orientation of the POTRA
domairs relative to the channel, the FHA-FhaC
imeractions bring the region comesponding 1o the
{irst repeats of the central B-helical domain of FHA
in proximity W the tip ol loop L6. Conformational
changes in FhaC would then expel loop Lo out of
the [§ barrel, opening a 8 A to 16 A large(depending
on whethar H s inside or outside the channe] dur-
ing seerction) channel for FHA translocanon (lig.
54, C and D). Inenther case, the channe] would not
be wide enough i suppont intemal olding of the
repeated Pehelical motils of FHA; thus, this event
likely takes place at the cell surface. FITA may fonm
a hairpin made up of wo extended polvpeptide
chains in the channel, with its TPS domain anchoned
in the periplasm. The first repeais of the adhesin
could then reach the cell surface, where they could
progressively fold ino helical coils. The forma-
tion of the FHA rgid B helix may provide the
energy o dove its translocation through FhaC,
Transpon of FHA in this direction is in agreement
with the obscervation that the C terminus of FHA 15
exposcd o the cell surface before its N termunus
(2%, Adter the C terminus of FHA has reached the
surface, the TPS domain could dissociae from
the POTRA domains and be rnslocated, capping
the ™ tenminus of the FHA P helix. Lastly, loop
L6 could move hack into the bamel.

Because most TpsA proteins are predicted o
fold o [ helical structures (26, 27), the trans-
port mechanism proposed here may apply more
generlly 10 the secretion of TpsA proteins by
their dedicated TpsB ransporters. All members
of the OmpR5-TpsB superfamily harbor one 1w
several POTRA domains followed by a 3 barrel,
as well as conserved motils comesponding o the
L6 boop within the bamel, and they mostly handle
substirte proeins nch n f structure. Therelore,
the major features described here are likely 1o ne-

www.sciencemag.org SCIENCE VOL 317

main valid throughout the family, although more
complex molecular events arc expocted for some

of those tansporters, given that they are pan of

macrommi lecular assemblics,
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Structure and Function of an Essential
Component of the Outer Membrane
Protein Assembly Machine

Seokhee Kim,» Juliana C. Malinverni,? Piotr Sliz,*** Thomas ]. Eil!'la'.ﬂ,r,2

Stephen C. Harrison,** Daniel Kahne'?*

Integral [f-barrel proteins are found in the outer membranes of mitochondria, chloroplasts, and Gram-
negative bacteria. The machine that assembles these proteins contains an integral membrane protein,
called YaeT in Escherichia coli, which has one or more polypeptide transport—associated (POTRA)
domains. The crystal structure of a periplasmic fragment of YaeT reveals the POTRA domain fold and
suggests a model for how POTRA domains can bind different peptide sequences, as required for a
machine that handles numerous [-barrel protein precursors. Analysis of POTRA domain deletions shows
which are essential and provides a view of the spatial organization of this assembly machine.

lthough most biological membranes
comtain exclusively w-helical proweins,

the outer membrne of Gram-negative

bacteria and the organcllar membranes of

mitochondria and chloroplasts contain f-barrel

proteins (), These mtegrml f-bamel proteins,
called outer membrane proteins (OMPs), arc
folded and insened into membrancs by a process,
conserved between prokaryotes and cukaryoles
(2-4), that mvolves the action of a multiprotein
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machine (5, f). Genetic and biochemical ex-
periments have identificd many parts of this
machine in several organisms, including Saccofia-
remvees cerevisiae and E coli (3-13), The only
conserved component in prokaryotes and cukar-
yotes is an integral B-barrel membrane prowein,
represented by YaeT in E coli, Sam30 in
mitochondria, and a TocT5 isofonm in chlom-
plasts. A substantial region of all three proteins
projects into the intermembrane space and con-
tains one or maore predicted polypeptide ranspon
associated (POTRA) domains (3, 4, 14).

Proweins destined for the outer membrane of
E. coli are synthesized in the eyvioplasm and
trnsported across the inner membrane through
the SecYEG protein secretion machinery (Fig. 1)
(15). The signal sequence targeting them for se-
cretion is removed at the outer face of the mper
membrane. The processed OMP then taverses the
periplasmic compartment o -harre] wsembly siies
in e outer membrne. Chaperones may assist m
penplasmic passage (/6 I is presumed that the
processed OMPs contain structural featres that
allow them to be recopniasd by the Prbarrel as-
sembly machinery, which in £, coli consists of at
least five interacting components: four lipoproteins
(YleL, YHO, NipB. and SmpA) and the con-
served integral membrane protein, YaeT (5, 13).

There are homologs of YaeT in organisms
froom bacteria o humans (f7). Roecent expori-
ments with £ coli YaeT and 8. cerevisioe Sam30
have shown that these proleins are essenial
for viability, Furthermore, levels of folded -
bamel proteins decrease and levels of misfolded
f-bamel proteins increase when they are de-
pleted (4 5, 7, & 18, 19 YaeT was reported o
bind Ceterminal peptides of OMPs (20). The
POTRA domain in Sam30 was shown 1o bind

‘pepartment of Chemistry and Chemical Biology, Harvard
University, Cambridge, MA 02138, USA. “Department of
Molecular Biology, Princeton University, Princeton, N]
08544, USA. “Department of Biological Chemistry and
Molecular Pharmacology, Harvard Medical Schoal, Boston,
MA 02115, USA. “Howard Hughes Medical Institute and
Children’s Hospital Laboratory of Molecular Medicine,
Boston, MA 02115, USA.

*To whom correspendence showld be addressed. E-mail:
kahneg@chemistry. harvard.edu

YaeT complex
1 [Chaperones]

Membrane

SecYEG nal seguence

DOuter Membrane
Protein preciursor

Fig. 1. Diagram of bacterial outer membrane
protein (OMP) biogenesis.
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unfolded @-barmel precursors, suggesting  that
this POTRA domain playvs an important role in
assembling other f-bamel protens in the mito-
chondrial membrane (20). Biochenucal studics
ol truncated variants of ToeT5 have also impli-
cated s POTRA domains as docking sites for
proteins destined 0 be targeted 1w, or across,
biological membranes (223 No structure of a
POTRA domain has yet been reported,

We expressed and purificd the periplas-
mic domain of £ coli YaeT containing all five

A P5 [-barrel domain

NP <

YaaTzy-am

POTRA domains (YacTaya) (23, 24). Crvstal-
lization of this construct was unsuccessiul, but a
shorer fragmen contaiming four POTRA do-
mains (residucs 21 to 351) vielded well-ordered
cryslals with difTraction 1o spacings of 2.2 A
(23, 24)

The overall stucture of YacTa s has a
lishhook-like shape, with successive POTRA
domains rotated in a right-handed direction
(Fig. 2, A and B). Despite having low sequence
similarity, the POTRA domains have similar

- Hydrophobic contact
Hydrogen bond between main chains

YAET ECOLI_ 1 24 FYWKDIHFEBLORVA - VGARLLEMP - « = « « = = VRTBDT -V-NDEDISNT &2

YAET_ECOLI 2 82 PTIASI TFSEBNKSVE -DDMLKONLEASG - - - - - VAVYGES-LDRT -THAD | 123
YAET_ECOLI 3 176 AEIQQINI HAFT-TDEL | SHFOLRDEVPWANYVGDAKYOKQ - KLAGD 222
YAET _ECOLI 4 208 YELSGVEVSANLAGH - SAEIEQOLTK = = = s s =2« IEPGELY - -NGTENTEM 304
YAET_ECOLL 5 M7 FYVAKIRFEBANDOTSK -DAVLRREMA - « = « « « = « OMEGAW- L -GS0LVDOG 385
SAMS0 YEAST 2 IRVAGYVTTATOHID - PEVLOAYLD = « = « « = =« « DT IMKS- - | TLGOLVKEN &7

P73472 BYNY3 1 260 VLVYSEVLVTETTPEL -ELLYYNAIR----+ - - - TOPGAT - - TTATOLOED 208
PT34T2_SYNYJ_ 2 339 IRTVPETAEGKERILPOQEVVDETFG:-==--+---EQYG@KI - -LNLRELQEG 378
PT3472 SYNY3 3 425 FODSEDEPV TR+ +DF IATREMA = » s = » = + LEPBODV - - FNANRAQTD 481
YAET_ECOLL 7 & IRALFAT - - - -GNF-EDV¥-RVYLRDG = = = = = = = = 2 = = = = DTLLVOVEKER - - @1

YAET ECOLI 2 134 EKGLEDFYYSVOKYSASY - KAVVTPLP - « « = « = » AMNA - VDLKL VFOEGVS 174
YAET_ECOLI 3 23 LETLRASYYLDRAGYARFNIDSTOVSLTP- - - - -DEKG- - | YNTUN I TEGDOD 285
YAET ECOL! 4 305 EDDIKKLLGAYGYAYPRY -QOBMPE IND - - - - - - ADKT - VELRAVNVDAGNRA 348
YAET_ECOLI_ 5 386 KERLNRL - - - c:GFF-ETV-DTDTOQRAVPG = = = = = SPDO-VDYVYKVEERNT 423
SAMS0_YEAST 68 ADVLNKALCOHH I A-LNAKOSFHFOONTY | SDEKETHDOVVPLMEYVSED - - 114
PT3472 SYNY3 ) 200 VNALYAT - - - -QYF - SNV -AVAPSDTP = + = = = = s = » LGVRAVMTFEVOAN - - 33
PT34T2 SYNY3_ 2 370 IKTINEWYSNOGYDLAQY - VBEPOVE - -« 2 =2 2o = - ADGOVNTLVIAEG - - 415
PT3472_SYNY3 3 462 LOAMYSL - - - -GLF -EDV-ALSFNPGSD - - - - - - -PTEVIVNVDVVEG - - 408

h—

Fig. 2. Structure of YaeT. (A) Domain organization. (B) X-ray structure of YaeTzj.zsy. POTRA
domains P1 to P4 are colored yellow, green, blue, and red, respectively. The eight residues from F5
are colored gray. The missing electron density in the P3 domain is represented by a dashed line,
(C) Ribbon diagram of a POTRA domain (P2} with side chains of the conserved residues shown. (D)
Sequence alignments of POTRA domains from selected members of the Yael/Omp85, Sam50, and
Toc75 families, found in Gram-negative bacteria, mitochondria, and chloroplasts or cyanobacteria,
respectively [adapted from Sanchez-Pulido et al. (14)]. Conserved residues are highlighted (28).
The intensity of the orange color reflects the level of conservation in physicochemical prop-
erties. (E) X-ray structure of the dimer. The POTRA domains in one monomer are colored as in (B); the
other monomer is purple. (F) Dimer interface showing the C-terminal residue contacts of ane monomer
{gray) to the P2 (light green) and P3 (light blue} domains of the other monomer. Labels represent
hydrophobic residues. L, Lew; Y, Tyr; F, Phe; V, Val; I, lle; T, Thr,
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(£ the tirst and second P strands form the two
cdges of the sheet, with the B3 strand sand-
wiched between them. The conserved residucs
that define the POTRA domains arc primanly in

folds, comprising a three-stranded 3 sheet
overdaid with a pair of amiparallel helices (Fig.
2C). The onder of sceondary-structure elements
15 [ro-c-f-f (disproving a previous prediction)

A YaeT His-YaeT
wi wi AP1 AP2Z AP3 AP4 APS
heal - . . -
N
| =
50-
B ‘rnnT His -YaeT ¢ o

wi wil AP1 AP2 AP3 AP4 APS
YaaT
(aHis)
YigL
NipB

YHO

zaz-’
SmpA _

. His -YaeT

: His-YaeT(D241->243)
. His-YaeT(D241->245)
. His-YaeT&

SmpA

wn -

His-YaeT

D YaeT
wl wi AP1 AP2 AP3 AP4 APS

YaaT
(uYaeT)

Fig. 3. (A) 5D5-PAGE analysis of YaeT wild-type (wt) and deletion mutants from whole-cell lysates,
without (=) and with (+} prior heat treatment. Proteins were detected by Western blot analysis with
the use of an antibody recognizing the His tag. (B) His-tagged YaeT wild-type or deletion mutants
(AP1 to APS) and associated proteins following Ni-affinity chromatography. Eluted samples were
blotted against His-tag, YigL, NIpB, SmpA, and YO antibodies. (C) The purified YaeT complex run
on a Blue-Native PAGE with molecular weights from a standard lane indicated. (D) Same as in (B),
but YaeT was blotted with an antibody to YaeT. YaeTAP1 cannot be detected with our YaeT peptide
antibody. (E) His-tagged wild-type YaeT and P2 mutants after purification by Ni-affinity chroma-
tography and analysis, as in (B).
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the hydrophobic core or loop regions, suggesi-
ing that they are important for the structural
integny of POTRA domam (Fig. 2, C and D).

YaeTaas is a dimer in the ervstal (Fig, 2E),
The two monomers are intertwined, burying
1900 A? of solvent-accessible surface of cach
monomer. The longest contiguous sct of con-
tacts between monomer units involves a scrics
of main-chain hydrogen bonds between the B2
edge of the P3 domain of one monomer (Asp™'
w Leu™) and the fist residues (Asn™ 1o
Lys*™") of the truncated P5 domain of the other
monomer (Fig. 2F). These residues form a
parallel B stmand with respect w the B2 edge of
the P3 domain and bury ~1000 A%, more than
hall’ the total buried surface. There ane no other
exlensive contacts between monomers, suggesi-
ing that dimernztion is mediated by this parallel
Bestranded intertace. Formation of this interface
may have been necessary lor growth of well-
ordered crystals given that slightly  shorter
(YaeTayq4g) or longer (YacTs)3es) constructs
failed 1w erystallize. Nonetheless, highly ordened
contacts are conserved at the interfaces between
successive POTRA domains (fig. S1), suggest-
ing that the fishhook conformation is present in
the monomer.

We do not think that the dimer is physio-
logically relevant for several reasons. First,
YaeTzas clutes @ a monomer from a size ex-
clusion column (fig. S2), implving that the
stability of the dimer observed in the crvstal is
weak. Second, the N terminus of PS5, wihich forms
one of the B stmnds of the dimer interface, would
nol be avalable 1o interact with P3 in the full-
length proten because the mermcting residues

Fig. 4. Essentiality of POTRA domains. Cultures
were grown with -arabinose (A} or o-fucose (B) to
induce or inhibit wild-type yael expression, which
is driven by the ara Pgap promoter (5). Plasmid-
borne yael variants were constitutively expressed.
Samples taken after & hours were subjected to
Western analysis. (A) Strains expressing plasmid-
borne yaeT variants grew normally when wild-type
yoeT was expressed. YaeTAP1 cannot be recog-
nized with our YaeT peptide antibody (Fig. 3).
Strains have low levels of DegP and normal QOMP
levels (LamB and OmpA). (B) When wild-type YaeT
is absent, strains producing mutant YaeT variants
exhibit growth defects. Strains expressing AP1 and
AP2 grow better and have higher levels of OMPs
than AP3, AP4, and the vector-only control. Al-
though levels of AP1 cannot be quantified, AP2 is
stable, indicating insertion into the membrane
even in the absence of wild-type YaeT. Neverthe-
less, all strains lacking wild-type YaeT exhibit a
strong extracytoplasmic stress response (increased
DegP) indicative of OMP-assembly defects. Asterisk
in (B) corresponds to proteclyzed DegP. OD, op-
tical density.
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would be buried in the P5 hyvdrophobic core, Never-
theless, the dimer interface shows that one way
m which other polypeptides can interact with
POTRA domains is by [ augmentation (25),

The lipoproteins in the OMP assembly
complex reside m the periplasmic space along
with the five POTRA domains of YaceT, Onc
function of the POTRA domains in Yae'T could
be to provide a scaltold to organiec these lipo-
proteins. Using the erystal structure as a guide,
we prepared five N-tenminally His-tagged YaeT
deletion constructs, each lacking a POTRA do-
main. All five deletion constructs (YaeTAPL 1o
YaeTAPS) could be expressed in an £ cofi
stmin containing a wild-type chromosomal yvael
wene; all were targeted 1o the outer membrane
and folded as judged by heat modifiabality (Fig.
3A). Each deletion construct was purified by
Ni-affinity  chromatography, and cluenis were
assaved o determine which lipoproteins were
present. Any of the first four POTRA domains
can be deleted without disrupting the interactions
with YO, NIpB or SmpA: however, the P3
deletion loses all three of these lipoproteins
(Fig. 3B). YieL disappears when any POTRA
domains except Pl are deleted (Fig. 3B). These
studies show that the periplasmic portion of YaeT
scaflolds the other four proteins: and the siudics
also outling the spatial organization of the OMP
assembly complex. Although YaeT purilicd from
inclusion bodics is reporied to form higher-order
oligomers (217), the multiprotein OMP assembly
complex behaves as a monomer. [thas a mobility
on Blue-Native polyvacrvlamide gel electropho-
resis (PAGE) corresponding 10 a mass less than
230 kD (Fig. 3C). Furthemmore, wild-type YaceT
does not associgte with the His-tagged YaeT
POTRA domain deletion mutanis (Fig, 3D).

