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Need More Information? Give Us A Call:

Stratagene USA and Canada

Order: (800) 424-5444 x3

Technical Services: (800) 894-1304 x2

Stratagene Japan K.K.

Order: 03-5159-2060

Technical Services: 03-5159-2070
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* Patent pending.

Ask Us About These Great Products:
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Stratagene Europe

Order: 00800-7000-7000

Technical Services: 00800-7400-7400

Our StrataClone™ PCR Cloning Kit* saves you time and money with 

topoisomerase-based PCR cloning priced lower than the competition. The

simple, three step process, >95% efficiency guarantee, and affordable

pricing make StrataClone™ PCR Cloning Kits your kit of choice for 

topoisomerase-based PCR cloning. 

• High-performance PCR cloning at a more 

affordable price

• Clone both long and short PCR amplicons 

with the same kit

• High efficiency results in >95% clones 

with insert

StrataClone™ PCR Cloning Kit 20 reactions 240205

10 reactions 240206

There’s a new kit on the block.
Introducing StrataClone™ PCR Cloning Kits:

A new, more affordable choice in Topoisomerase I technology
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GE Healthcare

When it comes to life sciences, GE Healthcare is setting the standard. Tens of thousands of

scientists in over 100 countries around the world rely on our products every day. We have

delivered more than 60 000 research protein purification systems, 1500 BioProcess
™

systems

and 12 000 BioProcess columns worldwide. Our Amersham family of consumables, with its

60-year heritage, is trusted to provide accurate results time and time again. 

But we’re never content to stand still. We constantly strive for new innovations for tomorrow’s

research and drug development. And the result is groundbreaking products like the

ÄKTAdesign
™

platform, IN Cell Analyzer, Ad-A-Gene Vectors, and MabSelect
™

media. Thanks

to our technological achievements and global presence, we’re able to help you turn your

scientific ideas into reality – bringing science to life and helping transform healthcare.

We call it Life Science Re-imagined. 

Discover more at www.gehealthcare.com/life

Bringing 

science to life
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GE Healthcare

HiTrap™ columns give you pure proteins with less effort. They come prepacked with the

widest choice of media, ensuring results you can depend on in a broad range of applications,

and the highest level of convenience.

But we’re never content to stand still. We constantly strive for new innovations for tomorrow’s

research and drug development. And thanks to our technological achievements and global

presence, we’re able to help you turn your scientific ideas into reality – bringing science to

life and helping transform healthcare.

We call it Life Science Re-imagined.

Discover how HiTrap columns can help power your protein purification.

Visit www.gehealthcare.com/life

Faster protein purification? 

It’s not rocket science.

GE Healthcare Bio-Sciences AB, a General Electric Company.
Björkgatan 30, 751 84 Uppsala, Sweden.
© 2006 General Electric Company - All rights reserved.
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NEWS OF THE WEEK

Secret Pyongyang Meeting Builds Science Ties 172

Between Two Koreas

Accident Prompts a Closer Look at Antibody Trials 172

Iraq Antiquities Find Sparks Controversy 173

Catalyst Combo Offers New Route for Turning  175

Waste Products Into Fuel
>> Report p. 257

SCIENCESCOPE 175

DOE Asked to Fill in the Blanks on 176

Fuel Recycling Research Plan

Australia’s Proposed U.K.-Style Merit Ranking 176

Stirs Debate

Congress Weighs Steps to Retain Foreign Talent 177

Two Unexpected Players Add Twists to 178

Liver’s Comeback Story
>> Research Article p. 233

Fossils Clinch Identity of Lucy’s Ancestor 178

Astrobiology Science Conference 2006 179

Life Slow Enough to Live on Radioactivity

Diversity Before Life

NEWS FOCUS

Return to the Inferno: Chornobyl After 20 Years 180

Once a Terminal Case, the North Aral Sea Shows 183

New Signs of Life

Targeting the Tolls 184

Life in Silico: A Different Kind of Intelligent Design 189

Scheme for Boiling Nuclear Matter Gathers Steam 190

at Accelerator Lab
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193 Newsmakers
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For related online content, see page 153 or go to

www.sciencemag.org/sciext/biochemtools/

EDITORIAL

159 Nick Cozzarelli
by Donald Kennedy

180

INTRODUCTION

Proteins at Work 211

REVIEWS

Mass Spectrometry and Protein Analysis 212

B. Domon and R. Aebersold

The Fluorescent Toolbox for Assessing Protein Location 217

and Function
B. N. G. Giepmans, S. R. Adams, M. H. Ellisman, R. Y. Tsien

New Tools Provide New Insights in NMR Studies of Protein Dynamics 224

A. Mittermaier and L. E. Kay

PERSPECTIVE

Living Cells as Test Tubes 228

X. S. Xie, J. Yu, W. Y. Yang

>> Perspective p. 208; Research Article p. 237; Report p. 273

SPECIAL SECTION

Tools for Biochemistry

Volume 312, Issue 5771

COVER

A variety of new and old localization methods
are used to visualize components of a cultured
human adenocarcinoma (HeLa) cell. The
nucleus is labeled with a small-molecule dye
(blue), the Golgi apparatus is immunolabeled
with quantum dots (yellow), microtubules are
genetically tagged with a fluorescent protein
(green), and the actin cytoskeleton is labeled
with a tetracysteine/biarsenical pair (red). 
See the special section beginning on 
page 211. 

Image: National Center for Microscopy and

Imaging Research/B. N. G. Giepmans

STKE
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Success with proteins — made possible by QIAGEN’s expertise!

QIAGEN’s comprehensive protein portfolio will help you rise to the challenge of working with

proteins. QIAGEN provides easy-to-use, integrated solutions to help you succeed with:

� Expression

� Purification

� Detection

� Assay

� Crystallization

� MALDI sample prep

� Proteomics sample prep

� Automation

� Fractionation

* Image shows E. coli gyrase A C-terminal domain crystals. Courtesy of Alex Ruthenburg from Prof. Verdine’s laboratory, Harvard University, Boston, USA.

For up-to-date trademarks and disclaimers, see www.qiagen.com . PROTTAG0406S1WW © 2006 QIAGEN, all rights reserved.

Systems Biology — Proteins and Proteomics

Standardized solutions for proteins

W W W . Q I A G E N . C O M

Find a standardized solution for your protein challenge at

www.qiagen.com/protein !

More reproducibility, streamlined

crystallization*

More proteins, purer, faster

More peptide matches, more

protein hits
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SCIENCE EXPRESS

www.sciencexpress.org

PLANT SCIENCE

An SNP Caused Loss of Seed Shattering During Rice Domestication
S. Konishi et al.
A gene that controls the retention of rice grains on the plant after ripening is from a

transcription factor of a different class from that of another recently identified gene 

for this trait. 

10.1126/science.1126410

NEUROSCIENCE

Bruchpilot Promotes Active Zone Assembly, Ca2+-Channel Clustering, and
Vesicle Release
R. J. Kittel et al.
A protein necessary for organization of the vesicle release site in neuronal synapses also

influences calcium channel localization and interaction with vesicles.

10.1126/science.1126308

APPLIED PHYSICS

Electronic Confinement and Coherence in
Patterned Epitaxial Graphene

C. Berger et al.
Thin graphene layers grown on silicon carbide can be 

patterned into ribbons that exhibit high electrical conductivity

and quantum confinement effects at near zero kelvin.

10.1126/science.1125925

CHEMISTRY

Cyclopropenylidenes: From Interstellar Space to an Isolated Derivative in
the Laboratory
V. Lavallo, Y. Canac, B. Donnadieu, W. W. Schoeller, G. Bertrand

The triangular C
3
H

2
molecule, which appears to be stable only in the near-vacuum of

interstellar space, has been isolated by appending amino groups to the ring.

10.1126/science.1126675

CONTENTS

TECHNICAL COMMENT ABSTRACTS

EVOLUTION

Comment on “The Illusion of Invariant Quantities 198

in Life Histories” 
V. M. Savage et al.
full text at www.sciencemag.org/content/full/312/5771/198b

Response to Comment on “The Illusion of
Invariant Quantities in Life Histories” 
S. Nee, N. Colegrave, S. A. West, A. Grafen

full text at www.sciencemag.org/content/full/312/5771/198c

BREVIA

ECOLOGY

Thermal Preference and Tolerance of Alvinellids 231

P. R. Girguis and R. W. Lee

Extraordinarily heat-tolerant worms in hydrothermal vents flourish

within steep thermal gradients and prefer temperatures of 40° to 50°C,

briefly tolerating 55°C.

RESEARCH ARTICLES

DEVELOPMENT

Nuclear Receptor–Dependent Bile Acid Signaling 233

Is Required for Normal Liver Regeneration
W. Huang et al.
After injury to the liver, accumulated bile induces liver 

regeneration in mice, providing one mechanism for control of 

organ size.

>> News story p. 178

BIOCHEMISTRY

Atomic Description of an Enzyme Reaction 237

Dominated by Proton Tunneling
L. Masgrau et al.
Proton transfer during enzymatic tryptamine oxidation proceeds by 

tunneling, which occurs over ~0.6 Å and is modulated by short-range

thermal motions.

>> Perspective p. 208; Tools for Biochemistry section p. 211

LETTERS

Retraction D. A. Vanden Bout and L. A. Deschenes 195

Marketing Drugs Too Early in Testing C. B. Begg et al.
Life-Span Extension in Yeast D. A. Sinclair, S.-J. Lin, 

L. Guarente. Response J. Rine

Archaeopteryx: The Lost Evidence R. Leinfelder

CORRECTIONS AND CLARIFICATIONS 198

BOOKS ET AL.

Books in the Digital Age The Transformation of 199

Academic and Higher Education Publishing in Britain 
and the United States
J. B. Thompson, reviewed by S. Elworthy

Browsing 199

The Access Principle The Case for Open Access to 200

Research and Scholarship
J. Willinsky, reviewed by J. E. Enderby

POLICY FORUM

Environmental Science Adrift in the Blogosphere 201

A. Ashlin and R. J. Ladle

PERSPECTIVES

Halfway Through Reid’s Cycle and Counting 203

W. L. Ellsworth

>> Perspective p. 204

Can Buildings Be Made Earthquake-Safe? 204

M. C. Comerio

>> Perspective p. 203

Thoracic Thymus, Exclusive No Longer 206

H. von Boehmer

>> Report p. 284

Managing Associations Between Different 207

Chromosomes
C. G. Spilianakis and R. A. Flavell

>> Report p. 269

Enzyme Motions Inside and Out 208

S. J. Benkovic and S. Hammes-Schiffer

>> Tools for Biochemistry section p. 211; Research Article p. 237
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POWER YOUR RESEARCH

TransIT®-LT1 Transfection Reagent from Mirus Bio. Efficiency at its peak.

Get powerful plasmid delivery and expression without sacrificing cell viability. 

Invented by Mirus Bio scientists to work with a broad range of cell types, our low-

toxicity reagent delivers accurate results in two simple steps. Keep cells healthy 

and research moving forward with transfection technology from the pioneers in 

gene delivery. Because your research begins at the bench – it doesn’t end there.

Visit mirusbio.com to view our extensive citation database.

© 2006 Mirus Bio Corporation. TransIT is a registered trademark of the Mirus Bio Corporation.
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REPORTS

MATERIALS SCIENCE

Piezoelectric Nanogenerators Based on 242

Zinc Oxide Nanowire Arrays
Z. L. Wang and J. Song

Bending a nanowire with the tip of a scanning tunneling microscope

separates charges on its polar faces and generates a current when the tip

passes to the oppositely charged face.

PHYSICS

Control of Electron Localization in  246

Molecular Dissociation
M. F. Kling et al.
Through manipulation of its amplitude and frequency, a short light pulse

can be used to control the dissociation of a deuterium molecule and the

direction of the scattered ions.

MATERIALS SCIENCE

Hardening by Annealing and Softening by 249

Deformation in Nanostructured Metals 
X. Huang, N. Hansen, N. Tsuji

In contrast to the behavior of most metals, nanostructured aluminum

can be strengthened through annealing and made more ductile through

deformation.

CHEMISTRY

Diels-Alder in Aqueous Molecular Hosts: Unusual 251

Regioselectivity and Efficient Catalysis
M. Yoshizawa, M. Tamura, M. Fujita

Bowl-shaped structures made from organic molecules and palladium can

orient aromatic guest substrates to induce specific reactivity, in a manner

analogous to enzymes.

CHEMISTRY

Double Perovskites as Anode Materials 254

for Solid-Oxide Fuel Cells
Y.-H. Huang, R. I. Dass, Z.-L. Xing, J. B. Goodenough

A layered fuel cell based on a molybdenum oxide compound shows 

high resistance to carbon buildup and sulfur poisoning when running 

on natural gas.

CHEMISTRY

Catalytic Alkane Metathesis by Tandem Alkane 257

Dehydrogenation–Olefin Metathesis
A. S. Goldman et al.
A pair of catalysts can convert one alkane into a mixture of larger

and smaller ones, a step toward efficient generation of fuel from 

nonpetroleum sources.

>> News story p. 175

ATMOSPHERIC SCIENCE

High Natural Aerosol Loading over Boreal Forests 261

P. Tunved et al.
A long-term study in Scandinavia shows that organic gas emissions from

upwind boreal forests are a major source of atmospheric aerosols from

spring through fall.
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BOTANY

A Bifurcating Pathway Directs Abscisic Acid Effects 264

on Stomatal Closure and Opening in Arabidopsis

G. Mishra, W. Zhang, F. Deng, J. Zhao, X. Wang

A plant prevents dehydration by activating a phospholipase that 

inhibits opening of surface pores through one pathway and closes 

open ones through another.

EVOLUTION

Selection on Gamete Recognition Proteins Depends 267

On Sex, Density, and Genotype Frequency
D. R. Levitan and David L. Ferrell

In wild sea urchins, large amounts of sperm favor the success of rare

alleles of sperm recognition proteins, explaining how these proteins 

can cause rapid speciation. 

MOLECULAR BIOLOGY

CTCF Mediates Interchromosomal Colocalization 269

Between Igf2/H19 and Wsb1/Nf1

J. Q. Ling et al.
A DNA binding protein brings gene sequences from different 

chromosomes to a common, transcriptionally active region of 

the nucleus.

>> Perspective p. 207

BIOCHEMISTRY

Conformational Switches Modulate Protein 273

Interactions in Peptide Antibiotic Synthetases
A. Koglin et al.
Changes in the structure of a peptide carrier protein that holds a 

growing peptide chain directs the nonribosomal synthesis of certain

antibiotics.

>> Tools for Biochemistry section p. 211

EVOLUTION

Conservation of RET Regulatory Function from  276

Human to Zebrafish Without Sequence Similarity
S. Fisher et al.
A human regulatory gene can substitute for the corresponding gene 

in zebrafish, conferring tissue-specific expression, despite its different

sequence.

GENETICS

A Common Genetic Variant Is Associated with Adult 279

and Childhood Obesity 
A. Herbert et al.
A common nucleotide variation is associated with obesity in subjects

from a 24-year longitudinal heart study and in four other independent

groups. 

IMMUNOLOGY

Evidence for a Functional Second Thymus in Mice 284

G. Terszowski et al.
Mice have a second thymus in the neck that contributes functional T cells

to the immune system. 

>> Perspective p. 206
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iQ™ Multiplex Powermix

Visit us on the Web at discover.bio-rad.com

Call toll free at 1-800-4BIORAD (1-800-424-6723);

outside the US, contact your local sales office.

Bring the Power of Multiplex to Your qPCR
iQ multiplex powermix simplifies real-time detection of multiple targets in a single tube, 

routinely yielding efficiencies equivalent to corresponding singleplexes. Increase throughput, 

control costs, and maximize your data output with this powerful blend.

� Reliable real-time multiplex PCR detection of up to 5 targets

� Detection of up to 4 targets when one differs in expression 

up to 106-fold relative to the others

� Linearity over 6 orders of magnitude of input cDNA 

and 4 orders of magnitude of input genomic DNA

For more information, visit us on the Web 

at www.bio-rad.com/supermixes/

Linear four-target detection on the iQ™5 real-time detection system. 

A series of 10-fold dilutions of human genomic DNA (500 ng–50 pg) was

amplified to assay for four target genes using the iQ multiplex powermix.

Targets were α-tubulin (FAM-labeled probe, efficiency = 96%); GAPDH
(HEX-labeled probe, efficiency = 95%); IL-1β (Texas Red-labeled probe,
efficiency = 102%); and factor VIII (Cy5-labeled probe, efficiency = 102%).
Singleplex reactions of these targets yielded statistically indistinguishable
efficiencies and C

T
values compared to those of the four-plex result.

Cy is a trademark of Amersham Biosciences. Texas Red is a trademark of Molecular Probes, Inc.

Practice of the patented polymerase chain reaction (PCR) process requires a license. The iQ5 real-time detection

system includes an Authorized Thermal Cycler and may be used with PCR licenses available from Applied

Biosystems. Its use with Authorized Reagents also provides a limited PCR license in accordance with the label

rights accompanying such reagents. Some applications may also require licenses from other third parties.
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report on the use of double-perovskite materials,
Sr

2
Mg

1-x
Mn

x
MoO

6-δ
, as anodes at temperatures

between 650˚ and 1000˚C. The active Mo(VI)-
Mo(V) couple is paired with the Mg and Mn
cations that are not reduced by the fuel. The Mg
cation appears to be especially resistant to sulfur
poisoning and allows for stable operation (200
hours) in the presence of 50 parts per million H

2
S.

An Extra Thymus in Mice
The thymus lies directly above the heart and acts
as a cradle for developing T cells that will even-
tually protect the body from the many pathogens
encountered during a lifetime. The thymus has
been considered one of a kind, but Terszowski

et al. (p. 284, published online 2 March; see the
Perspective by von Boehmer) find that mice fre-
quently possess a second, smaller thymus
located in the neck. This “cervi-
cal” thymus displays all of
the classical features that
define the larger tho-
racic organ, including
boundaries between
distinct thymocyte
compartments and
markers for thymic
epithelia and develop-
ing thymocytes. More-
over, T cells emerging
from this smaller cousin
also appear functionally
competent and can popu-
late athymic adult recipients after cervical 
thymus transplantation. 

Alkane Shuffle
Olefin metathesis, which swaps molecular frag-
ments on either side of a carbon-carbon double
bond, has become an efficient and widely used
chemical process. However, there are few effec-

Sending Charges Their 
Separate Ways
Devices implanted in the body require power,
which is normally delivered by batteries, but a
number of approaches have been proposed to
tap into the power or fuel sources the body
already provides. Wang and Song (p. 242) have
converted mechanical energy into electrical
energy by deflecting anchored ZnO nanowires
with a conductive atomic force microscope tip.
The strain field created by bending the nano-
wires with the tip caused charges to separate and
build up on opposite sides of this polar material.
The tip and nanowire form a rectifying Schottky
barrier so that built-up charge is released as
electrical current when the tip crosses from one
face polarity to the other.

Ductility Through 
Deformation
In traditional metalworking, a metal is cold-
deformed in order to introduce dislocations that
make it stronger, and then annealed to restore its
ductility. As the number of dislocations increases,
their movement and ability to multiply are hin-
dered, which is the source of the strengthening.
X. Huang et al. (p. 249) now show that an oppo-
site cycle of processes can be used to prepare duc-
tile nanostructured aluminum. During heat treat-
ment, dislocation sources are removed, making it
harder for new dislocations to form, and a subse-
quent deformation step restores these sources,
thus enhancing the ductility.

Anode Alternatives
In order for solid-oxide fuel cells to run directly on
natural gas, improved anode materials will be
needed to avoid problems such as carbon buildup
and sulfur poisoning. Y.- H. Huang et al. (p. 254)

tive catalysts for the analogous transformation
of saturated hydrocarbons. Such rearrangements
around C−C single bonds would be useful in
generating fuel from lighter alkanes (methane to
hexane) derived from sources other than petro-
leum. Goldman et al. (p. 257; see the news
story by Service) achieve alkane metathesis by
combining two catalysts. A molecular iridium
catalyst first dehydrogenates alkanes to form
olefins, which can be combined and rearranged
with a well-established olefin metathesis cata-
lyst. The iridium complex then rehydrogenates
the rearranged products. In this way, two equiva-
lents of hexane can be converted to decane and
ethane, as well as a small distribution of other
alkanes stemming from isomerization at the
olefin stage.

Bile Buildup and Liver
Regeneration
Numerous secreted factors, including growth
factors and cytokines, have been implicated in
regulating hepatocyte proliferation. W. Huang

et al. (p. 233; see the news story by Vogel)
report that bile acids are essential stimulatory

factors for liver regeneration in mice. An
increase in bile acids stimulates regeneration
and requires the nuclear bile acid receptor

FXR. The authors propose a homeostatic mech-
anism for determination of liver size, in which
FXR and perhaps other nuclear receptors sense
the levels of endogenous metabolites to deter-
mine the liver’s functional capacity. When liver
function is decreased as a result of injury, the
resulting accumulation of bile acids activates
FXR, which stimulates signaling pathways to
protect the liver from bile acid toxicity and
also promotes liver growth to handle the over-
load.

EDITED BY STELLA HURTLEY AND PHIL SZUROMI
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Catch, React, Release
Enzymes derive much of their remarkable selectivity by orienting substrates in ways

that facilitate specific reaction paths. Recently, chemists have sought to achieve
similar effects using relatively simpler hollow structures, assembled from
organic and metallic building blocks in solution. However, these synthetic
hosts often bind products as effectively as they do reactants so that catalysis is

inhibited. Yoshizawa et al. (p. 251) find that a palladium and triazine−based
host that adopts a bowl shape can catalyze the Diels-Alder reaction of

anthracenes and phthalimides in water because the product geometry is no longer
compatible with the host. A related host structure, shaped like a cage, can be used stoichiometri-
cally to orient the same reagents in a different way and yields an unusual Diels-Alder adduct at a
terminal, rather than central, site on the anthracene framework.

Continued on page 157
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This Week in Science

Biochemical Quantum Tunneling
Whether enzymes have evolved to use quantum tunneling to facilitate proton transfer is a topic of
considerable debate. Masgrau et al. (p. 237; see the Perspective by Benkovic and Hammes-Schiffer)
present an atomic-level description of the reaction pathway for tryptamine oxidation by aromatic
amine dehydrogenase. Proton transfer occurs in a reaction dominated by tunneling over a distance of
0.6 angstrom. Tunneling does not require long-range motions coupled to the reaction coordinate but
is promoted by short-range motion that reduces the proton-acceptor distance.

Controlling a Plant’s Water Balance
Plants lose much of their water through stomata, tiny pores on their leaves. The opening and closing
of these pores, and thus a considerable part of the plant’s water management, is at least partially
under control of the hormone abscisic acid (ABA). Mishra et al. (p. 264) have now elucidated the
signaling pathway between ABA in the opening and closing of stomatal pores. This mechanistic
understanding has the potential to be used to produce plants with enhanced water-usage efficiency
and drought tolerance.

Gamete Recognition and Reproductive Success
To ensure the reproductive success of a species at fertilization, egg and sperm must be compatible. In
field studies with the sea urchin Strongylocentrotus franciscanus, Levitan and Ferrell (p. 267) exam-
ine the selective factors that shape highly polymorphic bindin gamete recognition proteins involved
in species specificity. The reproductive success of males was greatest with common genotypes relative
to rare genotypes; however, females with common genotypes had half the reproductive success of
females with rare genotypes. In addition, common bindin alleles are selected with low sperm densi-
ties, but rare bindin alleles are selected with high densities. The interaction between spawning density
and genotype frequency provides insight into why different species evolve at different rates.

Directing Nonribosomal Peptide Synthesis
Nonribosomal peptide synthetases (NRPSs) operate through an assembly line where peptidyl car-
rier proteins (PCPs) transfer peptide intermediates between acyl-adenylate−forming (A) domains

and peptide-bond−forming (C) domains. Koglin et al. (p. 273)
now show how PCP reorients a cofactor that holds

the growing peptide chains. Both apo and holo-
PCP exist in two stable conformations and

have one conformation in common between
them. This double two-state equilibrium

facilitates directed movement of the cofactor
and may modulate specific interactions with the
A and C domains.

Genetic Link to Obesity?
Obesity is thought to be in part heritable, but the genes responsible are difficult to identify, probably
because they are numerous and each exerts only a small effect. Herbert et al. (p. 279) scanned the
genomes of a group of well-characterized patients with markers for over 86,000 genetic polymor-
phisms. One of the markers was associated with an index of obesity, the body mass index. In follow-
up studies of five completely independent groups of people that included adults and children, the
association was present in four of the groups. The polymorphism is located upstream of a gene
involved in global fat metabolism and could potentially affect its function.

Particulate Impact 
Aerosols influence climate mainly through cloud formation and their interactions with solar radiation.
Anthropogenic aerosol emissions are fairly well documented, but much less is known about natural
emissions, such as biogenic volatile organic carbon (BVOC) from boreal forests. Tunved et al. (p. 261)
show that Scandanavian boreal forests provide significant natural fluxes of climate-relevant aerosols,
and propose a straightforward relation between emissions of monoterpenes and gas-particle forma-
tion over regions where there are few to no local anthropogenic aerosol sources.
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Nick Cozzarelli
IT IS A SAD MOMENT WHEN ONE NOTES THE PASSING OF A VALUED AND RESPECTED FELLOW EDITOR. 
Nick Cozzarelli served the U.S. National Academies for more than a decade as editor in chief of
Proceedings of the National Academy of Sciences (PNAS). During that time, he turned the journal
around, and no one should think it was an easy task. When Nick came aboard in 1995, members of
the Academy (it wasn’t pluralized yet) were fond of their ability to sponsor papers for colleagues or
to get their own published, and some objected to the institution of more formal and rigorous peer
review. The current multiple-track process conserves some initiative for members but puts all
prospective authors on a more even footing. As a result, PNAS has broadened its appeal to more
fields of science and increased its publication volume so much that it now
accumulates in forkload lots at academic offices. PNAS is as lively as it is big,
and it’s one of the places where we at Science regularly look to find papers
we admire and somehow missed.

Nick came to his editorial job during a distinguished scientific career in
the Department of Molecular and Cell Biology at the University of California,
Berkeley. He managed to combine those commitments in a way that was
continuously productive on both fronts, a source of admiration for those of
us who try these things only one at a time. He did distinguished work on a
complex set of reactions involving enzymes that can unwind DNA helices,
others that perform re-isomerization, and still others that are responsible for
condensation. Cozzarelli more recently had been using DNA microarrays
to examine the role of these enzymes in folding, replication, and transcription
in bacterial chromosomes. 

He had strong views about science, about publishing, and about life.
He was among the passionate advocates for open access to scientific
publications and engaged the support of the National Academies and his publications committee
to make PNAS available in that way. In the course of this debate, he was a strong and occasionally
astringent advocate, as he was in the discussions about changing the rules for submitting papers
to PNAS. In both instances, the position he supported gained strength from his consistency and
energy. Principled stands supported by passionate commitment can ruffle feathers, and Nick
sometimes did. But his combination of candor and good humor made him so likeable and forgivable
that he left little scorched earth. 

For the work he did for PNAS, Nick deserves and will get the thanks of the scientific community.
But he understood that scientific publication depends on a host of volunteer laborers who really make
it work. There are those who work as editors for society journals and there are editorial boards, most
of which serve without compensation. Some journals go to outside committees for quick reactions
about whether a paper should receive in-depth peer review. Finally, there are the peer reviewers
themselves: the referees who perform close analysis on each paper. In this remarkable system,
authors put themselves willingly into the hands of peers, and the reviewers treat their responsibilities
with painstaking seriousness. One might expect angry cries of “foul” or “theft” in this competitive
universe, but disagreements over fairness are actually remarkable for their scarcity.