To assess the functional imponance of cach
POTRA domain. we constructed five POTRA
domain deletion mutants withou His tags for
complementation studies i an £ oofi YaeT-
depletion strmin, The AP1 and AP2 nwnam pro-
teins retained panial function: Stains expressing
these proteins can survive YaeT depletion but
grow poorly (Fig, 4) Simins producing the AP3
and AP4 mutant proteins did not survive YaeT
depletion (Fig. 4), showing that P3 and P4 are
cssential for viability even though neither scal-
folds an cssential lipoprotein, The APS construct
could not be ntroduced into the YacT-depletion
stmin even under conditions where wild-type
YacT was expressed. Apparently, the APS mutant
protein is oxic o cells in this context. Because
we cannol detect an interaction between the mu-
tant protein and wild-type YaeT or any of the
lipoproteins, we suggest that APS mishandles
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nascent P-barrel substrates, producing hammiful
mislolded or aggregated OMPs,

P3 has a feature not present in the others—afi
bulge (11 and m-p"‘“ ) in strand (2, This strand
is at the edge that binds the vestigial residues of
'3, and the bulge appears w expose the strand for
B avgmentation, To determine whether this fea-
ture of P3 is involved in an essential function of
YacT or in its association with YizL, we moved
Asp™ two and four residues along the [ strand
to alier the likely location of the bulge and 10
reduce or disrupt the potential for b augmen-
tation. These bulge wanslation mutants were
expressed at wild-type levels, The two- and
four-residue  shifis decreased and abolished,
respectively, binding w YizL (Fig. 3E), but both
mutants complemenmed the YaeT deletion strn.
These results show that the edge of P3 partie-
ipates in binding Yzl but that the essential
functions of P3 do not involve the modilied edge
ol the domain, nor do they require its interactions
with ¥izL, as expected from the nonessential
nature of this lipoprotein.

The crystal structure may also hold elues 1o
other functionally important regions of P3. The
only residues in the polypeptide chain that are
not resolved in the ervstal structure are located
within the loop between the al and o2 helices
ol P2, We have previously isolated a mutant that
encodes a YaeT vanant, YacT6, which contains
a two-amino acid insertion in the same region
of the al-a2 loop (12) of P3. YacT6, which
retains the ability 1o bind YTzl (Fig. 3E) as well
as the other three proteins of the OMP assembly
complex, compromises OMP assembly in a wild-
type background, butl suppresses the outer
membrane permeability defects conferred by
i 21 3. o mutant allele of an essential gene
that encodes an OMP that s required for lipo-
polysaccharide assembly (26). The ol-a2 loop
of P3 may interact with Imp, providing an ex-
planation for why mutations that alier the loop
suppress the permeability defecis caused by
iy 21 3,

Notably, [-sirand auvgmentation (25), ob-
served in the dimer interface of the YaeT crvstal
structure, occurs in other complexes that bind
unfolded OMPs—for example, the PDZ domain
of DeeS, which helps clear misfolded OMPs
trom the periplasm (27). We have shown that P3
may bind YfgL in this way, and it is possible
that other POTRA domains, which also contain
cxposed edges, interact with polypeptides by
f-strand avgmentation. This mode of capiure
would allow POTRA domains to panticipale in
assembling the B barrels of OMPs in a manner
that is insensitive w the diversity of their pri-

mary sequences but dependent on their common
hvdrophobic penodicity,
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Dynamic Live Cell Research

The Leica AM TIRF MC (total internal reflection fluorescence, multi-color) allows the entire
fluorescence excitation spectrum to be used for real-time visualization of live cell dynam-
ics. Leica’s unigue scanner sensor automatically matches the TIRF angle at all wave-
lengths to the required penetration depth, and positions the laser so that the TIRF pene-
tration depth remains constant even when the wavelength is changed. The Leica AM TIRF
MC integrates four solid-state lasers for the excitation of Muorophores at wavelengths
from 405 nm to 632 nm. The system features extremely short switching times and an
ultra-high synchronized frame rate. For the scientist, this means flexibility for experi-
ments with multiple fluorophores. The system is particularly useful for exploring molecu-
lar interactions at cell membranes and molecular interactions of proteins and receptors
involved in transport mechanisms. With this instrument, a scientist can examine single
maolecules near the cell membrane, study co-localization and vesicle transport, and com-
bine TIRF and fast fluorescence resonance energy transfer.

Leica Microsystems For information +49 (0) 644 1/29-2550 www.leica-microsystems.com

www.sciencemag.org/products

Spectrophotometer Cells
Spectrophotometer cells with precisely con-
trolled path lengths down to 8 microns are
available. These cells are suitable for the meas-
urement of low transmittance samples when
dilution is not an oplion. To achieve the
required accuracy, path length is measured by
near-infrared interferometry, Using this tech-
nigue, absolute path lengths in the range of
8 to 200 pm can be measured with an uncer-
tainty budget of =0.2 um. This is an order of
magnitude better than is achievable using
mechanical measurement technigues. The win-
dows are ultraviolet-grade quartz and the cells
are available in fully fused, demountable, and
flow cell formats. They can be used in any con-
ventional spectrophotometer.

Starna Scientific For information

+44 (0) 20 8501 5550 www.starna.com

Allprotect and AllPrep

Allprotect Tissue Reagent immediately stabilizes
DMA, RNA, and protein in tissue samples for
long-term storage without freezing. The AllPrep
DNA/RNA/Protein Mini Kit allows simultaneous
purification of these three analyles fram the
same sample. Immediately submerging fresh tis-
sues in Allprotect Tissue Reagent preserves the in
vivo profile of DNA, RNA, and protein is pre-
served. Tissues are stabilized at room tempera-
ture and can be safely stored for up o six months
at 2 to 8° Cor longer al —=20° C or —80° C. Tissues
also remain stabilized at 15 to 25° C for up to
seven days, allowing shipment without ice. With
the AllPrep DNA/RNA/Protein Mini Kit, separate
fractions of DNA, RNA, and protein are simulta-
neously purified from the same tissue sample in
a simple spin-column—based procedure withoul
phenol and acetone. There is no need {o split the
sample into three parts prior to purification.
Genomic DNA and total RNA purified using All-
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protect and AllPrep deliver optimal performance
in all downstream applications,

Qiagen For information 800-426-8157
www.giagen.com

Whole Transcriptome Kit

The Quantitect Whole Transcriptome Kit delivers
high and reproducible complementary DNA
(cDNA} yields from limited amounts of RMA by
whole transcriptome amplification. The cDNA is
intended for use in real-time polymerase chain
reaction (PCR) and contains uniformly amplified
targets to ensure reliable gene expression analy-
sis. Comprehensive gene expression analysis of
rare samples is often not possible due to low RNA
amounts. The QuantiTect Whaole Transcriptome
Kit overcomes this by amplifying all messenger
RNA transcripts in a sample. From as little as 1
ng RNA, up to 40 pug cDNA is generated for
unlimited real-time PCR analysis and archiving.
The kit achieves highly uniform amplification of
all mRNA transcripts. The 5° and 3" regions of
each transcript are equally amplified, and the
relalive abundance of each transcript is pre-
served after amplification, This ensures unbiased
results in subsequent gene expression analysis,
Qiagen For information 800-426-8157

www.glagen.com

High Resolution Image Analyzer

The G:BOX Chemi XL automated image analyzer is
suitable for producing precise images of protein
immunoblots labeled with any Qdot color. Thig
new instrument features a high resolution (5.5
megapixel) 16-bit charge-coupled device, cooled
camera with digital zoom inside a dark room fitted
with a motor driven sample stage. When Syngene's
nine-position filter wheel, lighting unit, and Qdot
filter options are added, the system can provide
{ast, acourate imaging of multiple Qdot antibodies
on the same blot without the need for re-probing

the sample, The camera features an ability to sep-
arate close, different colored band images. Il
includes easy-to-use image analysis and image
capture software. More researchers are using Qdots
to label protein immunoblots because they can tag
their proteins with different colored fluorescent
markers on one blot, which makes it easier to dif-
ferentiate total and post-translationally expressed
proteins, but requires an imager thal can visualize
different fluorescent wavelengths.

Syngene For information +44 (0) 1223 7727123
www.syngene.com

Genetic Research Database

The iControlDE is the first industry-hosted geno-
typing control repository for use by researchers
conducting case-control whole-genome associa-
tion studies. Case—control studies compare
groups of patients who already have a disease
(case) with a group of patients without the dis-
ease (control} to identily risk factors that may
contribule to a medical condition. The iCon-
trolDB provides a cost-efficient and quick way for
investigators Lo obtain control samples, allowing
them to focus resources on genolyping disease
samples. Combined with the database of Geno-
type and Phenotype, the new database enables
the scientific community to access nearly 10,000
control samples that have been donated by
researchers using Illumina's technology for sin
gle-nucleatide polymorphism genotyping.
Illumina For information 312-997-2436
wwrw.illumina.com/iControlDB

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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Im::ming in. Catherine Wu

at Dana-Farber Cancer
fnstiflite forged her own path
in translational research, but
new training programs are
making that career path easier.

—

Carving a Career In
Translational Research

An influx of public and private funding is invigorating a field that
challenges some traditional notions of science

As a first-vear hematology-oncology fellow
at Dana-Farber/ Parmers CancerCare 10 years
ago. Catherine Wu recognized that if she
wanted to bridee research and elinical prac-
tice. she needed to understand her options.
Every day for 2 months, she questioned senior
and junior Faculty members on the basic and
clinical ends of the research spectrum—no
small task for someone working 13-hour
days, typically without a break.

She ultumately chose to study leukemia
patients" immune responses to bone marrow
tr.‘1|1_-'.pl:mha, dan arca I...‘l.'llh.hll...‘l\ ¢ lr.'ll'iﬁill-
tional research in part because the work
involves treating patients with human cells,
which can be prepared at academic health
centers. Mow a medical oncologist at the
Dana-Farber Cancer Institute in Boston, Wu
is professionally fulfilled by work that
involves a steady interplay between clinic
and lab. “There 15 something truly incredi-
ble about seeing whether vour patients ben-
efit from the therapy that yvou've devised”
she says. "It inspires vou to do better, to
think more broadly, to generate the tools that
you need to understand what’s going on n
your patients.”
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Bridgzing the divide that separates labora-
tory biomedical research from improvements
at the clinic has always been difficult. Now,
tramslational research has emerged as a field
in its own right, aided in large part by the
Mational Institutes of Health ( NIH) Roadmap
for Medical Research, a collection of initia-
tives that prioritize efforts to shepherd bio-
medical discovenies into chineal application,
As translational rescarch has gained momen-
tum, training opportunities in the field have
expanded rapidly.

Sull, embarking on a career in trans-
lational research is hazardous, says Anthony
Hayward, elinical research director for NIHs
Mational Center for Research Resources. “It's
a tremendous leap of Fath for voung investi-
zators to commit themselves to translational
research. [t takes a special sort of person: yvou
have to be willing to take risks.”

Follow the money

Part of that risk is in funding: Budgets for
bromedical research are tight and may
remain o for several years, However, fund-
ing for translational research appears o be
growing, Perhaps the most visible evidence

VOL 317 SCIENCE

of growth is NIH% new Clinical and Transla-
tonal Science Awards (CTSA) program. The
First 12 CTSAs were bestowed last October,
and more will be announced in September,
NIH plans to fund 60 awards altogether,
worth about 5500 million annually by 2012,
CTSAs are required to include training and
carcer-development components, and the
initial dozen devote about 13% of their
budgets to these areas,

“This 1s what American medicine has tried
to do for many, many years,” says Robert
Rizza, who directs the recently awarded
CTSA program at the Mayo Clinic in
Rochester, Minnesota,

Training opportunities abound
M.D.-Ph.D. programs are one obvious
approach to training young investigators who
want to do translational research, An M.D.
degree followed by a research fellowship ora
postdoc is another,

But institutions all over the United States
are developing shorter. more integrated pro-
orams that cater to both physicians and
Ph.D. scientists. The Mavo Clinic. for exam-
ple. offers a master’s program and a l-year
certificate program in clinical and trans-
lational science, both aimed mostly at M.D.s,
Demand for these programs, both now inte-
erated into Mayo'’s CTSA, has mushroomed,
says Sherine Gabriel, director of education
resources al the Mayo Clinics CTSA. “There
is such a hunger to do this.” Gabriel says.
“My biggest challenge is dealing with the
queve outside my door.” The master’s pro-
gram in clinical and translational science. she
savs, enrolls more students than all other
master’s programs at Mayo together.

Other research-oriented programs, many
funded by private foundations, try to capture
the interest of M. s earlier, The Howard
Hughes Medical Institute (HHMI) in Chevy
Chase, Maryland, operates two programs
that allow medical students to take a vear out
of medical school to conduct basic labora-
tory research, The Dons Duke Charntable
Foundation in New York City runs a similar
program focused on climical research, Some
schools also independently offer such 1
year out” programs,

Translational research training for Ph.D.
scientists has been getting more attention,
too. Gary Koretzky, associate director of the
University of Pennsylvania’s M.D.-Ph.D.
program. says institutions have started to rec-
ognize that “if yvou give [basic scientists] the
vocabulary of medicine and a sense of how
physicians think about problems that they
encounter with patients, they’'ll find it easier
1o do research that is both scientifically

WWW.sciencemag.org
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and patient care.”

M.D.-Ph.D. neurobiologist Ben Barres,
who directs a new master’s of medicine pro-
gram for science Ph.D. students at Stanford
University in Palo Alto. California, welcomes
the shift. Students do the math, Barres says,
and “realize that if they did all the traditional
training for both degrees, theyd be almost
40 before they finished. It just too much.”

Stanford’s program is one of | 3 new “Med
Into Grad™ programs that HHMI launched
last vear. Students complete the same | =vear
course sequence that all medical students
complete. taking classes alongside med stu-
dents while also working on Ph.D, require-
ments. Other Med Into Grad programs offer
maore targeted preces of the medical school
curriculum to science students—for exam-
ple, steering neuroscience students toward
NEUroanatomy courses.

These programs are still in their early
years, but its evident that they will be popular,
Barres says Stanford’s program has been
flooded with applications. “Theres been a sea
change of interest from the Ph.D. students
compared with 5 or 10 years ago.” he says.
Twenty percent of incoming Ph.D. students
from Stanford s biosciences programs applied
torthe program in its first vear, Barres says.

Other options are proliferating. This year
the Mavo Clinic. like many other CTSA
recipients, enrolled its first students in a new
Ph.D. program in clinical and translational
science. Students work with a muludiscipli-
nary mentoring team to develop research
projects and take on a core curriculum that
includes rotations in bench science, patient-
based climeal research, and population-based
research. Coursework is designed to build
skills in designing clinical trials. responsible
conduct of research, and grant writing. *“We
wint students to explore questions that cross
disciplinary boundaries, then develop
research projects that are every bitas deepand
rigorous as any traditional research project.”
says Gabnel.

Funding independent research

The transition from trainee o independent
investigator is a particularly vulnerable
point in a translational researcher’s career.
William Crowley, director of clinical
research for Massachusetts General Hospi-
tal in Boston, observes that. although NIHs
many programs to support training in clini-
cal and translational research have been
“spectacular.” the academy is now filled
with well-trained translational researchers,
all trying to land independent research
orants just as the NIH pay line is plummet-

WWW.SCiencem ag.org

ing. “We're about to lose a generation of
voung translational investigators.” he says.
To avert that outcome, “we need long,
steady investments in translational research,
not dramatic ups and downs.” says Queta Bond,
president of the Burroughs Wellcome Fund
(BWF) in Research Triangle Park, North Car-
olina, Her organization and others have
stepped in to help, BWFs Career Awards for
Medical Scientists provide S700.000 over
5 wears to bridge postdocioral or fellowship
training and the early vears of independent
research. BWF Clinical Scientist Awards in
Translational Research provide 730,000 over
S years to Ficulty members in the late-assistant-
professor or early-associate-professor stages of
their careers. The intention of the translational
awards, says Bond, is to buy time for junior
faculty members “to keep them in research and

Translational training. Ben Barres of Stanford
directs a new master’s of medicine program for
science Ph.D. students.

keep them training younger investigators,” Last
yvear. HHMI gave out its first early-career
awards—initially to 13 investizators, a group
that soon expanded to 20. Awardees receive
S373.000 over 3 years,

The pharmaceutical industry is another
potential player in providing career support for
voung investigators, but so far it’s untapped.
The Clinical Research Forum, a consortium of
leading academic health centers headed by
Crowley. has asked pharmaceutical compa-
nies for a combined $10 million per vear for
3 years (the minimum length of time the group
expects NIH budget problems 1o persist). 1o
create “bridging awards™ for voung investiga-
tors who have completed an NIH clinical
research trmiming grant. have narrowly missed
receiving funding for an independent grant,

SCIENCE VOL 317
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and are employed at institutions that will
match the funding and allow recipients to
spend at least 753% of their time on research.