There are many activities to which smart people devote themselves generously without getting
paid for it. This may be a human need that requires fulfillment by some commitment or other.
(There are those persistent volunteer reviewers for the books on Amazon.com). But there is
something different and special about those who make themselves available for challenging work
just to sustain what is inherently a competitive activity. Not only are the reviewers unpaid; no resume
listing “best peer review of 2006” is likely to be presented to a tenure committee this year. Maybe an
extension of the open access idea would solve that problem. Suppose reviews were signed and made
public along with the paper? Would the benefits of transparency outweigh the costs to candor? That
would not only let readers into the evaluation process, but it would let the efforts of the identified
reviewers be recognized and perhaps rewarded professionally. Nick might even have liked this. I
wish it weren’t too late to ask. 

– Donald Kennedy

10.1126/science.1128103

Donald Kennedy is 

Editor-in-Chief of Science.
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Insight into these configurations has come
mainly from theoretical simulations, whose accu-
racy is gauged by the extent to which bulk prop-
erties are correctly predicted. The pentagonal
(CH

2
)
4
O tetrahydrofuran (THF) is a widely used

solvent in organic synthesis because of its rela-
tively high polarity in the absence of hydrogen
bonding capacity.

Bowron et al. have taken advantage of
progress in neutron scattering technology to
probe the molecular structure of liquid THF at

room temperature directly. Because
neutrons are scattered preferen-
tially by protons, the authors
refined their analysis by compar-
ing spectra of protiated and

deuterated THF, as
well as a 1:1 mix-
ture of the iso-
topomers. Com-
puter modeling of

the data revealed a propensity for T-shaped
interaction geometries, in which adjacent mole-
cules were oriented edge to face. This arrange-
ment leads to 2.5–Å diameter void spaces, which
may account for the solvent’s capacity to harbor 
free electrons. — JSY

J. Am. Chem. Soc. 128, 10.1021/ja0583057 (2006).
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EDITORS’CHOICE

S P A C E  P O L I C Y

A Line in the Sky

Where does airspace end and outer space begin? Space exploration has
proceeded for nearly 50 years without a clear answer, but the increased
use of spacecraft and satellites by many nations has spurred calls to define
the boundary precisely. Harris and Harris argue that international law
should establish a boundary based on the vertical distance from Earth’s
surface, rather than on more complicated functional criteria that could
change as technology evolves. They note that airspace is heavily regulated
and comes under the jurisdiction of sovereign nations, who have the
authority to restrict airplane flight above their territories. In contrast,

outer space is considered to be a public realm—described in the Outer Space
Treaty as “the province of all mankind”—and an orbiting object is accountable to its owners and not to the countries beneath
it. At the moment, orbiting satellites can be used to observe any country, whereas aircraft can be prohibited from doing so
legally. Moreover, modern satellites can image the ground with meter-scale resolution, yielding pictures as sharp as those cap-
tured by a spy plane operating in airspace. A vertical boundary definition would promote discussion of the policy issues aris-
ing from technological progress. — JB

Space Policy 22, 3 (2006).

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

Galactic Flapping

The Milky Way’s flattened disk contains vast reser-
voirs of hydrogen gas. Near the edges, the disk
consists mostly of hydrogen, with few stars. Radio
astronomical observations have revealed warping
at these edges, as in a dish or saddle. Weinberg
and Blitz modeled this warping phenomenon
using perturbation theory calculations. Their
results attribute the shape to tidal effects induced
by motions of the Milky Way’s small neighboring
galaxies, the Large and Small Magellanic Clouds.
As these satellite galaxies move in orbital loops
around the Milky Way, they create trailing wakes
in the Milky Way’s halo of surrounding dark mat-
ter. These wakes in turn can cause the outer edges
of the Milky Way’s lightweight gas disk to bend
and flap like a flag in the breeze. The model
describes a dynamic disk, which continually
changes its shape as the clouds move along their
orbits. The authors further suggest that warp
observations offer a useful constraint for deter-
mining dark matter distributions. — JB

Astrophys. J. 641, L33 (2006).

C H E M I S T R Y

THF Up Close

Although molecules in the liquid state are in
constant random motion, they appear to adopt
specific average configurations that account for
such properties as heat capacity and solvation.

B I O M E D I C I N E

Only Skin Deep

Although smallpox was declared eradicated by
the World Health Organization in 1980, the
threat of bioterrorism means that future vacci-
nation against this virus is being considered.
However, for sufferers of atopic dermatitis, vac-
cination itself poses a problem because these
individuals are prone to developing the condi-
tion eczema vaccinatum: an exacerbated skin
infection that follows inoculation with the vac-
cinia virus used in smallpox vaccination.

In looking at why atopic dermatits patients
might be more susceptible, Howell et al. con-
clude that the effective control of vaccinia virus
may hinge on an antimicrobial peptide called
cathelicidin LL-37, which has been shown to
have direct antiviral properties in vitro. In
explant studies, patient skin had reduced LL-37
expression and allowed higher levels of viral
replication than skin from normal individuals.
Further experiments showed that the T helper
cell type 2 cytokines interleukin-4 (IL-4) and 
IL-13 elevated viral replication and decreased
LL-37 in normal skin, with the opposite effect
seen after blocking the cytokines in skin from
atopic dermatitis subjects. Mice lacking a
homolog of LL-37 also showed poor control of
vaccinia replication. These results suggest that
as well as modulating adaptive immune
responses to poxviruses, the cytokine environ-

EDITED BY GILBERT CHIN AND JAKE YESTON
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HIGHLIGHTS OF THE RECENT LITERATURE

Prevalent relative orientations

in liquid THF (O, red; C, black;

H, white)

Approaching a boundary.
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ment of the skin substantially influences early
innate immune protection. — SJS

Immunity 24, 341 (2006).

A P P L I E D  P H Y S I C S

Optical Sifting

The separation and sorting of micrometer-scale
particles by size, shape, optical properties, or
some combination thereof is necessary in a broad
range of applications, from fundamental lab-on-
chip studies to the filtering of colloids for materi-
als synthesis. The available techniques tend to rely
on the precisely controlled microfluidic flow of
particles through a separator.

Ricárdez-Vargas et al. present a simple alterna-
tive method, based on reconfigurable patterns of
light, that eliminates the need for a microfluidic
system. Two interfering laser beams form a peri-
odic potential energy landscape, resembling a
washboard, in the liquid layer suspending the
polydisperse sample of particles. The spatial perio-
dicity of the fringes is varied to accommodate par-
ticles of different sizes. By modulating one of the
laser beams with a sawtooth signal that directs an
interferometer mirror, the authors effectively
vibrate the potential landscape from side to side.
This jiggling motion is sufficient to separate parti-
cles that are 1 to 5 μm in diameter by size: the
larger ones are driven in one direction and the
smaller ones in the opposite direction. Moreover,
particles of similar size but different optical refrac-
tive index (such as latex and silica) can be sepa-
rated by varying the intensity of the light. — ISO

Appl. Phys. Lett. 88, 121116 (2006).

C E L L B I O L O G Y

A Multistep Process of Healing

Delayed wound healing is a debilitating condition
affecting millions of individuals, particularly dia-
betics; successful wound healing requires cell
migration to cover the lesion. Skin has one layer
of epidermal cells and another of dermal cells. In

www.sciencemag.org SCIENCE VOL 312 14 APRIL 2006
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intact skin, cells are bathed in plasma, but after
wounding, they are exposed to serum.

Bandyopadhyay et al. examined the effects of
the switch from plasma to serum and the role of
transforming growth factor–β3 (TGF-β3) on the
motility of primary human skin cells. They found
that human serum promotes the migration of epi-
dermal cells and inhibits the migration of dermal
cells, whereas plasma promotes dermal cell
migration but not that of epidermal cells. These
complementary effects are modulated by the high
levels of TGF-β3 in serum and the high levels of
TGF-β3 receptors on dermal cells. In contrast,
plasma has only low levels of TGF-β3, and epider-
mal cells have low levels of TGF-β3 receptors.
Depleting serum of TGF-β3 renders it plasma-like
in promoting dermal cell migration. Similarly,
changing the expression levels of TGF-β3 receptor
switched the motile responses as predicted. Thus,
the transition from plasma to serum and then
back to plasma encourages the appropriate and
sequential migratory responses in epidermal and
dermal cell layers during healing. — SMH

J. Cell Biol. 172, 1093 (2006).

B I O M E D I C I N E

A Maestro at Work

In global surveys of proteins, from those based on
sequence to those based on function, mitochon-
dria have often lost out, in part because of the
small proportion (7%) of cellular proteins that
localize to this organelle. Calvo et al. set out to
remedy this gap in proteomics by integrating their
analysis over eight data sets, each of which is
organized along a different dimension: mitochon-
drial targeting sequence, protein domain, tran-
scriptional regulatory element, yeast homology,
similarity to Rickettsia (the nearest living relative),
coexpression, mass spectrometry, and prolifera-
tion induction. These data were used to train a
Bayesian classifier, the Maestro, that when chal-
lenged with the Ensembl set of 33,860 human
proteins, properly predicted 71% of the known
mitochondrial proteins.

On a smaller scale, Maestro was applied to a
human mitochondrial disorder—hepatic mito-
chondrial DNA depletion, in which the loss of
mitochondrial DNA leads to organ failure—that
had been mapped to a region on chromosome 2
containing 150 annotated genes. Spinazzola et al.

sequenced the highest scoring candidates and
found one, MPV17, for which mutations segre-
gated with affected individuals in three unrelated
families. They show that the absence of this inner
mitochondrial membrane protein results in
deficits in mitochondrial DNA and oxidative
phosphorylation in mice. — GJC

Nat. Genet. 38, 10.1038/ng1776; 

10.1038/ng1765 (2006).

Continued from page 161

Skin architecture and the plasma-serum transi-

tion in wounding and healing. Epidermal cells
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NETWATCH
E D I T E D  B Y M I T C H  L E S L I E

R E S O U R C E S

<< The Word on the Worm
High school students and cell biologists alike have consulted WormBook

to learn about Caenorhabditis elegans and methods for studying it. 
The year-old reference serves as a companion for the genomics storehouse
WormBase and provides almost 90 peer-reviewed chapters, all written by
wormologists, on different aspects of nematode biology. Page through the
molecular biology section to learn how the animals fix broken DNA, or visit
the evolution and ecology chapters to meet some of the pathogens that
make life miserable for worms. Beginners will find tips on basic procedures
such as how to stain the slippery creatures to delineate cellular structures. 
The cool blue spots freckling this nematode (left), for example, are cell nuclei
tagged with DAPI, a compound that clings to DNA. Lab veterans can bone up
on more advanced techniques such as how to shut down genes. >>
www.wormbook.org

L I N K S

Let’s Get Analytical
Looking for virtual experiments to introduce students to the idea of 
chemical equilibrium? How about a primer on flow injection analysis? 
Drop by the Analytical Sciences Digital Library, edited by Cynthia Larive 
of the University of California, Riverside. The site houses annotated links 
to more than 300 sites about chemical measurements and instruments.
Aimed at high school through professional levels, the offerings include
class notes, tutorials, simulations, and protocols. To help teachers share
ideas, the site also posts original content, such as a complete lab manual
and other peer-reviewed contributions. Online forums let users discuss how
to integrate the materials into class. >> www.asdlib.org 

I M A G E S

SPACE CINEMA
The Milky Way ensnares a neighboring galaxy, squashes
it, and sucks it into orbit. A pale bubble bulges from the
sun’s surface and then explodes into a ragged fountain.
Those are just two of the dramatic selections you can screen
at the Astrophysics Visualization Archive from the American
Museum of Natural History’s Hayden Planetarium. Produced
by researchers at various institutions, the site’s 50 movies
and animations show off topics in planetary science and
astronomy. The ripples in this still (above), for example,
illustrate how a cluster of galaxies warps passing light, a
phenomenon known as gravitational lensing. >>
haydenplanetarium.org/hp/vo/ava/index.html

D A T A B A S E

Blood Work
Because it ferries most of the proteins
in the body, blood is a rich resource for
doctors trying to diagnose disease and

researchers fishing for new molecules.
Tap into a comprehensive list of blood proteins at the Plasma Proteome
Database from Johns Hopkins University in Baltimore, Maryland, and the
Institute of Bioinformatics in Bangalore, India. Stowed here are data from
the literature on the more than 7500 protein variants that enter the plasma
at some time. For each version, or isoform, you’ll find standard genomic
information such as gene and amino acid sequences. Entries also indicate
the molecule’s usual cellular location, whether its gene harbors any common
mutations, and whether it contributes to any diseases. You can also link to
PubMed abstracts of papers that furnish gene activity measurements. >>
www.plasmaproteomedatabase.org 

Send site suggestions to >> netwatch@aaas.org
Archive: www.sciencemag.org/netwatch

W E B  T E X T

Elemental, My Dear Watson
Published in the 3rd century B.C.E., Euclid’s Elements
stood as the authority on geometry for more than
2000 years. In this Web edition of the classic text, math
professor David Joyce of Clark University in Worcester,
Massachusetts, furnishes explanatory notes and updates.
The pages also feature Java applets so that readers can,
say, fiddle with the dimensions of a triangle to convince
themselves of Proposition 6 from Book I, which holds that
if two angles in a triangle are equal, the sides opposite
them are also equal. >>
aleph0.clarku.edu/~djoyce/java/elements/elements.html
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RANDOMSAMPLES
E D I T E D  B Y C O N S TA N C E  H O L D E N

DIORAMA DAYS

One of the more ominous results of global warming may be
the inundation of rice-growing areas in Asia. Responding to
this threat, the International Rice Research Institute (IRRI) in
the Philippines is setting up a consortium to study the impact
of global warming on the world’s largest food crop.

Flooding is not the only concern. Higher temperatures
threaten to harm yields and nutritional value. They will 
also worsen water shortages and complicate weed and 
pest management. A plan outlined last month calls for 
the establishment of three rice-growing supersites, about
20 hectares each, in the Philippines, southern China and
northern India. There, scientists will experiment with crop
combinations and test new cultivars for tolerance to heat,

drought, ozone, and other pollutants. “When we find those 
tolerance genes in rice, we’ll be able to make them available to other crops as well,” 
says ecologist John Sheehy of IRRI, which is fronting $2 million toward the consortium.

Cooked Rice

Although the name of Woo Suk Hwang is fading
fast in the public mind, die-hard supporters of the
disgraced South Korean stem cell researcher are
busier than ever with activities from one-person
vigils to mass demonstrations. Pro-Hwang rallies
involving several thousand people have taken
place almost every weekend in downtown Seoul,
some accompanied by performances, fundraising
bazaars, and lit candles. 

Now, Hwang followers have taken up a fresh
cause: pressuring the Korean Broadcasting
System (KBS) to screen a TV program that defends
Hwang’s science and accuses collaborators of
having deceived him. On recent weekends, more
than 1000 people—many of them members
of an online community called “I Love Hwang
Woo Suk”—have gathered in front of the
broadcaster’s offices. On 3 April, police arrested
65 who were camping out near KBS. (They were
released the next day.) The station announced
on 4 April that it would not run the program;
the producer vowed to put it on the Internet.

Demonstrations have by no means all
been peaceful. Last week, a man drove his
car into the Seoul National University
administration building; a month earlier,
several women swore at and pulled the hair
of the spokesperson of the investigative
panel that accused Hwang of fraud. Others
conducted mock funerals of the school’s
president and dove under his car. In
February, a man burned himself to death,
saying Hwang should be allowed to resume
his research. 

KBS has reported that Hwang, dismissed
from his university post last month, has received
job offers from two research institutes abroad. 

HWANG LOVE PERSISTS

A scientific competition between Jason Pontin, editor in chief of the
Massachusetts Institute of Technology’s (MIT’s) Technology Review, and
biogerontologist Aubrey de Grey of Cambridge University in the U.K. is
heating up with the announcement last month of the panel of judges.

Pontin is challenging de Grey’s prescription for extending the useful
human life span by hundreds of years by treating aging as an engineering
problem susceptible to damage control. Pontin calls the theory, known as
SENS (Strategies for Engineered Negligible Senescence), “outrageous and
unverifiable.” Frustrated by scientists’ reluctance to criticize it in public, he
proposed a contest last July. The $20,000 prize will go to the submission that

best demonstrates SENS “so wrong that it is unworthy of learned debate,” says
Pontin. Entries can be sent to Jason.pontin@technologyreview.com. The five-person panel includes Rodney
Brooks, director of MIT’s artificial intelligence lab, and genome sequencer J. Craig Venter. The winner will be
announced at www.technologyreview.com on 11 July. The original prize fund of $10,000 donated by the
magazine doubled when The Methuselah Foundation, de Grey’s organization, tossed in an additional $10,000.C
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The habitat dioramas at the American Museum of
Natural History in New York City, created during the
diorama heyday of the 1920s through the 1950s,
star in a new book, Windows on Nature. “This was an
early form of virtual reality to recreate nature within
walls,” said author Stephen Quinn, the museum’s
diorama guru, at a reception last week. At right is
Gunflint Lake, Minnesota, looking toward the
Northern Lights at 3 a.m. on 7 December 1941—
Pearl Harbor Day—as shown in the placement of
Polaris and the Big Dipper. The taxidermist studied
animal locomotion extensively before posing the
wolves. An imaginary moon shines over the scene,
picking out the tracks of the wolves and of their
fleeing prey, a white-tailed deer. The diorama’s lights
are too diffuse to cast shadows, so the foreground
artist added his own by sprinkling pigment in the
mica-and–marble-dust snow. 
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THIS WEEK Catalysts take
another crack

Life in the
slow lane

175 179

SEOUL— In  s ec r e t ,  s ome
200 researchers from South and
North Korea met in the North
Korean capital of Pyongyang
last week to discuss ways to
jumpstart scientific cooperation
across the divided peninsula. The
unprecedented gathering was
“historic” in its scale and ambi-
tion, says attendee You-Hyun
Moon, secretary general of
the Korean Federation of Sci-
ence and Technology Societies
(KOFST) in Seoul.

Off icials from the South
Korean organizations that spon-
sored the event say they expect to
catalyze joint projects in nano-
technology, information technol-
ogy, environmental sciences, and
biotechnology. Researchers in the
south, aided by South Korea’s
$600,000 budget for inter-Korean
science projects, must now raise
money for specif ic goals. The long-term
objective is to narrow the technological gap
between North and South to make it easier to
reunify Korea, says conference organizer
Chan-Mo Park, president of Pohang University
of Science and Technology.

The meeting has deep symbolic
value, observers say. With six-party
talks over North Korea’s nuclear pro-
gram stalled, “the South Korean government
seems interested in expanding inter-Korean civic
activities to break the current deadlock,” says

Jekuk Chang, director of international coopera-
tion at Dongseo University, who has worked with
North Korea on sustainable development along
the Tumen River. An expansion of scientific ties,
adds Donald Gregg, president of the Korea Soci-
ety in New York, “is a manifestation of the grow-

ing belief in South Korea that
North Korea wants to become a
more normal country and needs
to be supported.”

The Korean Conference on
Science and Technology, from
3 to 8 April, came close to being
called off. Scheduled for March, it
was postponed after North Korea
protested joint South Korea–U.S.
military exercises last month.
And North officials told their South

counterparts that the
meeting would be scut-
tled if word leaked to
the press beforehand.
(Science agreed to an
embargo in December.)
In the hours before the
event, Japan, citing a
recent chill in relations
with North Korea, barred
10 Korean-Japanese
scientists from attend-
ing, says Park. “I could
not sleep, worrying that
it could be canceled at

the last minute,” he says.
But everything went according to plan.

Approximately 25 scientists from the South
and an equal number of Korean scientists

Secret Pyongyang Meeting Builds
Science Ties Between Two Koreas

INTERNATIONAL EXCHANGES
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Accident Prompts a Closer Look at Antibody Trials
CAMBRIDGE, U.K.—After investigating a clin-
ical trial in London that sent six healthy volun-
teers into critical care last month, a U.K. agency
has found no simple explanation for the acci-
dent. As a precaution, the Medicines and
Healthcare Products Regulatory Agency
(MHRA) announced that it will not approve
any more “first-in-human” tests of antibodies
like the one in this trial without first consulting
“additional expert opinion.”

In an interim report on 5 April, MHRA said
that it could find “no deficiency” in the manu-
facture of the test drug, TGN1412, a proposed
therapy for autoimmune diseases. Nor did it
find a flaw in the way the drug was adminis-
tered. The inflammation that threatened volun-

teers’ lives, MHRA concluded, was “most
likely” caused by “an unpredicted biological
action,” as many others had concluded
(Science, 24 March, p. 1688).

The companies were relieved. Trial man-
ager Parexel of Boston took comfort in the fact
that the MHRA findings “support our internal
review that best practices and policies and pro-
cedures were correctly followed.” TeGenero, a
firm in Würzburg, Germany, that developed
TGN1412 and paid for the trial, felt vindi-
cated. “We observed the highest standards in
developing this drug, and … these symptoms
were both unexpected and unforeseeable,” the
company said in a statement.

Details of the patients’ symptoms have not

been released, however. MHRA and the com-
panies have declined to give out clinical
data—to protect privacy, they say. (They also
refused to release the consent form.) In its
report, MHRA noted that Parexel described
the patients’ condition as “cytokine release
syndrome,” which occurs when activated
T cells produce a systemic inflammatory
response. TGN1412 was designed to activate
T cells, including a subset called regulatory
T cells that help keep inflammation in check. 

MHRA has asked Gordon Duff, a professor
of molecular biology at Sheffield University,
to head a committee that will report back
in 3 months on what could be done to prevent
another such accident. –ELIOT MARSHALL

CLINICAL MEDICINE
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Removing barriers. Chan-Mo Park (first row, second
from right) and other scientists from North and South
Korea met last week in hopes of healing the breach
between their two countries (inset).
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FOCUS Taking aim at
immune cells

184

A critical
point

190

from China and the United States met with
some 150 North Korean colleagues. After early
awkwardness over language, “the ice melted
once they began to talk about science,” says
Park. “Participants spoke freely and with an
open mind,” adds Moon.

Researchers zeroed in on a series of joint
projects. One on software development aims to
bridge the information technology gap
between the two sides, says Park. North
Korean scientists expressed a strong interest in
alternative energy, breeding crops better suited
to conditions in the North, and observing and
mitigating the effects of dust storms from
China. Plans are afoot to sample the flora of
North Korea’s uplands. In addition, South
Korean scientists have proposed an ecological
survey of the demilitarized zone between the
nations, subject to approval by military offi-
cials from both sides.

The North Koreans emphasized that the
projects must proceed on the initiative of
individual scientists or nongovernmental

organizations such as KOFST. Moon and others
believe that ample money should be available
from the South but that it will be more difficult
to win approval for each project from the North
Korean government. Last week’s meeting
included officials from a new North Korean
agency, the People’s Science and Technology
Association, that is expected to be a major
player in any North-South collaboration.

Past experience suggests that many chal-
lenges lay ahead. From 1999 to 2005, South
Korea’s science ministry spent $4.4 million on
inter-Korean science projects, with little to
show for the investment. Some projects have
been delayed by export controls that limit high-
tech transfers to the North. Others have lan-
guished for lack of communication. Several
researchers have pointed to a common dis-
appointment: After a connection is established,
North Korean middlemen often have demanded
cash up front before discussing substance. But
the situation may be changing. Park says there
was “hardly any money talk” in planning the

meeting with his North Korean counterparts.  
The most successful project by far focused

on improving corn hybrids. Observers say the
key to its success was the leadership of Soon-
Kwon Kim of Kyungbuk University in Daegu,
who has visited North Korea 27 times since
1998. “Science may be the best option to open
North Korea, change North Korea, and help
North Korea,” says Kim.

The conference is “a meaningful starting
point,” says Moon, who notes that both sides
will have to labor hard to get projects off the
ground. A working-group meeting is planned
for June in Shenyang, China, and if all goes
well, a follow-up conference—“hopefully
bigger than the one in Pyongyang,” Park
says—will be held in in 2007. The South
Korean government also intends to hold bilat-
eral talks with the North in late 2006, with the
aim of launching an “Inter-Korean Science
Center” in Pyongyang.

–RICHARD STONE

With reporting by Ahn Mi-Young in Seoul.

New covering for
Chornobyl at 20

180

TRIESTE, ITALY—Italian researchers in Iraq
claim to have stumbled on an important cache
of ancient clay tablets in one of the world’s
oldest cities. But others dispute the claim, and
Iraqi authorities say the scientists have been
acting illegally.

No archaeologist has been given permission
to excavate since the U.S. invasion in March 2003
toppled Saddam Hussein. But last month, Italy’s
National Research Council announced that it had
discovered some 500 rare tablets on the surface at
Eridu, a desert site in southern Iraq. The team was
reconnoitering artifacts and architecture for an
online virtual museum project.

According to team member Giovanni
Pettinato, an Assyriologist at the University of
Rome “La Sapienza,” the tablets date from
2600 to 2100 B.C.E. and hold inscriptions fea-
turing an unusually wide variety of literary,
lexical, and historical content. He thinks they
may have been part of a library.

But the find, which was widely publicized in
recent weeks, has puzzled and outraged archaeol-
ogists in Iraq and abroad. Eridu was largely
abandoned during the period in question, and
Elizabeth Stone, an anthropologist at Stony
Brook University in New York, says most real
libraries were created much later than the dates
the Italian team suggests. Stone, who was part of

a U.S. team that inspected the site a month after
the war began, says they did spot ancient bricks
stamped with kings’names, but that such bricks are
common and offer little historical information.

Donny George, chair of Iraq’s
State Board of Antiquities and
Heritage, sent an irate e-mail to the
Pettinato team on 6 April in search
of an explanation. An Iraqi group
sent recently to Eridu to investigate
found no evidence of tablets,
he  wrote: “Why all this media
propaganda ... for something that
is not real?” George also scolded
the Italians for unauthorized work
at nearby Ur, another ancient
Sumerian city, where he says they
have dug out “foundation stones
and door sockets” and taken them to
a nearby museum. As at Eridu, he
wrote, they only had permission to
take photos, so their actions are “a
clear violation of the Iraqi antiqui-
ties law. … This means that you may
be taken to an Iraqi court.”

In a statement to Science on
10 April, Pettinato confirmed that
an inscribed foundation stone was
taken to Nassiriya’s museum follow-

ing a judge’s authorization. As for the Eridu find,
he said the bricks and tablets have not been
removed by the researchers. 

–SUSAN BIGGIN AND ANDREW LAWLER

Iraq Antiquities Find Sparks Controversy
ARCHAEOLOGY

No tablets? Iraqis say they found only bricks such as this one at Eridu.
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Data From Pesticide Tests OK’d
The Environmental Protection Agency (EPA)
can use nine studies in which humans were
intentionally dosed with pesticides in its
decisions this year about reregulating the
chemicals, a new advisory board has concluded.
Activists have complained for years about the
ethics of intentional-dosing studies (Science,
1 January 1999, p. 18), and in 2004, a report
by a National Academies’ National Research
Council panel called for the review board.

Meeting last week for the first time, EPA’s
Human Studies Review Board was charged by
the agency with examining 11 studies for
scientific merit and whether there was “clear
and convincing evidence that the research was
intended to seriously harm participants or
[purposely] failed to obtain informed con-
sent.” The 16-member group found no such
flaws but rejected two studies as scientifically
inadequate; it will meet again in May and
June to review more studies.

Jennifer Sass of the Natural Resources
Defense Council in Washington, D.C., says all
11 studies have some ethical flaws, such as
possibly harming subjects, and shouldn’t be
used by the agency. But she’s pleased that the
board will use a higher standard when it vets
protocols for proposed research.

–ERIK STOKSTAD

Venus Rendezvous Succeeds
European Space Agency officials breathed a
sigh of relief this week after their Venus
Express spacecraft entered a highly elliptical
orbit around Venus. Similar although riskier
maneuvers have failed at Mars, and ground
controllers at the European Space Operations
Centre in Darmstadt, Germany, were relieved
by the 10 April milestone. The 50-minute
rocket burn that put the craft into orbit
around Earth’s planetary neighbor was con-
sidered the most dangerous part of the mis-
sion after the launch, 5 months ago.

The $260 million spacecraft will conduct
climate and atmospheric studies of the
planet’s surface in unprecedented detail
using ultraviolet and visible light, radar, and
infrared cameras. Magnetometers and spec-
trometers will study the effects of solar winds
on the atmosphere. 

Everyone is “very pleased,” says Fred Taylor
of the University of Oxford, U.K., one of the
founders of the mission. The first set of data
from Venus Express is expected in about 
a month.

–GOVERT SCHILLING AND 

LAURA BLACKBURN

SCIENCESCOPE

With oil prices approaching $70 a barrel and
long-term oil supplies in doubt, researchers
are scrambling to come up with fresh sources
of transportation fuel. Now, chemists report a
reaction that could squeeze fuel out of the
waste from oil refineries.

When energy companies ref ine oil into
gasoline, they break down or “crack” long-
chain hydrocarbons in oil into medium-sized
ones that make up an easily flowing liquid.
But the process also generates many short
and relatively inert hydrocarbons called al-
kanes that are far less useful. On page 257,
researchers led by Alan Goldman, a chemist
at Rutgers University in Piscataway, New Jersey,
and Maurice Brookhart of the University
of  Nor th Carolina (UNC),
Chapel Hill, unveil a combina-
tion of two catalysts that can
stitch together some of those
short alkanes to make an ideal
transportation fuel. Down the
road, the catalysts could work
the same magic on hydro-
carbons from sources as diverse
as renewable biomass, coal,
and tar sands. 

“It’s a very clever idea,” says
Robert Bergman, a chemist at
the University of California,
Berkeley. Bergman notes that
researchers have been develop-
ing both types of catalysts inde-
pendently in recent years. But
this is the first time they’ve been
paired. The new catalysts still work too slowly
for large-scale use, Bergman says, but they
probably can be improved: “I don’t think this
will be an industrial process tomorrow. But
conceptually, it is important.”

Stitching short alkanes together is usually an
arduous task, in part because both their carbon-
atom “backbones” and the hydrogen atoms
sprouting from them are attached by strong sin-
gle bonds. So the Goldman and Brookhart
groups began by looking for a way to convert
alkanes into more-reactive compounds. The
Rutgers and UNC labs had developed a class of
compounds called dehydrogenation catalysts
that can do that. But the compounds produced,
called olefins, slow down the catalysts. The
researchers hoped to solve that problem by
adding a second set of catalysts that would take
olefins out of the system.

The team turned to compounds that pro-
mote a reaction known as olefin metathesis.
Last fall, three researchers in the United

States and France won the Nobel Prize in
chemistry for developing these catalysts,
which are now widely used to link olef ins
together to make everything from plastics to
pharmaceuticals. The catalysts grab on to two
olefin molecules at a time and rearrange the
number of carbon atoms in them. Starting
with hexane, a six-carbon chain, the researchers
found that they could generate a wide range
of compounds, including hydrocarbons up to
18 carbons long. One catalyst combo yielded
primarily 10-carbon chains, an ideal compo-
nent of ultraclean diesel. 

The new catalytic duo is still much too
slow to compete with commercial petro-
chemical catalysts. Goldman suspects that

par t  of the problem is that  the olef in
metathesis catalysts can break down under
the 125° to 175°C temperatures in their reac-
tor. The team is working to make them more
stable at high temperatures.

Another “especially interesting” path forward
could be to use the new catalysts to convert
agricultural waste into liquid fuels, says James
Dumesic, a chemist at the University of Wis-
consin, Madison. Two years ago, Dumesic’s
group came up with a catalytic duo that can
transform a derivative of glucose—a chief com-
ponent of plant matter—into hexane. The new
work shows that it’s possible to convert hexane
into the hydrocarbons in gasoline and diesel. If
the two processes can be put together and made
commercially viable, the combination could
offer energy companies a way to produce gaso-
line from plant wastes. That could transform
gasoline into a form of renewable energy and
dramatically change the world’s long-term
energy outlook. –ROBERT F. SERVICE

Catalyst Combo Offers New Route for
Turning Waste Products Into Fuel

CHEMISTRY

Union organizer. New catalysts that link short hydrocarbons may one
day transform gasoline and diesel into renewable fuels.
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Australia’s Proposed U.K.-Style Merit Ranking Stirs Debate
MELBOURNE—Australia is considering a
radical overhaul of the way it allocates funds to
universities and research institutions. But some
academics worry that the changes, proposed in
March by an expert panel, could be costly with-
out significantly improving basic research.

The so-called Research Quality Frame-
work (RQF) would rate all publicly funded
research institutions and award block grants
based on a new formula. Critics note that the
United Kingdom, which pioneered a similar
system, is now debating whether to scrap it
because it is seen as unduly complex (Science,
31 March, p. 1848). The new Australian sys-
tem could go into effect as early as 2008.

There’s no doubt that RQF would have
“dramatic effects” on universities, says
Bradley Smith, a spokesperson for the Feder-
ation of Australian Scientific and Technologi-
cal Societies (FASTS), which supports the
concept of the framework but worries that its
methods may be flawed. “It will drive the
stronger groups and destroy the weak ones,”
says Smith. Adds Judith Whitworth, director

of the John Curtin School of Medical
Research in Canberra: “We all agree that
scarce resources need to be focused and that
quality needs to be measured,” but “the devil
lies in the detail.” 

Some $614 million of the Australian gov-
ernment’s current $4.4 billion investment on
research comes in the form of block grants to
38 universities and research institutes. In 2004,
then–Education Minister Brendan Nelson said
it was time to develop a better rationale for
allocating the money, which critics say is
spread too thin. Physicist Gareth Roberts,
president of Wolfson College at the University
of Oxford and architect of the U.K.’s Research
Assessment Exercise, led an advisory group
that produced the RQF.

Government block grants are now awarded
based on measures of productivity such as the
number of publications and Ph.D. students
completing degrees at an institution. The pro-
posed RQF would use a system of peer review
to assess research quality and add another
parameter: “impact,” which would take account

of social, environmental, and economic divi-
dends. But some scientists worry that too much
emphasis on impact could favor applied
research at the expense of academic research.

There is also concern that the framework
plan will impose a corporate, target-oriented
culture onto the academic research sector.
“We cannot set targets. We cannot say that
next year we are going to produce 10 papers,
and we are going to get x amount of funding
from the outside,” says Patricia Vickers-Rich
of Monash University’s School of Geo-
sciences. Virginia Walsh, executive director of
the Group of Eight Universities (Australia’s
major universities), says, “There’s no way
we’d do justice to all the disciplines” if the
government were to adopt the panel’s pro-
posal to have a dozen peer-review committees
when the U.K. system used 67.

An advisory group headed by Australia’s
chief scientist Jim Peacock is expected to report
by June on the weighting factors and other issues.

–ELIZABETH FINKEL

Elizabeth Finkel is a writer in Melbourne.
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The Bush Administration’s plans
for a grand research program
aimed at eventually recycling
nuclear waste aren’t ready for
prime time, legislators said at a
pair of hearings last week. But they
seem willing to support at least
most of the $250 million price tag
for next year.

Dubbed the Global Nuclear
Energy Partnership (GNEP), the
program was launched in February
as a high-tech effort to expand
nuclear power globally. At its tech-
nical core is a move to reprocess
nuclear waste to extract fuel to be
burned in so-called fast reactors.
But although scientists are hashing
out the particulars—researchers
from nine Department of Energy
(DOE) national laboratories met
last week in Salt Lake City, Utah, to put
together a research plan—the lack of detail is
frustrating lawmakers.

“Why doesn’t Congress know more about
[GNEP]?” asked Michael Simpson (R–ID) at a
5 April meeting of the House Appropriations
Energy and Water subcommittee, which funds

DOE’s civilian research programs. (The next
day, a panel of the House Science Committee
held another hearing on the project.) Simpson
supports GNEP, but he’s unhappy that DOE
Assistant Secretary for Nuclear Energy Dennis
Spurgeon couldn’t provide a road map for the
project that includes estimates of foreign contri-

butions and full costs. Outside scientists are as
flummoxed as policymakers. “I’m not sure any-
body really knows what GNEP is,” says nuclear
engineer and longtime DOE grantee Denis
Beller of the University of Nevada, Las Vegas.

Part of the rationale for GNEP is to reduce the
volume of waste that will require
long-term storage. The government
is responsible for disposal of some
55,000 metric tons of spent fuel rods
at U.S. sites, but its designated
repository—at Yucca Mountain in
Nevada—isn’t expected to open
before 2020 and is expected to reach
its legal capacity by then.

Subcommittee Chair David
Hobson (R–OH) added nonbinding
language to a spending bill last year
instructing DOE to develop chemi-
cal reprocessing facilities that would
extract fuel to be used in current U.S.
reactors—a move DOE says would
reduce the volume of wastes des-
tined for Yucca by an estimated 10%.
Now Hobson wants any reprocess-
ing facilities DOE builds to offer
storage for spent fuel rods. But DOE
says it cannot legally hold the waste

in such facilities. And DOE officials argue that
burning recycled fuel in fast reactors would
increase Yucca’s capacity by at least sixfold.  

GNEP’s opponents, such as Tom Cochran
of the Natural Resources Defense Council in
Washington, D.C., say the dismal record of fast
reactors abroad—the Monju reactor in Japan

DOE Asked to Fill in the Blanks on 
Fuel Recycling Research Plan

NUCLEAR POWER

Hurry up and waste. The Energy Department’s new research program is affected
by prolonged delays in the Yucca Mountain repository.
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has yet to restart after a 1995 sodium fire—
should be a lesson for DOE. And IBM physicist
Richard Garwin, who supports an expansion of
nuclear energy, told Science Committee Energy
Subcommittee Chair Judy Biggert (R–IL) that
DOE’s plan to do detailed systems and cost
analysis in parallel with GNEP was akin to
“driving without a map.” Garwin also critiqued
DOE’s initial focus on the reprocessing of
waste; he says showing that a fast reactor can be
economical and safe is more important.

GNEP technical manager David Hill says an
outline of the research plan hashed out at the Salt
Lake City meeting should be available soon. And
DOE manager Shane Johnson says the depart-
ment would consider Garwin’s advice to save
money by scaling back recycling performance
goals “if upon further investigation, that was
[found to be] the correct form of action.” Such
flexibility is exactly what Congress hopes to see
as it mulls DOE’s latest project.

–ELI KINTISCH
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Apes to Retire in Style
AMSTERDAM—Eighty-one chimps living at
Europe’s last remaining ape colony for biomed-
ical research will retire later this year—but not
under the Spanish sun, as previously planned.

Last week, the Dutch government said that
28 HIV-infected animals from the Biomedical
Primate Research Centre in Rijswijk will go to
a facility operated by AAP, a Dutch founda-
tion, as planned. But the government can-
celed a plan to house 33 healthy chimps in a
proposed AAP resort near the Spanish coast
after the idea met with local opposition
(Science, 27 August 2004, p. 1227). Instead,
they will go to a “safari park” in Hilvarenbeek,
the Netherlands. The remaining 20 healthy
animals will go to a zoo in Amersfoort.

–MARTIN ENSERINK

Stalking Indian Ocean Illness 
PARIS—Responding to a major outbreak of
the crippling chikungunya virus on the island
of La Réunion (Science, 24 February, p. 1085),
the French government has announced the
creation of a new research and surveillance
center for emerging diseases in the Indian
Ocean. France has pledged a start-up budget
of $2.7 million, but details are still sketchy.
“My dream is that it will be open for
researchers from around the world,” says
Antoine Flahault, who coordinates France’s
chikungunya research program. With an inter-
national scope and sufficient funding, the cen-
ter could fill an important need, says epidemi-
ologist Mark Wilson of the University of
Michigan, Ann Arbor.

–MARTIN ENSERINK

Pittsburgh Goes Italian 
The University of Pittsburgh Medical Center
(UPMC) has joined the Italian government
and its National Research Council to build a
$398 million Biomedical Research and Bio-
technology Center in Palermo, Sicily. The center
will host as many as 600 researchers focused on
medical imaging, regenerative medicine, vac-
cine development, and computational biology.
It will expand on the connections UPMC has
established with Palermo through its ISMETT
organ-transplant hospital, founded in 1997.

ISMETT Director General Bruno Gridelli
says the center, funded by Italy and managed
by UPMC, will provide opportunities that
today are only available abroad. “We will have
the control we need to make it work,” says
UPMC medical school dean Arthur Levine. The
new research center will begin hiring this
year, and the building is expected to be
completed in 2011. –JACOPO PASOTTI

SCIENCESCOPE

Congress Weighs Steps to Retain Foreign Talent
Fu Chiu spent months looking for a job as a
technology transfer specialist with a U.S.
biotech company after he received his Ph.D. in
molecular biology from the University of Illi-
nois, Urbana-Champaign. But the native of
China couldn’t hang around the United States
indefinitely, because his student visa expired
1 year after his 2003 graduation. So Chiu
crossed the Atlantic to work for a U.K. govern-
ment–funded organization, then headed home
to China to join a biotech firm in Shenzhen
that specializes in gene therapy. 

U.S. academic and business leaders have
lobbied hard to include reforms in several
pending bills that would make it
easier for highly skilled for-
eigners like Chiu to stay. Such
reforms are needed, they argue,
if the country is to compete
effectively in today’s global
economy. Last week, they lost
their best chance to date to see
them enacted, however, when a
bipartisan immigration reform
bill stalled in the U.S. Senate.
But supporters haven’t aban-
doned hope: They expect the
issue to be back on the table
when Congress returns later
this month. 

One key provision in the
failed immigration bill would
have granted automatic perma-
nent residency, or “green cards,” to foreign stu-
dents like Chiu who find a job in their field.
Other measures include increasing the cap on
H-1B visas—temporary visas for skilled work-
ers—from the existing 65,000 to 115,000 annu-
ally, with a built-in provision to add 20% if the
quota was filled in the preceding year, exempt-
ing spouses and minor children of foreign
workers from this cap, and increasing the
annual employment-based green card cap from
140,000 to 290,000 (see table, above). (Under
current rules, foreign workers need their
employers to sponsor them for a green card. The
entire process can take several years.)

“There’s a growing realization that this issue

is not about immigration but about competitive-
ness,” says Bill Bates, vice president for govern-
ment affairs at the Washington, D.C.–based
Council on Competitiveness. “The prospects for
some of these measures going through are defi-
nitely bright.” A cluster of bills introduced in
January by senators Lamar Alexander (R–TN)
and Jeff Bingaman (D–NM) (Science, 3 Febru-
ary, p. 594), and an upcoming measure spon-
sored by Senator John Cornyn (R–TX), may
provide a home for such measures. 

There is sharp disagreement on what those
measures would do to high-tech employment,
however. Ira Mehlman of the Federation for

American Immigration Reform (FAIR) in Wash-
ington, D.C., which opposes the measures, says
increasing high-tech immigration would dampen
interest by native-born Americans in science and
engineering by increasing the competition. That,
in turn, depresses wages, he believes.

But Ralph Wyndrum Jr., president of the
Institute of Electronic and Electrical Engineers-
USA, thinks permanent residency will free
well-trained foreign students from the limita-
tions imposed by an H-1B visa and bolster
salaries. “These people will be able to go
around shopping for the best jobs,” Wyndrum
says. “The free market shall prevail.”

–YUDHIJIT BHATTACHARJEE

U.S. IMMIGRATION
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NEWS OF THE WEEK

The meter-tall australopithecine named Lucy
has reigned for 30 years as the world’s most
famous human ancestor. But who were Lucy’s
ancestors? A series of fossils from a stack of
sediments more than a kilometer high in
northeastern Ethiopia now helps prove what
many researchers had suspected: that Lucy’s
species, Australopithecus afarensis, evolved
from a 4-million-year-old upright hominid
called Australopithecus anamensis.

The discoverers of the new fossils, who

present their f inds in this week’s issue of
Nature , also propose that an even older
hominid called Ardipithecus, whose bones
were found closer to the base of the rock lay-
ers, was the most likely ancestor of A. anamensis
and all later australopithecines. Thus, they
claim a three-part evolutionary series of
human ancestors in a single river valley.

Many researchers are now convinced that
A. anamensis was the long-sought ancestor of
A. afarensis, which ranged across east Africa

from 3 million to 3.6 million years
ago. “It’s clear you can see the
trend over time from A. anamensis
to A. afarensis,” says paleontolo-
gist Alan Walker of Pennsylvania
State University in State College.
But he and others aren’t sure about
Ardipithecus as direct ancestor of
australopithecines. “It has been
postulated but not demonstrated,”
says paleoanthropologist William
Kimbel of Arizona State Univer-
sity in Tempe.

Researchers from the inter-
national Middle Awash research
project, co-led by Tim White of
the University of California,
Berkeley, found fossils of the
three species in the Middle Awash
valley over the past 12 years. In
one area, they found the newly
described A. anamensis fossils,

including jaws, teeth, a f inger, a toe, and a
thighbone, directly below a younger rock
layer containing A. afarensis fossils. The
fossils confirm that A. anamensis’s teeth and
jaws were more primitive than those of
A. afarensis, but the thighbone, the first from
this species, was more like Lucy’s species,
suggesting upright walking, says White.

That f its with Kimbel’s independent
analysis of fossils from Kenya and Tanzania,
to be published this spring in the Journal of
Human Evolution. His team found that key
skull and teeth traits support A. anamensis as
A. afarensis’s ancestor.

At another site, the Middle Awash team
found a jawbone of A. anamensis just 80 meters
above a 4.4-million-year-old layer with fossils
of Ardipithecus ramidus. Changes in the teeth
and skull, such as canines that get smaller,
suggest that the two may have been members
of a single lineage that evolved between
4.4 million and 4.2 million years ago, rather
than separate lineages. However, “testing these
hypotheses will require additional fossils from
other sites,” admits White. 

Others agree. “I don’t think that the pub-
lished evidence shows [the link between
A. ramidus and A. anamensis] very convincingly,”
says zoologist Meave Leakey of the National
Museums of Kenya. Stay tuned: The discovery
last year of another 4-million-year-old skeleton
and more fossils of Ardipithecus under study
could provide the missing data. –ANN GIBBONS

Fossils Clinch Identity of Lucy’s Ancestor
PALEOANTHROPOLOGY

If only other organs had the regenerative power
of the liver. Surgeons can remove more than
two-thirds of the organ, and within weeks, it will
regrow to its previous size. Scientists so far have
found at least a dozen signals that seem to play a
role in such regeneration, and now two groups
have identified two new and unexpected players. 

On page 233, scientists reveal that the
concentrations of bile acids in the liver help
control both the start and end of liver regener-
ation. And last week, a different research team
published evidence that the neurotransmitter
serotonin also governs the liver’s regrowth
(Science, 7 April, p. 104). 

Serotonin is best known for its role in the
brain; the family of antidepressants that
includes Prozac works in part by influencing
the brain’s serotonin levels. But serotonin
can also prompt cell division. Pierre-Alain

Clavien of the University Hospital of Zurich,
Switzerland, and his colleagues showed that
knockout mice lacking the chemical had dras-
tically reduced ability to regenerate their livers
in response to partial surgical removal. That
capacity was restored when the scientists gave
the animals a serotonin precursor. A compound
that triggers the serotonin receptor likewise resur-
rected the animals’ regenerative powers.
Clavien and his colleagues suggest that such
molecules might speed regeneration in liver
transplant patients.

The unexpected discovery that bile acids
influence liver regeneration may provide as
much insight into how the process ends as how
it starts. These acids seem to tell the body when
the organ is big enough to do its job. A healthy
liver removes bile acids from the blood. The
acids help digest fats, but they are toxic outside

the digestive system. David Moore of Baylor
College of Medicine in Houston, Texas, and his
colleagues found that when mice ate diets rich in
the bile acid cholic acid, their livers regenerated
faster than did those of control mice following
surgical removal of most of the organ. Mice fed
a diet that lowers bile acid levels did not regener-
ate their livers as quickly as controls did. 

The effect seems to involve the bile acid
receptor called FXR; mice lacking FXR took
much longer to begin regenerating their livers.
Moore and his colleagues propose that FXR
keeps tabs on the level of bile acids passing
through the liver. If the liver isn’t keeping up, the
molecular sensor triggers the proliferation of
new hepatocytes until the organ can handle the
bile acid load, he says. 

Both finds highlight that the liver has over-
lapping systems that can trigger regeneration in
response to a variety of problems, says George
Michalopolous of the University of Pittsburgh
Medical Center in Pennsylvania. “There’s a
tremendous amount of redudancy,” he says. Liver
regeneration is “like a car with 20 cylinders. You
crank up the engine, all 20 cylinders fire. These
are cylinders 21 and 22.” –GRETCHEN VOGEL

Two Unexpected Players Add Twists 
To Liver’s Comeback Story

DEVELOPMENT

Family relations. A jawbone of Lucy’s species (left) resembles that
of its ancestor, Australopithecus anamensis (center), compared to a
modern chimp (right). YYePG Proudly Presents, Thx for Support
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MEETINGBRIEFS>>

Life is slow at Earth’s extremes—buried for mil-
lions of years beneath kilometers of cold ocean
mud, say, or sweating out the heat in ancient rock
3 kilometers down in South Africa. Really, really
slow. So slow, a new measurement suggests, that
a substantial number of subsurface microbes
might be surviving solely by consuming a prod-
uct of feeble radioactive decay lingering from
before Earth’s formation. Even life on Mars, if
any exists, could be hanging on
beneath the martian surface living
off such radiolysis.

At the meeting, geochemists
Arthur Spivack, Guizhi Wang, and
Steven D’Hondt of the University of
Rhode Island (URI), Narragansett,
explained how they used variations
in the chemistry of 400 meters of
cored sediment to gauge the pace of
life beneath the sea floor of the east-
ern equatorial Pacific. Microbes
there make a living by oxidizing
organic matter—which was buried
up to 12 million years ago—while
chemically reducing sulfate, iron,
and manganese. By tracking the
changing concentrations of the
carbon dioxide produced and the
sulfate, iron, and manganese con-
sumed with increasing depth
beneath the sea floor, the URI group
could calculate the rate of those
reactions and thus the rate at which
microbes could extract energy from
them. Dividing by the number of
cells seen in the sediment yields the
rate at which a cell uses energy.

In the old and cold muds of the

eastern equatorial Pacific, microbes “are uti-
lizing very, very low levels of maintenance
energy,” said Spivack. The rate comes to 2.8 ×10–16

kilojoules per cell per year, or 10,000 times
lower than energy consumption in a slow-
living bacterial culture in the laboratory. At
that rate, sediment microbes are certainly not
“thriving,” as the headlines often have it. They
may not be doing any more than repairing the

inevitable molecular decay due to radiation
damage and the passage of time.

Such slow-mo microbes may point the way to
creatures that live entirely “off the grid,” inde-
pendent of the energy the sun supplies by means
of photosynthesis. One way to live sun-free
would be to consume the hydrogen gas generated
when rock’s natural store of radioactive uranium,
thorium, and potassium decays and splits water
molecules (Science, 28 February 2003, p. 1307).
The URI group calculates that marine sediment
in another core has enough natural radioactivity
to “feed” 10% of the microbes there. In mid-
ocean sediments, which have much less organic
matter, radiolysis may be the dominant energy
source, they say. And a Mars soil, they calculate,
could support a respectable 10,000 cells per
cubic centimeter on radiolysis alone.

To astrobiologist Tori Hoehler of NASA’s
Ames Research Center in Mountain View, Cali-
fornia, the vanishingly slow pace of life in deep-
sea sediments is a vivid reminder that “there are
energetic boundary conditions to the survival of
life.” It’s all well and good to find signs of past
water on Mars, he says, as at the Opportunity
rover landing site, but NASA needs to “follow the
energy” as well. As the new sediment work
shows, that could be a far greater challenge.

–RICHARD A. KERR

Life Slow Enough to
Live on Radioactivity

ASTROBIOLOGY SCIENCE CONFERENCE 2006  |  26–30 MARCH  |  WASHINGTON, D.C.

In the beginning, Darwin posited a “warm little pond”
where life’s chemical starting materials and then life
itself first appeared. But lately, prebiotic chemists
have favored sea-floor hot springs as the site where
simple carbon compounds merged into the complex
ones needed to begin life. At the meeting, prebiotic
chemist George Cody warned that deep-sea hot
springs couldn’t have produced all of the necessary
components. Instead, the final assembly of molecules
leading to life must have happened somewhere
between deep-sea vents, warm little ponds, and any
number of other chemical stew pots.

Cody, who works at the Carnegie Institution of
Washington’s Geophysical Laboratory in Washington,
D.C., has been a central player in the search for high-
temperature and high-pressure reactions that produce
the basic biochemistry of life. He’s had some success
producing carboxylic acids, key intermediates in
sequences of biochemical reactions that extract
energy from sugars. Metal sulfides commonly found in
hot spring rocks make particularly good catalysts for
such reactions, he found. And in other hydrothermal
reactions, adding ammonia to the mix results in a vari-
ety of amino acids. But it takes unfamiliar starting

components to get the metabolic intermediates, and
the amino acids produced are not usually the ones life
prefers. Worst of all, important sugars and nucleo-
bases fall apart under hydrothermal conditions.

Submarine hot springs no doubt could have played
a role in brewing the primordial soup that gave rise
to life, Cody said, but other environments must have
contributed too. “If I said it all happened in hydro-
thermal vents, that won’t move this field ahead,” he
says. “Thinking more globally could open up some-
thing.” Perhaps the real action came along continental
margins, he said. There, prebiotic compounds from
deep-sea vents rose to meet drainage from the land’s
warm little ponds and fallout from atmospheric reac-
tions triggered by lightning and sunlight. “This is a very
good approach, quite novel,” says organic chemist Vera
Kolb of the University of Wisconsin, Parkside. “People
get bogged down with the particular conditions they’re
studying, but he wasn’t pushing his own work.”

Such a “global origin” scenario, however, would
make it less likely that life arose elsewhere in the
solar system, Cody says. The subsurface oceans on the
icy moons Europa and Enceladus might not have
offered the required diversity of environments. And
Mars may not have had even a short-lived ocean.

–R. A. K.

Diversity Before Life

Muddy haul. Microbes in deep-sea sediment cores
lived very slowly.
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HOMYEL, BELARUS, AND CHORNOBYL,
UKRAINE—In a cavernous marketplace, radi-
ologist Alla Oplachikova strides past stalls with
slabs of beef and pork dangling from hooks,
past canvas sacks brimming with grains and
dried fruits, and makes a beeline for the produce
section of the Central Bazaar in Homyel.* She
stops at one vendor, flashes her badge, and picks
a handful of mushrooms. “For analysis,” she
tells the seller, then whisks the samples to a
room at the back of the hall.

Every morning, Oplachikova’s dawn patrol
swings into action. As trucks roll into the bazaar,
her team scans goods with a Geiger counter.
“We measure every shipment,” she says. For
good reason: 20 years ago this month, the
Homyel region was drenched with radioactivity
from an explosion at the nearby Chornobyl
nuclear power plant. The aftereffects of the infa-
mous disaster are still being felt here in southern
Belarus, where levels of two radionuclides—
cesium-137 and strontium-90—will remain
high, in patches, for decades.

The threat of contamination keeps the
Homyel rad-rangers on their toes. Oplachikova
puts some mushrooms in a gray, lead-lined
brick box wired to a radiometer and eyes the
needle. A feeble tremor indicates that it’s safe
to eat. A few years earlier, she says, a fillet of

wild boar drove the needle off the scale. “It’s
dangerous to handle that kind of sample,”
Oplachikova says. “But we get paid extra.”
Impounded food is buried, and tainted milk is
diluted to acceptable levels of radioactivity
and sold to consumers, she says. In recent
months, her team has flagged only a few
risky shipments. “The trend is getting better,”
she says.

As the years have passed since the world’s
worst nuclear accident spewed fallout across
Europe, the hardest-hit regions in Belarus,
Russia, and Ukraine are slowly healing. In
Belarus, fields are fertilized and limed to
expel or bind radionuclides before sowing
crops. Elderly evacuees have reclaimed
their homes. And later this year, work will
begin on a massive structure to isolate
Chornobyl’s destroyed reactor from the envi-
ronment, permitting safe dismantlement and
disposal of its toxic innards. 