It’s a creative strategy, but Crowley won’t
place odds on the initiative’s success. *1 just
don’t know how pharma views its collective
social responsibility.” he says. Some compa-
nies have indicated interest, he says, but “no
checks are in the mail ™

Translating success into tenure

Scarce funding isn’t the only barrier that
voung translational researchers encounter,
Other factors challenge raditional measures
of scientific success. For example, grant and
tenure success depends on researchers’
ability to publish in top journals. but as Wu
ohserves, “translational research deals with
patients. and patients aren’t a model system.
Establishing causality is always a challenge.
It's not a slam-dunk that you're going to get
into Science or Natire,”

Some translational researchers worry that
their individual efforts on multidisciplinary
teams will go unrecognized, hindering
chances for promotion and grant success. In
2006, NIH began accepting grant applications
that identify more than one principal investi-
gator, a measure that may partially address
this concern,

Physician-scientists—an important part of

the translational-research work force—face
mounting pressure o generate income through
patient care, That makes it tougher than ever to
carve out time for research, says William
Galey. HHMI's director of graduate and med-
ical education. Crowley adds that complex and
conflicting requirements from multple regula-
tory bodies “make translational research look
as daunting to a young investigator as a steeple-
chase racecourse looks to a horse”

These obstacles and others add up to the

conclusion, Crowley says. that “theres a lot of

casier ways o make a living” Nevertheless,
he says, “there has never been a better ime or
opportunity to do good and alleviate human
suffering by research than now. If' | have one
regret about my career in translational
research, it’s that I'm not 30 years younger.”
Time will tell whether institutions and
funding agencies will sustain support for
translational research and continue to plumb
the storehouse of basic biomedical advances
to help sick people. Meanwhile, researchers
entering the fray should do so with optimism
and caution. And Wu advises, “go with what
you passionately care about, because it's a
long row, no matter how you hoe 1t.”
=5IRI CARPENTER

Siri Carpenter is a freelance science writer in Madison,
Wisconsin.
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Translational Institute Unites

Unlikely Partners at Penn

Translational research breaks barriers between the lab and the clinic and, at one

institute, brings together some unlikely collaborators

The Hospital of the University of Pennsylva-
nia and the Children’s Hospital of Philadelphia
(CHOP) sit side by side on the south edge of

campus. But a Few vears ago. when they

launched a joint translational research initia-
tive. the separation loomed like an ocean. The
two hospitals have completely separate
finances. and their research arms compete
with each other. So getting them to collab-

orate, says Penn pharmacology pro- |

fessor Garret FitzGerald, was like '
“Franco-German rapprochement.” H .-

FitzGerald is director of Penn's
Institute for Translational Medi-

cine and Therapeutics (ITMAT).

launched in 2005 to unite and

expand clinical and translational

research programs across the Penn cam-

pus, including those at the two hospitals. Last
vear, Penn was one of a dozen institutions
awarded a National Institutes of Health
(NIH }-sponsored Clinical and Translational

Science Award (CTSA). a 568 million, S-vear
grant (see p. 966). Penn is investing 530 mil-
lion of its own money in the effort.

New facility. & building devoted
to translational medicine (right)
will be part of Penn’s Perelman
Center for Advanced Medicine,

Establishing research and training
Building infrastructure to support transla-
tional investigators is key. “The previous
model before was, vou do the whole thing
voursel [ notes Carl June, director of transla-
tiomal research at the Abramson Cancer Center
at Penn. But tougher regulatory requirements
and more complex science now make that
impossible. To help investigators, Penn
employs clinical trial application specialists
and has core facilities in everything from
bioinformatics to proteomics, as well as a
translational imaging center. Meanwhile.
CHOP is constructing a new building that
will support mouse maodel work—including
small-animal imaging—which 1s essential

forevaluating new cancer therapies.

Because the skills needed for trans-
lational science are so diverse, FitzGerald
argues for a completely new “inter-
disciplinary™ discipline. Penn offers
a master’s degree in translational

Despite some “bumpy bits™ during nego-
tiations between Penn and CHOP, savs
FitzGerald. “[we] have worked more and more
together. and this has gone extremely well”

research and a joint MTR-Ph.D,

program. In addition, Penn has a

erant from the Howard Hughes

Medical Institute in Chevy Chase,

Maryvland. w develop courses to expose Ph.D.

students to clineal research to inspire them to
find cures for discases,

In terms of research experience. Penn

offers seven fellowships for translational

EUROPEAN PROGRAMS OFFER TRANSLATIONAL TRAINING

Birgit Pless got her first glimpse of translational research in 2003 when, as a
student working toward a master's degree, she did an internship at Berlin's
Benjamin Franklin University Hospital. She spent the summer searching for
new drugs for inflammatory bowel diseases. Once she had been dazzled by
the bright promise of helping patients in their daily life, basic research paled.

But it wasn't until April of this year that she found another training
opportunily in translational research. That was when she heard about the
new, Frankfurt-based International Research Graduate School for Transla-
tional Biomedicine (FIRST), where she just enrolled this summer. "Only
[FIRST] combined basic research with applied medicine and taught pharma-
ceutical basics,” she says.

Translational research is fast becoming a priority in Europe. The European
Commission set the tone by targeting most of its €6 billion health research
budget for 2007-2013 at pan-European translational projects. Dedicated
training programs such as FIRST are multiplying, but they remain few, vary
greatly in approach, and are often works in progress, Three new European pro-
grams exemplify the range of approaches lo training in translational research.

Injecting medicine into basic science

The new Medical Research Council (MRC) Centre for Translational Research
in Neuromuscular Disease, based at University College London (UCL) and
Newcastle University, aims lo provide a broad understanding of clinical
context to influence research questions, says Michael Hanna, a neurologist
at UCL's Institute of Neurology. The center, which will open its doors this
October under Hanna's direction, received a £3.5 million grant from the
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MRC to support its first 5 years, including the Ph.D. training of six biology
students and two medical doctors.

Basic-science students will get direct contact with dlinicians and patients
at partner hospitals to pique their interest in research questions relevant to
clinical care, Hanna says. Students will spend a year taking introductory
courses on neuromuscular disorders and learning neuroscience technigues
before starting a 3-year research project.

The two physicians will research a 3-year Ph.D. project in which they
will work closer to patients than most basic scientists can, Hanna says.
Hanna hopes to soon get more funding for training. “The intention will be
to ... have a lot more [students] in the future,” he says.

A roundtrip, bench-to-bedside

In 2004, the University of Milan—Bicocca in ltaly launched an international
doctoral program in translational and molecular medicine called DIMET.
DIMET connected the department of biotechnology and biosciences with the
faculty of medicine so students could move easily between basic and
applied biomedical research.

Some DIMET students’ projects take a disease-driven approach, whereas
others start with a basic finding and aim to develop clinical applications.
Combining the two approaches is as fundamental for translational
researchers as it is challenging, says DIMET coordinator Andrea Biondi, a cli-
nician and cancer researcher at the university.

Some science students got to work at the interface between the lab
and the clinic. After generating T cells against cytomegalovirus, medical

www.sciencemag.org
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rescarch, along with 12 offered through the
CTSA. and five more fellowships through
NIH T32 research training grants,

To encourage cross-disciplinary research,
only researchers from different departments
who haven 't worked together can qualify for a
5 150,000 transdisciplinary ITMAT seed
grant, Six pairs of senior investigators won
grants in the latest funding round.

Penn is trying to push translational
research in nontraditional directions. One
novel center is Personalized Medicine in
Translation (PERMIT). This center will fund
the expert staff and facilities needed to exam-
ine how genetic vanants affect drug response
and will give waditional clinical studies a new
dimension by dentifving which individuals
are most likely to benefit or suffer side effects.

FitzGerald’s own lab worked out the
likely mechanism of Cox-2 inhibitor cardiac
toxicity, and PERMIT is designed to detect
and individualize such problems before drug
launch, not atter. FitzGerald 15 now probing
why people differ in their response to all
nonsteroidal ant=-mflammatory drugs,

Cautions
As a postdoc in FitzGerald's lab, Tilo Grosser
played a big role in the Cox-2 work. He is now

Bench to bedside. Assistant professor Tilo Grosser
{left) and MMAT Director Garret FitzGerald are bringing
translational research to the forefrant at Penn.

an assistant professor setting up his own lab
at Penn. and he just applied for his first
RO1 grant. Grosser knows that a career in
translational research is risky compared to
basic science. 1 am aware ol the 1ssues, partic-
ularly the [smaller] number of publications,”
he says. “These studies take a lot of time.”
Cirosser points out that a single small clinical
trial looking at drug-response vanability could
take 3 years, including patient screening and
data analysis, And clin-
ical research involves

SCIENCECAREERS

sharing credit, which could also devalue
his accomplishments.

“l have seen several instances since ['ve
been at [Penn] where promising translational
researchers had to go back and just do basic
research m order to assure their promotion.”
savs June. “That'’s not good.” Grosser thinks
that the breadth of clinical research opportuni-
ties at Penn, encompassing genomics. mecha-
nistic work, and animal modeling, makes such
career setbacks less likely.

Although tenure committees at Penn are
still dominated by RO 1-type scientists. says
FitzGerald, they are gradually taking into
account the team contributions and lower pub-
lication rates among translatonal researchers,
“That’s an ongomg issue.” June says.

Thomas Curran, a CHOP neurobiologist,
cancer researcher, and ITMAT member., agrees
that fears of failed clinical trials and nonexist-
ent publications are real, but they shouldnt be
career killers, “First, if you have all of those
concerns, youre in the wrong job, because this
is a risk-taking enterprise.” he says. “Second is,
plan for success, never plan for failure, ...
Come into it with the attitude [that] whatever
you do., yvou're going to do the highest quality
[work]. and you're going to be successtul
recognizing theres an element of doubt.”

~KEN GARBER
Ken Garber is a freelance writer in Ann Arbog, Michigan.

Head first. Birgit Pless is among the first students to attend the Frankfurt-
based International Research Graduate School for Translational Biomedicine.

biotechnologist Erica Dander, 26, wrote in collaboration with her multi-
disciplinary team a successful clinical trial protocol to test whether inject-
ing the T cells could kill infected cells in transplant patients. Working at
the nearby 5an Gerardo Hospital, she was “in the right environment to
find help” with the protocol, she says.

The program’s biggest limitation is its budget, Biondi says; it only receives
a few thousand euros a year from the university, and most scholarships are
raised by the participating professors. Still, DIMET will enroll 25 students for
the next academic year. "We are just at the beginning, but we have seen from
the first year a progressive increase in applications,” Biondi says.

www.sciencemag.org  SCIENCE
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Promoting drug development

The FIRST program at the University of Frankfurt aims to address a lack of
Ph.D. graduates who really understand the drug-development process, says
Dieter Steinhilber, the coordinator of FIRST and a pharmacologist at the uni-
versity’s Institute of Pharmaceutical Chemistry.

Starting in October, scientists will learn aboul medical science and phar-
macology while physicians and pharmacists study molecular and cellular
biology. During the 3-year research program, students will also take courses
on all the steps of drug development, indluding preclinical and clinical stud-
ies, requlatory alfairs, and the marketing of medicines,

To form the program, the science and medicine faculties of the University
of Frankfurt partnered with the private Georg Speyer Haus research institute
and the Paul Ehrlich Institute, the federal health authority agency for bio-
pharmaceuticals. They also count on pharmaceutical companies to provide
additional expertise, traineeships, and €300,000 a year.

This money will complement the annual budget of about €1 million FIRST
gathered from the university and the integration of two already-funded pilot
Ph.D. programs. Starting in 2008, the university plans to recruit 20 basic sci-
entists and 10 medical doctors each year, provided the German government
decides in October to give additional support to the program.

“The opportunity for this career development is now,” says Graham Lord,
director of translational research development at the National Institute for
Health Research Biomedical Research Centre at King's College London and
Guy's and 5t. Thomas' hospitals. “I think the job opportunities that follow on
that will be very substantial.” =ELISABETH PAIN
Elisabeth Pain is a contributing editor for ScienceCareers.org.
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POSITIONS OPEN

FACULTY OPENING
Stanford University
Department of Chemical Engineering

The Department of Chemical Engincening ar Stanford
University is secking applicants for tenure-track fac-
ulty positions at the junior level (ASSISTANT or
UNTENURED ASSOCIATE PROFESSOR). Ap-
plicants are expected to have carned a Ph.DD. degree
i chemical enginecnng or related disciplines,

We will consider applicants knowledgeable in the
general arca of chemical enginecring science. While
all areas encompassed by chemical engineering are
aceeprable, there are several broad arcas of partie-
ular incerest, including surface reactivity and caral-
yais, fuel cells, environmental or atmosphene studies,
molecular ransport processes and  mechanics, soft
materials physics and chemistry, computation and
samulation, biochemical and biomolecular engineer-
ing, nanomaterals processing, and the energy sci-
ences. In general, we give higher priority to the
overall onginality and promise of the candidare's
waork than to the sub-area of spedalizanon,

The successful candidare will be expected 1o teach
at the graduate and undergraduate level, to develop
advanced graduare courses in a rescarch specialty,
as well a8 to dewelop a world-class nxu-.aruharmﬁ.mm
with an emphasis on the fundamental physical, chem-
ical, and enginecring aspeas of chemical engineering
science. Applicants should be secking a stimulating
interdisciplinary enviropment in which to pursue
teaching and rescarch. We anticipate that the faculty
members will conrribure to :lmtrdu:wlup leadership
roles and interactions ameng faculty not only in
Chemical Engineering, but also Electrical, Mechan-
ical, Civil and Erwvironmental, and Material Sacnee
and Engincering in the School of Engineering; in
Physics, Chemistry, and Biology in the School of
Humanitics and Sdences; in the departments and
programs in the School of Medicdne, as well as Bio-
engincering located in the Schools of Enginecning
and Medicine, and at the Stanford Synchmotron Ra-
diation Laboratory,

Applicants should send curriculum vitae (includ-
ing rescarch accomplishments, teaching expericne,
and publications] a rranscript of decronl graduate
study, a detailed rescarch and weaching plan, and
supporting letters from at least three references to:
Profesor Curtis W, Frank, Chair, Search Commit-
tee, Department of Chemical Engineering, Stanford
University, Stanford, CA 94305-5025. Apphcanons
are due by December 1, 2007, but we will continue
to accept applications until the positions are filled.

Sraerford Uleriversity a5 an Equal Oppostersiry,  Affirmatie
Action Ewmployer,

CARMEGIE MELLON UNIVERSITY. The
Department of Chemistry invires applications for
a TENURE-TRACK POSITION at the junior
level in the arca of biophvsics /biophysical chemis-
wry. The successful applicant will benefir from the
Department’s highly collaborative astmosphere, in-
terdisciplinary approach, and its strengths in core
arcas of cxperimental and theoretical biophyvsics. The
Molecular Biosensor and Imaging, Center, the NIH
National Technology Center for Metworks and Path-
ways, and the Pittssburgh Noclear Magnetic Reso-
nance Center for Biomedical Rescarch also provide
attractive opportumtes for collaboration. Candidates
are expected to build a vigorous extemnally funded
rescarch program and exhibit a verv strong commit-
ment to teaching at both the undergraduare and
graduate levels. Applications should conrain (1) cur-
riculum vitae, (2 a lisg of publications, {3) a deeription
of research plans, and (4) three letters of recommen-
dation and be sent to Professor Linda Peteanu at
e-mail: biophysics-search@andrew.couedu. Hard
copics of this information can also be maled to:
Dr. Linda Peteanu, Department of Chemistry,
Carnegie Mellon University, 4400 Fifth Avenue,
Pittsburgh, PA 15213, Review of applications will
l‘k.'gjll oan l!n..'tnl.\'.'r I, .!'["]‘7. MU 6 i I;:.}H.Ji’ {]ppu':-
turity S A firmanve Action Engployer commmtted s building o
diverse familty; wveniren aind impiorities dve srongly encanntged
ter apply_for this position,

POSITIONS OPEN

The Bicinformatics Rescarch Cenrer ar
University of North Carolina, Charlote
invites applications for a DIRECTOR of
BIOINFORMATICS SERVICES. The in-
dividual accepring this position will supervise
a staff of biinformatics research specialists
who will work in dose collaboration with sci-
entists from academia and industry, Successful
applicants must hold a Mh.D. in bicinformart-
icx, biology, computer science, or a related field.
Experience with nonaging medium o large-
scale bromformatics or biotechnolopy projects
is prefemed. For more information and appli-
cition instructions, please sce our website:
http: / Swww.ooit. uncc.edu /bioinformatics,/
site /open_positions.cim. The Unfversity of Norh
Cirofing ar Chusdorte i3 an Egeal Ohpportuniny £.A ffir-
matiie Action Euplo yer

ASSISTANT /ASSOCIATE PROFESSOR
Prion Biology
Colorado State University

The Department of Microbiology, Immunolo-
ey, and Pathology at Colorado State Universty is
secking a scicnoist at the Assistant or Associate Pro-
fessor level (tenure track) with rescarch interests in
the pathogenesis of transmissible spongiform en-
cephalopathics (prion discases) or amvloid-relared
discases. Candidares with experise in methods in
investigative pathology, prion biology, moleoular
biclogy, and Sor animal models of prion discase are
encouraged to apply. The successtul applicant will
be expected to develop an extramurally funded re-
scarch program and participate in Departmental teach-
ing activitics, Applicants must have a DV.M., M.
and for Ph.D. (or equivalent degree ). Postdoctoral re-
scarch experience is preferred.

Please clectronically submit a letter expressing
interest and qualifications for the position, curricu-
lum virae, and arrange 1o have three lemers of ref
Erenee sent oy

Prion Biologist Search Committee
c/o Mr. Ryvan Abbott
{ E-mail:ryan.abbont@col ostate.edu)
Department of Microbiology, Immunology, and
Pathology
Colorado State University
College of Veterinary Medicine and Biomedical
Sciences
1619 Campus Delivery
Fort Collins, CO 80523-1619 U.S.A,

Applications will be accepted undl the position is
filled. However, evaluation of applications will begin
November 15, 2007,

CSL is aonr Byl Oppotinnity/ Affimoative Adton Emplayer,

ASSISTANT PROFESSOR of PHYSIOLOGY

The Deparrment of Physiology of the School of
Medicine of the University of Puerto Rico invites ap-
plicarions from scientists for a renure-track position
at the rank of Assistane Professor. Exceptional can-
didates may be considered for more senior posi-
vons, Candidates must have a PhD. and/or M.D.
with appropriate postdoctoral fellowship training, a
strong record of research accomplishments, and the
ability to establish and maintain an independent re-
search program that complements existing strengths
within the Depanment, The ideal candidare should
have an externally funded rescarch program in the
arcas of cardiovascular, renal, or endoerine physiol-
ogy. He /fhe will also participate in medical, dental,
and graduate waming. The elosing date for applica-
tions s Ocrober 31, 2007, Applicants should send
curriculum vitae, a description of past research and
future plans, and the names of three potential ref-
erences to: D, N. Escobales, Ph.D., Chair, Physiol-
ogy Search Committee, Department of Physiology,
University of Puerto Rico-School of Medicine,
PO, Box 365067, San Juan, Puerto Rico 00936-
K067 (e-mail: nescobales@remuupr.edu ). e {nieer-
aty of Prerte Rico 5 o stfe-faonded imstehtion: aned 6 L
Chpportiity /A fimntive Action Employer
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i NATIONAL INSTITUTES OF HEALTH

N RI- HUMAMN GENETICIST
ISR Tenure-Track/Tenure Position

The newly formed intramural Laboratory of Translational Genomics (LTG) in the Division of Cancer Epidemiology and Genetics (DCEG), National Cancer
Institute (NCI), National Institutes of Health (NIH), Depariment 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 identified by candidate gene approaches, linkage analyses in high-risk
families, or genome-wide association studies (GWAS), particularly loci identified by the ongoing Cancer Genetic Markers of Susceptibility (CGEMS) program
involving GWAS of several major cancers. Investigators in the LTG are expected to develop an independent research portfolio in cancer genomics focused on (1)
fine mapping and re-sequencing of loci relevant to 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 genetic variation and somatic altera-
lions in cancers. Each investigator is expected to leverage the NCI resources in molecular epidemiology, high-throughput genotyping and whole genome scans,
biostatistics and bioinformatics, as well as in basic and ¢linical sciences. The incumbent will receive research suppont for developing a state-of-the-art genomics
laboratory, and recruiting two posi-doctoral fellows/bioinformaticians and a technician.

Applicants must have an M.D. and/or Ph.D. in a relevam field, extensive posi-docioral experience, and a record of publications demonstrating  potential for
creative independent research in human cancer genetics, Facility with bioinformatics databases and high dimensional data are highly desirable along with strong
communication skills. Interested individuals should send a cover letter, curmiculum vitae and a brief summary of rescarch accomplishments and goals, along with
copies of three 1o five publications or preprints, and three letiers 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 seat directly by the recommender to Ms. Schwadron. Candidates should submit applications by October
15, 2007 at this time, the committee will begin to look al suitable candidates. However, the search will continue until qualified scientists are found. Additional
information about stafl and ongoing rescarch in the NCI Division of Cancer Epidemiology and Genetics is available at hitp:/www.dceg.cancergov. Pleasc
contact Dr. Stephen Chanock (phone 301-435-7559 at chanockst@ mail.nih.gov) or Dr. Peggy Tucker (phone 301-496-8031 at tuckerpi@ mail.nih.gov) for
questions about the position(s).

. . Department of Health and Human Services
IE?%% National Institutes of Health
— National Cancer Institute
Postdoctoral Positions in Immune Defense and Transcriptional Regulation

The Laboratory of Cellular and Molecular Biology in the intramural rescarch program of the National Cancer Instituie has several postdoctoral positions
available for individuals who have obfained a Ph.D. and/or M.D. degree within the past 2 years. These individuals will join a research group that investigates
1) the regulation of RANTES expression in T lymphocytes and 2) the role of granulysin in immune defense. A strong background i molecular and/or cellular
immunology is preferred. Excellem writien and oral communication skills are cssential.

Relevant publications describing recent work from the group include:

* Dynamic interplay of transeriptional machinery and chromatin regulates “late™ expression of the chemokine RANTES in T lymphocytes
Mal Cell Biol. 27(1):253-66 (2007)
PMID: 17074812

* Granulysin-mediated tumor rejection in transgenic mice
Jlmmunol 1 78(1E77-84 (2007)
PMID: 17182542

Applicanis should submit their curriculum vitae, a brief description of research interesis and experience, and contact information for three references to:

Carol Clayberger, Ph.D., Laboratory of Cellular and Molecular Biology, National Cancer Institute, National Institutes of Health, 37 Convent Drive,
Room 4016, MSC 4256, Bethesda, MD 20892, E-mail: Claybergercia mail.nih.gov,

Applications will be considered as they are received, but it is preferred that they be submiticd by October 1, 2007.

THE NIH 1S DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS



WWW.NIH.GOV

QT? Tenure-Track Investigator Position in the Laboratory of Immunology

The Laboratory of Immunology (L1), Division of Intmmural Research, National Instiute of Allergy and Infections Diseases, National Institutes of Health nvites applications fora
tenure-track investigator position in immunology. Applicants should have a Ph.D., M.D, or equivalent degree; an cutstanding record of postdocioral accomplishment: and an interest
in any arca of biomedical research related 1o immunology.

Specifically, we seek a highly creative individual who will establish an independent, forward-looking, world class research program that takes full advantage of the special opporiu-
nity afforded by the stable, long-term funding of the Intramural Research Program at NIH. She'he should be inerested in developing and applying novel approaches to the swdy of
problems of major biological and /or medical importance, which could include a major clinical research effort. There are ample opporiunities to participate in trans-KIH initiatives
invalving technology development, translational investigation, and multidisciplinary science,

Cienerous ongoing support for salary, technical personnel, postdoctoral fellows, equipment, and research supplies will be provided. Available cores or collaborative facilities include
flow cytometry, advanced optical imaging, microammay generation and analysis, computational bielogy, production of ransgenic and gene- manipulated mice, chemical genomics
and support for projects involving RNAG screening. In addition to an outstanding imemational postdoctoral community, a superior pool of graduate and undergradiste students is
available to the successiul applicant.

NIAID's Laboratory of Immunology has a distinguished history of accomplishment in immunology. We strongly encourage oulstanding early career investigators who can continue
and enhance this record of achievement to apply. Cument LI principal investigntors are Ronald Germain, Michael Lenardo, Rose Mage, David Margulics, William Paul, Ethan
Shevach and Tsan Xiao.

Application Process: To apply, e-mail your CV, bibliograply, and an outline of a proposed research program {no more than two pages) 1o Ms, Wanda Jackson at jacksonwai
niaid. nih.gov or mail to Ms, Wanda Jackson, 10 Center Drive MSC 1356, Building 10, Rm. 4A-26, Bethesda, Maryland 20892-1356, E-mail is preferred,

Reference Letters: Three letters of recommendation must be sent dircctly from the referees 1o Ms. Wanda Jackson via e-mail or U.S, mail. Please refer 1o Ad #016 on all com-
munications. Further information about this position may be oblained by contacting Dr. William Paul (301 496-5046; wpaul@ nisid.nth.gov). Applications must be received by
October 19, 2007,

A full package of benefits (including retirement, health, life and long tenn care nsurance, 401-k plan) is available. Women and minoriies are sspecially encouraged 10 apply. US.
citizenship 15 nol required.

@ ' Division of Cancer Biology
INSTITUTE Health Scientist Administrator/ Chemist/Microbiologist/Biologist

With nation-wide responsibility for improving the health and well being of all Americans, the Department of Health and Human Services (DHHS ) oversees the biomedical research
programs of the Mational Instiutes of Health (NTH) and those of NIH's research Institutes.

The National Cancer Institute (NCT) at the NTH is seekng two interdisciplinary scientists at the GS-13 or G5-14 level, one in the Cancer Cell Biology Branch (CCBB) and one in the
Tumor Biology and Metastasis Branch (TBMB) of the Division of Cancer Biology. The scientists will serve as Program Directors and overses an active research grant portfolio and
manage a seiemific program in cancer biology, Candidates should have significant research experience i an area of cancer biology and be familiar with applications of new molecular
technology. Such research expenence may focus en a specific umor Lype of include more genenc in vitro systems. An M.D. or a doctoral level degree i a biomedical related field
and evidence of experience in the administration of a science program are highly desirable. The Program Director will perform the full range of administrative and scientific duties
required in a large research grants program, as dinected by the Branch Chief. The positions are bocated in Rockville Maryland.

The CCBB supports basic research projects covenng a broad spectrum ef topics directed at undemstandimg the biological basis of cancer, including studies on the genes, proteins and
networks responsible for the cancer phenotype; investigation of aberrantly modified regulatory processes that promote cancer; and the identification of connecting pathways that ensune
tumor cell survival. Anemerging interest which will be a focus of this current position is the role of nutrient stress and cellular metabolism in cancer cell survival and tumor growth.
The ultimate goal of the Cancer Cell Biology Branch program is the discovery of new information that has practical application to disease detection, prevention, or treatment.

The TBMB supports research covering diversified areas of umor progression and metastasis, including the intemctions of cancer cells with the tumor and/or host microenvironment,
role of stem cells m tumor biology, umor dormancy, angiegenesis and lymphangiogenesis, cell migration, invasion, tumor progression, and metastasis,  This includes examination
of cell-cell and cell-matrix interactions, the roles of growth factors and cytokings, adhesion molecules, cvtoskeleton and the nuclear matrix, and matnix-degrading enevmes, nflam-
mation, glycoproteins, steroid hormones and their receptors, as well as studies on the pathology and biology of solid wmors and wmer bearing animals. Research supporied by the
Branch also inchudes novel 3-dimensional or organotypic models and in vivo models to address research focusing on tumor progression and metastasis. A full Civil Service package
of benefits (including health and life insurance options, retirement, paid holidays, vacation and sick leave) is available.

The NCT vacancy mmnouncement for the CCBB position will be available on Angust 17, 2007 and posted under announcement # NC1-07-208137-DE. The vacancy announcement
for the TBMB position will be available on August 17, 2007 and posted under announcement # NCI-07-208132-DE. Both positions close on Seplember 21, 2007, The vacancy
announeements for these posinons contain complete application procedures, listall mandatory mformation which you must submit with your application and may be obtained from the
hittps:/fwww.usajobs.opm.pov. Questions can be directed 1o Eupene McDougal on (301) 435-5722, Please see vacancy announcement for application submission requirements.
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ceutical company located in suburban
Philadelphia specializing in the dis-
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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.

cialization of novel prescription pain
management products. Adolor has
more than 120 employees working in
arcas including discovery rescarch,
drug development, clinical research,
manufaciuring, business development
and marketing.

ciencecareer

online @

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
laboratory space. A multi-year strutegy and supporting financial 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.

Visit our website www.adolor.com or
o0 1o sciencecareers.org 1o vicw job
descriptions in detail,

Postdoctoral Fellow
Suceessful candidates should have a graduste degree (Ph.D. and'or M.D.), current NIH funding. an Cell and Molecular Signaling
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.
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Postdoctoral Fellow
Cell and Molecular Signaling/
In-Vivo Pharmacology

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,

Research Investigator
Cell and Molecular Signaling

Research Scientist
Cell and Molecular Signaling

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.

Research Scientist Il
Pharmacology

ASSOCIATE OR FULL PROFESSOR T SERVE AS ENDOWELD CHAIR " g
Universitét Karlsruhe (TH)

Th Staie: Bt Forschungsuniversitat - gegrindet 1825

Lo tiom: An wsscite or full professors salay will be
supplementod with the interest camings from a sizable endowment,

1 College Web Site: www.oonv.ounyedu
Notioce Number: FY - 13504
“t \L“ I" '”‘ Closing Date: Open untd filled.

The Universitit Karlsruhe (TH) and the Forschungszentrum Karlsruhe are
joining forces to form the Karlsruhe Institute of Technology (KIT) and
are planning to integrate their research activities both structurally and
strategically. In a Germany-wide competition within the Excellence Initiative,

POSITION DESCRIFTION AND DUTIES

The City College of New Yok, the first free public institution of higher eduction in de LS,
seoks o distinguished scholer and educator 1o Gl the newty created Zitrin Profesorship in
Riocthics & an Associate o Full Professor. Candidates Tor thes edowed chair should lave a
recond of schobirship, national appointments, grants, and sands approgriate o the position,
with evidence of ousstanding university-level ieaching, The Zitrin Professoe's home departiment
at the City College will depend on the candidae’s discipine mnd interests; applications are
wdeome from bio-ethiciss with academic credentials in bioengineering. biolop b
medicing, phosophy, public health, and other rdevant fiehds, The Zerin Profesor will have
imterdisciphnary responsbilities md privileges that noy inchede the Honors College, the
Department of Bioengineering, and the Sophie Davis School of Biomedical Education.
QUALIFICATION REQUIREMENTS

The suceessful candidate will be an accomplished and distingshed analvsypractitioner
with a M, Ph.D, or D, Depending on applicant’s qualifications. amd experience,
appointment will be made at Associate or full Professor bevel

The City College of New York has o strong institutional commitment to the principle of
diversin In that spirit, we ane pamicularly interested in recetving applications frm a broad
spectrum of individuals, induding women and under- I'I:&rl“ﬂ.‘lilt‘l] groups. Upon regueest,
reasoecable sccommodations provided for individuals with disabilities.

Al candidstes mist provide documentation o prove emplovmnent eligibility in comipliance
with IRCA.

TO APPLY

Send letter of imterest, CX, sample publications, and the names and centact information
of hree professional refirences 1o: Professor NMckolas Pappas, Dept of Philosophy,
NAC 5144, The City College of New York, 160 Comvent Avenue, New York, NY
10031 or e-mail to: philsophyvie ceoveuny.edo

The Ciry Liviversity of New York iz an Equal Enygloyment
OpportuningAfirmanive Actioninmdgrarion Reform
aind Coritral ActAmencans with Disabilities At Emplover

CITY COLLEGE IS

University Karlsruhe was selected as one of three top universities. Within
the future concept of the University, several new research groups will ba
established. The funding of sach research group will comprise the position
of the group leader, two scienlists and an annual budget for consumables.

The Faculty of Physics and the Institute of Nanotechnology are seeking
at the earliest possible date a

Group Leader (E 15)
of the Shared Research Group
“Electronic Properties of Graphene”

Research in this group shall focus on the electronic transport properties of
graphene, and complement the existing experise in the field of physical
properties of nanostructures at the University and the Forschungszentrum.

Young scientists with outstanding experience in the field of mescscopic and
nanoscale physics are invited to apply for the position of the group leader.
The group will be able to draw on resources in lithography, nanofabrication,
characterization and low temperature measurements. Applicants should
submit a curriculum vitae including their academic career, a research plan
and a list of publications with up fo three reprints.

The initial appointment phase is for 4 years with the possibility of a renewal,
and will be paid according to E 15 TV-L of the German civil service
remuneration system, The research group will be based in the Institute of
Nanotechnolegy in the Forschungszenirum. Active participation in teaching
at the University is possible.

For further information please contact Prof. Dr. Hilbert v. Lohneysen (HvL@
pi-uka.de, Tel. 0049-721/608-3450).

To increase the number of women involved in science and technology,
female applicants are specifically encouraged. Handicapped applicants
will have higher preference in case of equal qualifications.

Applications should be addressed until 15.09.2007 to the Universitét

Karlsruhe (TH), Prof. Dr. Hilbert v. Léhneysen, Physikalisches Institut,
TE128 Karlsruhe, Germany.




FACULTY POSITIONS AT
YALE UNIVERSITY

Department of Molecular
Biophysics and Biochemistry

The Department of Molecular Biophysics and
Biochemistry seeks applications for a tenure
track position at the Assistant Professor level in
the field of biochemistry, molecular biology, or
miplecular genetics. Our department uses tools
ranging from structural biclogy to genetics
to mvestigate curment biological problems at
the molecular and atomic levels. In addition
to establishing an mnovative and interactive
research program, new faculty will engage in
the teaching and training of undergraduates,
graduate students and medical studemts, as the
department is located in both the Faculty of Ans
and Sciences and the School of Medicine. More
information on the department is available at:
http:/fwww.mbb.yvale.edu/. Applications
should include a curriculum vitae, a state-
ment of research imterests, no more than three
selected reprints or preprints, and the names of
three individuals who have been asked w send
letters of reference o

Faculty Search Committee (Biochemistry)

Department of Molecular Biophysics
and Biochemistry
Yale University
P.0. Box 208114, 260 Whitney Ave.
New Haven, CT 06520-8114
Telephone: (203) 432-5593

Application Deadling: October 15, 2007

Department of Molecular, Cellular,
and Developmental Biology

The Department of Molecular, Cellular and
Developmental Biology at Yale University
invites applications for a tenune-track faculty
appomtment at the level of Assistant Profes-
sor from individuals working in anv area of
molecular, cellular or developmental biology.
The Department encourages applications from
candidates using any ex perimental system [ani-
mals, microorganisms or plants) to investigate
outstanding questions in contemporary biology
at the cellular or molecular level, The success-
ful candidate is expected to develop an active
research group, interact with the department s
faculty, and participate in interdisciplinary
research and training activities. In addition,
the successful candidate should demonsirate
excellence in teaching at both the undenzradu-
ate and graduate levels.