But scars run deep among the survivors.
For some, Chornobyl was a death sentence:
According to a U.N. report issued last Sep-
tember, an estimated 4000 people are
expected to succumb to fallout-induced can-
cers, in line with predictions from studies of
the survivors of the atomic bombs dropped on
Hiroshima and Nagasaki (Science, 9 Septem-
ber 2005, p. 1663). Some experts have chal-
lenged that figure, contending that the cancer
toll could climb into the tens of thousands.

“There are many uncertain-
ties. Nobody can say the exact number,” says
Shunichi Yamashita, a radiation expert at the
World Health Organization (WHO) who has
studied Chornobyl victims for 15 years and
affirms that the effects of low-dose radiation
are diabolically hard to pin down. However,
Yamashita believes the ultimate figure will be
closer to the U.N. figure.

For many victims, life goes on—but with
complications. Studies point to an elevated inci-
dence of cataracts; anxiety and depression,
linked to brooding over an invisible threat, are
rampant. Some scientists in Belarus claim to C
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* Post-Soviet spellings are used throughout: Homyel 
(formerly Gomel), Chornobyl (Chernobyl), and Kyiv (Kiev).
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Return to the Inferno:
Chornobyl After 20 Years

As health experts track the diseases caused by the world’s
worst nuclear accident, engineers prepare to slide a 
monumental tomb over the burnt-out reactor
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have detected a rise in birth defects since the
accident, although the general consensus is that
this is an artifact of better reporting. Still, many
agree that the story of Chornobyl-inflicted
diseases is still unfolding. Says
oncologist Alexey Okeanov of
the International Sakharov Envi-
ronmental University in Minsk,
“Belarus is one big laboratory.”

First wave
In a grassy f ield, row upon
ragged row of derelict vehicles
used in the emergency are
decaying in the Exclusion
Zone, a Luxembourg-sized
area around Chornobyl that’s
deemed uninhabitable for
people of reproductive age or
younger. The scene attests to
the scale of the unparalleled
operation 2 decades ago to sti-
fle the burning nuclear reactor.
From a 3-meter-tall viewing
platform, you can see the mot-
ley assemblage of 2000 trucks,
f ire engines, armored bull-
dozers, and hulking gray mili-
tary helicopters parked in front
of a pine forest that’s too dangerous to enter
without protective gear.

The fatal events are now part of nuclear
lore. In the early morning of 26 April 1986,
Chornobyl’s number four reactor exploded after
a botched safety test, killing two technicians and
exposing 28 other workers and firemen who
raced to the scene that night to a lethal blast of
radiation. The reactor burned for 10 days, dis-
gorging 400 times the radioactivity released by
the Hiroshima bomb.

In a secret operation, the Soviet military
dispatched hundreds of thousands of “liq-
uidators”—mainly soldiers, scientists, and
engineers—to smother the fire in the reactor
core, consolidate radioactive waste in several
hundred dumps in the Exclusion Zone, and
build a concrete-and-steel sarcophagus, now
known as “the shelter,” over the destroyed
reactor building. Each morning, as liquidators
boarded buses from camps on ter ritory
deemed clean, they received a calming (and as
many Soviet scientists believed, protective)
glass of red wine, says Galina Lyatusova, a
physician who headed a first aid station for
liquidators in 1986 and now monitors the
health of plant workers and scientists in
Chornobyl village. 

Of the 600,000 registered liquidators, about
a third were deployed in the first months after
the accident, the high-risk period. “We could

see the influence of radiation on their blood,”
Lyatusova recalls. “Their white blood cells
were dropping. If the counts got too low, we
wouldn’t let them go to work the next day. The
sickest people tried to go home. I don’t know if
they made it.” Only in the spring of 1988 did the
Soviet government declassify information on
Chornobyl research and cleanup operations.

To find out
precisely how
much radiation the
liquidators absorbed,
Vadim Chumak of the Sci-
entif ic Center of Radiation
Medicine in Kyiv and his col-
leagues in the mid-1990s began
exploiting a reliable chronicle of dose:
teeth. Their technique measures the warping
of tooth enamel inflicted by radiation,
detected in electron paramagnetic reso-
nance. “Instead of throwing the teeth in the
wastebasket, the dentists send them to us,”
Chumak says; 6000 have been collected in
Ukraine so far. After accounting for back-
ground radiation, including dental x-rays,
they’ve concluded that liquidators generally
received smaller doses than Chornobyl
records indicate. 

Chumak and his colleagues on the
Ukrainian-U.S. team have found that
cataracts, a hallmark affliction of Japanese
atomic bomb survivors, are more prevalent
among liquidators who received higher
doses. And he says they have “some indica-
tion” of a small number of cases of radiation-
induced leukemia among liquidators,
although the analysis is not yet complete. An
earlier study in Russia, however, failed to
detect a heightened leukemia risk, although it

did report high rates of stroke, high blood
pressure, and digestive disorders. Okeanov,
meanwhile, asserts that liquidators are far
more likely to contract lung cancer. It may
take years to sort through the conflicting
claims, says Yamashita: “This high-risk
group needs to be closely monitored.” 

Discerning health effects among the
general population is even
trickier. The radiation “sig-
nal” is weak, easily swamped
by other factors that degrade
heal th ,  such as  smoking,
alcoholism, and poor nutri-
tion. “There remains a lack of
evidence of any measurable
effect of Chernobyl radiation
exposures on solid cancers in
the general population except
for childhood thyroid can-
cer,”  notes  the September
2005 report from the U.N.’s
Chernobyl Forum.

C h i l d r e n
were hardest hit. The

presence of radioactive
iodine-131 in fallout led to an

epidemic of thyroid cancer in
children: some 4000 cases to date, including
nine deaths (Science, 20 April 2001, p. 420).
Belarus was totally unprepared. “We didn’t get
any notice about the Chornobyl accident,”
says Jacov Kenigsberg, chair of the National
Commission of Radiation Protection in
Minsk. Kept in the dark in the crucial f irst
days after the accident, Belarusian officials
did not begin to distribute iodine pills to
children and evacuate hard-hit villages until a
week after the accident—“too late,” Kenigsberg
says. The developing thyroid gland absorbs
iodine like a sponge; taking stable iodine as a
pill blocks the uptake of the hazardous
radioisotope, which has a half-life of 8 days.
Children exposed to the highest levels of
iodine-131, mainly through milk, suffered
irreparable harm to their thyroids. 

Despite the fallout cloud’s huge footprint,
studies have not established a link between
Chornobyl and noncancer illnesses. But
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No-go zone. A Ukrainian officer controls access to
villages near Chornobyl after an explosion ripped
apart the nuclear power plant in 1986.

A sheltering sky. Work is about to start on a steel arch—
the world’s biggest movable structure—to cover the
disintegrating shelter now enclosing the ruins.
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anecdotal data abound. Through-
out the 1990s, doctors in Homyel
and other contaminated regions
registered increases “in all kinds
of diseases,” from heart disease
to endocrine and nervous system
disorders—many lacking a plau-
sible mechanistic link to radia-
tion, says Valery Gurachevsky, a
physicist who chairs Belarus’s
Committee for the Consequences
of the Chernobyl Catastrophe.
“This is a big riddle.” The likeli-
est explanation, he argues, is
that a grab bag of woes—from
pollution to lingering stress—
has eroded public health. “So
far, almost no serious research
has been done on noncancer
health effects,” says Okeanov.
“Medical science says the danger is not that
high, the situation is under control. But we need
thorough studies.” 

A monumental task
In a bunkerlike office deep inside the Chornobyl
shelter, Pyotr Lyushnya, a plant engineer, points
to a diagram on the wall, a blueprint of the
several-story reactor complex marked with
radioactivity levels. The hottest recorded spot
could deliver a lethal dose in minutes. The
shelter’s high humidity, from leaks of rain and
melting snow, rusts the debris core, a hardened
mixture of building materials and melted nuclear
fuel, including about 180 metric tons of uranium.
Dust in the building is studded with hot particles—
radioactive howitzers that can riddle internal
organs with alpha or beta particles. Lyushnya
admits that this preternatural environment can be
nerve-wracking, especially when he’s the only
one working the night shift. “It’s natural to feel
creepy,” he says, “when you have
to make trips by yourself into the
destroyed rooms.”

All work in the shelter is now
focused on one goal: keeping
the frail structure intact until a
massive enclosure can be slid
over it. After 10 years of arduous
negotiations, construction of
the $800 million New Safe
Conf inement (NSC) is set to
start later this year. Two inter-
national consortia with Ukrainian
partners—one led by CH2M
Hill, the other by Novarka—are
bidding for the contract. A deci-
sion is imminent, officials say.

Billed as the world’s largest
movable structure, the NSC is

conceived as a steel lid 150 meters long and
100 meters high—taller than the Statue of
Liberty. Its construction presents unprecedented
perils. “There are very many interesting engi-
neering problems. Not everything has been
solved yet,” says Nikolai Steinberg, an official
with the Ministry of Fuel and Energy of Ukraine
who helped design the original shelter. After the
accident, fuel elements and waste were buried
haphazardly and will pose a risk during excava-
tions for the NSC’s foundations, says Serge
Gronier, an engineer with Electricité de France,
part of the NSC design consortium with Battelle
Memorial Institute in Richland, Washington,
Bechtel International Systems in San Francisco,
and the Chornobyl Nuclear Power Plant.

Originally, engineers proposed building
the NSC upright several hundred meters from
the shelter and sliding it into place, says Eric
Schmieman, a Battelle environmental engi-
neer who was involved in the NSC’s conceptual

design. Health physi-
cists knew that workers
at ground level would
be exposed to radiation
from buried materials
and to radiation ema-
nating from the shelter.
They were also con-
cerned about “sky
shine”: radiation ema-
nating from the roof
that’s reflected down-
ward by atmospheric
particles. “As you go
up in elevation, sky
shine becomes more
of a problem,” says
Schmieman. To reduce
dose (and the mundane
risk of falling), the NSC
will be constructed in
segments on the ground
and then hoisted up.

After completion, forecast for 2010, the NSC
will be slid on rails over the shelter. The unique
hazards won’t end there. It will be essential to
prohibit condensation on the inside of the NSC
to prevent corrosion of the steel frame, for exam-
ple. And air movement must be minimized to
avoid stirring up and resurrecting the bane of
shelter workers, radioactive dust. Calculating the
fluid dynamics of this unusual milieu is no mean
feat. “The modeling effort challenged the limits
of computational capacity available even at the
U.S. national laboratories,” Schmieman says.

Perhaps the biggest challenge will be to pick
apart and permanently entomb what remains
within the rickety shelter. Engineers will use
remotely operated cranes for the disassembly.
But the fuel-containing masses will stay put for
the time being. “The technology does not yet
exist to safely remove it,” Gronier says. With the
NSC designed to last at least a century, the hope
is that the fuel can eventually be moved to a deep
geological repository. That will be a problem for
the next generation to solve, he says. 

A generation hence, most people will only
vaguely recall one of the most notorious acci-
dents of the 20th century. Already, symbols of
the nightmare are disappearing. Most contami-
nated settlements in the Exclusion Zone have
been torn down; the timber and other building
materials have been buried in the sandy soil to
reduce the amount of radioactivity dispersed by
wildfires. The only indications of those former
villages today are grassy barrows topped with
yellow, triangular radiation-hazard signs.

In two generations, most of the radioactive
cesium and strontium will have decayed, and
most of the liquidators who put their lives on the
line will be gone. But the generation that experi-
enced the disaster is still haunted by memories.
“The true story of Chornobyl,” says Ronald
Chesser, a radioecologist at Texas Tech Univer-
sity in Lubbock who carries out studies in the
Exclusion Zone, “is the human tragedy.”

–RICHARD STONE

Ever vigilant. In Homyel’s Central
Bazaar, Alla Oplachikova prepares to
analyze mushrooms for radiocesium in
a lead-lined sample chamber (above).

“Enemy of the forest.” Near
Homyel, signs warn of the danger of
forest fires on contaminated land. YYePG Proudly Presents, Thx for Support
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ALMATY, KAZAKHSTAN—By the early 1990s,
much of the area around the northern end of
the Aral Sea had become a salt-encrusted
wasteland, desiccated by decades of ill-
conceived cotton irrigation. Some ecologists
seemed ready to write it off, but the World
Bank decided in 1999 to support a rescue
mission. Among other measures, the project
created a 13-kilometer dike designed to raise
the sea’s level and decrease its salinity.

Managers settled in for a long
haul, assuming that it would take up to
10 years for the water to rise 3 meters
and cover 800 square kilometers of
dry seabed (Science, 18 February
2005, p. 1032). They were wrong. Just
7 months after the dike’s completion,
the Small Aral Sea has reached the
target level, 42 meters above the level
of the Baltic Sea. Spare water is
already flowing through the spill-
way—evidence of what may become
one of the biggest reversals of an envi-
ronmental catastrophe in history. 

“We are very pleased,” says
Masood Ahmad, the World Bank
project coordinator. Looking back,
Ahmad points to several factors that
may have sped the project to an early
success. All relate to the health of the
Syr Darya River in the north, one of
Central Asia’s two great givers that
flow into the Aral Sea and sustain it.

The Syr Darya itself deterio-
rated in the years following the
collapse of the Soviet Union, as
barriers along its banks fell into
disrepair, lowering the amount of
water it could carry safely. Another
key problem, according to Ahmad
and other specialists, was that Kyrgyzstan took
an increasing volume of water during winter to
run power turbines. To avoid flooding the
eroded infrastructure downstream, this water
had to be shunted off into lakes along the river,
where it served no useful purpose. During sum-
mer, when the water level was naturally low,
more water was withdrawn for crop irrigation.
The result: Little water reached the sea.

Now, after several years of rehabilitation
work on dams, sluices, and barrages along the
Syr Darya in Kazakhstan, the river’s capacity has
been safely doubled to 700 cubic meters per sec-
ond, which allows nearly all of the water released
by Kyrgyzstan to reach the Aral, according to

Ahmad. The increased flow may eventually
bring enough water to the southern sea to slow
the decline there as well, Ahmad says.

Nikolai Aladin of the St. Petersburg Academy
of Sciences, a Russian biologist who has
been studying the sea for
nearly 3 decades, calls it
“a paradise in the desert.”
Even though it’s only
10,000 years old and

has no endemic species, the sea is exceptionally
rich in both biodiversity and biomass, he says.
And the Syr Darya River is home to one of the
world’s rarest sturgeon species, a half-meter-long
shovelnose. “The bigger water flow is going to
considerably increase the chances for recovery of
this evolutionary relic,” says sturgeon specialist
Phaedra Doukakis of the Pew Institute for Ocean
Science. “The way and the speed with which the
marine flora and fauna will expand with the
water will be very instructive for future rehabili-
tation projects,” says Aladin.

Residents of Aralsk, the Aral Sea’s main
northern port—built on the shore in the 19th cen-
tury—also have more than passing interest in sea

life. Aralsk once boasted one of the biggest
canneries in the Soviet Union. Lenin famously
asked Aralsk fishers to send 17 wagons of fish
to the front during the Civil War in the 1920s, an
event immortalized in a huge mosaic mural in
Aralsk’s train station.

But starting in the 1960s, the Soviet govern-
ment promoted the diversion of water from the
Syr Darya and the Amu Darya in the south for
cotton irrigation, making a calculated bet that
cotton was more valuable than fish. By the time
the Soviet Union collapsed, the sea had lost
70% of its surface and retreated 80 kilometers
from Aralsk, leaving hundreds of rusting ships

stranded along the way amid
grazing horses and camels. The
city’s population dropped from
80,000 to 30,000, its airport
closed, and its cannery is now an
enormous, spindly steel skeleton.

But today, after the sea crept
back to within 15 kilometers
from Aralsk, the markets are
already selling fresh f ish at a
fraction of the old price, says
Marat Turemuratov, a hospital
physician. He hopes the change
will reduce chronic malnutrition
and help abate a tuberculosis
epidemic in Aralsk’s children.

Michael Glanz, an Aral Sea
specialist with the U.S. National
Center for Atmospheric Research in
Boulder, Colorado, calls the North
Aral Sea project “a bright spot in a
dismal landscape.” To the south,
however, the Amu Darya River
continues to shrink. Civil strife once
prevented Afghanistan from draw-
ing water from this river. But now
Afghans in the relatively peaceful
north are starting to draw from the
river for irrigation—and they’re
planning to draw much more,
Glanz says: “Once the Afghans
start withdrawing a lot of water, the
delta is going to dry up, and people
upstream are going to suffer.” 

Meanwhile, Kazakhstan has
become flush with cash from high oil and
metals prices. President Nursultan Nazarbayev
announced a popular decision to raise the north-
ern sea’s level another 4 to 6 meters, senior
Kazakh officials say. This would cover another
925 km2 of dry seabed and bring the northern sea
to about two-thirds of its size before desiccation
began in the 1960s. It would also bring water
back to within a few kilometers of Aralsk.

Just how that is going to be done—by digging
upstream canals, raising the dike, or other
means—is still being studied, but Kazakhstani
officials say they are committed to the project.

–CHRISTOPHER PALA
Christopher Pala is a writer in Hawaii.

Once a Terminal Case, the North
Aral Sea Shows New Signs of Life
A dike supported by the World Bank and repairs along the banks of the Syr Darya

River have increased the water level dramatically
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Rising tide. After a long decline, the
northern part of the Aral Sea may be
on the way to recovery.
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Tens of thousands of horticultural enthusiasts
who attended a 1999 flower show in Holland
were potentially exposed to something far
more insidious than the sight and fragrance
of exotic blossoms. Legionella pneumophila,
the bacterium that causes Legionnaire’s dis-
ease, contaminated the water in a whirlpool
spa on display and a sprinkler system that
misted the flowers, which probably dispersed
the bacterium widely. More than 100 people
fell ill, and 18 died. 

The tragedy piqued the curiosity of infectious
disease specialist Annelies Verbon of the Acad-
emic Hospital Maastricht in the Netherlands.
Why did a handful of people get sick, whereas
most came away unharmed? Verbon, along with
a research team led by immunologist Alan
Aderem of the Institute for Systems Biology in
Seattle, Washington, and Thomas Hawn, an
infectious disease specialist at the University of
Washington Medical Center in Seattle, came up
with an intriguing answer. When the researchers
analyzed the DNA of groups of attendees, they
discovered that a higher percentage of those who
fell ill carried a single mutation in the gene for
an immune cell surface protein called toll-like
receptor (TLR) 5. The team found that the
mutation cripples the receptor, apparently pre-
venting immune cells from recognizing the
whiplike tail of L. pneumophila and rendering
those with the mutation more susceptible to
severe Legionnaire’s disease.

That finding, published in 2003, is part of
an avalanche of research on TLRs. TLR5 is a
member of a family of at least 10 human TLRs

discovered within the past 7 years. Their dis-
covery has “revolutionized immunology,” in
the words of Luke O’Neill, an immunologist at
Trinity College in Dublin, Ireland. 

Scientists had long known that the
immune system has an initial line of defense
that triggers the inflammatory response and
recruits B and T cells to mount an attack on
invading microbes. But they didn’t know how
that initial alarm was sounded. TLRs have
turned out to be the key. “These are the sensors
of the microbial world that turn on the
immune system,” says O’Neill. And more
recent evidence suggests that they also play
important roles in autoimmunity and inflam-
matory conditions such as heart disease.

All this has caught the collective fancies of
immunologists and biomedical researchers
around the globe. Some 3500 papers on these
immune sentinels have appeared to date, and at
least nine biotech companies have compounds
that stimulate or inhibit TLRs in clinical and
preclinical trials for illnesses as diverse as
hepatitis, cancer, asthma, and allergies. In the
past year, big pharma has moved in too, with
companies such as GlaxoSmithKline and
Novartis buying up or inking deals with smaller
firms developing TLR-based drugs. Commer-
cial interest in TLRs is “suddenly hot,” says
O’Neill, who has himself founded a company,
Opsona Therapeutics in Dublin, that is now col-
laborating with Wyeth Pharmaceuticals on
TLR-targeting drugs for inflammatory diseases. 

Many more experimental TLR-based drugs
are in earlier stages of development, including

ones designed to treat or prevent allergies,
inflammatory bowel disease, and autoimmune
afflictions. Basic researchers, meanwhile, are
uncovering a slew of additional drug targets
as they identify the cascade of enzymes and
other molecules involved in transmitting the
messages sent by TLRs to the interior of the
cell. In the past 3 years, researchers have
unveiled 15 previously unknown proteins
activated by TLRs and have now cataloged
about 30 of the estimated 40 to 50 components
of TLR signaling pathways, says Bruce Beutler,
an immunologist at the Scripps Research
Institute in San Diego, California.

Of course, many hurdles remain before
most of these compounds can be marketed.
And some, such as pediatric immunologist
Jean-Laurent Casanova of Necker Medical
School in Paris, contend that more work must
be done to prove the importance of TLRs in
human immunity, as most studies on these
receptors involve animal models of infection.
“Enthusiasm for TLRs is deserved,” cautions
Casanova, “but it should be tempered.”

Weird discovery
The explosion of interest in human TLRs had
humble beginnings: the 1988 discovery of a
protein involved in fruit fly development.
German researchers noted that flies lacking the
protein looked toll, the German word for
“weird” or “far out.” The insects’ bodies were
disordered, with bott`om body parts mixed
with parts that belonged on top, and vice versa.
It wasn’t until 1996 that scientists learned that
the protein, Toll, had a second job, helping
defend against fungi. Flies with mutated ver-
sions of the protein or its signaling partners
more readily succumbed to fungal infections,
according to work by Jules Hoffmann and
colleagues at the National Center for Scientific
Research  in Strasbourg, France.

That curious finding led immunologists to
wonder whether humans have a corresponding
protein. Two years earlier, it turned out, Nobuo
Nomura and his colleagues at the Kazusa DNA
Research Institute in Chiba, Japan, had
unveiled a human protein that bore strong
resemblance to the fly Toll. It was later dubbed
TLR1. In 1997, Yale University scientists
unveiled the second human TLR (now called
TLR4), and soon thereafter, researchers at
DNAX in Palo Alto, California, identified five
more TLR proteins in people. 

A year later, Beutler and his colleagues
provided the first evidence that a TLR plays a
part in mammalian immunity: They found that
mice with a defective version of TLR4 could
survive injections of endotoxin, a cell-wall
component of some bacteria that invariably
kills normal mice and in humans can incite a
deadly inflammatory disorder called sepsis.
The work, Beutler says, “proved that TLR4
was the receptor for endotoxin.” The receptor

Targeting the Tolls
On the front lines of the body’s defense against microbes, toll-like receptors are

choice targets for drugs to combat infectious diseases and inflammation

IMMUNOLOGY

On guard. Cell surface proteins
called toll-like receptors allow a
macrophage (white) to recognize
components of the bacterium
Escherichia coli (pink), including
its whiplike tail.
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suddenly became a hot drug target for sepsis, a
killer of 750,000 Americans each year.

After that, discoveries came thick and fast.
Immunologist Shizuo Akira of Osaka Univer-
sity in Japan and his colleagues systematically
deleted the mouse genes for TLRs to reveal
their specific functions. Several groups deter-
mined which compounds trigger individual
receptors. Akira, in collaboration with Aderem
and Hawn, for example, determined that
flagellin, a protein in the flagella of bacteria,
activates TLR5. Others traced out signaling
pathways inside the cell that connect to the
TLRs, discovering that triggering these recep-
tors can prompt a range of immune responses.
These include the release of cytokines such as
interferon—a powerful antiviral agent—and
other messenger molecules that stimulate the
immune system’s storm troopers, T cells and
antibody-producing B cells.

The unveiling of TLRs and their specific
activities (see chart, right) has given immunol-
ogists new respect for the body’s frontline
defenses, known as the innate immune system.
Long considered an evolutionary holdover
that provides broad protection before the more
specific adaptive immune system of T cells
and B cells kicks in, innate immunity is turn-
ing out to wield a rather precise set of counter-
measures. It is the TLRs that direct the innate
immune system’s responses, and immunolo-
gists are realizing that those responses in turn
guide the subsequent adaptive immune reac-
tion that is even more targeted. “The two go
hand in glove,” says O’Neill. “You wouldn’t
get any adaptive response without the innate.”
Adds Kleanthis Xanthopoulos, who heads
Anadys Pharmaceuticals, a San Diego firm
developing antiviral drugs that target TLRs:
“The innate immune system had always been
viewed as the ‘low-tech immune system.’Only
now do we understand that innate immunity
has significant molecular specificity.” 

Revving up immune responses
The more scientists learn about TLRs, the
more excited they—and drug company execu-
tives—get about the potential of stimulating
the receptors to combat everything from
infectious diseases to cancer. Among the early
targets is the hepatitis C virus. Once the virus
sets up a chronic infection, it can be very diffi-
cult to dislodge: The current treatment—nearly
a year of interferon injections combined with
an oral antiviral—clears only about half the
infections with the most resistant strain, and its
side effects can be debilitating. Anadys
recently tested a compound that stimulates
TLR7 on 32 patients chronically infected with
hepatitis C. The injectable drug lowered blood
levels of the virus by 82%—a response com-
parable to injected interferon—in eight of the
12 patients who received the highest dose daily
for a week. Only a few patients had side

effects, and those were mild to moderate,
Anadys scientists reported in the September
2005 issue of Hepatology. The results were
promising enough to inspire Novartis to
collaborate with Anadys on a pill version of
the drug.

Coley Pharmaceutical Group in Wellesley,
Massachusetts, a company founded by Univer-
sity of Iowa immunologist Arthur Krieg, has
also begun clinical tests of a TLR stimulator
aimed at hepatitis C. In a trial with 60 patients,
a drug called Actilon that stimulates TLR9
elicited a dose-dependent release of the body’s
own interferon-α without producing serious
side effects, Coley scientists reported at the
November 2005 meeting of the American

Association for the Study of Liver Diseases.
Among the 13 patients who received the
highest dose levels of Actilon once or twice a
week for 4 weeks, 11 achieved greater than
90% reduction in blood levels of viral RNA.

Krieg started working on TLR stimulators in
the mid-1990s—but he wasn’t aware of it at the
time. He discovered that short sequences of
nucleotides containing cytosine (C) followed by
guanine (G), which are common in viruses and
bacteria, could powerfully activate B cells in
mice. At about the same time, immunologist
Eyal Raz and cancer biologist Dennis Carson of
the University of California, San Diego (UCSD),
and their colleagues observed that T cells
respond to loops of bacterial DNA called
plasmids, which also contain these so-called
CpG sequences. In 2000, Akira’s group con-

nected both sets of findings to the world of
TLRs: The researchers reported that mice
lacking TLR9 fail to generate the immune
response typically produced by CpG DNA.
Since then, several groups, including Krieg’s,
have used CpG sequences to construct TLR
stimulators for a variety of applications,
including cancer treatments. 

At a cancer meeting last year, Coley scien-
tists and their collaborators reported that one
such compound—a 24-base DNA sequence
with four CG pairs—plus chemotherapy
shrank lung tumors in 37% of 75 patients with
advanced forms of lung cancer, compared to
just 19% of 37 patients who received
chemotherapy alone. The data also show a

positive trend toward increased survival after
1 year. The results are “preliminary—but
potentially very exciting,” says Trinity’s
O’Neill. Pfizer, which pledged up to $515 mil-
lion for the rights to develop the Coley drug last
year, started large-scale trials in November.