Our web site hitp:iwww.yvale.edu/medhb/
contains additional information on the Depart-
menl.

The search committee will stant screenming
applications on October 15, 2007, Applica-
tions close December 1, 2007, Please submit
a curriculum vitae, a description of research
interests and the names of at least three mdi-
viduals who have been asked to send letters of
recommendabon to:

Faculty Search Committee
Department of Molecular, Cellular and
Developmental Biology
Yale University
P, Box 208103
New Haven, CT D6520-8103
Telephone: 203-432-3460

Yale University is an Affirmative Action/Equal
Oppartunity Emplover, Women and members
af underrepresemed minarity groups are
especially encorraged fo appli

Cornell University

Institute for Cell and Molecular Biology
Senior and Junior Faculty Positions

As part of a Mew Life Science Initiative, Cornell University has established
and endowed a new Institute for Cell and Molecular Biclogy (for complete
information, see www.icmb.cornell.edu). The Institute will consist of 12
faculty as the core component in a $160M new research building, now
nearing completion, designed by renowned architect Richard Meier. Dr.
Scott Emr recently relocated to Cornell as the founding Director of the
new Institute. The goal of the Institute is to build a vibrant center of
scientific excellence in basic biology integrated with existing outstanding
programs in chemistry and chemical biology, physics, computational
biclogy and engineering. Institute faculty will have full academic
appointments in basic science departments to which they will contribute
teaching and service.

Three faculty positions are available this year, one of which will be an
Endowed Professorship (department open) and the others appointed at
the Assistant or Associate Professor levels within the department of
Molecular Biology & Genetics (www.mbg.cornell.edu). Priority will be
given to candidates using model systems employing novel approaches to
address fundamental questions in cell biology (including cell cycle contral,
signal transduction, regulation of the cytoskeleton, organelle biogenesis
and function, regulation of membrane architecture, protein quality control,
etc.). Individuals with expertise in X-ray crystallography, biochemical
reconstitution, mass spectrometry, functional genomics, and live cell
imaging are of special interest. However, outstanding candidates in any
area of cell and molecular biology will be considered.

Please submit (electronically) a curriculum vitae (highlighting 3-5
publications with title and abstract), research plan (2-3 pages) and
teaching interests. Please limit total file to 10MB. In addition, applicants
must arrange for three letters of recommendation to be sent to the
address below, concurrent with the other application materials. The
committee will begin reviewing applications by September 20, 2007, with
applications being accepted until the positions are filled. We encourage
women and minorities to apply.

Applications must be submitted electronically, as a single pdf, to:
Dr. Scott Emr, c/o Dianna Marsh at dmm20@cornell.edu

You may also upload your application materials to the
Institute website at: www.icmb.cornell.edu

Located in Ithaca, N.Y.,, Cornell University is a bold, innovative, inclusive
and dynamic teaching and research universily.

Cornell University ix an Affirmative Action/
Egual Opportunity Emplover and Educaror.

e @sciencecareers.org
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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 500 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,
proteomics, 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 strategc program planming in the BER Program; budget formula-
tion and execution; management of the BER office including a 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 18 within
the ranks of the LS. government’s Sentor 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:
fwwwse.doc.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 %2 D622 D06+ 1 3% IA44%IA02& Logo=0&q=5ES-
SC-HQ-014+(kd)& Fed Emp=N&sort=rv&vw=d & hrd=38T6& ss=10
EFedPub=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)
located at the website above,

FACULTY POSITIONS FOR
PHYSICIAN-SCIENTISTS IN

TRANSLATIONAL ONGOLOGY

The Human Oncobogy and Pathogeness. Program (HOPP) 0 Memorial Sloarn-
Rettenng Cancer Center (MSRCC) tnvbes applcations for tenure irack Bealty
appoimments ot the level of Asssann, Asociie, or Full Member, HOPP s
asembling oustiding physicansdentiss aoess clinical disciplines in a dngle
prograsm 1o foster ranshibonal oncology reserch wdve Bbosiory dinkeal baerface
i s enviromment that encourages collaboratve teon science., Cuarrent research by
HOPP llll.\' ENCOMIESEs 01 tngrllmnil: anslies of various cancers, anahsis of
aberrant signal warsdnotion pathvays, preclinicl evabetion of moleonkrly angeted
aApeiils an] imee hianiare of 1|.ll|g resstinee, Succesaful cudidates must demoas e
the ability to develop an mdependent research program s well as an interest in
uransation:il oneedogy. HOPP Esoulty wall be hosed in stne-ofthe-an iborsories in
the new Zuckerman Research Cemter amed joinily appointed in dve De paromeni of
his /Bwer apgeroprie climcal speciahy ae MSRCC, Faculy wall also be eligibde 1o hold
appointmeni i e new b established Gerstner Sloan-Rettenng Gracwie School of
Biomedcal Saemoes as well as the Weill Medical School amd Grieste Schooll o
Mithical Scences w0 Cormell University.

MSKCL offers o umigue and vibramt resesach. emvdronment with programs in
Fmaraneskegy, Phanmacology, Clemistry, Modecular Biobogy, Comgiatonal Biology,
Genetics, Cell Biodogy, Developmenital Biodogy, Cellubar Biochemastry, and $tructural
Bacslonry aned close links wath the Rockefeller and Conell cosnmumities. The presence
of world-remwmed dinical progrms in cancer reseanch, treatment, and prevention
wlfers umibgque opporiunities for crestive colliboration. Applicams mst lave an MDD,
of M. PhI¥, posteloctonl expericnoe, and an actve dinical inerest.

Fleme send owrmiculum vitae, o summary of ourrent and proposed  research
programns, and armange for three levers of recommendistion to be sent io: Charles
L. Sawyers, M.D., Chair, Human Onoology and Pathogenesis Program, o/ o Erika
Bernarding, Memorial Sloa-Kettering Cancer Center, 1275 York Avenue,
Mailbox £20, New York, NY 10021; E-mail: bernarel @mskec.org. Applications
should be received by November 30, 2007, Memorl Sloan-Eettering Canoer

Cemter is an affinmative aciion, l'l'll.ll opporiunity emphover.

e N ; ; .
v Memorial Sloan-Kerrering Cancer Cenrer
¥ The Beat Concer G- Aivpihovt

www, mskecong
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All Souls College
Oxford

Senior Research Fellowships

All Souls College intends to elect three Senior Research
Fellows with effect from 1st October 2008 (or an agreed
later date): in Philosophy. in History, and in Theoretical
Life Sciences (all subjects broadly conceived). The
Fellowships are open to women and men.

The College regards a Senior Research Fellowship as
being of comparable academic standing to an Oxford
University Professorship. and applicants are expected to
have a correspondingly distinguished record of
achievement in rescarch.

Further particulars, including details of emoluments and
terms of appointment. application form. and copies of a
memorandum for referees may be obtained from the
Warden's Secretary. All Souls College, Oxford OX1 4AL:
mary.yoe®@ all-souls.ox.ac.uk, Sce also the College’s

website: www.aall-souls.ox.ac.uk. Applications. on the
application form, should reach the Warden not later than
Monday, 10th September 2007.

UNIVERSITY OF

ROCHESTER

MEDICAL CENTER

The Center for Vaceine Biology and Immunology and the
New York Influenza Center of Exeellence are secking:

Post Doctoral Research Fellow(s) - IMMUNOQLOGY

Five post-doctoral fellowship positions are available in the David H.
Smith Center for Vaccine Biology and Immunology at the University
of Rochester. Two of these are in the new, NIAID-funded, New York
Influenza Center of Excellence at the University of Rochester Medical
Center, with the major aim of investigating the host immune responses o
mfuenza. Other major arcas of rescarch include mvestigating the role of
amphiregulinand T eell responses in human asthma and a mouse asthma
maodel; T and B cell responses to influenza infection or vaccination; and
dynamic integnn activation during cell migrations in live amimals using
state-of-the-an oplic MICIOSCOPY syslems,

URMC is a highly imeractive environment with excellent collabora-
tions between basic and clindeal scientists. Cutstanding facilities include
strong flow evtometry analvsis and sorting capabilities, bisinformatics,
prodeamics, mathematcal modeling of immune responses, sophisticated
image analysis of Auoreseent images including Fluorospot assays, and
the support of the Human Immunology Center. Siate-of-the-art labora-
tory and animal facilities from bicsafety level 2 to enhanced biosafety
level 3 are avalable, The sucoessful candidate will have the opporiunity
1o joan a highly interactive, collabormtive communny of rescarchers
from the Departiments of Microbiology and Immunology, Medicine,
Computational Biology and Biostatistics, and other research centers
and divisions,

For sdditional information, please sce our wds ot ScienceCarcers.org
under “URMC-Immunoclogy"™.

The Universite of Rochester s an Equal Opportunite Employer:




UNIVERSITY OF CALIFORNIA
SANTA CRUZ

2007-2008 FAGULTY RECRUITMENT

UC Santa Cruz faculty make significant contributions to the body of research that has
eamad the University of California the ranking as the foremast public higher education
institution in the workd. in the process, our facully demonsfrate that cuting-edge
resesrch, excellent teaching and outstanding service are mutually supportive. We are
curnently recruiting in the following discipines for the 2007 -200€ academic year.

~, Department of Health and Human Services {l'-"-%
{ ﬁ National Institutes of Health 7<)
S National Human Genome Frns™

Research Institute
CHIEF OF STAFF,
IMMEDIATE OFFICE OF THE DIRECTOR

The National 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, NHGRIL
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 occurring within the immediate Office of the ARTS

Director. The Chief of Staft will have advanced scientific training and = Film & Digital Media - Media Culture - Assistant Professor
ma.intm:n an active kmnf.‘lﬁ_]gc of advances in the ficlds of gmcti!:s and « Film & Digital Media - Production - Assistant Professor
genomics and the application of such research 1o health and disease. = History of Art & Visual Culture - Asia - Assistant Professor
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 NHGRI 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 you may also visit the NIH website at: www.jobs.nih.gov.
Applications must be received no later than August 24, 2007.
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ENGINEERING

* Technology & Information Management - Management of Technology/Knowledge
Services - Endowed Prolessar/Department Chair

( Visit the Baskin School of Engineering web site regularly for this and other
engineering opportunities: hitpy hwww . soe.ucsc.edw/jobsHaculty/apply/

HUMANITIES

* American Stadies - United Staies Political Caltwres - Assissant, Assockate or Fall Professor
= History - Early North Amenical Atlantic World - Assistant Professor

» Linguistics - Experimental Linguistics - Assistant or Assoctate Professor

= Linguistics - Semantics-Pragmatics - Assistam or Associate Professor

* Literature - Modern German Literature & Culiure - Assistant Professor

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

PHYSICAL & BIOLOGICAL SCIENCES
* Chemistry & Biochemistry - Organometallic Chemisery - Assistant Professor

* Chemistry & Biochemistry - Stucmral Biochemistry/Biophysics/Binanalyrical

Chemistry - Assistant Professor
G E I S I N G E R * Earthand PI‘"““'T Sciences - UI|'IJip|::|'i.|: Processes/Surface Processes - Assistant
Professor

* Environmental Toxicology - Microbe-Host Environment Interactions - Assistam

Director, Genomic Medicine Research Professor
Geisinger Healch S}rstem. DanviE]E1 P&, + Mathematics - Low Dimensional Topology/ Algebraic Geometry - Assistant Prafessor
* Moleculas, Cell and Developmental Biology - Vertebrate Cell Biology - Assistant Profesor
Gesnger Health System (GHS) s seeking exceptional candidates * Molecular, Cell and Developmental Biology - RNA Biology/ Structural Biology -

Assistant Professor
* Dheean Sciences - Ocean Climate Dynamies/Physical Oceanography - Assistant Professor
* Physics - Condensed Matter - Assistant Professor

for the Director of Genomic Medicoine Research

The Director will have the ability to buld genomic medicine
research, ncluding a broad program of translatonal and clinica

research, and health services research with an emphasis on research
eading to improved chinical outcomes. The Director will develop a
research group to leverage the very large dinical population of GHS
and advanced Electronic Medical Record (EMR) by partrering with
clinicians to understand the role of genetics and gene-ervironment
nteractions m common dieeases. Candidates may be laboratory-
based, transfational or popuationealth services researchers.

The position requires that the candidate have a PhD or MD or
equivakent degree, as well as demonstrated accomplishment in
genetic andfor genomic research and leadership ability.

The acqusition of new knowledge that wil improve the diagnosis,
treatment, cure, and prevention of disease & an integral part of
Geminger Health System'’s mission. For more information about
research at Gessinger please wisit wwwi.geisingerorg/research

For more information, contact:

Dennis Torrett, MD cfo Cynthia Bagwell, AVP. Professional Smffing
Geisinger Health System, Danville, PA 1 7822-2428

Toll Free: 800.845.71 12 « E-mail: ckbagwell@geisinger.edu

SOCIAL SCIENCES
= Anthropology - Muslim Cultures - Assistant Professor
.iull:mpul{gf Hnﬂ:lmpdw ul'Em.c:pnanrHi Assistant or Associate Professor
* Economics - Macroeconomics - Assistani Professar
* Economics - International Economics - Assistant or Associate Professor
= Education - Educational Policy & Reform: School/Community Nexus -
Assistant Professor
» Latin American & Lasino Siudies - Comparaiive Migration & Social Inequality in
the Americas - Assistant or Associate Professor
* Latin Amenican & Lanino Studies - Sustamable Community Development in the
Americas - Assistant or Associate Professor
= Psychology - Cognitive Neurosdence - Assistamt Professar
* Psychology - Policy Development, [mplementation & Evaluation - Assistant Professor
* Psychology - Intergeneratioral Patierns of Emotion & Communication - Assistant I'micssor

For the: most current ist of openings, position descrptions and application
information, please visit the UCSC Academic Employment web site;

hittp://ahr.ucsc.edu/academic_employment/

The Umversity of Calprmia, Santa Cruz is an Affimmative Action/Egual Employrmant
Opporfunity Ermplover, committed fo excelence through diversily Wi siive fo establish
a cimate that welcomes, calebrales, and promodes respact for e confnbutions of alf
Students and ampioyees.
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Chairperson of Biomedical Engineering
q; Florida International University is secking a dynamic and innovative
e ; leader 1o serve as chairperson of the Department of Biomedical Engi-

neering (BME). The department is endowed with 311 million from the
Wallace H. Coulier Foundation, the Ware Foundation and the Stale of
Florsda. Applicants must have a Ph.D. degree in Biomedical Engineering or a closely related field and must
possess credentials that meet the qualifications for appointment at the rank of Full Professor, based on a
subsiantial record of scholarly work, excellent record of extramurally funded research. professional service,
and the demonstrated ability to provide significant leadership and vision (o a growing academic department,
Candidates with the ability 1o forge interdisciplinary collaborations will be fovored. Successful candidotes
are expected 1o develop a high-guality funded research program and must be commitied to excellence in
teaching at both the graduate and the undergraduate levels. Candidates with exceptional credentials of
scholarly work and research funding may be considered for the Wallace H, Coulter Ewminernt Scholars
Chratr of Biomedical Engineering.

Fuomins InTersarsosal Unvessimy

FIU has a student body of over 38 000 and is located in Miami, Florida, o diverse and dynamic metropalitan
area with a strong biomedical industiry. FIU offers over 190 baccalaureate, masters and doctoral degree
programs in 19 colleges and schools. 1t 1s ranked as a Research University in the High Research Activity
category of the Camegie Foundation’s classification sysiem. FIU is ene ol only two institutions in the siaie
of Florida that offers BS, M5 and PhD degrees in BME. Iis undergraduate program is ABET accredited.
BME 15 a dynamic and expanding department with active interdisciplinary research programs in tissue
engineering and drug delivery, sysiems biology, bioinstrumentation and biosignal processing, imaging,
neurpengmeering, and bionanotechnology and enjoys strong support of the University administration, BME
faculty is funded by NIH, DOD, AHA, NSF, FL DOH and industry. The BME has over 30 ¢linical and
industry partners in South Florida, and is taking a leadership role in the development of the new College
of Medicine at FIU, There are numerous rescarch centers and institutes available for collaboration both
ifi the College of Enginecnng and Computing (www.engfu.cdu) and in the universily (www. fibedu).
Additional information about the depanment can be found at www.bme.fin.edu.

Please send mominations or applications via e-mail to: BME Chair Search and Screen Commitiee,
bmeinfoda fiwedu, or apply online at: https:/www. finjobs.org/applicants/jsp/sharcd/frameset/ Frame
set.jspttime=1181244925142. Applications will be evaluated as they are received and review will continue
until the position is filled. Application materials should include curriculum vitae, teaching., research and
administrative experience, a vision statement, and a list of at least five references. Inquinics, applications,
and nominations will be kept in confidence, For more iformation, contact the email address above or call

J05-348-1352 or 305-348-3947,

Wonmten and minorities ane strongly encorraged to applv, FIU & @ member of the State University System
aff Florida and an Equal dccess/Equral Opportinity Enplover and fastiion,

Kumamaoto University

Open Recrvitment of Young Researchers (1 Stage)

1. Open Recruitment of Researchers (1% stage)
Special project researchers (all given the ntle of “specially appointed assistan
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 yvears (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 year each and will be renewed once a yvear through March
31. 2012.)
*Employment contract is based on Article 14 of the Labour Stindards Law.,
(MNote: Adter having gone through career advancement evaluations and after the end
of one's term of employment, it is possible for one o be promoted w0 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 umiversity by no later than September 7, 2007 (Friday),
Inguiries
Any inguiries should be made by e-manl o the Research Cooperation Section (person
in charge of research strategy ) of Kumamoto University at the e-mail address
wrilten below:
k-senryaku @ jimu.kumamoto-u.ac.jp
hitp:/fsendou.Ruma-u.jp/
Please be sure to allow enough time before the application deadline for a response
1o be made to you,

L
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ACADEMIC POSITION IN CRITICAL CARE MEDICINE

UNIVERSITY OF

CALGARY

The Department of Critical Care Medicine invites applicalions for a Scientist, with a research Inierest In issues relevant Lo the discipline of Critical Care, at the Assistant
Professar level ar higher While duties include clirical care and teaching at the undergraduate and graduate levels, 75% of time will be protecied for research,

The Department of Critical Care Medicine is part of the Faculty of Medicine, which has recently buill a major new research facility. The Department is fortunate in having
the Calvin, Phoebe and Joan Smyder Chair in Critical Care Research. The current holder of the Chair is developing a focus on translational biology and will be a great
resource to the successful candidate.

Calgary is a vibrant, multicultural city (population -1,000,000) near the Rocky Mountains, Banff Mational Park and Lake Louise with health care facilities serving a
larger regional population of ~1.5 million people. Calgary is known for iis sunny skies and a moderate four-seasen climate. Calgary provides a unique combination of
adveniure, spirit and legendary western hospitality that makes it one of Canada’s top destinations. Qur parks offer some of the finest natural areas in North America.
We are the only province in Canada with no provincial sales tax. Qur dynamic arts scene will satisly your passion for culture,

Qualifications include an MD, PhD or equivalent, formal msearch training, a record of academic msearch achievemenlts and eligibility for licensure in the Province of
Alberta. The selected candidale will be expected Lo compete for a salary award and operaling grants.

Please submit a curriculum vitae and a statement of research interesis and arrange 1o have three letters of reference sent direclly by September 30, 2007 10;

Dr. Paul Boiteau

Head, Depariment of Critical Care Medicine
Foothills Medical Center

Roam EG 23 D

1403 - 29 Street N.W.

Calgary, Alberta T2N 279 Canada

In accorslance with Canaslion Imomigrasion reqirements, prioriey will be given to Canadian citizens and
permnanent readens of Candrli, The Umieernity of Calgery respects, appreciaies amd encvirages a':u'rrl-':f_]'.

You Can
Get There From |

20 RESEARCH FELLOWSHIPS 2008-9

International Visiting Research Fellowships
(3-12 weeks duration)

Ihese will allow outstanding researchers from overseas to spend a period of
upto 12 weeks conducting collaborative research at the University of Sydney.
Applications from expatriate Australians are encouraged,

Applications close; 30 November 2007, for travel between March 2008 and
March 2009, Applicants must contact the Head of the host School/Department
before 26 October 2007

For details email researchi@usvil.edo.an or see:
www.usviledw.aon/research/lfellowships

UEindd

www.usvil.edu.au/research/fellowships THECAN SEL THERS

online @sciencecareers.org
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UNIVERSITY
OF TRENTO - italy

CIMeC - Center lor Mind/Brain Sciences

Laboratory Head: Near Infrared Speciroscopy Research
Group

The Center for Mind/Brain Sciences in Trento, Italy invites

applications from highly gualified individuals interested in leading

the development of a Near Infrared Spectroscopy rescarch group.

Responsibilities include:

* Development and implementation of novel acquisition methods
and data analysis ols for cognilive neuroscience, in arcas
including:

1} neurofunctional substrates of higher cognitive Tunction,
particularly with regards 1o language, attention, reasoning, and
sensory-motor intezration

2} neurofunctional bases of newrological and neuropsychiuatric
disorders,

® Manage a group of stafl and researchers who will assure the full
functionality of the system for research use,

* Maintain active collaborations with the rescarch groups utilizing
4T MRI, EEG MEG and TMS for developmem and application
of multi-modal functional neurcimaging methods.

The successful candidate will join an intermnational multidisciplinary

team using multi-modal neuroimaging o map human brain activity

associated with normal higher cognitive function and activation
patterns associated with cogmitive dysfunction in various
neurological and neuropsychiatrie conditions.

Applicants should submit their curriculum vitae, a leter of research

interests and names and addresses of three references to:

Director., Center for Mind/Brain Sciences, University of
Trento, Via Tartarotti, 7, 38068 Rovercto (TN), Italy, email:
direttorecimee @unitn.it

B THE ECOLOGY
CENTRE, SCHOOL OF
INTEGRATIVE BIOLOGY

Postdoctoral Fellowships in
Quantitative Conservation Biology

(up to 2 positions)

The role: Up to two postdoctoral positions are available to
undertake research in quantitative conservation biology with
Professor Hugh Possingham in the following areas — Optimal
Restoration and Revegetation; Systematic Conservation Planning;
A Theory of Monitoring.

The person: PhD in a relevant discipline and publication{s)
in international scientific journals; applicants with a strong
mathematical and/or computational background are particularly
encouraged to apply, even in the absence of ecological
knowledge.

Remuneration: AUD$E68,600 - $73,638 p.a., which includes
employer superannuation contributions of 17%. Full-time,
continuing appointment.

at www.jobsatUQ.net. Contact Professor Hugh Possingham, email
h.possingham@ug.edu.au, to discuss tha role.

Applications close: 5 October 2007.

Reference No: 3016395,

THE UNIVERSITY
/p OF QUEENSLAND

AUSTRALIA

How to apply:
B visit www.jobsatUQ.net to obtain a copy of the position
description and selection criteria.
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Also available online at www.sciencecareers.org/businessfeatures
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THE UNIVERSITY OF THE WEST INDIES

CAVE HILL CAMPUS, BARBADOS

Applications are iovited Prom suitably qualified persons for the following posts:

LECTURER/ASSISTANT LECTURER IN ATMOSPHERIC SCIENCE

The successtul applicant should have a frst degree and PhD in Aumospheric Saence (or a relaged subjece),

The successtial '.l‘l.}]}liL':l.t!'l will teach the imroductory ERSC 1002 Oceans and Climate course and develop and weach owo advanced courses,
building on this. in the Earth Sciences programme. Preference will be given o applicanis whose area ol specialization is of partioula
relevance o the Caribbean, such as climatology or physical eceanography. The Faoulty alveady has a major in Meteorology, taught by
stall of the afliliated Caribbean Instinute [or Meteorology and Hydrology and collaboration in teaching and research with the Instituee
stall is L'NIJL'f.lml.

LECTURER/ASSISTANT LECTURER IN GEOLOGY

The successiul applicant should have both a livst degree and a PhD) in Geology (or a closely related subject).
Specialisation in any area of Geology s acceptable bt competence o teach geomorphology or envivonmental risk management could

be an advantage. The appointee will teach an inooductory Geology course ERSCLO0T Dynamic Earth and will develop and teach wo
advamced courses, building on this, in the Earth Sciences programme.

The appointees for these posts should possess university, or other tertiary level, teaching and research experience, and evidence of
publication. They will be expected to develop an active research programme of relevanee to the region and will be expecied 1o
supervise graduate students registered for MPhil and PhD degrees. There will also be the opportunity o develop advanced level
or postgraduate courses in areas of special expertise.

The sueeessfud applicants will be expected fo asswme duties as soon as poxiifile,

Detailed applications (two copies) gving ull particulars of qualifications and experience, biodata and the names and addresses of three
telerecs should be sent as soon as possible to the Campus Registrar, University of the West Indies, P O Box 64, Bridgetown, Barbados.
Fax (+1 246) 417-0330; Email: humanresourcesi cavehill.uwi.edu. In order to expedite the appointment procedure, applicants are
advised to request their referees to send references under CONFIDENTIAL cover DIRECTLY to the Campus Registrar without
waiting to be contacted by the University. Further particulars including remuneration package for this post are available from our

website at www,cavehill. uwi.edu,

The closing date for applications is 15 September 2007,

CELL BIOLOGY
Vassar College

The Department of Biology at Vassar College
invites applications for a tenure-track faculty
position at the level of assistant professor begin-
ning Fall 2008, We scck a broadly trained cell
biologist whose research and teaching interests
iy include but are not lirmited 1o the following:
cukarvotic cell structure, cell signalling, cell
trafficking, genetic and epigenetic processes,
and protem mteraction networks. The success-
ful candidate will be expected o develop an
upper-level course in his'her specialty as well
as teach al the mtroductory and intermediate
levels, including genetics, cell biology, or
another intermediate course, Development of
a productive research program with student
participation will be expected. Start-up fund-
ing, shared equipment, and personal laboratory
space will be provided. A Ph.D. is required and
postdoctoral experience s prefemed,

Consideration of applications will begin on
1 October 2007. Applicants should submit a
curriculum vitae, two representative reprints, a
document that describes both research interests
& goals and teaching interests & philosophy,
and three letters of reference. To apply please
visit https:/femploy ment.vassar.edu/. Ref-
erees should send reference letters directly
o cellbiologyivassar.edu, Website: htipef/
binlogy.vassaredu/,

Vasser College is an Equal Opportuniny
Affirmative Ection Emplover and is strongly
amd actively committed to diversite
within its community.

U.S. Department of Energy
Office of Science
Deputy for Programs
Announcement #SES-S5C-HQ-013 (kd)

The U5, Department of Energy’s (DOE) Office of Science is secking highly quahfied candidates
with outstanding scientific achievements to fill the Deputy for Progams position. The Office of
Science i1s the single largest supporter ofbasic 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
sciences, The Office of Science 15 the Federal Government™s largest single funder of materials
and chemical sciences, and it supports umique and vital parts of US. research 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 Mation's most
advanced R&D user facilities, located a1 national laboratories and universities. These include panicle
and nuclear physics accclerators, synchrotron light sources, nonoscale science rescarch cenlers,
neutron scatterning facilities, ho-¢nergy rescarch centers, supercomputers and high-speed computer
networks, More infornation on the Office of Science can be found at http:/fscience.doe.gov.

The Deputy for Programs provides scientific and management oversight of the six program offices
by ensunng program activiies are strategically concerved and executed; formulabing and defend-
ing the Office of Science budget request: establishing policies, plans, and procedures reloted (o
the management of the program offices: ensuring the research portfolio is integrated across the
program offices with sther DOE program offices and other Federal agencies; and representing the
organization and make commitments for the Department in discussions and meetings with high-level
government and private sector officials. The position is within the ranks of the US. government's
Senior Executive Service (SES); members of the SES serve in key positions just below the wop
Presidential appointees.

To apply for this pesition, please see the announcement and application instructions at http:/
Jjuobsearch.usajobs.opm.gov/sesasp under the vacancy announcement of #SES-SC-HQ-013 (kd).
Crualificd candidates are asked 1o submit their online applications by Aupust 29, 2007,
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From primates
to proteomics

For careers in science,
turn to Science

Don't get lost in the career jungle. At
Science Careers we know science. We are
committed to helping you find the right
job, and to delivering the useful advice
you need. Our knowledge is firmly founded
on the expertise of Science, the premier
scientific journal, and the long experience
of AAAS in advancing science around
the world. Science Careers is the natural
selection.

www.ScienceCareers.org

Features include:

* Thousands of job postings
* Career advice

¢ Grant information

* Resume/CV Database

* Career Forum

Science Careers

From the journal Science RYAAAS




CK

SCHOOL OF MEDICINE ﬁ

Zilkha Neurogenetic Institute
Keck School of Medicine
University of Southern California

Cellular/iMolecular/Systems Neurobiologist

The Zilkha Neurogenetic Institute (ZNI) is recruiting a candidate to fill a
tenure-track position at the level of Assistant or Associate Professor, The
ZNL, which is supported by major funding from WM. Keck Foundation and
other significant philanthropic sources, 15 housed in a recently completed
facility of 1 25,000 gsf. The goal of the ZNI is to catalyze a major expansion
in basic neuroscience research at the Keck School of Medicine (KSOM).
We seek a neurobiologist, Ph.D. and/or M.D., with an outstand ing academic
record and an innovative research program in cellular, molecular, or systems
level processes as they pertain to fundamental aspects of neural development
and function, The successiul candidate will receive a generous start-up pack-
age and will become part of an active and growing research groupowithin
the ZNI. The successful candidate will have a primary academic appoint-
ment in a basic science department within the KSOM. He or she will have
the opportunity to participate in the scientific and teaching activities of the
department, as well as in USC's neuroscience graduate program.
Applicants should submit a curriculum vitse, a research plan, and three
letters of recommendations to:
Jeannic Chen, Ph.D.
Chair, Search Committee
Zilkha Mewrogenetic Institute
Keck School of Medicine of USC
1501 San Pablo Street, ZNI1-101
Laos Angeles, CA 90033
Women and minority candidates are encowraged o apply.
Equal Opportunity for eutstanding men and women,

University of California Los Angeles
Tenure-Track Faculty Position
Microbiology, Immunology and Molecular Genetics

The Depanment of Microbology, Immunclogy and Molecular Genet-
ics ol the David Geflen School of Medicine a1 UCLA is opening a
broad scarch for an oustanding investigator, preferably ot the Assistant
Prafessor level, The department has very strong research and teach-
ing programs (http:/www.mimg.ucla.edu) with exiensive ties and
opportunitics for interdisciplinary collaboration with laboratories in
the Schools of Medicine and Engineering, the College of Letters and
Sciences, the California NanoSystems Institute. the Jonsson Compre-
hensive Cancer Center. and the UCLA Institute of Stem Cell Biology
and Medicine. This tenure-track position offers a guaranteed salary
base, outstanding fringe benefits, and an aitractive start-up package
with state-of~the-ar research facilities i a new building. The suceessiul
candidate will also be the first recipient of the endowed Shaper Family
Carcer Development Chair.

Applications will be screened beginning November 1, 2007, and
accepted uniil the position i filled. Applicants should submit full cur-
riculum vitze and a briefsummary desenbing their accomplishments and
future goals in rescarch and teaching. Applicants should also arrange for
three letters of recommendation o be sent under separate cover directly
to the Chair of the Search Committee. Electronic submissions will not
be considered. All materials should be mailed to:
Chair, Faculty Scarch Commit tee
Depariment of Microbiology, Immunology
and Molecular Genetics
University of California, Los Angeles
1602 Maolecular Science Building
Box 951489
Los Angeles, CA 90095-1489

The University of California ix an Equal pportumitv/d ffivmative
Action Emplover: AN gualificd candidaies are enconraged to apply.

UCDAVIS

COLLEGE OF AGRICULTURAL
& ENVIRONMENTAL SCIENCES

Initiative in Global Environmental Change
and Conservation Biology

The College of Agricultural and Environmental Sciences, University of
California, Davis, is participating in an imitiative in the area of global
environmental change and conservation biology that includes the
recruitment of six new positions. Three positions were filled last vear,
and the remaining three positions are being recruited now. These three
positions will be tenure-track at the ASSISTANT PROFESSOR level,
with the possibility of an appoimtment in the Califormia Agricultural
Experiment Station.

The positions currently under recruitment are;

* GLOBAL CHAMNGE INFORMATICS SCIENTIST: This
position will focus on imegrating concepts from informatics imo
rescarch on global change and conservation biology. Research appli-
cations could include atmospheric and oceanic climate, hyvdrologic
cveles, biogeochemical cyeles, ecosystem health, invasive specics,
species distnbutions, ecosystem services, and human interactions
with these. To ensure full consideration applications must be
submitted by October 8, 2007.