Several companies are using TLR stimu-
lants as adjuvants, boosting the immune system’s
response to vaccines to increase their efficacy.
Coley has developed a CpG-based adjuvant
called VaxImmune that seems to improve the
human immune response to the anthrax vac-
cine. GlaxoSmithKline recently bought
Corixa, a Seattle-based company devoted to
TLR therapeutics, for $300 million and is
sponsoring large-scale trials of Corixa’s MPL,
a derivative of bacterial endotoxin that stimu-
lates TLR4, as an adjuvant in a vaccine against
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Immune recognition. Each toll-like receptor recognizes a specific set of molecular beacons on pathogens.
Here are the known natural binding partners for each TLR.
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human papillomavirus, which causes cervical
cancer. And scientists at Dynavax in Berkeley,
California, are conducting large-scale human
trials of a hepatitis B vaccine in which a CpG
DNA sequence is linked to a surface protein
from the virus. Early trials suggest that the adju-
vant generates a more robust immune response
in older adults—and a faster response in young
adults—than does the current vaccine.

Dampening immunity
In addition to revving up immune
defenses, researchers are also inves-
tigating ways of using TLRs to turn
them down. One such strategy may
provide faster and safer immuno-
therapy for allergic conditions. 

Current allergy immunotherapy
regimens are cumbersome, requiring
weekly or monthly shots for 3 to
5 years. They can also be dangerous,
causing symptoms from swelling to
anaphylaxis in some patients.
UCSD’s Raz and Carson have dis-
covered that bacterial CpG DNA
may offer another solution. By stim-
ulating TLR9, such DNA spurs
macrophages and other innate
immune cells to kill the so-called
T helper 2 (TH2) cells whose
overzealous activity characterizes
allergy and asthma. Following up
on the UCSD team’s work, Dynavax
is developing medication that
may safely prevent allergies in just
6 weeks. The compound—a CpG
molecule bound to DNA encoding
the culprit allergen—elicits an anti-
TH2 response in animals that is
stronger than that from separately administered
CpG DNA. The company has already sponsored
some clinical tests of this strategy and at the
March meeting of the American Association of
Allergy, Asthma & Immunology reported
promising results for ragweed-allergic adults.

A more obvious way of taming the immune
system through TLRs is to block one or more
of the receptors. This may be useful for inflam-
matory conditions such as the autoimmune
disorder lupus and sepsis. Last year, for exam-
ple, Seattle’s Hawn and Aderem reported that
the nonworking TLR5 variant they had impli-
cated as a risk factor in Legionnaire’s disease
was about half as common in lupus patients as
it was in their unaffected relatives, suggesting
that inactivating TLR5 may protect people
against the disorder. And researchers at Eisai
Inc. in Teaneck, New Jersey, are already testing
a TLR-blocking compound against sepsis. The
compound, dubbed eritoran, is a molecular
mimic of a portion of the endotoxin molecule;
it binds with TLR4 but does not activate it. In a
trial of nearly 300 hospital patients diagnosed
with sepsis, a large dose of eritoran reduced the

death rate by 12%, compared to a placebo, in
the 80% of participants who fully complied
with the regimen. In the patients at highest risk
for death, a large eritoran dose reduced the
death rate by 18%, Eisai announced in August.
Beutler calls the results “encouraging,” given
how hard it is to administer a drug soon enough
to save sepsis patients. The work also shows
that TLR blockers are possible. “It sets a prece-
dent for making small molecule antagonists to
other TLRs,” he says.

Hope for the heart
Drugs that hinder TLRs might one day treat
heart disease as well. Accumulating evidence
suggests that TLR activity contributes to athero-
sclerosis, perhaps by stimulating inflammation. 

Hints of this role appeared in 2001 when
Moshe Arditi, an infectious disease specialist
at Cedars-Sinai Medical Center in Los Angeles,
California, and his colleagues found that
TLR4 was abundant in atherosclerotic plaques
from the coronary arteries of f ive patients
needing bypass surgery but scarce in four nor-
mal arteries. More recently, they have found
that atherosclerosis-prone mice lacking the
TLR4 gene developed arterial lesions that were
about 25% smaller than those in the same mice
with the TLR4 gene. And if such mice lacked
the gene for MyD88, which is involved in the
signaling of several TLRs, the atherosclerosis
in their aortas dropped by nearly 60%, the
researchers reported in 2004. The study “really
shows that TLR4 and MyD88 play a role in the
production of atherosclerosis,” says Arditi.

TLR1 and TLR2 are also implicated. These
receptors have been found to be much more

prevalent in plaque-pocked human arteries than
in normal ones. And when immunologist Linda
Curtiss and her colleagues at The Scripps
Research Institute deleted the TLR2 gene in
atherosclerosis-prone mice, the animals’ arte-
rial lesions shrank by almost 50% compared to
similar mice that retained the TLR2 gene.
What’s more, injecting susceptible mice with a
compound that activates TLR2 greatly wors-
ened their lesions. 

“It looks like the innate immune system is
going to be very clearly involved in
the pathogenesis of atherosclerosis,”
says Arditi. If so, new treatments
could include drugs that block
TLR4, TLR2, and MyD88. Such
drugs might cripple a person’s
infection-fighting ability if deliv-
ered systemically, but administering
them locally to the arteries could
reduce that risk, Arditi suggests. 

Lingering doubts
Despite this flurry of activity, there
is still uncertainty about the recep-
tors’role in human immunity. There
are rare cases in which people have
a mutation in an enzyme in the sig-
naling pathway shared by TLRs and
the interleukin-1 (IL-1) receptor,
making the receptors useless, and
yet these people still seem to resist
most types of viral, fungal, and par-
asitic infections, Necker Medical
School’s Casanova and his col-
leagues reported in Science in 2003
(28 March 2003, p. 2076). What
immune impairment these people
do experience could conceivably be

caused by an IL-1 pathway defect, Casanova sug-
gests. Because there is no human genetic defect
that selectively impacts the TLRs, Casanova
says, “there is so far no conclusive evidence that
human TLRs are critical, nonredundant players in
protective immunity in infection.” 

Even if TLRs are vital and unique players in
human immunity, as many researchers believe,
almost all of the TLR-based experimental
therapies must undergo further testing. It’s also
worth remembering that turning up or down the
volume of the human immune system—by
means of TLRs or any other method—is a risky
proposition. Attempts to dampen dangerous
inflammatory responses by means of TLRs
could cripple the immune system and cause
patients to succumb more easily to infectious
diseases, for example. On the other hand,
TLR-stimulating compounds could rev up the
immune system too much or for too long, lead-
ing to sepsis or autoimmune diseases. 

“These are huge challenges,” says Beutler.
“But they could have rich payoffs.” A growing
number of companies are betting on that.

–INGRID WICKELGREN

Unplugging aortas. Lipid (red, left) clogs an aorta from an atherosclerosis-prone
mouse fed a high-fat diet. By contrast, far less fat appears in the aortas of similar
mice lacking one (middle) or two (right) copies of the gene for the TLR adapter
protein MyD88. 
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A biologist sits in front of her computer
screen, staring at a model of a bacterium,
pondering which metabolic pathway it would
use if i t  were buried deep in the ice of
Jupiter’s moon Europa. She goes online and
searches a database. Within seconds, she
finds what she’s looking for: Models of three
metabolic pathways have been designed and
archived by other biologists from past projects.
She downloads them, plugs them into her
bacterium, programs in the icy environmental
conditions, and starts the model running to
see which works best.

Futuristic? Yes. But a growing cadre of
systems biologists and computer scientists
believes it’s possible. Just as engineers
use the program AutoCad to cre-
ate structures in virtual space,
i f  an  enterprising team of
researchers has its way,
biologists will have their
own software to design
and assemble models
o f  o rg a n i s m s  a n d
their components. One
g roup has  a l ready
ventured in to  th is
exotic ter ritory—a
computer  g roup at
Harvard University
led by mathematician
Jeremy Gunawardena.
They soon plan to unveil
what they consider the first
truly modular program for bio
design, called “Little b.”

The name is a play on a powerful
computer programming language
called C. (Gunawardena’s group
had planned to call their software
“B,” for biology, but realized the
name was already taken by C’s
predecessor.) Gunawardena out-
lined the program and some of its uses in talks
last October at the Council for the Advancement
of Science Writing meeting. One of his goals is
to bring more consistency to the young field of
computer simulation of biological systems.
Although biological modeling has shown early
promise in pharmaceutical research and the
study of complex diseases, he believes it is still
a “cottage industry” in sore need of standardi-
zation. Existing model systems are “not proper
scientific objects,” because they’re not easy to
reproduce or build upon. 

Several other efforts to standardize bio-
logical models for easy sharing are under
way. The European Bioinformatics Institute
(EBI) in Hinxton, U.K., for example, has
gathered more than 50 models in its online
collection, called BioModels Database
(www.ebi.ac.uk/biomodels). It makes them
freely available for downloading. Models in
this collection are validated for internal con-
sistency and annotated for legibility. But

Gunawardena and his collaborators have
something more ambitious in mind: a future
in which not just biological models but all
the pieces of models should be sharable. In
this utopia, models should be able to swap
computer code for protein cascades as easily
as Mr. Potato Head swaps noses.

In concept, Little b bears a resemblance to
computer-aided design (CAD) software,
which allows engineers to model a new
machine in virtual space by combining dif-
ferent parts from a menu of possibilities. The

engineer can take the best stock part and
tweak it if necessary to make the best fit. Sim-
ilarly, Little b would allow biologists to build
a reaction chain, cell, or organism in silico,
picking and choosing proteins and cell parts
from a menu of modular parts. If a novel part
is needed, the modeler could alter an existing
module or write a new one. Once finished, the
new module could just be plugged in.

Modularity is a fairly sophisticated software
concept. The Little b group “is looking at this
from the standpoint … of software engineering,”
which is a good thing, says Michael Hucka, a
computer scientist at the California Institute of
Technology in Pasadena. “They’re ahead of the
curve.” Both Hucka and Herbert Sauro, a
systems biologist and software engineer at the
Keck Graduate Institute in Claremont, Cali-
fornia, are principal engineers on another effort

to standardize biological systems mod-
els called the SBML project,

for Systems Biology
Markup Language. In
the past 5 years,
SBML has become
the standard—and
pretty much the
only—way for com-
putational biologists
to exchange models
in a mutually read-
able format. SBML
and Little b are
entirely different
beasts,  however;

Little b is a modeling
language, whereas

SBML is a file format.
Like a Word document

or pdf, it’s simply a way
of encoding a model so

tha t  i t  i s  r eadable  by
different machines.

SBML allows computa-
tional biologists to e-mail their

models to other researchers,
who can then run the models on
the SBML-compatible software
of their choice. The BioModels
Database at EBI has collected
and curated the best SBML-
compatible models. Several

journals, including Nature, now require all bio-
logical models described in their articles to be
submitted to the BioModels Database as well.
But neither the database nor SBML requires
modularity, as Little b does. 

This aspect of Little b promises a unique mix-
and-match flexibility. Consider how the program
deals with the cell lattice, a construct that
describes how cells connect to one another in two
or three dimensions. A conventional computer
simulation that explores the effect of different cell
lattices on embryo development, for example,

Life in Silico: A Different Kind 
Of Intelligent Design
Engineers and computer scientists are trying to establish a standard tool kit for an

emerging field of biology

COMPUTER SCIENCE

Mix and match. Software designers are trying to create programs that would allow
scientists to execute designs using standard biological components.
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treats the lattice structure as an integral part of the
model. It would be difficult to change from a
square to an irregular grid without altering the
entire program. The connectivity in lattices can
affect a number of conditions—the shape of the
cell, which chemical signals it is exposed to, how
much light it gets—altering development.

Gunawardena’s group has created a model
of embryonic development but made the lattice
a flexible module. In Little b, it can be altered or
replaced without reprogramming any other
part, allowing the same experiment to be run on
a wide array of cell-lattice patterns. 

Little b can also be used to model complete
organisms. There’s a Drosophila melanogaster
living in silico on a laptop at Harvard Medical
School, designed completely by Gunawardena’s
group in Little b. Many research groups are
modeling entire organisms and might well
make use of a modular approach.

Although it doesn’t aim to model whole
organisms, the integrative cancer biology pro-
gram of the National Cancer Institute (NCI) in
Bethesda, Maryland, is considering a modular
approach to modeling. “It’s the Holy Grail to take
all these individual modeling components, plug
them together, and get a comprehensive view of
what’s going on,” says Daniel Gallahan, the asso-
ciate director of NCI’s division of cancer biology. 

Other researchers agree that modularity is
necessary if computational biology is to advance.
Sauro, for one, decries the “huge waste of grant
money” in the “chronic reinvention” of com-
puter tools that employ one-off models. The
redundancy is amazing, he says. For example,
the BioModels Database has tens of models just
of the MAP kinase cascade, a signal pathway in
mammalian cells. And no matter how many
MAP kinase cascade models there are available,
or how well curated they may be, without modu-
larity they’re next to useless to a researcher who
wants one ready-made to integrate into a larger
model. There’s simply no way to plug it in.

Whether Little b succeeds will depend in part
on how it evolves and how widely it is accepted.
Not everyone is enchanted with it, because it’s
based on an abstract language called LISP origi-
nally devised for artificial intelligence applica-
tions. Sauro suggests that the best way to get
biologists to adopt a modeling language like this
would be to give it a friendly graphical interface.
No one has started a project like that, to his
knowledge. Several computational biologists
also say Little b’s developers have not shared
much information about their efforts thus far.
Without input from the biology community, they
ask, how can it satisfy everyone’s needs?

Gunawardena says his group plans to begin
teaching Little b to students at Harvard soon; he’s
preparing a paper that he hopes to publish this
year. Then the test of community acceptance will
begin in earnest. 

–KIM KRIEGER

Kim Krieger is a writer in Washington, D.C.

Scheme for Boiling Nuclear Matter
Gathers Steam at Accelerator Lab
Physicists hope to glimpse that violent transformation by running a gargantuan

particle collider in lowest gear

NUCLEAR PHYSICS

UPTON, NEW YORK—Coiling through the
woods and buried beneath meters of sandy
Long Island loam, a vast atom smasher here
at Brookhaven National Laboratory (BNL)
has transported physicists back to the big
bang. Since 2000, researchers have used the
4-kilometer-long Relativistic Heavy Ion
Collider (RHIC) to produce a superhot, ultra-
thin soup of fundamental particles called quarks
and gluons (Science, 22 April 2005, p. 479).
The observation of the quark-gluon plasma
sheds light on the type of matter that filled
the infant universe and has opened a new
frontier in nuclear physics. To explore it,
though, researchers need a landmark—and
they hope to f ind it by boiling nuclei like
water in a kettle.

Imagine a map of nuclear matter with tem-
perature increasing to the north and density
increasing to the east. Ordinary nuclei fill a spot
on the chilly southern edge, and RHIC has
explored the low-density, high-temperature
western border (see diagram, p. 191). Most
theorists believe that somewhere to the north
and east in the “phase diagram” lies a special
point beyond which the transformation from
ordinary nuclear matter to free-flying quarks

and gluons becomes violent, like the boiling of
water. RHIC might be able to reach that “critical
point,” and in March, more than 50 physicists
gathered here to consider whether to try.

The critical point is “the landmark on the
phase diagram,” says Krishna Rajagopal, a
theorist at the Massachusetts Institute of
Technology in Cambridge and Lawrence
Berkeley National Laboratory in California.
“If it’s not there, then we don’t have even a
qualitative understanding of the diagram,”
which also predicts an exotic “color super-
conductor” state of nuclear matter in neutron
stars. Others say the discovery of the critical
point would merit a Nobel Prize. 

Searching for the critical point may be
tricky, however. Pressing eastward on the
phase diagram means producing higher den-
sity nuclear matter. That requires ratcheting
RHIC’s energy down to as little as 1/40 of its
normal level—a challenge akin to driving a
Formula 1 race car at jogging pace without
stalling. And nobody knows exactly where the
critical point should be or how experimenters
will recognize it.

Still, previous experiments may have spot-
ted hints of it, and researchers here are eager for

Stellar. The barrell ike STAR
particle detector at Brookhaven
National Laboratory would be
ideal for spotting “boiling”
nuclear matter, physicists say.
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the search. “It’s something that’s definitely going
to happen at some time,” says BNL’s Timothy
Hallman, spokesperson for STAR, one of three
ongoing particle-detector experiments at RHIC
(see photo, p. 190). William Zajc, a physicist at
Columbia University and spokesperson for a
second experiment, called PHENIX, says the
project would add a new dimension to research
at RHIC. “By going down in energy, not only do
you have the potential for discovery, you’re
going out in a whole new direction,” he says.

Glued together with gluons, quarks ordinarily
bind so tightly that they’re always found either in
groups of three—as in the protons and neutrons
in atomic nuclei—or in quark-antiquark pairs in
fleeting particles called mesons. To liberate
quarks, RHIC smashes gold nuclei with such
energy that they rip through each other and
leave behind a tiny volume of vacuum heated
to a million billion degrees. From the void,
unfettered gluons, quarks, and antiquarks
emerge like violets blooming in spring. In an
instant, the wispy plasma cools, and the quarks
and antiquarks bind into the
particles that spray into RHIC’s
particle-detector experiments.

As far as RHIC researchers
can tell, however, the transition
they’ve observed from ordinary
particles to plasma and back is
smooth. Conceptually, bound-
up nuclear matter and quark-
gluon plasma resemble water
and steam. Squeeze water to
218 times atmospheric pres-
sure, and the distinction
between liquid and vapor
blurs, so that it’s possible to go
smoothly from one state to the
other by raising the temperature
past 374°C. In the same way, at
low densities, the transition
from bound to unbound quarks
is seamless.

But that transition should be
more dramatic in higher-density
plasmas, theorists predict, just
as at lower pressures water boils
violently to become steam and
then condenses into distinct
droplets to return to the liquid state. If
researchers can increase the density of the
plasma, then nuclear matter should essentially
boil in the collisions and condense as the plasma
cools—a process known as a “first-order phase
transition.” The critical point is the density and
temperature at which those effects kick in,
Rajagopal says. “You want to go to the place
where you start seeing the formation of
droplets” in the cloud of plasma, he says.

To make a denser plasma, RHIC researchers
must collide nuclei at energies much lower than
normal. That would leave matter from the nuclei
lingering in the hot vacuum, driving up the den-

sity. RHIC’s two overlapping circular accelera-
tors speed ions in opposite directions and crash
them together inside the particle detectors
spaced around the ring. The accelerators typi-
cally boost gold nuclei to energies of 100 billion
electron volts (100 GeV) per nucleon—that is,
100 GeV for every proton and neutron in the
nucleus. To reach the densities hoped for, RHIC
would have to accelerate ions to just 2.5 GeV
per nucleon.

Turning the energy that low may push the
limits of the equipment, says BNL accelerator
physicist Todd Satogata. “It’s like doing the
limbo,” he says. “How much do your knees
hurt as you go lower and lower?” RHIC uses
magnets to focus and guide the beams, and
those magnets have never been tested at the
low fields needed to control such low-energy
beams, Satogata says.

Making the beams collide may also pose a
problem, says BNL accelerator physicist
Angelika Drees. Ordinarily, accelerator opera-
tors guide the beams into each other by sensing

neutrons from the collisions. But low-energy
neutrons won’t trigger the neutron detectors,
Drees says: “If we don’t have a signal to steer
with, you may not have collisions at all.”

Nevertheless, accelerator physicists see no
insurmountable hurdles to running RHIC at
very low energies. For example, Drees says,
RHIC’s particle detectors could be outfitted
with new monitors for steering. And Satogata
says accelerator physicists should be able to
tell what they’re up against after just a single
day of test runs.

Even if RHIC can deliver the collisions,
experimenters must be able to recognize the

critical point when they reach it. The signs of the
quark-gluon plasma itself are quite subtle. The
minuscule puff of plasma blinks out of existence
in less than a billionth of a billionth of a second,
leaving visible only the thousands of ordinary
particles gushing in all directions.

But in that torrent of particles, researchers
have found evidence of the plasma of unbound
quarks and gluons. For example, an elongated
puff rebounds so that it quickly becomes shorter
and fatter, like a squeezed water balloon return-
ing to its round shape. Such “hydrodynamic
flow” is a hallmark of the quark-gluon plasma.
Researchers have also shown that the tiny cloud
appears to drag on jets of highly energetic parti-
cles moving through it and snuff them out. That
“jet quenching” is another sign of the plasma.

The signs of the critical point would be sub-
tler still. For example, the flow should cease
when the transition from bound quarks to free
quarks becomes violent like boiling, says
Horst Stoecker, a theorist at Johann Wolfgang
Goethe University in Frankfurt am Main,

Germany. More generally, near
the critical point, conditions
within the superhot cloud of
nuclear matter should begin to
fluctuate wildly, leading to
event-to-event variations in the
number of particles such as
π mesons, K mesons, and pro-
tons and in other variables.

In fact, researchers working
on another experiment may have
already glimpsed signs of the
first-order transition. From 1996
to 2002, researchers at the Euro-
pean particle physics laboratory
CERN near Geneva, Switzerland,
slammed lead nuclei into a sta-
tionary lead target. At energies of
about 7 GeV per nucleon, the
ratio of K mesons to π mesons
peaked dramatically. That and
other signs suggest that the colli-
sions pushed around the east side
of the critical point, says Marek
Gazdzicki, an experimenter at the
University of Frankfurt and the
Swietokrzyska Academy in

Kielce, Poland. He has proposed taking more data
at CERN, although that won’t happen for at least
3 years, he says. Meanwhile, researchers at
Germany’s GSI laboratory in Darmstadt are
developing an accelerator that could also take up
the search in 2012.

Still, Gazdzicki and others agree that with its
wide energy range and two large particle detec-
tors, RHIC is ideally suited to hunt for the critical
point. The best opportunity should come after
researchers upgrade the STAR detector in 2009.
In the meantime, interest in the critical point is
building like pressure in a boiling tea kettle.

–ADRIAN CHO
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Landmark study. Physicists have seen a smooth transition from bound quarks to
quark-gluon plasma (dotted line). They now hope to find the point beyond which the
transition becomes violent (white line).
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The ability to perceive or 
think differently is more 
important than the 
knowledge gained.

American scientist (1917-1992)
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NEWSMAKERS
EDITED BY YUDHIJIT BHATTACHARJEE

TUNED OUT. Charges of plagiarism have driven off the air one of Britain’s
best known psychiatrists: Raj Persaud of the Institute of Psychiatry
at King’s College London. Persaud “stepped down” as host of BBC’s
popular radio show All in the Mind, the company announced last
week, “because of continuing allegations of plagiarism.” King’s College
is investigating the charges.   

More than a year ago, psychologist Thomas Blass of the University
of Maryland, Baltimore County, complained to Progress in Neurology
and Psychiatry that Persaud had failed to credit him in a February 2005
commentary on Stanley Milgram’s work on obedience. Last fall, the
journal retracted the article. In December, the British Medical Journal

(BMJ) also retracted Persaud’s review of Blass’s biography
of Milgram, published on 6 August, “owing to unattributed
use of text from other published sources.”

The Guardian quoted a letter from Persaud saying that
his acknowledgement of Blass was deleted by BMJ during

editing. BMJ then posted Persaud’s unedited draft and wrote to The Guardian
that Persaud’s text “borrows almost verbatim” from Blass’s writing without
attributing the material to him (bmj.bmjjournals.com/cgi/content/full/331/
7512/356/DC1). Persaud could not be reached for comment.

O N  C A M P U S
BOGUS BACKGROUND. Liu Hui, assistant
dean and professor of Qinghua University
Medical School, has been fired for falsifying 
the résumé he used to land his job 2 years ago. 

University officials said in a statement 
that an investigation of Liu’s credentials found
that “the résumé and academic achievements
provided by Liu Hui … were gravely untrue and
constituted academic misconduct.”

Liu, 46, educated in China and Japan, said
he had worked in New York for a decade and
was director of the Center for Surgical Research
and associate professor of surgery at New York
University’s (NYU’s) School of Medicine. 
But there is no such center, according to NYU
officials, and Liu was never an employee. 

Shi-min Fang, a U.S.-based biochemist 
who crusades against “academic corruption” 
in China (Science, 10 August 2001, p. 1039),
first questioned Liu’s credentials on his Chinese-
language New Threads Web site (www.xys.org).
Fang also reported Liu’s dismissal last month.

FA C E - O F F S
WHAT GOES AROUND … Representative
Frank Wolf (R–VA) tried to play gotcha with
presidential science adviser John Marburger
during a 4 April hearing on the proposed 
2007 budget for Marburger’s Office of Science
and Technology Policy and the government’s
investment in research. But both men wound
up with egg on their faces.

Wolf wanted to show that the Bush
Administration should be doing more to retain

the country’s top scientific talent. “Do you 
know Daniel James?” he asked, referring to a
42-year-old physicist who helped pioneer the
field of quantum information while at the
Department of Energy’s Los Alamos National
Laboratory. Marburger’s negative reply deflated
Wolf, but only momentarily. “Well, now he’s a
professor at the University of Toronto. That’s
not in the United States,” Wolf proclaimed.
Marburger’s weak rejoinder, “It’s close,”
seemed ill advised.

Unfortunately for Wolf, James is a British
citizen born in Manchester, U.K., who came 
to the United States for postdoctoral training
but became disillusioned with the “poor 
leadership … and low morale” at the New
Mexico weapons lab. James told Science last
week that, ironically, “I was ready to get 
naturalized” when Toronto came calling in spring
2005 with a generous offer that included a

chaired professorship.

M O V E R S
CROSSING THE

PACIFIC. A high-profile
U.S. husband-and-wife
team is decamping for
Singapore to help
launch the country’s
translational medicine
research efforts.
Edward Holmes, 65,

dean of the School of Medicine at the University
of California, San Diego (UCSD), will help steer
national policy as deputy chair of clinical-
translational sciences at Singapore’s Biomedical
Research Council. His wife, Judith Swain, 58,

UCSD’s dean of trans-
lational medicine, will
head a new Institute
for Clinical Sciences. 

Swain says she 
was attracted by the
challenge of starting a
translational medicine
institution from scratch.
To Holmes, moving
from day-to-day 

institutional management to higher level policy-
making “sounds like a job made in heaven.”

HEALTH OF THE WORLD. The National
Institutes of Health (NIH) has recruited an
expert in infectious diseases from another
federal agency to head the Fogarty
International Center. Roger I. Glass has 
spent most of the past 3 decades at the
Centers for Disease Control and Prevention 
in Atlanta, Georgia. He worked to introduce
rotavirus vaccines in developing countries,
where diarrhea caused by the virus kills 
some 600,000 children a year. 

The smallest NIH institute or center, with
a 2006 budget of
$66 million, Fogarty
is best known for
training scientists
from developing
countries. In a 31 March
press release, Glass
praised the center’s
ability to anticipate
“emerging global
health problems.”C
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Marketing Drugs Too 
Early in Testing 

THE U.S. FOOD AND DRUG ADMINISTRATION
has had the authority to approve new drugs for
sale in the United States on the basis of their
demonstrated safety and efficacy since 1962.
Since that time, the agency has regularly come
under attack by those who believe that access
to drugs should be governed by market forces
rather than the scientific evaluation of the bal-
ance of their benefits and risks. This view has
now entered the political domain in the form of
a bill before the U.S. Senate, entitled the
“Access, Compassion, Care and Ethics for
Seriously Ill Patients Act,” sponsored by
Senators Brownback (R-KS) and Inhofe (R-
OK) (1). This bill, if it becomes law, will per-
mit marketing of drugs for serious illnesses on
the basis of results from nonhuman studies and
a Phase I trial, a trial solely designed to estab-
lish a tolerable dose, but not designed to assess
whether the drug is actually effective or to
develop an understanding of its risks. 

This bill has caused much consternation in
the scientific community, and its demerits are

described in detail in a Position Statement
from the Society for Clinical Trials (2). The
vast majority of drugs that enter Phase I testing
turn out to be either ineffective or toxic.
Consequently, if the bill becomes law, the mar-
ket could be flooded with ineffective and pos-
sibly harmful agents. Patients gravely ill with

cancer and other life-threatening diseases,
whose rights of access to experimental agents
is the ostensible purpose of the legislation, will
likely be faced with a wide array of marketed
agents, the vast majority of which will be inef-
fective, a prospect that thoughtful members of
the patient advocacy community recognize to
be highly undesirable (3). Members of the sci-
entific community and the public should be
seriously concerned about this issue.