QUANTITATIVE PLANT CONSERVATION ECOLOGIST:
Thas position will focus on the plant conservation impacts of large-
scale environmental change by combimning field and/or laboratory
studies with innovative modeling and statistical technigques. Rescarch
applications could include the development of landscape and plant
population models needed 1o Forecast best practice strategies for
maintenance of biodiversity in natural and managed coosvstems. To
ensure full consideration applications must be submitted by October
1. 2007,

CONSERVATION VALUATION ANALYST: This position will
explore how society values biodiversity, species conservation,
coosvelem services, natural capital and wildlands by combining
methods from various approaches and disciplines including eco-
nomics, cognitive psychology, survey design, statistics and ecology.
The submission date 1o ensure full consideration of appheations has
not vt been set for this position,

Recruitments that have been completed in this initiative are:

= QUANTITATIVE ANIMAL CONSERVATION ECOLOGIST:
This faculty member has skills and interest in investigating how
large-scale environmental change will affect the abundance, distiri-
bution, and role in ccosystem functioning of animals. particularly
fishes or amphibians,

ECOSYSTEM BIOGEOQCHEMICAL MODELER: This fac-
ulty member has skills and imterests in understanding and forecasting
ecosvalem and biogeochemical dynamics in the context of global
and regional environmental change,

BIOECONOMIC MODELER: This faculty member has skills
and imterests in integrating concepts from economics and ecology
into quantitative biccconomic models,

Please visit hitp:drecruitments.cacss.uedavis.edu/ Tor application
requirements and for additional information about these positions and
the Global Environmental Change and Conservation Biology initiative
at UC Davis. Please contact us at recruitmentsio caes. ucdavis.edu, if
vou expenence problems with the website,

U'C Davis ix an Affinmative Action/Egual Emgpfaviment Opportinity
Emplover and ix dedicated fo recrniting a diverse facrliv
communin. We welcome oll guedificd applicenis fo apply, inclding
wanHen, minorities, veterans, and indivicduals with disabilities,
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RESEARCH ZOOLOGIST

Department of Vertebrate
Zoology

National Museum of
Matural History

Smithsonian Institution

The Smithsonian’s National Muscum
of MNatral History seeks an outstanding
systematic zoslogist to conduct an integra-
tive, collections-based research program in
vertebrale systematics in the specialty areas
of herpetology, ichthyology, mammalogy
and'or omithology. The successful candidate
s expected to implement current methods
in research, e.g., phvlogenetics, momhology,
molecular genetics, studies of anatomy, fine
structure and'or developmental biology, in
pursuing a rescarch focus in systematics
and one or more of the following: evolution,
biageography. biodiversity or conservation.
Frequent publication in peer-reviewed jour-
nals and curation of collections, including
collection-building, in specialty area 1s
expected, as well as demonstrated ability
of participation i the scientific community
in @ manner commensurate with emerging
leadership in the area of specialty.

Ihis position is a full-time, initially four-
vear term appoiniment, and will be filled
at the GS5-12 level (cumrent salary range of
566,767 - SB6,801 per yvear. commensurate
with experience. with an anticipated Federal
salary increase in Janvary 2008 US citizen-
ship regquired. Completed applications may
be submitted in any of the following four
ways:

« Mailed to Smithsonian Institution,
Office of Human Resources, PO, Box
23772, Capital Gallery Suite 5060, MRC
517, Washington, D.C. 20026-3772

+ Sent via Fax toe (202) 633-6402, with
announcement number on all pages
faxed

+ Hand Delivered or sent via FEDEX 10 600
Maryland Avenue SW, Capital Gallery
Bldg. Suite 100%W, Washington, DO
20024

E-mail applications will not be accepted

Apphications must include (1) complete CV
including list of all professional publications
and all extramural grams received with agen-
cies, fimding peniods, and amounts; (2) one
set of'selected publications; (3) list, with con-
tact information, mcluding e-mail address,
of at least 5 individuals from whom letters
of professional evaluation may be sought;
and i4) cover letter specifically addressing
the quality ranking factors that appear in the
vacancy announcement which is available
at www.shedu/ohr. Applications must be
received by September 28, 2007 and must
reference announcement number 07-RC
7253, For further information, call Office of
Human Resources (OHR) representatives
at (202) 633-6370 ar(202) 633-6409(TTY).
Applicants who have completed education
in foreign colleges or universities must
demonstrate that such education is an least
equivalent to that gained in conventional LS,
education programs: see Vacaney Announce-
ment or contact OHR for further details.

The Smithwonian heceiturion is arn
Equal Opprarttinity Emplover,
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POSITIONS OPEM

TECHNICAL OPERATIONS MANAGER

The American Institute of Biological Sci-
ences secks a senior nonacademic individual
to serve as Operations Officer in the Scientific
Peer Advisory and Review Services (SPARS)
Department. The Technical Operations Man-
ager, who reports to the SPARS Dirceter, will
provide technical and administrative oversight
of the business unit and supervisory responsi-
bility for senior and support staff. The position
provides high-level policy, scientific and tech-
nical support, and senior keadership to the In-
stitute, Quabfications: The wdeal candidate will
have an advanced degree (MBA., or Ph.D.
with business acumen strongly preferred). Min-
imum of five vears of cxpencnce and demon-
strated suecess in a large and complex rescarch
enterprise, preferably in a business, foundation,
or government sciing. Thorough understand-
ing of sdcatific peer review process, and ox-
cellent communicanon skills, wrtten and oral,
arc cssential. Demonstrated managerial skills
suthaent o deniify and communicate project
goals, to motivare and support various levels of
personnel, and w effecovely oversee onganiza-
tional change and provide leadership while
guiding the changes, Expericnce with person-
nel issucs and demonstrated skills in contrace
and grant management and fiscal analvsis,
Ability to analvze information to resolve con-
flicts and diserepancies. Skill in writing, editing,
and proofreading. Demonstrated organizational
skills required. Ability to work independently
and as a member of a team. Excellent commu-
nication skills required to negotate contracts,
supervise staff, and interface with individuals
at all levels, Demonstrated knowledge of fed-
eral policies governing the administration of
CONERas, l.’.l"-'l.nn., Ilfllmgt'm'}' :I.F,ITLTI'H:I'I.'S. t"‘HW"
amve agrecments, and siboontracts. Advanced
degree in business management, biological sci-
enees, or cngincenng preferred. Demonstrated
knowledge of project management techmiques
and practices. Skills o work in a fast-paced com-
plex environment at a senior kv with lindle
ewversight. Strong interpersonal skills and dem-
enstrated ability ro ariculare the program m a
variety of audiences. Applicants should send their
cover letter, salary requiremients, and curriculum
vitae to e-maik hresourcesiaibs.orp.

The Physics Department at Wheaton  College
(Mlinois) invites applications for a tenure-track AS-
SISTANT PROFESSOR position starting fall
2008, Field of expertise is open, with special con-
sideration given ro candidates with backgrounds
in astronomy or biophysics. Applicants must be
committed o excellence in both weaching and
scholarship in a liberal ans enwironment. Faculty
who can develop imnovative and for physics educa-
tion rescarch-based curricula are being soughe. The
successful candidate would also establish a research
program involving undergradimtes, Ph.ID, s required,
‘The College is located 25 miles west of Chicago and
is near mwo national labortories, For more informa-
non, please visit website: hoeps/ Swww.wheaton,

edu/physics. Review of applicanons will begin
November 16, 2007, and continue untl the posigon
is filled. Applicants should send curmeulum vitae
and a deseription of the applicant’s teaching philos-
ophy and rescarch interests to: Dr. Stewart DeSotao,
Chair of the P'hysics Department, Wheaton Caol-
lege, Wheaton, IL 60187, Applicanon materials
will be sent to eligible candidares. Wieanon Collepe 6
anr cvrgelicdl Protestant Chnstion liberal ants colloge wliose

Swendty awd sl affion a Searement of Faith and adben go

Iifestple expectetions, The Colloge conplic: wath federal and
stte gmiidelines of mondizotimimarion i employnent. W onen
and nrimesity applicants e encownnged o apply.

POSITIONS OPEN

ASSISTANT or ASSOCIATE PROFESSOR
Microbial Ecology

We invite applications for a tenure-track position
at the Assistant or Assoctate Professor level in re-
scarch arcas relared vo microbial ecology or environ-
mental microbiclogy, We welcome applicants who
use modern molecular and for biogeochemical ap-
proaches, and apply them o environmental systems
or prokarvete-cukarvote interactions in the narural
environment. The successful candidare will have the
apportunity to interact with established inerdisei-
plinary groups in microbology, cell biology, compar-
atve immunology, freshwater and northem ecology,
and marine biology. The candidate must have a PhD.,
two or more vears of postdoctoral experience with a
strong record of rescarch, and have demonstrated
porential for excellence in teaching. The University
of Alberra offers a competitive salary commensurate
with experience and an excellent benefits plan,

The Department of Biological Sciences (website:
hrrp:/ Swww. biology.ualberta.ca/), with 72 fac-
uley members and 275 graduate students, offers an
exeiting environment for collaborative rescarch. Ex-
ceptional infrastructure includes molecular biology,
microarray and microscopy Aimaging services, bio-
FJ.[]L]I-L'FI!IIL:II analysis laboratory, and ficld stations
mu.ludmg Meanook and the Bamficld Marine Sci-
ences Centre,

Candidares should submit cumiculum vitae, a one-
page summary of rescarch plans, a statement of
teaching interests, and reprints of their three most
significant publications preferably elecrronieally o
e-mail: positions@biology.ualberta,ca.

Applicants must alse arrange for three letters of
refierence 1o be sent to the Chair, The carliest date of
crplovment could be January 1, 2008, Closing date:
Ocrober 15, 2007,

Interested applicants may apply to e-mail: positions @
biology.ualberta.ca.

Dr, L. 8. Frost, Chair
riment of Biological Sciences
CW 405 Biological Sciences Building
University of Alberta
Edmonton, Alberta, Canada ToG 2E9

Al gualified candidares are ewvonraged o apply; Towever,
Comadions and pernranent residents will be given priarity

The Llnfversity of Alberta lnres on the basis of menr. We
are aomnmitted to the princple of eqeity e enplrpment, W el
amee diversiry aned encowrage applications from all geralified
wonten aud meen, incheding persons with disahilities, menbers
of wisihle peiveorities, and Abonginal peras.

VERTEBRATE ECOLOGIST
ASSISTANT PROFESSOR
Agnes Scott College

The Department of Biology secks oustanding candi-
dares in vertebrare coology for a tenure-track Assistant
Professor position. A commitment to undergraduare
education and an undergraduarc-accessible research
program are required. Teaching responsibilities
mclude upper-division courses in ecology and verte-
brate biology, behavioral ecology, and inguiry and
communication in biology. Qualifications: Ph.D). in
biology, postdoctoral expencence, demonstrated re-
scarch and teaching excellence, superb com-
munication skills, and the ability to work as a
member of a eam, Review of applications will begin
Seprember 21, 2007, Mail levter of application, cur-
riculum vitae, statement on eaching philosophy,
summary of research interess and furure plans, and
contact information for three references to: Ecolo-
gist Search Committee Chair, Department of
Biology, Apgnes Scott College, 141 E. Collepe
.Fh-:nur, Decatur, GA 30030, Please visit website:
esscott.edu for more derails.

f_uh.'i- ot College 5 a highly selecrive, inde-
rn.miuu national liberal ams college for women
located in merropolitan Atanta, For more informa-
tion about the College, visit our website: hup:
www.agnesscottiedu. Apres Scort Collepe fas a song

cmmnritment o diversity and wnpes members of nnderrepresented

gronps o apply, Ggual Opportunity Employer.,

WWW.SCIencecareers.ang
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POSITIONS OPEN

BIOINFORMATICS
Franklin and Marshall College

The Biology Department invites applications for a
tenure-track ASSISTANT PROFESSOR position
in the broad area of bicinformarties, beginning fall
2008. We seck an ourstanding reacher and rescarcher
who uses genome-scale approaches to understand
fundamental biological guestions. Rescarch interests
may mclude, but are not hmited to, nctional or
comparative genomics, cellular systems such as sig-
naling or transport, gene expression, or evolutionary
genomics. Candidares should have a Ph.D. and dem-
onstrated strength in teaching and research, Teach-
ing responsibilivics (threerwo load) include lecure
and lborarory secoons of a junior-level course in
molecular generics, an advanced clecrive in bioinfor-
matics or genomics or svstems biology, and partie-
ipation in the general education curriculum. In
addition to the biology major, we offer interdis-
ciplinary majors in biochemistry and maolecular
biology and i biological foundations of behavior
(mewroscience and animal behavior), Possible re-
search opportunities ane available in collaboration
with the Clinic for Special Children (website: httpe//
www.clinicforspeaalchildren.org/). Franklin and
Marshall College has a tradivon of excellence in
saence and student rescarch, A new Life Saences
Building opened in Auguse 2007,

Please send a letrer of application, a statement thar
includes plans for actively engaging undergraduates
through teaching and rescarch and explins vour
goals for development as a teacher and scholar, cur-
riculum vitae, and undergraduare and graduate
transcripts to: Professor Ira Feit, Department of
Biology, Franklin and Marshall College, Lancas-
ter, PA 17604-3003. Applicants should also have
three reference lerters sent dircetly 1o Professor
Feit. Pricrty will be given to completed applications
receved by September 24, 2007, Electronic sub-
missions will not be accepred.

Frankdin aed Marshall Collope is o hiphly selective Iiberal
artg collpe with @ demonstrated  commntnent oo enltiral
plieetlime, Eguael Opportunity Employer,

MOLECULAR BIOLOGIST, ASSISTANT PRO-
FESSOR, tenure track, I'h.D). required. Position
will begin in Seprember 2008, The candidate 15 ex-
pected to supervise undergraduate research and to
teach introductory biology classes, ncroducton 1o
rescarch, molecular biology, and microbiology. The
applicant will have the oppormunity to develop
courses in his/her spedaly and will be expected 10
develop a rescarch program  accessible to under-
graduaves as well as maintain his her own research.
Department faciliies include a nssue culture labora-
tory, an clectron microscope laboratory, an imaging
faality, an animal colleaion, an herbanum, a green-
house, an aquarium room, and a 28%-hecare bio-
logical ficld station, Candidates should submit ther
curfculum virae, statements of teaching philosophy
and research inverests, and three lerters of recom-
mendation to: Dr. Stuart Allison, Biology Depart-
ment, Knox College, Galesburg, IL 61401, We
will start reviewing applications on October 1, 2007,
and continue until the postion is filled. For more
information about biolopy at Knox chedd website:
http:/ Swww.knox.edu /biology.xml.

In keeepimg with its 17 1-year conmitinent @ equal rghts,
Knox College particnlary welromes applicrtions fam wonnen
arid mnuf‘rr.t I._'_r arfier f]r'.tbln.r.iﬂr JurJn:lrjn'l':nrrnf I\hlrJIH.

ASSISTANT PROFESSOR. Tenure-track faculy
position in Department of Chemical Engineering and
Marerials Saence ar University of California, Davis, in
experimental thermodvnanies of materals. M. in
matenals science, chemical engineering, chemistry, or
related disciphne required. Apply ar website: hop: //
www.chms. uvedavis.edu /employvment /. Posinon

open unal filled; but to assure full consideration,
submit applications no later than Octaber 30, 2007,
Setart date ILIl}' t. 2008, 1L Dy 5 an .-'Erfl'mni.l'rlr
Acwan/ Bl Oppoteneity  Eniployer, wnd 5 dedicered to
revranting of divense faculty comnnunry,
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www.ars.usda. gov

SUPERVISORY RESEARCH
PHYSIOLOGIST /SUPERVISORY RESEARCH
NUTRITIONIST
Salary Range of 94,139 to 5143,955 per annum

The USDA, Agncultural Rescarch Service (ARS)
Western Human Nutntion Rescarch Center at the
University of California, Davis, invites applications
for the RESEARCH LEADER position in the Olbe-
sty and Metabolism Rescarch Unit, This Unit con-
discts coting-edge rescarch i obesaty and metabolisam,
and vitamin and mineral interventions to improve
human health and function. In addifion to respon-
sibility for rescarch leadership and management of
fiscal and human resources, the candidate will con-
duct a S{rong rescarch pregrm on H'ItlJErq'lf-i'l-"l.' nutr-
tion interventions to prevent obesity thar may include
whole-organism physiology in humans and ani-
mals, and techniques o elucidate underdving mech-
anisms of action. Desirable qualifications indude
'h.D. or equivalent degree in nutrition, physiology,
biochemistry, endocrinology, or relared seicnce that
includes metabolism, working knowledge of research
with human subpcs, and cvidence of multidisc-
plinary team leadership. UK ertizendup required.
For details and application directions sce website:
http: / Swww.nsajobs.com.  [Nrect specific ques-
rons o Drs, Lindsay H. Allen or Nancy Keim ar
telephone: 530-752-5268. Announcement closes
Ocrober 9, 2007, USDASARS is an Equal Opportsmity
Employer and Provider,

ASSISTANT PROFESSOR
of Organic Chemistry

Mills College invites applications for a full-ume,
tenure-track position at the rank of Assistant Pro-
fessor, begnning August 2008, Primary teaching
dutics will include organic chemistry and some upper-
division courses, which could focus on areas such as
organometallic or bio-organic chemistry. The candi-
dare is expected to develop an active research pro-
gram invedving undergraduates, A Ph.DD. is required;
postdoctoral work and college teaching expericnce
is preferred. Applicants should submit a cover letter
detailing veaching experienece, philosophy, and re-
scarch intereses, along with curneulum vitae and the
names and contact nformation for three professional
references to: Professor John Brabson, Department
of Chemistry and Fhysics, Mills College, Oakland,
CA 9461 3. Application deadline is October 1, 2007.
Located in the San Francisco Bay Arca, Mills & a
sclective liberal ams college for women, with co-
cducarional graduate programs (sce website: hoeps//
www.mills.edu). Peraone of color and thase connmitted to
working in a nlticdheal enviroenent are oocouraged o ap-
ply. Affomative Action / Egual Opportiority Emplayer.