COLIN B. BEGG,1 OTIS BRAWLEY,2

ROBERT M. CALIFF,3 DAVID L. DEMETS,4

SUSAN S. ELLENBERG,5 RICHARD S. KAPLAN6

1Memorial Sloan-Kettering Cancer Center, 307 East 63rd
Street, New York, NY 10021, USA. 2Winship Cancer
Institute, Emory University, 201 Dowman Drive, Atlanta, GA
30322, USA. 3Duke Clinical Research Institute, Duke
University, Durham, NC 27708, USA. 4University of
Wisconsin, K6-446a Clinical Sciences Center, 600 Highland
Avenue, Madison, WI 53792, USA. 5University of
Pennsylvania School of Medicine, 611 Blockley Hall, 423
Guardian Drive, Philadelphia, PA 19104, USA. 6National
Cancer Research Network, Arthington House, Cookridge
Hospital, Hospital Lane, Leeds LS16 6QB, UK. 
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Life-Span Extension 
in Yeast 
THE PERSPECTIVE BY JASPER RINE (“TWISTS IN THE
tale of the aging yeast,” 18 Nov. 2005, p. 1124)
shows a serious lack of knowledge about the his-
tory and ideas of the aging field. Rine attempts
to reconcile recent contrasting claims about
yeast replicative aging and calorie restriction
(CR). Several labs have shown that SIR2 and its
paralogs are essential for the longevity induced
by CR (1, 2), whereas Kaeberlein et al. have sug-
gested that it is not SIR2, but rather the TOR
pathway, that is essential (3).

There are several flaws and omissions in
Rine’s analysis of these results. First, Kaeberlein
et al. (3) used 0.05% glucose instead of our pre-
viously established 0.5%. Yeast grow quite well
on the standard 0.5% used for CR, but are
starved and slow growing at 0.05%. This differ-
ence may explain the different pathways that are
engaged, which Rine fails to point out.

Second, Rine concludes that our failure to
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Retraction
WE WISH TO RETRACT THE REPORT “SINGLE-MOLECULE STUDIES OF HETEROGENEOUS DYNAMICS
in polymer melts near the glass transition” (1). The majority of the conclusions of this Report were
based on the correlation functions of the transient single-molecule data. The Vanden Bout research
group has recently reanalyzed these data and found that the correlation functions utilized for the
Report do not correspond to the true correlation functions of the transient data. Moreover, the
Vanden Bout research group has been unable to reproduce the transient data in either of the polymer
systems investigated in the Report. Given that the analysis is flawed and that even the qualitative fea-
tures of the data cannot be reproduced, we are compelled to retract this Report in its entirety. This
retraction is occurring simultaneously with the retraction of all related articles (2, 3). We sincerely
regret any inconvenience that the publication of these results has caused for others.

DAVID A. VANDEN BOUT1 AND

LAURA A. DESCHENES2

1Department of Chemistry and Biochemistry, University of Texas at Austin, Austin, TX 78712, USA. 2Pfizer Global R&D,
Michigan Labs, Ann Arbor, MI 48105, USA. 
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see CR-induced longevity in sir2 strains is due
to an excess of ribosomal DNA (rDNA) circles,
which mask effects on CR. But we have also
knocked out the circle-promoting gene, FOB1,
in sir2 mutants to mitigate effects of circles (1),
and there is no existing data showing that our
strains with SIR2 and FOB1 deleted have more
circles than wild-type strains have.

Third, Rine surmises that if SIR2 extends
life span by reducing rDNA circles, which may
be yeast specific, its role in CR-induced
longevity cannot extend beyond yeast. This
argument would be deeply flawed even if Rine
were correct about circles in our strains.
However, causes of aging (e.g., circles) are not
likely to be conserved from one organism to
another, because they are not adaptive. The
regulation of life span in response to environ-
mental conditions, in contrast, is adaptive and
therefore very likely conserved. SIR2 ortho-
logs extend life span in C. elegans and Droso-
phila, which are not limited by rDNA circles,
and are required for CR-induced longevity in
Drosophila (4), a fact missed by Rine. SIR2
genes are uniquely suited to respond to CR
because they encode NAD-dependent deacety-
lases (5–7), which promote longevity by func-
tioning on substrates and pathways that are
organism specific. The fact that SIR2 sup-
presses circles in response to CR in yeast in no

way negates its generality as a mediator of CR-
induced longevity in other organisms. Thus,
Rine is inaccurate in his description of the dif-
ferences reported in the yeast studies, as well
as implications for SIR2 genes as mediators of
CR in higher organisms.

DAVID A. SINCLAIR,1 SU-JU LIN,2

LEONARD GUARENTE3*

1Department of Pathology, Harvard Medical School, 77
Avenue Louis Pasteur, Boston, MA 02115, USA. 2Center for
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University of California, Davis, Davis, CA 95616, USA.
3Department of Biology, Massachusetts Institute of Tech-
nology, Cambridge, MA 02139, USA.
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leng@mit.edu
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Response
MY PERSPECTIVE FOCUSED ON TWO PAPERS
that investigated whether the life-span exten-
sion caused by caloric restriction (CR) requires

the function of Sir2p and one of its paralogs,
Hst2p. Sinclair et al. conclude that Sir2p and
Hst2p mediate the extension in yeast life
span by CR as reported in Lamming et al. (1),
whereas Kaeberlein et al. concluded that yeast
life-span extension by CR is independent of
Sir2p, depending instead upon Tor and Sch9
proteins (2). The challenge is finding the most
parsimonious explanation for this discrepancy.

Sinclair et al. emphasize the differences in
growth media used in the two studies [0.5%
glucose (1) versus 0.05% glucose (2)]. I agree
that the yeast growth medium with 0.5% glu-
cose, rather than the conventional 2% glucose,
represents CR for yeast. Thus, the 0.05% glu-
cose used by Kaeberlein et al. must also repre-
sent CR, especially considering that growth at
0.05% glucose is accompanied by extended
life span, rather than a shorter life span that
might reflect inadequate calories to support
viability. Perhaps the extent of CR influences
which genes mediate replicative longevity. 

In earlier studies, Guarente and colleagues
elegantly demonstrated that recombination in
the ribosomal DNA (rDNA) repeats leads to
extrachromosomal rDNA circles that decrease
the life span of yeast (3). The elevated recom-
bination in the rDNA evident in sir2 mutants
appears to prevent CR from extending life span
(4). As Kaeberlein et al. reported in an earlier
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paper, reducing rDNA recombination in sir2
mutants by using the fob1 mutation allows CR
to extend life span in the sir2 fob1 double
mutant (4). Thus, the effect of CR on life-span
extension can be masked when rDNA recombi-
nation leads to extrachromosomal circles.
Sinclair et al. argue that they also used the fob1
mutation to mitigate against elevated rDNA
recombination in sir2 mutants. However, the
critical issue is whether HST2, a paralog of
SIR2, is necessary for life-span extension in
response to CR, as concluded by Lamming et
al., or whether other interpretations are possi-
ble. Unfortunately, although the fob1 mutation
can block the elevated rDNA recombination
evident in sir2 mutants, Lamming et al. report
that fob1 is unable to block elevated rDNA
recombination in a sir2, hst2, fob1 triple mutant
(1). Thus, it is possible that what appears to be
CR extending life span in a way that depends
on HST2 and SIR2 is actually increased rDNA
recombination blocking CR from extending
the life span of this sir2, hst2, fob1 triple-
mutant strain. It seems important to learn
whether the elevated rDNA recombination in
this triple mutant does indeed lead to increased
levels of rDNA circles.

Kaeberlein et al. showed that the life-span
extension produced by CR (0.05% glucose)
requires SCH9 and TOR1 but not SIR2 (2).
However, whether life-span extension in this con-
text depends on HST2 has not yet been reported.

Sinclair et al. characterize my view as sur-
mising that SIR2 orthologs cannot be mediators
of CR effects on longevity in other species. That
characterization is incorrect. As a discoverer of
the SIR genes, I am delighted by the emerging
role of SIR2 orthologs in promoting longevity of
other species, potentially in response to CR (5),
regardless of whether SIR2 and its paralogs
mediate CR effects on aging in yeast. 

JASPER RINE

Department of Molecular and Cell Biology, University 
of California, Berkeley, Berkeley, CA 94720, USA. E-mail:
jrine@berkeley.edu
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Archaeopteryx:

The Lost Evidence
IT SEEMS THAT ARCHAEOPTERYX FINDINGS
have always been accompanied by mysterious
circumstances. The first complete specimen
discovered in Bavaria in 1861 was sold by its
anonymous finder to a wealthy buyer, kept
secret, and eventually sold to the Natural
History Museum in London (1).

The tenth, and most recent, specimen is no
exception. Also found in Bavaria, by an unknown
person (allegedly in the 1970s), it was sold to an
unknown third party in Switzerland, ending up in
a small private museum in Thermopolis, Wyoming,
USA. The finding was published in Science (G.
Mayr et al., “A well-preserved Archaeopteryxspec-
imen with therapod features,” Reports, 2 Dec.
2005, p. 1483), along with the description of a
failed attempt to buy the specimen by the Sencken-
berg Natural History Museum in Frankfurt,
Germany, where it is being studied (E. Stokstad,
“Best Archaeopteryx fossil so far ruffles a few
feathers,” News Focus, 2 Dec. 2005, p. 1418).

The remains of Archaeopteryx are probably
the most important fossils in the world, the pet-
rified evidence for Darwin’s postulate of the
existence of missing links. The preservation of
the 10th specimen is spectacular, rivaled only
by the second specimen. It might seem appro-
priate that it should find a home in the creation-
ism-shaken and intelligent design–rattled United
States. I am concerned, though, that because it
is a private museum, researchers may not
always have unrestricted and timely access.

As a paleontologist and the former director of
the Bavarian State Collections of Paleontology
and Geology, which  bought Archaeopteryx 7
from its legal owner in 1999, I am frequently
asked why there was no joint venture attempt to
keep Archaeopteryx 10 in Bavaria, or at least in
Germany. My answer is that no one who might
have taken part in such a venture knew about the
specimen until the Science Report was published.
It is understandable that the Senckenberg’s
attempted purchase was kept secret to prevent the
price from skyrocketing,  but it is unfortunate that
the correct time to ask the rest of the community
for a joint purchasing campaign was missed. 

Much less understandable is why Arch-
aeopteryx 10 has not been protected as a national
cultural heritage, as have all previous specimens
not owned by public institutions. The State of
Bavaria would have requested this status for
Archaeopteryx 10 if it had known about the find
in time: German law stipulates that the state
housing an object is responsible for applying to
the federal authorities for such protection.
Because Archaeopteryx 10 is presently in the
State of Hessen, Hessen authorities would have
to do so. However, to have a chance to obtain the
fossil for scientific studies, Hessen has issued a
clearance statement that grants re-export of
Archaeopteryx 10. This is why Hessen cannot
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apply for the status of Archaeopteryx 10 as a
national cultural heritage, because this would
jeopardize the guaranty given by its own author-
ities that the fossil may leave Germany again.

As Speaker of the Board of Directors of the
German Natural History Research Collections,
I believe that Archaeopteryx 10 is an important
part of German cultural heritage and should
preferably be kept in a German public research
collection or in a large, public natural history
research museum in the United States. Un-
limited access for scientific researchers must
be the primary goal. I strongly encourage
the present owner to permanently deposit
Archaeopteryx 10 either in the Senckenberg
Museum or in one of the other public natural
history research museums in Germany or the
United States. This would be an honorable
acknowledgment of the immeasurable cultural
and scientific value of Archaeopteryx 10.

REINHOLD LEINFELDER

Director General, Museum of Natural History, Humboldt-
University, Invalidenstrasse 43, Berlin D-10115, Germany.
Speaker, Board of Directors, German Natural History Research
Collections (Direktorenkonferenz der Naturwissenschaftlichen
Forschungssammlungen Deutschlands/DNFS). E-mail: 
leinfelder@museum.hu-berlin.de
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CORRECTIONS AND CLARIFICATIONS

NetWatch: “Quick-change act” (10 Feb., p. 751). The
item incorrectly stated that becquerels, a measure of an
isotope’s radioactivity, can be converted into rads, a
measure of absorbed dose. 

TECHNICAL COMMENT ABSTRACTS

Comment on “The Illusion of Invariant
Quantities in Life Histories”

Van M. Savage, Ethan P. White, Melanie E.

Moses, S. K. Morgan Ernest, Brian J. Enquist,

Eric L. Charnov

Nee et al. (Reports, 19 August 2005, p. 1236) used a null
model to argue that life history invariants are illusions. We
show that their results are largely inconsequential for life
history theory because the authors confound two definitions
of invariance, and rigorous analysis of their null model
demonstrates that it does not match observed data.

Full text at www.sciencemag.org/cgi/content/full/312/5771/
198b

Response to Comment on “The Illusion
of Invariant Quantities in Life Histories”

Sean Nee, Nick Colegrave, Stuart A. West,

Alan Grafen

Savage et al. describe two different kinds of invariant. The
kind they claim to have the greatest biological importance
allows the invariant quantities to vary widely, even ran-
domly, between different species. We do not agree that such
quantities reveal any deep constraints on evolution.

Full text at www.sciencemag.org/cgi/content/full/312/5771/
198c
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BOOKS ET AL.

In May 1859, Charles Darwin badly needed a
publisher. He was relieved when, with some
encouragement from his friend Sir Charles

Lyell, the London publisher John Murray agreed to
take on The Origin of Species. A
publisher could do many things
that Darwin could not. John
Murray took his handwritten
manuscript and turned it into type
and pages, worked with a nearby
printer to turn out 1250 finished
books, solicited reviews, placed
advertisements in major maga-
zines and newspapers, and sold
the books to shops and circulating
libraries. Even better, the pub-
lisher did all this with its own
money. Darwin inhabited a het-
erogeneous intellectual environ-
ment peopled by everyone from
clergy to cow breeders, poor plant collectors to
gentlemen philosophers. To propagate his ideas
among that diverse audience, a book and a pub-
lisher were crucial.

Would Darwin need a publisher now? Would
he even write a book? Over the past 25 years,
advances in technology have revolutionized what
authors can do themselves. We all now create
type, and most of us can post what we write to a
Web site that can be accessed by a billion or so
people all over the world. We can even get a self-
publishing outfit to print a decent-looking book
and make it available through Internet book-
sellers. And we can do all of this with computers
that we already own and a few hundred dollars. In
2006, the publisher no longer holds a monopoly
over the ability to produce and disseminate a
book. At the same time, the audience for scientific
ideas has become much more homogeneous and
easy to reach than it was in Darwin’s time. The rise
of modern universities, academic disciplines, and
professional societies means that we no longer
expect a biology book to reach cow breeders or
clergy. A well-placed article in a professional jour-
nal or an e-mail to a key listserv may be sufficient
to get across a major new idea to the audience that
matters. Who, then, needs book publishers?

John Thompson gives us a partial answer to
that question. In Books in the Digital Age, he
systematically examines the changing eco-
nomics of academic and textbook publishing
and the social role that books play for publish-
ers and scholars today. Thompson, a professor

of sociology at Cambridge and a founder of
Polity Press, brings great credentials to the job,
and he has done prodigious homework. After
interviewing over 200 key publishers and wad-

ing through great piles of data,
Thompson has soaked himself
in publishing fact and lore. His
findings are not startling or out-
rageous, but they are consis-
tently reliable.

Thompson argues, with per-
haps a little hyperbole, that book
publishing is now undergoing its
most fundamental transforma-
tion since Gutenberg. What is
changing? Thompson identifies
four key factors. (i) The rise of
computers and the Internet has
changed publishing in myriad
ways—from the way publishers

edit, typeset, and print books to the way people
buy, read, and process information. (ii) Boom-
ing sales through Internet booksellers and shriv-
eling budgets for books at academic libraries
have reshaped the book market. (iii) The num-
ber of commercial scholarly publishers has
shrunk even as the number of books published
grows every year. (iv) Publishing now takes

place in a global environment where students at
Yale can find themselves buying textbooks that
have been acquired from a Dutch professor
by an English publisher, composed in India,
printed in China, sold in cheap versions to
Pakistani students, and then sold back to Yale
students on the hunt for a bargain.

Publishers are finding various ways to
weather these storms, but Thompson sees a fun-
damental crisis of legitimacy in publishing. As
he acknowledges, publishers now routinely work
from authors’ electronic files; they usually hand
off copy editing, composition, and printing to
outside firms; and they often rely on others even
for sales and distribution. What distinctive value
or expertise, then, is the publisher adding?
Thompson argues, rightly I think, that publishing
is at its heart about intellectual and financial
risk-taking. Good publishers see an extraordi-
nary idea that might take hold of a field. Or they
spot an outstanding young scientist, and they
take a risk on that hunch—investing a few thou-
sand dollars to edit, design, produce, and pro-
mote a book. Frequently the book is a failure.
The idea doesn’t take off, the scientist doesn’t get
recognized, and the publisher loses money. But
when a book succeeds, it can recoup the pub-
lisher’s initial investment many times over and
turn a bright idea into an intellectual movement.
That fundamental role of the publisher has not
changed much since John Murray took a gamble
on The Origin of Species. The publisher brings
an understanding of scholars and ideas as well as
some cash to engage in the educated risk-taking
that allows new ideas to take off.

The reviewer is at Princeton University Press, 41 William
Street, Princeton, NJ 08540–5237, USA. E-mail:
sam_elworthy@pupress.princeton.edu
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SCHOLARLY PUBLISHING

Who Needs Books?
Sam Elworthy

After the Ruins, 1906 and 2006. Rephotographing the San Francisco Earthquake and Fire.
Mark Klett, with Michael Lundgren. University of California Press, Berkeley, CA, and the Fine Arts
Museums of San Francisco, 2006. 140 pp. $49.95, £32.50. ISBN 0-520-24434-6. Paper,
$24.95, £15.95. ISBN 0-520-24556-3.
This volume—from an exhibition running at San Francisco’s Legion of Honor through 4 June—
pairs archival images from 1906 with modern photos showing the same locations today. Essays
by historian Philip Fradkin and writer Rebecca Solnit discuss the quake and fire and their place in
the city’s history and landscape. Although most of Klett’s pairings depict urban sites (see page
203), the series ends with two views of the fault trace near Olema.
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BOOKSETAL.

But what about books? As Thompson makes
clear, books are so central to faculty tenure and
promotion in the humanities and most of the social
sciences that the flood of new titles is unstoppable.
But might not journal articles and conference
papers suffice for the dissemination of scholar-
ship? Thompson is not quite so useful here. In sci-
ence, where scholars don’t write books for profes-
sional advantage, we may have a clearer window
into what role, if any, books actually play in mod-
ern scholarship. In some scientific disciplines the
answer seems to be none. Authored scholarly
books (apart from textbooks) are essentially
extinct in fields like chemistry and molecular biol-
ogy. But in disciplines from math to astrophysics
to ecology, the book still plays a key role. To lay out
a sustained argument for a new way of understand-
ing the distribution of species, Robert MacArthur
and Ed Wilson really needed a book (1). To explain
to students and general readers how different the
world might look from a gene’s perspective,
Richard Dawkins had to write a book (2). To fully
develop a big idea and to convey it to an audience
beyond a narrow circle of specialists, books and
publishers still play a key role. But of course, I am
a book publisher.
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SCIENTIFIC PUBLISHING

Considering
Multiple Flavors
John E. Enderby

Imust declare both a personal and professional
interest. Until recently, I was vice president of
the Royal Society and lead officer for its pub-

lishing activity, which depends for its income on
the subscription model. I am also president of the
Institute of Physics (IOP), which, as with many
other learned societies, uses the profits from its
publishing activities to promote and support its
discipline, both within the United Kingdom and
beyond. In addition, I am a paid adviser to the
IOP’s publishing company and therefore have a
strong interest in the sustainability of any new
business model for scholarly journals.

I inwardly groaned when I was asked to
review John Willinsky’s The Access Principle:
The Case for Open Access to Research and
Scholarship. I suspected that here was another
polemic pointing out the iniquities of publish-

ers by making scholars pay twice (in page
charges and subscription fees) for access to
work and pocketing huge profits in the process.
In fact, my fears were unfounded. Willinsky,
the director of the Public Know-
ledge Project at the University
of British Columbia, offers a
well-researched and scholarly
account of the issues surround-
ing the publication of research.
The book is both balanced and
fair in its discussion of the vari-
ous models and responses to
concerns about the accessibility
of publicly funded research.
Perused in conjunction with the
research report of the Asso-
ciation of Learned and Profes-
sional Society Publishers (ALPSP) on open-access
publishing (1), it makes important reading
for publishers, research funders, politicians, and
senior policy-makers.

Early on in The Access Principle, Willinsky
makes the crucial distinction between open
access and free access. Take, for example, the
notion that human rights include “the right to
know,” a theme the author touches on in both
philosophical and political terms. Let us
ignore an argument that there is in fact a hier-
archy of rights with perhaps clean water, food,
clothing, and shelter at the top. None of these
is free, even though freedom from hunger is, I
would argue, a fundamental right. The appar-
ent contradiction is, at least in developed coun-
tries, resolved by a model in which those who
can pay for food and shelter do so, and those
who cannot are provided with welfare pay-
ments of one form or another. Government
subsidies to producers might well mask the
true cost of, say, food—such payments can and
do distort the market and lead to unforeseen
consequences for developing countries.

Thus once it is recognized that access to reli-
able information will have a cost, the question
arises as to who will pay for validation and dis-
semination. Willinsky does not duck this issue
and points to the many different business mod-
els that he categorizes into “ten flavors of open
access.” For example, the Health Inter-Network
Access to Research Initiative and International
Network for the Availability of Scientific
Publications projects deliver free or heavily dis-
counted journals to developing countries. Some
publishers make material available after a delay,
typically six months or one year. The IOP puts
all its journals on the Web free of charge for 30
days. Others charge the authors either at sub-
mission or at publication. 

As Willinsky points out, estimates of the
charges that must be levied to create a sustain-
able business model vary hugely. The ALPSP
study (1) suggests that the cost of the peer review
process is $400 per published paper. The Public
Library of Science, on the other hand, charges
authors $1500 per paper while also drawing on

an initial grant of $9 million from a foundation.
Why the difference? Part of the answer is that the
charge to successful authors must be enough to
cover the costs of processing papers that do not

meet the quality threshold and to
provide a subsidy for authors
who cannot pay.

I actually think that the growth
of the open-access movement
and the publishers’ response to it
reflect the fact that market forces
will, in the end, lead to a variety of
models, each well suited to par-
ticular disciplines. I am therefore
uneasy about the prospects of
funding organizations imposing
new rules on authors because
these could lead to unforeseen

distortions. I would much prefer to see encour-
agement to use the new freedoms generated by
the Web and by the more relaxed view of copy-
right that many publishers are now adopting
(as Willinsky explains in detail). Self, institu-
tional, or topical repositories have not, it seems,
significantly affected the subscription base of
non–open-access journals, but this might well
change if there were less diversity in the market.

The irony is, as Willinsky is the first to admit,
that here we find a book on open access, the
fourth page of which carries the usual “©
2006.… All rights reserved. No part of this book
may be reproduced,” etc. The author fairly points
out that versions of most of the chapters have
already appeared on the Web, but he explains
that he has “now chosen to thoroughly revise the
body of this work in book form.” In other words,
the version of record is available to those who
pay. A well-edited and -presented book of this
quality, which has involved scholarly work of
high order, costs money to write and to produce.
But the same is true for review articles and com-
mentary sections of scientific journals. I can see
no moral argument for the cost to fall on the pro-
ducer rather than the consumer (and neither does
Willinsky), but there may be powerful argu-
ments involving public engagement and support
of science that need to be considered.

Lastly, it must be said that many of the myths
surrounding open-access and non–open-access
publications have been exposed both by Willinsky
and the ALPSP research report. Whereas there
might be slightly less copy editing in open-access
journals, there is no evidence that quality control
mechanisms are less rigorous. But in the end, it
must be for each scientific community to decide
how best to organize the publication of its
research. I do not believe that one size fits all. 
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One of the latest challenges to face science
communicators is the rise of weblogs or
blogs; “frequently updated websites con-

sisting of personal observations, excerpts from
other sources, typically run by a single person, and
usually with hyperlinks to other sites; online jour-
nals or diaries” (1). Writing or maintaining

a weblog (blogging) has
become a hugely popular
Internet phenomenon.

There are now more than
11.7 million weblogs, and it is

estimated that this number is doubling every 5
months (2) with one new weblog being created
every second (3).

When linked together into intertwining
communities or blogospheres, weblogs provide
a communication platform of incredible power
and complexity. Information and opinions are
exchanged, transformed, and reworked with
astounding rapidity across international bound-
aries and time zones (2).

Discussions in the traditional news media
about the blogging phenomenon have ranged
from the untapped potential of the blogosphere
for collaborative learning (4) and the power and
reach of weblogs to the public relations potential
for voluntary sector operations (5). Not only is
the Internet emerging as a vehicle for enhanced
civic involvement (6), but many weblog users
judge weblogs to be highly credible, even more
so than traditional print media or other online
sources (7). Although the general public is
embracing weblogs, many scientists are not, pos-
sibly because of the association of blogging with
Internet chat-rooms or even the fear of intellec-
tual property theft (7).

Accurate representation of environmental sci-
ence is vitally important for the current and con-
tinued support of public policy. Currently, there
are roughly 400,000 weblogs featuring discus-
sions on environmental and conservation-related
issues, which makes it difficult to assess the gen-
eral quality of scientific information on weblogs
(table S1). To provide a snapshot of scientific rep-
resentation in the blogosphere, we explored cur-
rent predictions for global extinction rates as
cited within 30 sites (see figure above). There is
still uncertainty, but the scientific consensus puts
the maximum predicted rate between 74 and 150
species going extinct every day [27,000 to 55,000

per year (8)]. Roughly 40% of the sites we exam-
ined indicated that extinctions are occurring at
rates greater than 200 per day (73,000 per year).
The daily extinction rates ranged from one to sev-
eral thousand per day! 

Whereas scientists are used to spotting and
correcting errors in traditional communication
media, many remain unaware of the blogging
discourse. If environmental scientists ignore
online communication platforms such as
weblogs, we run the risk of creating a generation
of eco-illiterate consumers and voters at a crucial

time for the Earth’s diminishing resources. How
should we respond to the challenges and oppor-
tunities presented by the blogosphere? We sug-
gest the following responses, which are poten-
tially applicable to all scientific disciplines.

Environmental scientists should actively en-
gage in blogging to increase the presence of
informed opinions in the blogosphere. Research
supervisors should encourage students to blog
while providing training in science communica-
tion and dissemination. Senior scientists should set
up their own high-profile weblogs to help allay
fears that blogging is somewhat disreputable.
Blogging should be part of a portfolio of public
engagement activities, even to the extent of includ-
ing blogging as part of a researcher’s job specifica-
tion. Examples of excellent, informative sites can
readily be found (table S2), but more are needed.

Environmental research groups and peer
groups should create weblogs for the discussion
of new ideas and the dissemination of research
findings. Such weblogs could act as platforms
for brainstorming new concepts and generating
ideas (9). The interactive characteristics of
weblogs could also provide an alternative
mechanism for gaining feedback in the early
stages of a research project. Additionally, group
weblogs could be used for publicizing and

interpreting peer-reviewed literature. 
Environmental scientists should use weblogs

for reporting and commenting on international
conferences. For example, the IDS Climate
Change and Disasters Group effectively used
their weblog to report back live from the United
Nations 2005 Climate Change Conference in
Montreal (10).

Field-based environmental scientists should
blog as a mechanism for inspiring future environ-
mentalists and to provide a real-time platform for
sharing their expertise. Blogging is an excellent

way to communicate the excitement
of working and living in the field.
Furthermore, new wireless communi-
cation systems and solar technology
now make real-time blogging possible
from the remotest of locations.