Applications are invited for an academic-vear,
tenure-track ASSISTANT PROFESSOR posinon
in riparian ceology with the Fish and Wildlife De-
partment at the University of Idaho. Requires a
Ph.D. with a focus on riparian ecology emphasie-
ing impacts of humans on ripanan system dynamics
from headwater systems to large rivers, biotic-abiotic
mteractions, and restoration; successful rescarch pro-
ductivity through cxtermal finding and referced  pub-
lications; and a commitment to reaching excellence.
Postdoaoral or equivalent experience is desired. The
successful candidate is expected to develop a compre-
hemsive, extemnally funded rescarch program involving
graduare stdenrs, and will weach an undergraduare
course in ripadan ccology and management; partic-
ipate in other undergraduate courses as needed; teach
a graduate course in riparnan ecology, management,
and restoration; and a graduate course in spedalty
arca. For a complete descnption and to apply online,
please wvisit website: b%ﬂnuﬂl’,hr.uidg_hﬂ.du.
Application review begins October 12, 2007, Affinne-
tivw Aetion/ Bgral Clpportumity Emploper

POSITIONS OPEN

TENURE-TRACK FACULTY POSITION
Marine Genomics

The Department of Biological Sdences, Uni-
versity of Rhode Island invites applications for a
tenure-track position in marine genomies ar the
ASSISTANT or ASSOCIATE PROFESSOR level
available fall 2008, Rescarch interests in genomie bi-
ology relating to physiology, development, coological
genetics, or evolutionary genetics of manne organ-
isms preferred. Additonal background in systemat-
tcs preferred. Ph.D. in biological sciences or related
arca required. Postdoctoral research and teaching
expenience preferred. Teaching duties wall indude in-
rroductory and advanced courses in arcas of specialty
that enhance our undergraduate and graduare degree
programs. Candidates must demonstrate through edu-
cation, publicanions, rescarch plan, statement of teach-
ing philosophy, letters of recommendation and for
expericnee, potential for exeellence in teaching, and
for developing a high quality, nationally recognized
and extermally funded rescarch program m manne
genomics. Visit our Department websives: hope //
www.uredueeks /bio/ and http:/ Swww. uri.edo/
human_resources for addinonal information. Send
(e e-mails or faxes, please) a cover letter, current our-
riculum vitae, statement of reaching philosophy, re-
scarch plan, copies of up to three published papers,
and ammange to have three letters of reference sent by
Orerober 1, 2007, to: D, Jaoqueline F, Webb, Search
Chair (Requisition #5CI011828), University of
Rhode Island, 'O, Box G, Kingston, RI 02881,
URT ix an Affirmratir Aion/Egual Ewmployment Oppor-
[[LILE T |'|r|jr|’<|]'|': il anifines Jn'u'r_urr i 15 alse an NSF
ADVANCE mstitionad trinegfonmation sniremiry, wankisg
to advance the careers of woren faclty, espeaadly in the sdence
ard emgimeering disciplings

The Department of Biological Scicnoes at Wellesley
College invites applications for a tenure-track posi-
tion at the rank of ASSISTANT PROFESSOR o
begin August 2008, We are secking o broadly-
trained BIOLOGIST whe is strongly committed
to excellence in both teaching and rescarch in a lib-
eral arts college environment. The position is open
o any ficld of biology; however, we are interested in
candidares in developmental biology, endocrinology,
or behavior. The successful candidate will teach
courses ar all levels of the curriculum and develop
an active rescarch program thar involves under-
graduates. A Ph.D. and postdoctoral experience are
required. Applications should include a cover letrer,
curriculum vikae, statements of teaching and research
interests, and three letters of recommendation.

Matenalz should be submitted in Word or PDF
format to e-mail: bio07search@wellesley.edu or
mailed to: Kaye Peterman, Department of Biolog-
ical Sdences, Wellesley College, Wellesley, MA
02481. The deadline tor receipr of all application
marterials is October 15, 2007, For more informa-
tion abour becoming a faculy member at Wellesley,
please visit website: hrep:/ Swwwowellesley.edu/
I}I;rm{hllcgcﬂ}iwrsityfﬂpen pos/ prospective.
palf.

EVOLUTIONARY DEVELOPMENTAL
BIOLOGY

The Department of Ecology and Evolutionary Bi-
ology at the University of Colorado sceks to hire an
ASSISTANT PROFESSOR in evolutionary devel-
opmental biology, We encourage applications from
those addressing questions ar the genomic, moleou-
lar, cellular, and for organismic levels, involving any
group of cukarvores, Applicants must submit currie-
ulum vitae and statements of rescarch and reaching
interests in the form of a single PDF file via e-mail:
evodevo@colorado.edu. Applicants should  also

arrange tor three letters of reference to be sent to
the same c-mail address. Review of applications will
begin on Scprember 24, 2007, The University of Cal-
onale of Boulder ix connntted to diversity and apudity fn -
vttt ird canplisymineint,
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Who inspires

brainwaves while

| study water waves?

Q_ AAAS

| study the mathematical equations that
describe the motion of water waves.
Different equations represent different waves — RN

or waves in your bathtub. Then when I've

waves coming onto abeach, wavesin a puddle, ‘
surfed the math, | like nothing better than to \
spend the rest of the day surfing the waves. ) -
This field is very important. The better we can gl
model water waves, the better we can predict
the patterns of beach erosion and natural |
disasters such as the tsunami in South East 3
Asia. And this research can be applied to all ?&'

' -]

sorts of regions around the world. t

Being a member of AAAS means | get to learn i|
about areas of interest | might not otherwise ' HJ
encounter. It gives me valuable opportunities to
exchange ideas with colleagues in other fields.

And this helps me find new approaches to ’,

my own work.

Dr. Katherine Socha is an assistant professor of
mathematics at St. Mary’s College, Maryland.
She’s also a member of AAAS.

See video clips of this story and others at
www.aaas.org/stories
Katherine Socha, Ph.D.

Assistant Professor of Mathematics
and AAAS member

MVAAAS

ADVAMCING SCIENCE, SERVING SOCIETY
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POSITIONS OPEN

FACULTY POSITION
in Drug Delivery
ASSISTANT /ASSOCIATE PROFESSOR
in Pharmaceutics

The Department of Pharmaceutical Sciences at
Wayne Stare University (WSU) invites applications
for a 12-menth tenure-track faculty position in
pharmacentios /drug delivery at the Assistant /Associate
Professor level. The Department occupies state-of-
the-ant space in the new 270,000 square-foot Col-
lege of Pharmacy and Health Sciences building on
the WU Medical Campus located in the cultoral
center of Detroit. Further information about the
Department can be found ar website: hrtp: //www,
cphs.wayne.edu/psc.himl. Mentiful local and re-
gional collaboratve opportunites exist within the
Deparmment, WSU Nanoscience and Nanotechnol-
ogy Initiative (website: hup://research.wayne.
edu/nano/ ), School of Medicne, and the Rarmanos
Cancer Institute,

Applicants should have Ph.D. traiming in pharma-
ceutics, enginecring, chemistry, or related arcas, Suc-
cessful candidates are expected to establish and lead
an extramurally funded program in the broadly de-
fined arca of drug delivery and be responsible for
teaching pharmacokinetics /drug delivery in the
Pharm.D. program, as well as graduvare courses,
The position includes a competitive startup package
and benefis.,

To ensure full consideration, applicants must use
the online applicanon website: http: //jobs.wayne.
edu. Search Postings uvsing Department HI822-
Pharmaceutical Sciences, and submit documents online
under the Pharmaccutes postng. Please include cur-
riculum vitae, summary of research plans and rteaching
interests, and names and addresses of three references,
Review af applicatons wall l'\l.:gjn on Seprember 1,
2007, and continue until the position is filled. Direct
inguiries to the Search Committee Chair, D, David
Oupicky, at e-mail: onpicky @wayneedu.

Wirpnwe State Usiversity is e Lgrl Olppeowtenity Epployer.

ORGANIC CHEMISTRY
Dartmouth College

Applications are mated for a faculty position at
the ASSISTANT PROFESSOR level starting July
2008, The Chemistry Diepartment seeks an individ-
wal who will establish a pationally recognized re-
search program in organic chemistry at Dartmouth,
and who will excel ar reaching in our undergraduate
and Ph.Dy. currculum. We are particularly interested
in individuals with a strong background in the
organic chemistry of materials or biomaterials. Can-
didates will be expected to be able to teach intro-
ductory and advanced courses in organic chemistry,
as well as graduate courses in their arca of rescarch.
Applicants should submit curriculom vitae, a de-
scption of their rescarch plans, and a brief state-
ment about their teaching interests, Applicants
should also arrange to have three letters of recom-
mendation sent on their behalf, All inguiries and
applications will be rreated confidentally. The
Comminee will begin 1o consider completed ap-
plications on Oceober 15, 2007, Application mate-
rials should be sent to: Chair, Organic Chemist
Search Committee, Department of Chemistry,
6128 Burke Laboratory, Dartmouth College,
Hanover, NH 03755-3564. With wn cven distbion
of mutle and fevmatle stiadents and over o guarter af the wnder-
I.j.l.hirl.irr slii desil _Iml]-lrn'.ll'nln ureritheri |r.|. unmmrr I.;nurfl.'!.
Durtwmontly & conneitted to doversity aed encosmages appliva-
thoms from wwwnen and minonties. Darbmonth College s an
Lgual Opportunity and Affimnatior Adion Emploper,

FACULTY POSITION
Physical /Industrial Pharmacy

The University of Minnesota College of Pharmacy,
Department of Pharmaccutics invites nominations
and applications for the position of ASSISTANT/
ASSOCIATE PROFESSOR. Visit website:
hup://www. pharmacy umn.edu /employment for
PosIIon mﬂ;n'ptinn. The Umiversity of Mimresole i3
Egrel Oppostunity Edventor and Eaployer,
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POSITIONS OPEN

BIOCHEMISTRY TENURE-TRACK
FACULTY POSITIONS

Deparmient of Chemistry and Maolecular Riology,
North Dakota Stare Universiy (NDSU) has twao
full-time, nine-month tenure-track Faculty positions
available August 2008, Ph.D). in biochemistry,
chemistry, or molecular biology (strong background
in chemustry /biochemistry ) required. Postdoctoral
expencnce preferred. Applicings with rescarch in-
terests in metabolic regulation, regulation of gene
expression, or related arcas are encouraged to apply.
Teaching duties may include core bhiochemistry
courses at the undergraduaie or graduate bevels and
a graduare course relared to specialty area. Each can-
didate must have the potential to develop an exrer-
nally funded, comperitive research program and a
commitment o eaching and service. It is expecred

that the suceessful candidate for the regulation of

gene expression position, in addinen o developing a
rescarch program, will alko participate in collabora-
tive rescarch with the staft of the newly oreated
NDSU Forensic DNA Facility. Positions are open at
the rank of ASSISTANT PROFESSOR. Screcning
will begin Qcrober 1, 2007, For further informataon
and full application requirements see website: hiepe//
www.ndsu.edu/ndsu Sjobsmon_broadbanded /
posidons 0002 1444, shuml.

Contact person: Dr, 5. Derek Killilea, Depart-
ment of Chemistry and Molecular Biology, North
Dakota State University, Fargo, ND 58105.

Telephone: 7001-231-7946, fax: 701-231-8324,

MNODSU a an Paperad Olppoatemeiry Jns i,

EVOLUTIONARY /ECOLOGICAL
GENOMICS

The Deparmment of Ecology and Evolution and
the Institute of Genome and Systems Biology are
jointy secking 1o 6ill a faculy position with an
individual applving large-scale data approaches o
questions in ccology or evolution. The successtul
candidate wall address scicntific problems or biolog-
ical systems with potential to be applicd. Rank s

open, with a preference for candidates at the level of

ASSISTANT or ASSOCIATE PROFESSOR. In-
terested applicants should submit currculum viae,
sclected reprines and  preprings, starements of re-
search and teaching interests, and the names and
addresses of three references to websive: hop://
genomies-search.uchicago.edu. Applications wall
be accepred until the position is filled, bur applica-
tons should be recenved before 15 October 2007, 1o
ensure full consaderation. The Universiry of Chicaga is an
Affirmarioe Action/Egual Opportity Employer.

CAREER OPPORTUNITY

This unique program offers the candidare with an
carned Docorare in the life sciences the opportunity
to abtain the Doaor of Oprometry (0.1, ) degree in
27 months (beginning in March of cach vear).
Emplovment opportunitics exist in rescarch, educa-
ten, industry, and private practice. Contact the
Admissions Office, telephone: 800-824-5526 ot
the New England College of Optometry, 424
Beacon Strect, Boston, MA 02115, Additonal infor-
mation ar website: hrep:/ Sowww neco.edu, e-mail:
admissions@neco.cdu.
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FOSTDOCTORAL POSITIONS (two to four-
vear] at University of California, Irvine to study
stress responses of human embrvonic and newral
stem cells. Cells subjected o oxidative stress and
irradiarion will be analveed for changes in survival,
profliferation, and fare in various rodent models.
Desired skills: stem cell growth and charactenza-
tion, animal fstereotactic surgery, cxpertise in redox
and radiation biology. Send curnculum vitae to:
Dr. Limaoli, Department of Radiation Oncology,
University of California, Irvine, Medical Sciences
I, Irvine CA 92697-2695, E-mail: dimoli®ud.edu.
LICY ix anr Egnal Chpportuity Affemmatiie Action Emplayer

ANMNOUNCEMENTS
FrOSTDOCTORAL POSITION in cancer ge-

neiic epidemiology and  genomics. Starting fall /
winter 2007, a Postdoctoral position is available to
perfirm whole genome association studies. The foous
of this manshional laboratory is on inhened suscep-
tibility 1o cancers of the breast, ovary, colon, and
prostate and lymphoma. Access o high-throughput
genotvping platforms and a large number of research
samples from a genetic isolate { Ashkenai ) s available.
Methodology wmdudes candidate gene assocation
studics {(sce Scrence 297:2013, 2002; Cancer R
66:5104- 10, 2006 and 64:8891-900, 2004) and
linage discquilibrium mapping (see Generic Epide-
miology 30:48-61, 2006), Applicants will generally
have a strong background in molecular genetics and
statistical genctics. Send currculum vitae and three
letrers of reference o Kenneth Offic, M.D.,
M.I"H., Clinical Genetics Service, P.O. Box
192, Memorial Sloan-Kettering Cancer Center,
1275 York Avenue, New York, NY 10021. Fax:
212-434-5166. E-mail: offitk@mskec.org. Mo
ral Slome-Ketteriong Cancer Center a5 an Equal Chpporterity
Eanployer uith o strong commitment fo enfrancing the diversiry
L_1_f [ r.'J.rr.fr]- el }h_r”: Worsresn anmd dn-frurrlb _.ln'lrl divene
rawtatl, ethienic, amond aelnral backgrounds ane envoimaged T apply.

An NIH-tunded POSTDOCTORAL POSITION
is wvailable in Dr. Xu Luo’s Laboratory at the Eppley
Institute for Cancer Rescarch, University of Mebraska
Medical Center. The project involves the biochem-
ical study of apoptosis in mammalian cells, Candi-
dates with recent 'h.D, degree in molecular biology
or biochemistry are welcome to apply. For more in-
formartion, phase see website: hop://www. unme.
edu/Eppley/faculty.hum/; N.M. George, 1D,
Evans, and X. Luo, Gene Der. 21:1937-48, 2007,
X. Lun, I. Budihargo, H. Zou, C. Slaughter, and
X. Wang, Cell 94:481-490, 1998, Please send
curriculum vitae and three reference lemers wo: D, Xu
Lua, Eppley Institute for Cancer Research, 987696
MNebraska Medical Center, Omaha, NE 68198-
TH06, e-mail: suluo@unme.edu.

Help employers find
you. Post your
resume/cv.
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MARKETPLACE

Oligo Labeling Reagents

* BHQ"/CAL Fluor /Quasar Amidites
+ Amidites for 5' & Int. Madifications
 Standard and Specialty Amidites

BIOSEARCH  4+1.800.GENOME.1
LECHNOLOGIES  www.btilabeling.com J

NHA S8QUENCING Iram ba.0U

Free shipping for 204 reactions.
High throughput, Direct sequenc-
ing from bacteria, phage, genomic
DNA, PCR products, hairpin, ete,

1-686-meclab-88, waw.mclab.com
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Here’s your link to career advancement

AAAS is at the forefront of advancing early-career researchers
—offering job search, grants and fellowships, skill-building
workshops, and strategic advice through ScienceCareers.org
and our Center for Careers in Science & Technology,

NPA, the National Postdoctoral Association, is providing a
national voice and seeking positive change for postdocs—
partnering with AAAS in career [irs, seminars, and other
events. In fact, AAAS was instrumental in helping the NPA
get started and develop into a growing organization and
avital link to postdoc success,

Ifyou're a postdoc or grad student, go to the AAAS-NPA link
to find out how to spell career success.

AAAS.org/NPA

rf‘ 1‘ POSTDOCTORAL

oy ASSOCIATIOW
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More free time and better cloning efficiency in just three simple steps. TOPO® cloning technology allows you to perform benchtop
cloning reactions in just five minutes—with up to 95% recombinants. So you always have the clones you need for downstream experiments.
With more than 10 years of established performance and over 4,000 scientific citations, TOPO® cloning is the method of choice for researchers
around the world. Whether you're doing general subcloning, sequencing, in vitro transcription, or expression in £. coli, mammalian cells, or
our Gateway® system, there’s a TOPO® cloning solution for you. Revolutionize your research at www invitrogen com/topo.

@ invitrogen

2007 © Imdtregen Comoration, All Aghts reserved, These products may be covered by one or mareLimited Use Label Licenses (ee the invitragen catalog o our website, www. invitrogen cem),
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