Some commentators have sug-
gested that weblogs will only in-
crease in popularity among the scien-
tific community once a peer review
mechanism has been implemented
(9). As this is highly unlikely to hap-
pen and because much of the appeal
of blogging lies in its spontaneity
and interactivity, we believe that

researchers should not adopt a wait-and-see pol-
icy. As citizen-scientists, we have a responsibil-
ity to contribute informed opinions to environ-
mental debates and to develop a collective pres-
ence in the blogosphere, thereby increasing its
inherent credibility. With sites that make the
process of creating a weblog quick and easy
(11), environmental science no longer needs to
be adrift in the blogosphere.
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Weblogs are a growing global phenomenon
with important consequences for science policy
and communication. A survey of blogs on envi-
ronmental topics shows that they vary greatly
in accuracy, which indicates a need for partici-
pation by informed scientists.
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ITALY’S LIFE SCIENCES SECTOR 

IS GAINING MOMENTUM

A breeding ground for biotech companies

Italy’s Life Sciences industry is becoming ever more appealing for multinational companies

seeking to pursue biotechnology and pharmaceutical research.The sector is spurred on by

the strong interaction between academia and business environment, a vibrant medical and

hospital system, the capacity of world class scientists to produce leading-edge research as

well as government support.

Italy’s upsurge in the Life Sciences is also proved by a strong performance in the product

pipeline with 21 drugs in clinical trials (particularly in Oncology and Neurosciences), which

makes it rank ahead of some major European countries like France, Germany and Sweden,

if we compare the number of companies with products in pipeline.

Competitive advantages for international investors

Italy’s competitive advantage for international investors is also represented by the skilled

workforce. Its R&D professionals – 6,000 researchers employed by businesses, a pool of

20,000 university researchers, 200,000 students and 35,000 graduates annually in

Biotechnology, Pharmacy and Medicine – are extremely productive, with creativity second

to no competitor country worldwide. As a proof, Italy ranks top in Europe for patent pro-

ductivity and impact rate of publications.

Start-ups and new business initiatives can count on the support of a network of science

parks specialized in life sciences, with a track record of excellence in Biotechnology,

Biomedical technology, Diagnostics, Genomics. Besides, labor, business and clinical trials costs

are internationally competitive with respect to USA, UK, France and Germany.

InvestInItaly is the Italian organization for investment promotion created by

Sviluppo Italia, the National Agency for Enterprise and Inward Investment

Development and the Italian Trade Commission, the Government Agency which

promotes the internationalization of Italian companies. Its mission is to offer a

single and reliable national reference point to current and new foreign investors.

www.investinitaly.com           info@investinitaly.com

Italy to Launch Europe’s First Institute for

Regenerative Medicine

Modena – The University of Modena and

the Eye Bank Foundation of Venice have

joined forces to create a public/private

partnership forming the Research Center

for Regenerative Medicine. It will become

the first such center in Europe focused on

stem cell therapy for treating vision disor-

ders caused by tissue/organ damage and

genetic defects.

Italy Leads Development of Gene

Expression Atlas

Naples – The Telethon Institute of

Genetics and Medicine (TIGEM) is

spearheading a team made up of 12 major

European research institutes to develop

the first comprehensive atlas of gene

expressions with an estimated identifica-

tion of 30,000 genes.

Italian and American Researchers Team

Up on Heart Stem Cell Breakthrough

Rome – Researchers at La Sapienza

University in Rome recently teamed up

with John Hopkins University to conduct

the first study using stem cells to repair the

same type of organ from which they were

derived. The promising results were pre-

sented at the American Cardiology

Congress (ACC).
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As dawn broke across coastal northern
California on 18 April 1906, the San
Andreas Fault yielded to tectonic forces

and ruptured along its northernmost 470 km in a
great earthquake measuring 7.9 on the moment
magnitude scale. From its epicenter west of the
Golden Gate, the rupture spread north and south
at speeds exceeding 3 km s−1, releasing stored
elastic strain energy in the form of seismic waves
that wrought a broad swath of destruction from
San Jose in the south to Santa Rosa and Ferndale
in the north.

The earthquake also broke the dawn for
earthquake science in the United States. Many of
the leading earth scientists of the day, including
A. C. Lawson, G. K. Gilbert, and H. F. Reid, em-
barked on a comprehensive investigation of the
earthquake, published in 1908 and 1910 (1), that
continues to be the primary reference and data
source for modern studies that continue to probe
the quake’s inner secrets.

Among their many findings, recently summa-
rized by Zoback (2), evidence of crustal distortion
caused by the earthquake led Reid (1) to formulate
the theory of elastic rebound that today forms the
foundation of physical theories of earthquakes.
Reid deduced that the energy released in the quake
had been stored as elastic strain in the crust along
the fault and that during the quake the opposite
sides of the fault moved in response to the applied
stresses to release the stored strain energy. Both he
and Gilbert understood that strain accumulated
slowly and that a long time would be needed to
rebuild the strain shed by the 1906 quake.

A path to earthquake prediction looked straight-
forward to Reid. Simply track the accumulation
of elastic strain along a fault until it approaches
the breaking strength. Indeed, long-term fore-
casts of earthquakes apply the earthquake cycle
concept through renewal models to estimate the
likelihood of strong earthquakes. For the north-
ern San Andreas Fault, about half of the strain
has reaccumulated in the past century, leading to
the expectation that another great earthquake
there is not imminent (3).

The potential for smaller but deadly earth-
quakes is high, however [62% chance in the
greater San Francisco Bay area of moment magni-
tude (M) ≥ 6.7 by 2031 (3)], and northern Cali-
fornians cannot afford to be complacent. As with
people facing natural hazards everywhere, taking
ownership of the problem by developing a culture

of preparedness, investing in mitigation, and plan-
ning for response and recovery will save lives and
reduce economic losses.

There is a cultural tendency, however, to pre-
fer the quick fix: Just tell me when the quake will
happen and I’ll find time to get ready. But as we
saw with Hurricane Katrina, the time to prepare
is not when the storm is bearing down but in the
long calm beforehand, as the exposed vulnera-
bilities are years in the making.

The reality is that short-term earthquake pre-
diction continues to elude our grasp, and though
some continue to search for a silver bullet, the
overwhelming consensus is that more needs to
be known about the physics of earthquakes and
the seismogenic crust before the limits of pre-
dictability will be understood (4). This strategy
requires patience, as the cycle is long for the
large earthquakes that matter most to society.

The patience required to mount long-term
experiments also taxes funding agencies. My
own experience with the Parkfield Earthquake
Experiment, beginning in 1982, has been that it
is hard to get long-term experiments off the

ground, harder to maintain them when competi-
tion comes from short-term needs, and hardest to
grow them once underway. We were very fortu-
nate that after two decades of steadfast monitor-
ing, the San Andreas Fault produced the antici-
pated M =  6.0 earthquake at Parkfield in 2004
(5) in the middle of the network designed to
catch it. Among the results, entire classes of
hypothesized deformation and electromagnetic
precursors failed to materialize.

Perhaps the most important data caught in the
Parkfield trap were 40 near-field strong motion
recordings of the propagating rupture (5). These
accelerograms more than doubled the global data-
base of observations within 10 km of the fault for
M ≥ 6, where the strongest shaking occurs.
Together with data from the entire suite of experi-
ments, they form a rich harvest of information that
will fuel research on earthquake physics and engi-
neering seismology for years to come.

Parkfield alone, however, is insufficient to
answer pressing questions on the severity of
shaking in the largest earthquakes. We know lit-
tle about the motions that occur during great

Halfway Through Reid’s Cycle
and Counting
William L. Ellsworth

EARTHQUAKE ANNIVERSARY

PERSPECTIVES

Now and then. (Left) Market Street, San Francisco, today, in a split composite photograph and (right) on
18 April 1906 as fire began to consume the Call Building (in center of photo). The building’s steel frame was
apparently undamaged by the earthquake, and it remains in use today. Note the debris from collapsed
masonry buildings further up Market Street. [1906 photo by W. J. Street, courtesy Bancroft Library, Univ. of
California, Berkeley. Rephotography by M. Klett with M. Lungren (8).]
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earthquakes, because direct measurements in the
near field are rare. Exactly one on-scale record-
ing of motion has been collected within 10 km of the
rupture plane for great earthquakes (M ≥ 7.9)
worldwide, and only five have been collected
within 25 km. No accelerograms exist within
1000 km of either great Sumatran earthquake of
2004 and 2005. Uncertainty in the severity of
motion drives conservatism in building codes
and hence the cost of seismic safety.

A recently published report by the National
Research Council assessed the economic benefits
of improved seismic monitoring proposed under
the Advanced National Seismic System (ANSS)
program of the U.S. Geological Survey (USGS)
(6). The report concluded that full deployment of
the ANSS would reduce the annualized losses in
earthquakes of $5.6 billion “by providing critical
information for land-use planning, building
design, insurance, warnings, and emergency pre-
paredness and response.” The report also noted
that the annual cost of a fully deployed ANSS is
substantially less than the estimated annual bene-
fits of more than $140 million derived just from
design and construction savings enabled by
reduced uncertainty in earthquake motions.

The Parkfield experiment began about half-
way into the earthquake cycle for that segment of
the fault, after much of the rapid post-1966 quake
adjustments were over, and was monitored by an
evolving suite of deformation measurement tech-
nologies that spanned the 19th and 20th cen-
turies. The new cycle, which began when the
ground motion from the 2004 earthquake ceased,
has been captured by the state of the art in Global
Positioning System satellite technology, at least

as we practice it in the early 21st century.
Improvements will come as the Plate Boundary
Observatory component of the National Science
Foundation EarthScope project connects to the
existing USGS networks, and thus there is hope
for continued observation of this best-instru-
mented fault segment in the United States.

All earthquakes begin small and grow at seis-
mic speeds along the fault plane until they either
run out of fault or driving stress. Virtually all
earthquake nucleations end up as microearth-
quakes. For every M = 9 quake that occurs glob-
ally once every few decades, tens of trillions of
nucleation events happen. Is there a way to tell
them apart at the start? As long as we restrict our
study of earthquakes to measurements made at
the Earth’s surface, we will be blind to inelastic
and chemical processes that are part and parcel of
the loading cycle, nucleation process, and
dynamics of rupture.

This past summer, the inclined main drill
hole of the EarthScope’s San Andreas Fault
Observatory at Depth (SAFOD) (7) cut through
the entire fault zone at depths between 2.7 and
3.1 km just northwest of the Parkfield earth-
quake. The hole intersects the fault in the source
region of a pair of repeating M = 2 earthquakes.
Each football field–sized patch on the fault’s sur-
face accumulates elastic strain for a few years
and suddenly releases it in nearly identical earth-
quakes. This process has been going on since at
least the start of intensive seismic monitoring at
Parkfield in the early 1980s, and the postseismic
adjustments from the 2004 earthquake have only
shortened the length of the earthquake cycle,
presently about 1 year.

SAFOD gives us a window into the nonlinear
zone where earthquakes nucleate. Physical sam-
ples of fault zone materials, extensive geophysical
measurements of in situ chemical and physical
conditions including the stresses driving the fault,
and direct observation of the transition from qua-
sistatic to dynamic slip, presently known only
from laboratory analogs and theoretical consider-
ations, will teach us much about the earthquake
cycle discovered by Reid a century ago. Whether
short-term prediction proves to be achievable
even on this scale, the improved understanding of
the earthquake cycle will translate into reduced
uncertainty in long-term forecasts and probabilis-
tic seismic hazard assessments that are the foun-
dation of building codes and land-use plans. That
will be money in the bank.
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The 100th anniversary of the 1906 San
Franciso earthquake provides an opportu-
nity to reflect on what we have learned

about earthquake-resistant design and how
research in the field can be used to build better in
the future (1). During a major earthquake, ground
shaking under an urbanized area can cause serious
damage or even the collapse of buildings and
bridges, freeways, power lines, and other critical
infrastructure. The damage can lead to a disaster
threatening thousands of lives, and affecting the
economic well-being of the epicentral region.

Over the past 100 years, architects and engineers
have developed tools to assess the earthquake haz-
ard, as well as the stability of individual designs.
Building codes provide the key policy mechanism
for regulating a standard of safety. However, the
death toll in recent earthquakes in Pakistan, Iran,
Turkey, and India, and the economic losses in
Japan and the United States, suggest that the tech-
nical capacity to design buildings to withstand
earthquake forces may not be all that is needed to
make society safe in earthquakes (2).

Throughout history, designers and builders
have attempted to learn from earthquake damage
in order to improve the stability of their struc-
tures. The Roman scientist, Pliny the Elder, sug-
gested digging underground to release the earth’s

trapped air. When Lima was leveled by an earth-
quake in 1746, authorities limited the height of
buildings and required quincha (adobe rein-
forced with bamboo) construction. In Portugal,
the gaiola, a masonry building reinforced with a
wooden framework, was perfected after the 1755
Lisbon earthquake. Between 1850 and 1906,
architects and civil engineers in San Francisco
attempted a variety of design innovations to rein-
force their buildings for seismic stability. In one
case, a raft of redwood logs was used to “float” a
foundation on bay mud; other inventors patented
“earthquake-proof ” technologies (see the fig-
ure) (3). Others used iron tie-rods secured to the
masonry walls to ensure that the exterior walls
would not fail. In fact, photos of the destruction

Earthquake resistant building design has
improved greatly since the 1906 San Francisco
temblor. However, low-tech solutions for struc-
tures in the developing world are sorely needed.
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wrought by the 1906 earthquake and fire also
show that numerous major brick buildings sur-
vived the shaking intact. All were designed by
professionals who were extremely cognizant of
the possibility of damage from lateral forces (4).

Still, the assessment of damage after the
1906 earthquake and fire forced architects and
engineers to reassess the dangers and limits of
unreinforced masonry (brick, stone, or adobe)
construction, and to look to concrete and
steel—new materials with the capacity to pro-
vide larger interior spaces, large openings for
better light, as well as more efficient and safer
construction for urban buildings. At the same
time that the modern movement in architecture
created the thin column and light slab for aes-
thetic and functional simplicity, engineers
developed an understanding of the site effects
and ground failures caused by earthquakes;
and structural engineering began to understand
the relation between strong motion, building
configuration, and building performance. If it
is possible to summarize the achievements of
20th-century earthquake engineering in a sen-
tence, it would be to say that intuitive under-
standings of building behavior were replaced
with scientific tools to measure ground shak-
ing and mathematical models to analyze and
predict structural behavior. 

These included instruments designed to
measure strong motion, laboratory shaking
tables designed to simulate and test the response
of building components to strong shaking,
and mathematical (and later digital)
models for calculating the strength of
materials, building components, and
joints. The development of the tools
to collect data on the hazard and the
use of analytic procedures to predict
structural behavior under earthquake
loads, combined with systematic
investigations of building failures
after events, led to an understanding
of how to build both “strength” and
“toughness” into buildings and
other structures. Strengthening often
requires making a building stiff, but
stiffness can transfer the load to other building
systems, causing extensive damage to parti-
tions, mechanical systems, or contents. As such,
design for seismic forces requires balancing the
probable ground motions at the site and soil con-
ditions with building configuration, height,
materials, and structural system to meet a code
standard or a client’s performance expectations.

A downtown office building built by a devel-
oper will be designed per the code to provide
safety for its occupants, and the owner accepts
that certain systems may sustain damage and
require time for repairs after an earthquake.
However, an art museum, or a high-technology
manufacturing facility, may require a design that
protects the contents from damage and provides
continued operations after an event. To meet

such performance needs, new technologies have
been developed in recent years. For example,
base-isolation uses rubber or neoprene bearings
to decouple the ground motion from the building
structure. Dampers can be used in a structural
frame to act as shock absorbers—again, to lessen
the transmission of forces and limit damage.

Public-policy mechanisms are also a key com-
ponent in limiting earthquake damage. Although
building codes promote “safe development” in
general, special requirements for schools, hospi-
tals, and emergency-service facilities acknowl-
edge the need for higher standards in certain pub-
lic buildings. Land-use policies also reduce risk
by restricting development in fault zones or on
specific soil types. Similarly, government pro-
grams aimed at preparedness and hazards mitiga-
tion contribute to the reduction of losses.

Performance-based earthquake engineering is
a relatively new concept that chal-
lenges engineers to rethink the
parameters by which they measure
good seismic design, and it chal-
lenges the policy-makers to rethink
safety standards (5). The goal of per-
formance-based earthquake engi-
neering is to design facilities with
predictable levels of seismic per-
formance, using casualties, cost, and
downtime as metrics. Current
research at the Pacific Earthquake

Engineering Research (PEER) Center combines a
probabilistic assessment of the hazard, using
suites of ground motions, with nonlinear dynamic
analyses of building responses to determine a
range of possible outcomes. Although seemingly
straightforward, the methodology requires sub-
stantial data to adequately model the performance
of all building components, and it requires critical
judgment in quantifying uncertainty. Equally
important, performance-based earthquake engi-
neering requires consumers to specify clear per-
formance goals, and local and state governments
to adopt very different approaches to regulating
construction. Performance-based earthquake
engineering is both inspiring and daunting, but it
will unquestionably change the way we design
and build in the next 50 years.

The influence of computational technologies
on design cannot be underestimated. Not only

can designers analyze the
technical performance of
structures, but they can
also use computational
technologies to better de-
sign the day-lighting and
thermal comfort zones in
buildings, and to manage
maintenance and oper-
ations. Computational
tools are also changing the
form of structures. The
new technologies do not
require space to be rec-
tilinear for computational
purposes. Digital design
means that complex
curved spaces can be rep-

resented, analyzed, and built to the
highest seismic standards. The new
de Young fine arts museum in
San Francisco, and the Walt Disney
Concert Hall in Los Angeles, are
only two examples.

Unfortunately, the exciting
developments in design and engi-
neering do not translate into an
overall reduction of losses from
earthquakes. On average, every
year there are more than 1000
earthquakes of magnitude 5 (M =
5) or greater worldwide. There are
100 earthquakes of M = 6 or
greater, and 10 of M = 7 or greater.
On 8 October 2005, a M = 7.6
earthquake in the Kashmiri region
of Pakistan and India left over
80,000 dead and 4 million home-
less. The 26 December 2004
undersea earthquake and tsunami
affected 20 countries, killing
nearly 300,000 and displacing
more than 1 million people. The
Bhuj, India, earthquake of 2001
and similar events in Turkey in the
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Old and new designs.
(Top) While many archi-
tects and engineers in
San Francisco created
unique structural details to withstand earthquake forces, the most
avant-garde proposal was Jules Touaillon’s system of base isolation.
He proposed that brick structures be built on platforms that rested on
balls, each free to roll within its own space. Touaillon, a San Francisco
resident, patented his system in 1870. Little is known about who he
was or what prompted his invention. (Bottom) Today, the common
meaning of isolating a structure is to support its superstructure on
extremely hard and dense rubber bearings. Research on this technol-
ogy began in the 1970s at the Earthquake Engineering Research
Center (now the Pacific Earthquake Engineering Center) at the
University of California, Berkeley. Forell/Elsesser Engineers, based in
San Francisco, and specialists in seismic and innovative engineering,
were early adopters of this technology in the retrofits of existing
buildings and design of new facilities such as the San Francisco 911
Emergency Communication Center.
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past decade have caused tens of thousands of
deaths and in each case, millions were left home-
less. In developed countries, such as the United
States, Japan, and others, the number of deaths
and injuries are typically lower because building
standards are enforced and construction quality
is higher. However, the economic losses from the
1994 Northridge (Los Angeles) and the 1995
Kobe, Japan, earthquakes were $40 billion and
$150 billion, respectively. 

Although performance-based earthquake
engineering holds the promise of reducing the
economic cost of earthquake damage for new and
existing buildings in developed countries, low-
tech solutions to improve the performance of
adobe, rammed earth, and stone construction in
developing countries receive little research sup-

port, and rely on the volunteer efforts of aca-
demics and professionals. For example, the
Earthquake Engineering Research Institute sup-
ports the World Housing Encyclopedia (2),
where volunteers share information on good
housing construction practices. The Getty Conser-
vation Institute sponsors the Seismo-Adobe proj-
ect, using volunteers to assist with the preserva-
tion of housing and cultural heritage sites around
the world. These are laudable efforts, but to gen-
uinely reduce earthquake losses throughout the
world, the scientific, design, and engineering
communities need to make research on safety in
housing construction a global priority. Architects
and engineers are creating sophisticated analytic
tools for cutting-edge high-tech designs, but if a
portion of the research effort went to providing

safer solutions for housing, the world’s most vul-
nerable populations would see real progress in
earthquake safety.
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T cell production in mice occurs in the chest 
thymus. A similar second thymus in the neck has
now been shown to also make T cells, raising
questions about earlier experiments.

Thoracic Thymus,
Exclusive No Longer
Harald von Boehmer

IMMUNOLOGY

Ancient Greeks considered the thymus
“the seat of the soul,” probably because
of its location near the heart. Anatomists

came to regard it as a hormone-producing gland.
But in the early 1960s, removal of the thymus in
newborn mice provided evidence for its role in
lymphopoiesis (1, 2). However, doubts about the
exclusive role of the thymus in lymphocyte pro-
duction persisted because removal of the organ
from the thoracic cavity of newborn mice has not
always resulted in immunodeficiency (3). These
results were recently reconsidered, and it was
hypothesized that a lymphoid organ with thymus-
like histology in the mouse neck (4) could be
responsible for lymphopoiesis in the absence of
the thoracic thymus (3). On page 284 in this issue,
Terszowski et al. (5) provide a conclusive answer
to this puzzle by showing that a tissue in the mouse
neck exhibits all the structural and functional fea-
tures of a thoracic thymus, including  lymphocyte
production and selection (see the figure). 

The mammalian thymus is not only an organ
of intense lymphopoiesis (1, 2, 6), but also a key
locale for the developing immune system to adapt
to the organism. The immune system learns to
recognize the organism’s own cells to avoid
mounting an immune response against them.  The
organism’s major histocompatibility complex
antigens in the thymus bind to receptors on the
surface of developing T cells. This association
determines, through differential signaling in the

T cells, which lymphocytes will die and which
will survive as T helper cells (CD4+), T killer cells
(CD8+), natural killer cells, or regulatory T cells.
Thus, acquisition of self-tolerance and lympho-
cyte lineage commitment are important hallmarks
of thymus function (7). Because of this rather
intense T cell receptor–dependent lymphocyte
selection process, the thymus is also a major
graveyard for lymphocytes that die. In mammals,
only a few selected T cells exit the thymus every
day and form the pool of long-lived lymphocytes

that circulate from blood to lymph and initiate
immune responses. Once this peripheral T cell
pool is established, the thymus appears to be no
longer required, as its removal from the adult has
little effect on the peripheral immune system even
though the de novo generation of naïve T cells is
reduced. The thymus involutes after sexual matu-
rity, but this is counterproductive in situations
where a functional thymus is required in adult
life—for example, after destruction of lympho-
cytes by cancer drugs, toxins, or irradiation.
Hence, intense efforts are under way to restore
thymus function in the adult.

In this context, immunologists have long
suspected that T cells are generated in extra-
thymic tissues such as the bone marrow, skin,
and gut. However, recent experiments in mice
suggest that T cell production in the gut
requires the exit of “committed” T cell precur-
sors from the thymus. Thus, the thymus appears
to export not only mature but also immature
T cells (8). Such commitment steps in T cell
development may occur very inefficiently out-
side of the thymus, as observed in genetically
def icient “nude” mice that lack a proper
thymus (9) but still harbor a few bona fide
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A second thymus. Morphology of neck thymus and
chest thymus in a mouse, visualized by May-Grünwald
staining of histological sections. In the neck thymus,
the cortex-to-medulla size ratio is reduced, corre-
sponding to reduced percentages of cortical T cells
compared with those of the thoracic thymus. Images
are not representative of the absolute size differences
between both organs. 

C
R

E
D

IT
: 
P
. 
H

U
E

Y
/
S
C

IE
N

C
E

14 APRIL 2006 VOL 312 SCIENCE www.sciencemag.org

PERSPECTIVES

YYePG Proudly Presents, Thx for Support

http://www.world-housing.net/
mailto:harald_von_boehmer@dfci.harvard.edu
http://www.sciencemag.org


T cells. However, there are too few T cells to
permit effective immune responses.

The discovery over 40 years ago that some
mice lacking a thoracic thymus still exhibit
immunocompetence was a major blow to the
assumed exclusive role of the thymus in lym-
phopoiesis (3). Since then, other sources of
T cells have been contested, and it was recently
postulated that in these unusual cases, a neck
thymus may be responsible for T cell production
(3). However, conclusive functional proof of a
second thymus was lacking.

Verification of this idea is now presented by
Terszowski et al., who were investigating the sig-
nificance of lymphoid structures in the neck of
mice. Their analysis reveals that epithelial and
lymphoid components of these neck structures
correspond to those seen in the thoracic thymus.
Importantly, hematological markers displayed
by immature, but not mature, T cells are present,
indicating ongoing T cell lymphopoiesis. Epithelial
cells expressing cytokeratin, a protein present in
thoracic thymus but not in lymph nodes, were
also apparent, as was the expression of Foxn1, a
protein crucial for proper epithelial cell function
(9). Finally, functional studies with precursor T cells

that express a transgenic T cell receptor showed
that lymphocyte selection in the neck thymus
occurs as in the thoracic thymus. Furthermore,
transplants of the neck thymus into nude mice
conferred immunocompetence. These results
leave no doubt that the neck thymus functions as
a primary lymphoid organ. Other observations
by Terszowski et al. suggest that during develop-
ment, the neck thymus branches off from the
common thymus anlage before the descent of the
thoracic thymus into the chest cavity, and that the
structure of the neck thymus matures only after
birth. This scenario appears consistent with the
delayed onset of lymphopoiesis in the neck thy-
mus as compared with the thoracic thymus.

For several decades, the mouse has been the
model organism for studying the mammalian
immune system, so it is surprising that the func-
tional relevance of a thymus-like organ in the neck
has not been fleshed out earlier. The neck thymus
is present in strains of mice that are commonly
used in experiments (most BALB/c and about half
of C57BL/6 mice have it) (5). A thymus-like neck
structure has also been observed in adult humans,
though its presence is considered pathological. 

The experiments of Terszowski et al. raise

concerns about experiments in which the thoracic
thymus is removed to study thymus-independent
features of the peripheral T cell pool, such as lym-
phocyte turnover or lymphocyte production in
extrathymic tissue. Likewise, the role of the neck
thymus in autoimmune disease that occurs after
removal of the thoracic thymus shortly after birth
needs to be considered.  Confirmation of a sec-
ond mammalian thymus may have settled one
debate, but it likely has generated other important
questions not previously considered.
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The genetic information of higher organ-
isms is encoded in DNA that is not ran-
domly dispersed within the cell nucleus,

but is organized with nucleoproteins into differ-
ent kinds of chromatin, the building blocks of the
chromosomes. Each chromosome resides in a
specific region of the nucleus when the cell is not
undergoing cell division, and usually genes that
are actively being expressed loop out from their
condensed chromatin territory and localize to a
region of transcriptional activity. These “tran-
scription factory” areas are thus abundant with
protein factors that initiate and regulate gene
expression (1). Although it is well known that
expression of a gene is controlled by regulatory
elements located in the same region of the same
chromosome (in cis), interchromosomal gene
regulation has been recently observed in which
the transcription of genes located on one chro-
mosome is controlled by regulatory elements
located on another chromosome (in trans) (2).
Now, on page 269 of this issue, Ling et al. (3)

show that a maternal locus on mouse chromo-
some 7 harboring two adjacent imprinted genes
localizes with a paternal locus on chromosome
11 that contains two different genes. This inter-
action depends on genetic regulatory elements
on chromosome 7 and on a protein called the
CCCTC-binding factor (CTCF) (see the figure).
The result is regulated expression of the two
genes on chromosome 11. 

Diploid organisms possess two alleles (alter-
nate versions of a gene, maternally and paternally
derived) of the same genetic locus. Each allele is
thought to function independently of the other,
although there are certain phenomena that impli-
cate coordinated or alternate transcriptional regu-
lation of certain loci. Regulatory elements located
on one chromosome generally operate in cis on
adjacent genes located on the same chromosome,
but there are examples of trans-regulation by such
regulatory elements on genes located on another
chromosome. Such examples include transvec-
tion in the fruit fly Drosophila melanogaster, a
process in which homologous chromosomes
come together in a “synapse” and influence gene
expression through enhancer elements that act in
trans. Another process is X chromosome inactiva-

tion, present in many organisms, to ensure that
males and females have comparable doses of
expressed genes. Interchromosomal pairing of the
two homologous X chromosomes allows commu-
nication between them, resulting in the mutually
exclusive silencing of genes on one X chromo-
some (4, 5). Similarly, in the plant Zea mays, the
process of paramutation enables one allele to
silence its homolog (6).

One allele can sense the presence of the other
allele and initiate the above-mentioned processes
through epigenetic changes that mark the loci
to be regulated. One such epigenetic change
involves DNA methylation and demethylation.
This modification, known as “genomic imprint-
ing,” occurs when both maternal and paternal alle-
les are present but only one will be expressed. The
recently developed chromosome conformation
capture technique has revealed (7, 8) that the onset
of transcription at an imprinting locus on mouse
chromosome 7 depends on the methylation status
of an imprinting control region of the locus. It also
depends on the looping out of DNA that contains
this region, located between the enhancer element
of one gene (H19) and the promoter element of
another gene (Igf2). Ling et al. applied an alterna-

Managing Associations
Between Different Chromosomes
Charalampos G. Spilianakis and Richard A. Flavell

MOLECULAR BIOLOGY

The authors are in the Section of Immunobiology, Yale
University School of Medicine, New Haven, CT 06520,
USA; E-mail: richard.flavell@yale.edu

www.sciencemag.org SCIENCE VOL 312 14 APRIL 2006

PERSPECTIVES

Genes present on different chromosomes can be
coordinately expressed through a transcription
regulatory factor that brings them together in a
region of active transcription in the nucleus.

YYePG Proudly Presents, Thx for Support

mailto:richard.flavell@yale.edu
http://www.sciencemag.org


208

tive chromosome conformation capture technique
on mouse fibroblast-like cells and identified
new chromosomal interacting partners with the
imprinting control region of the H19/Igf2 locus.
Fluorescence in situ hybridization (FISH) experi-
ments confirmed the overlapping localization in
the nucleus of the mouse chromosome 7 H19/Igf2
locus with a locus on chromosome 11 harboring
the genes Wsb1 and Nf1. CTCF, a factor that reg-
ulates DNA methylation in mammals by binding
to the imprinting control region of the maternal
H19/Igf2 locus and the paternal loci of Wsb1/Nf1,
is responsible for driving this interchromosomal
interaction. Knockdown of the expression of this
factor ablated the overlapping localization of the
interacting alleles and impaired the transcriptional
transactivation of the Wsb1 and Nf1 genes by reg-
ulatory elements of the H19/Igf2 locus. The allele
specific requirement for CTCF binding on the
maternal allele was confirmed by the loss of the
interchromosomal interaction when the maternal
imprinting control region was deleted. The inter-
action was preserved when the paternal imprint-
ing control region was deleted. Because there is
parental allele specificity for CTCF binding
(paternal chromosome 11 and maternal chromo-
some 7), we could assume that the interchromo-
somal association is implicated in the imprinting
process. There was loss of maternal Igf2 imprint-
ing in cells lacking CTCF and in cells in which the
maternal imprinting control region was deleted.
The study suggests that a protein factor is critical
to mediating the interaction of the two loci into a
common nuclear compartment where transcrip-
tion may be regulated.

The exact nuclear compartment where these
interactions occur remains to be characterized by
means of a combination of FISH to visualize
DNA loci and immunofluorescence techniques
to visualize the cell’s transcription machinery. Is
the colocalization and physical interaction of
loci from different chromosomes a static or a
dynamic process in which chromosomal partners
transiently associate to be transcriptionally regu-
lated? Interchromosomal interactions are more
likely to be a dynamic process in which gene loci

enter and leave a specific nuclear environment,
possibly changing or exchanging interacting
partners. The integration of multiple copies of a
specific binding site for a fluorescently labeled
protein, within a specific locus, will also permit
monitoring the movement of the labeled locus in
a living cell, and in real time. RNA FISH experi-
ments, in which newly transcribed RNA on the
locus of interest is detected, may also provide
answers to such questions. And what about the
mechanism by which homologous, associated
gene loci exchange epigenetic information? Is it
RNA-mediated? Or is it based, as the Ling et al.
study suggests, on transcription factors (and per-
haps homo- or heterotypic interactions between
them) that bind each genetic locus? 

Gene regulation through inter-
chromosomal interactions may well
be a general phenomenon with para-
digms in different systems. It has now
been implicated in the regulation of
alternatively expressed genes in T
cells (2), for α- and β-globin genes in
erythroblasts (9), for loci that regulate
X chromosome inactivation (4, 5),
and in the regulation of imprinting
loci (3). It is likely that clusters of
genes with coordinate or alternate
regulation of expression may be con-
trolled by interchromosomal interac-
tions. A genome-wide analysis will
reveal interacting chromosome part-
ners with functional consequences in
the regulation of gene expression,

with possible implications in disease. 
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Interchromosomal rendezvous. The interaction between two different gene loci on two different chromosomes is medi-
ated by the transcription regulatory factor CTCF and perhaps other factors. This may occur in regions of the nucleus that are
enriched with transcription machinery whereby the genetic elements on one chromosome regulate expression of genes on
the partnering chromosome. 

Along-standing question in biochemistry
is how enzymes catalyze chemical reac-
tions at rates that are, in some cases, mil-

lions of times faster than the reaction rate in their
absence. The quest for the source of this extraor-
dinary ability has been augmented by recent
advances in structural methods [particularly
nuclear magnetic resonance (NMR)] (1–3), in
computational power (4), and in the sophistica-
tion of physical chemical experiments (5). The
key question is simple: How does the enzyme
reduce the free-energy barrier for the chemical

transformation? We have reviewed the progres-
sion of hypothetical answers to this question (6,
7) and identified a common feature of the vari-
ous rationales—namely, the requirement for
conformational flexibility within the enzyme
and substrates—and we noted the diversity of
time scales for these movements. On page 237 of
this issue, Masgrau et al. (8) examine the impor-
tance of dynamics for catalysis by the enzyme
aromatic amine dehydrogenase in the oxidation
of tryptamine. 

The pathway for oxidation proceeds
through a series of intermediates that have
been characterized by x-ray crystallography.
The step that is the focus of Masgrau and co-
workers’ study is a proton transfer from the
carbon of a Schiff base intermediate to a car-

In one enzyme, short-range thermal motions are sufficient to explain the transfer of a hydrogen by
tunneling—a transition through a classically forbidden energy state. 
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boxylate oxygen of Asp128. Stopped-flow
kinetics with protio and deutero substrates
showed a kinetic isotope effect of ~55, which is
well above the semiclassical limits that do not
include tunneling, and hence it is consistent
with a hydrogen tunneling process. Variational
transition-state theory with semiclassical tun-
neling contributions was used to illustrate the
importance of hydrogen tunneling. Analyses
based on classical molecular-dynamics simu-
lations of the reactant complex suggest that the
motion of the transferring hydrogen is not
strongly coupled to neighboring atoms and that
short-range local motion decreases the proton
donor-acceptor distance to facilitate hydrogen
tunneling. The authors conclude that long-
range coupled motions are not required to pro-
mote hydrogen tunneling in this enzyme.

How hydrogen tunneling processes are facili-
tated by conformational changes within the active
site and how these local changes are coupled to
longer range conformational changes is a highly
debated topic (6–10). Most experimental and the-
oretical studies of tunneling investigate enzyme
motions that are in thermal equilibrium. Ex-
ceptions include the calculation of transmission
coefficients that account for dynamical barrier
recrossings and the calculation or measurement of
time-dependent properties under nonequilibrium
conditions. To our knowledge, the direct contribu-
tion of nonequilibrium motions
to tunneling in enzymes has not
been proven. Thermal equilibrium
motions tend to be stochastic or
Brownian in nature and are often
much faster than the millisecond
time scale of most enzyme-cat-
alyzed reactions. Nevertheless,
thermal motions occurring within
the confines of the protein struc-
ture can lead to conformational
sampling of configurations that
facilitate the chemical reaction. 

A general perspective of the
impact of enzyme motion on a
hydrogen tunneling process is
illustrated schematically in the
figure. In this framework (11,
12), the transferring hydrogen
nucleus is represented by a quan-
tum-mechanical wave function,
and the collective reaction coor-
dinate corresponds to conforma-
tional changes of the enzyme and
ligands. Thermal equilibrium
motions lead to conformational
sampling of configurations that
facilitate the hydrogen tunneling
process by providing a favorable
electrostatic environment (that
is, leading to degeneracy of a
pair of localized proton vibra-
tional states) and decreasing the
average proton donor-acceptor

distance. The free-energy barrier is a conse-
quence of the difference between the probabili-
ties of sampling those configurations that are
conducive to hydrogen tunneling and the con-
figurations corresponding to the initial enzyme-
ligand(s) reactant complex. A network of cou-
pled thermal equilibrium motions can lead to
overall conformational changes that occur on
the millisecond time scale of the rate measured
in the stopped-flow experiments. Of course,
the actual hydrogen tunneling process is virtu-
ally instantaneous relative to the millisecond
overall conformational changes. Substantial
kinetic isotope effects can arise mainly from dif-
ferences in tunneling probabilities between
hydrogen and deuterium for the configurations
at which tunneling occurs, as well as differences
in zero point energies.  

That short-range subpicosecond thermal
motions alone are sufficient to explain the tunnel-
ing in amine dehydrogenase (8) is suprising and
at variance with other systems. For example, the
hydride transfer reaction catalyzed by dihydrofo-
late reductase involving the reduced form of
nicotinamide adenine dinucleotide phosphate
(NADPH) cofactor has been shown by various
experimental methods (2, 5)—complemented by
computer simulations (6, 7)—to involve long-
range motions that extend throughout the
enzyme. In this case, relatively slow conforma-

tional changes lead to the configurations that
enable hydrogen tunneling. Moreover, these con-
formational changes arise from a network of
equilibrium-coupled motions that extend through-
out the enzyme (6, 7).

Although Masgrau et al. (8) show that short-
range motions are sufficient to explain tunneling
in the enzyme aromatic amine dehydrogenase,
they do not rule out a role for long-range motions.
Their covariance analysis of the relatively fast
classical hydrogen vibrational motion in the reac-
tant complex does not allow the identification of
slower conformational changes composed of
long-range coupled motions along the collective
reaction coordinate. Thus, the role of these types
of conformational changes in aromatic amine
dehydrogenase remains to be seen. Their work
gives fresh insight into the importance of fast,
short-range motions, but looking outward from
the active site may reveal a more complex picture.
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Path of hydrogen transfer. Schematic depiction of the free-energy
profile along a collective reaction coordinate for a hydrogen transfer
reaction catalyzed by an enzyme. The thermally averaged equilibrium
conformations and the associated average donor-acceptor (D…A)
distances along the reaction pathway are shown (13). The double-well
potential-energy curves along the hydrogen (or deuterium) coordi-
nate and the associated hydrogen and deuterium vibrational quan-
tum states are also shown (14). The free-energy profile corresponds to
only the ground hydrogen vibrational state (15, 16).
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IMPORTANT INSIGHTS INTO BIOLOGICAL PROCESSES HAVE COME FROM TRADITIONAL
in vitro biochemistry experiments and from static structures determined by x-ray
crystallography and nuclear magnetic resonance (NMR) spectroscopy. Now scientists
seek to gain a quantitative understanding of how dynamic macromolecules function
inside of cells. This special issue highlights technological advances that are facilitating
progress in this field.

Knowing the players is fundamental to a quantitative understanding of cellular
processes. To this end, the field of proteomics is aimed at the systematic analysis
of all proteins in a cell or tissue. Mass spectrometry is central to most proteomic
strategies, and Domon and Aebersold (p. 212) describe how recent advances in mass
spectrometry instrumentation are allowing not only descriptive studies that identify
proteins and characterize posttranslational modifications, but also quantitative
studies looking at changes in protein concentration between samples. But a cast
list, even with exits and entrances marked, cannot tell the whole story. Ultimately,
we would like to view the action as it happens. Giepmans et al. (p. 217) discuss
developments in fluorescent probes and techniques to determine protein expression,
activity, and function in fixed and live cells; and Xie et al. (p. 228) provide examples
where single-molecule imaging techniques are used to follow gene expression,
active transport, and metabolism in live cells.

Exciting as this global view is, it does not show us how each protein works. It has
become clear that protein motions are important for function, with much of the
experimental data coming from NMR spectroscopy. Mittermaier and Kay (p. 224)
give an overview of NMR methods that allow internal motions to be probed with
very high time and spatial resolution. Some of these methods were used by Koglin et al.
(p. 273) to show that a protein that acts in nonribosomal peptide synthesis displays
a double two-state conformational equilibrium that is important to its function.
Computational methods provide additional tools to study dynamics. Masgrau et al.
(p. 237) used a combination of kinetic and crystallographic experiments and
computer simulation to show that in one enzyme, short-range thermal motions are
sufficient to explain hydrogen tunneling. An associated Perspective by Benkovic and
Hammes-Schiffer (p. 208) suggests that looking outward from the active site may
reveal a more complex picture.

In related online resources, Science’s Signal Transduction Knowledge Environment
(STKE) (http://stke.sciencemag.org/) features a Protocol by England on monitoring
AMPA receptor trafficking and a Review by Vogel et al. discussing how to overcome
potential pitfalls of fluorescence resonance energy transfer (FRET) analysis. 

We look to a future where the tools described here, and those yet to come, will allow
us to watch biochemical reactions in live cells and understand how each molecule
plays its role.

– VALDA J. VINSON
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REVIEW

Mass Spectrometry and
Protein Analysis
Bruno Domon

1
and Ruedi Aebersold

1,2,3

Mass spectrometry is a central analytical technique for protein research and for the study of
biomolecules in general. Driven by the need to identify, characterize, and quantify proteins at ever
increasing sensitivity and in ever more complex samples, a wide range of new mass spectrometry–
based analytical platforms and experimental strategies have emerged. Here we review recent
advances in mass spectrometry instrumentation in the context of current and emerging research
strategies in protein science.

T
he ability to identify proteins and to de-

termine their covalent structures has been

central to the life sciences. The amino acid

sequence of proteins provides a link between

proteins and their coding genes via the genetic

code, and, in principle, a link between cell

physiology and genetics. The identification of

proteins provides a window into complex cellular

regulatory networks.

Before the genomics revolution, chemical or

enzymatic methods were used to probe the co-

valent structure of single, highly purified proteins,

and typically, the products of such reactions were

detected by ultraviolet (UV) absorbance or fluo-

rescent spectroscopy. For example, polypeptides

were sequenced by stepwise chemical degradation

from the N terminus to the C terminus (Edman

degradation), with subsequent identification of the

released amino acid derivatives byUVabsorbance

spectroscopy. Gradually over the past two dec-

ades, mass spectrometers were interfaced with a

number of protein chemistry assays to create

detectors providing superior information. With

the increased performance and versatility of the

instrumentation, new protein analytical strategies

have emerged in which mass spectrometry is the

central element. For example, by the mid-1990s, a

variety of mass spectrometry–based strategies had

essentially replaced the Edman degradation as the

mainstream method for determining the amino

acid sequences of polypeptides.

The trend toward mass spectrometry as the

technique of choice for identifying and probing

the covalent structure of proteins was accelerated

by the genome project. Genomics demonstrated

the power of high-throughput, comprehensive

analyses of biological systems. Genomics also

provides complete genomic sequences, which

are a critical resource for identifying proteins

quickly and robustly by the correlation of mass-

spectrometric measurements of peptides with se-

quence databases. The systematic analysis of all

the proteins in a tissue or cell was popularized

under the name proteomics, with mass spectrom-

etry central to most proteomic strategies.

The analysis of a full proteome presents a

formidable task and, in spite of recent technical

developments, remains to be achieved for any

species. The task is challenging because pro-

teomes have a large and unknown complexity.

What is certain is that the number of proteins in a

species_ proteome exceeds by far the number of

genes in the corresponding genome. This di-

versity arises from the fact that a particular gene

can generate multiple distinct proteins as a result

of alternative splicing of primary transcripts, the

presence of sequence polymorphisms, post-

translational modifications, and other protein-

processing mechanisms. Moreover, proteins span

a concentration range that exceeds the dynamic

range of any single analytical method or instru-

ment. For example, it has been estimated that the

concentration range of serum proteins exceeds 10

orders of magnitude (1). Although these chal-

lenges are daunting, they have stimulated

advances in technologies for the analysis of

proteins and proteomes. Here we describe a

range of mass-spectrometric techniques, discuss

their utility for protein analysis, and assess their

ability to support or interface with a range of

proteomic strategies.

MS Instruments and Their Use

Mass spectrometry was restricted for a long time

to small and thermostable compounds because of

the lack of effective techniques to softly ionize and

transfer the ionizedmolecules from the condensed

phase into the gas phase without excessive

fragmentation. The development in the late

1980s of two techniques for the routine and

general formation of molecular ions of intact

biomolecules—electrospray ionization (ESI) (2)

and matrix assisted laser desorption/ionization

(MALDI) (3)—dramatically changed this situa-

tion and made polypeptides accessible to mass-

spectrometric analysis. This catalyzed the devel-

opment of new mass analyzers and complex

multistage instruments [for instance, hybrid

quadrupole time-of-flight (Q-Q-ToF) and tandem

time-of-flight (ToF-ToF) instruments] (Table 1)

designed to tackle the challenges of protein and

proteome analysis (4, 5). Mass spectrometers are

used either to measure simply the molecular

mass of a polypeptide or to determine additional

structural features including the amino acid se-

quence or the site of attachment and type of

posttranslational modifications. In the former

case, single-stage mass spectrometers are used,

acting essentially as balances to weigh molecules.

In the latter case, after the initial mass determi-

nation, specific ions are selected and subjected to

fragmentation through collision. In such ex-

periments, referred to as tandem mass spectrom-

etry (MS/MS), detailed structural features of the

peptides can be inferred from the analysis of the

masses of the resulting fragments. The types of

mass spectrometers described below are most

commonly used to support a range of research

strategies in the protein sciences. They differ in

their physical principles, their performance

standards, their mode of operation, and their abil-

ity to support specific analytical strategies.

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

1Institute of Molecular Systems Biology, ETH Zurich, CH-

8093 Zurich, Switzerland. 2Faculty of Sciences, University
of Zurich, CH-8006 Zurich, Switzerland. 3Institute for
Molecular Systems Biology, Seattle, WA 98103, USA.

Table 1. Characteristics and performances of commonly used types of mass spectrometers. Check
marks indicate available, check marks in parentheses indicate optional. +, ++, and +++ indicate
possible or moderate, good or high, and excellent or very high, respectively. Seq., sequential.

IT-LIT Q-Q-ToF ToF-ToF FT-ICR Q-Q-Q QQ-LIT

Mass accuracy Low Good Good Excellent Medium Medium

Resolving power Low Good High Very high Low Low

Sensitivity (LOD) Good High Medium High High

Dynamic range Low Medium Medium Medium High High

ESI ( ( ( ( (

MALDI (( ) (( ) (

MS/MS capabilities ( ( ( ( ( (

Additional capabilities Seq. MS/MS Precursor, Neutral loss, MRM

Identification ++ ++ ++ +++ + +

Quantification + +++ ++ ++ +++ +++

Throughput +++ ++ +++ ++ ++ ++

Detection of modifications + + + + +++
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Time-of-flight (ToF ) and hy-

brid ToF instruments. In ToF

analyzers, the mass-to-charge ratio

of an analyte ion is deduced from

its flight time through a tube of

specified length that is under

vacuum. The performance of ToF

analyzers has greatly improved, in

particular in terms of resolution

and mass accuracy (6). A resolv-

ing power exceeding 12,000 has

become routine on many instru-

ments, and with a proper mass

calibration protocol, mass accura-

cies in the low–parts per million

(ppm) range are achievable. ToF

mass analyzers are the basis for

analytical platforms operated with

both ESI and MALDI. The Q-Q-

ToF instruments exhibit high res-

olution and mass accuracy in MS

and MS/MS mode. In the MS

mode, the quadrupole acts as an

ion guide to the ToF analyzer

where the mass analysis takes

place. In the MS/MS mode, the

precursor ions (typically a multi-

ply charged ion in ESI) are se-

lected in the first quadrupole and

undergo fragmentation through

collision-induced dissociation in

the second quadrupole. The pro-

duct ions are analyzed in the ToF

device. Spectra obtained in both

full-scan and MS/MS modes ex-

hibit good mass accuracy and high

resolution, yielding an increased

number of peptides detected and

allowing for the determination of

the charge state and unambiguous

assignment of the mono-isotopic signal. All

of these factors simplify the identification of

peptides via database searches by tightening

the search parameters and augmenting the con-

fidence in the results. Finally, Q-Q-ToF instru-

ments perform well for quantitative analyses

and for the identification of posttranslational

modifications.

MALDI remains a valuable alternative ioniza-

tion technique for peptides and proteins and is often

used to complement results obtained by ESI MS.

MALDI MS is very sensitive and more tolerant

than ESI to the presence of contaminants such as

salts or small amount of detergent. The MALDI

technique has primarily been used in conjunction

with ToF analyzers for molecular mass determina-

tion. It has been implemented onQ-Q-ToF or ToF-

ToF mass spectrometers to provide true MS/MS

capabilities. The resulting spectra characterized by

singly charged precursor ions and those obtained

on ToF-ToF instruments present high-energy

collision fragments (cleavages of the peptidic bonds

and side chains),which are readily interpretable (7).

Ion trap (IT )mass analyzers. In IT analyzers,

ions are trapped and can therefore be accumulated

over time in a physical device. The IT technology is

characterized by MS/MS capabilities (8) with

unmatched sensitivity and fast data acquisition.

Used in conjunction with data-dependent acquisi-

tion (9), IT technology allows high-throughput

analyses. However, IT analyzers have limited-

resolution, low–ion trapping capacity, and space-

charging effects result in mass measurements

lacking accuracy. The development of linear ion

trap (LIT) analyzers with higher ion-trapping

capacities has expanded the dynamic range and

the overall sensitivity of this technique, and LITs

have been replacing classical quadrupole trapping

devices. Typically, LIT instruments have an

optional slow scanning function to increase

resolution. They also have multiple-stage sequen-

tial MS/MS capabilities, in which fragment ions

are iteratively isolated and further fragmented, a

strategy that has proven to be very useful for the

analysis of posttranslational modifications such as

phosphorylation (10).

LIT devices have been implemented on triple

quadrupole–type instruments (i.e., the second

analyzer is substituted by a LIT) to offer a unique

set of functionalities (11). The Q-Q-LIT geom-

etry offers the scanning capabilities of a triple

quadrupole instrument, including precursor ion

and neutral loss scanning (Fig. 1, B and C), and

increased sensitivity. These instruments therefore

offer unique capabilities for the analysis of

modifications. In addition, the multiple reaction

monitoring (MRM) capability of Q-Q-LIT

instruments (Fig. 1D) allows the detection of

specific transitions between the precursor and

one fragment of a given peptide. The selectivity

resulting from two stages of analyzer combined

with the high duty cycle results in quantitative

analyses with unmatched sensitivity.

Ion cyclotron resonance and orbitrap mass

analyzers. The development and commer-

cialization of robust Fourier transform–ion cy-

clotron resonance (FT-ICR) mass spectrometers

with external ion sources (12) represented a

breakthrough in terms of resolving power and
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Fig. 1. Schematic representation of various types of tandemmass spectrometry experiments. (A) Product ion scanning
is the most common MS/MS experiment in proteomics. Its purpose is the generation of fragment ion spectra for the
identification of the amino acid sequence of specific peptides. In this experiment, the first analyzer (MS1) is set to a
value that selects one specific precursor ion at a time. The selected ion undergoes CID in the collision cell, and the
resulting fragments are analyzed by the second analyzer (MS2). This process is repeated for different precursors. (B)
Precursor ion scanning sets the second analyzer (MS2) to transmit only one specific fragment ion to the detector.
MS1 is scanned to detect all the precursor ions that generate this fragment. Typically, this method is used to detect a
subset of peptides in a sample that contain a specific functional group, for instance a phosphate ester or a
carbohydrate modification. (C) Neutral loss scanning scans both analyzers in a synchronized manner, so that the
mass difference of ions passing through MS1 and MS2 remains constant. The mass difference corresponds to a
neutral fragment that is lost from a peptide ion in the collision cell. The neutral loss scan is therefore used to detect
those peptides in a sample that contain a specific functional group. A common application of this method is the
detection of peptides phosphorylated at serine or threonine residues via a loss of phosphoric acid. (D) MRM consists
of a series of short experiments in which one precursor ion and one specific fragment characteristic for that precursor
are selected by MS1 and MS2, respectively. Typically, the instrument cycles through a series of transitions (precursor-
fragment pair) and records the signal as a function of time (chromatographic elution). MRM is used for the detection
of a specific analyte with known fragmentation properties in complex samples.
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mass accuracy. Measurements in the low ppm–

sub ppm range can be achieved. The high

resolution of this instrument not only accounts

for better data quality, but it also increases the

peak capacity and thus allows for the detection of

more signals compared with instruments with

lower resolving power. The development of

hybrid FT-ICR instrument with an external LIT

device has added robustness to this platform and

allowed routine generation of low-resolution MS/

MS spectra with accurate mass of the precursor

ions. FT-MS performed on an LIT-ICR hybrid

instrument allows true parallel full mass spectrum

(MS1) and tandem mass spectrum (MS2) acqui-

sition (not sequential), and it yields high-quality

MS1 data that can be used for quantification. The

only drawback of that approach is the relatively

slow acquisition rate (several s per cycle) and the

limited dynamic range of IT devices.

Very recently, a new type of mass analyzer

called orbitrap (13, 14) has emerged. It is the first

analyzer introduced to the market in three

decades that is based on a new physics principle

(the separation of ions in an oscillating electric

field). This instrument presents characteristics

similar to an FT-ICR spectrometer in terms of

resolution and mass accuracy but without the

burden of an expensive superconducting magnet.

MS/MS modes of operation. Tandem mass

spectrometry is commonly used in the product ion

mode (Fig. 1A) to determine the amino acid

sequence of a specific peptide. This technique is

available on all instruments equipped with MS/

MS capabilities. However, more specialized

instruments (Table 1) allow other types of MS/

MS experiments. Experiments to detect a subset

of peptides that contain a specific functional

group requiring precursor-ion or neutral-loss

scans (Fig. 1, B and C, respectively) can only

be performed effectively on triple quadrupole

(Q-Q-Q) or quadrupole ion trap (Q-Q-LIT)

instruments. For instance, phosphorylation and

glycosylation can be detected very effectively in

complex mixtures by generating specific reporter

ions in the collision cell that can be detected by

the specific scan functions (15–17). In a typical

experiment, the precursor or neutral loss scan

will detect the components of interest and then

trigger a conventional MS/MS (product ion

scan) to identify the amino sequence and localize

the modifications.

Triple quadrupole–derived technologies also

allow quantitative analyses with very high sensi-

tivity in the MRM mode. Known (or suspected)

analytes can be detected and quantified with a

high degree of sensitivity and selectivity (Fig. 1D).

The high selectivity results from monitoring one

pair of precursor/fragment ions characteristic of a

single peptide. In addition, the two levels of mass

selection in MRM experiments result in a

substantial increase in sensitivity, because the

first mass filter only transmits a small ion popu-

lation, and thus minimizes the overall chemical

background. The collision-induced dissociation

(CID) fragment ions derived from the precursor

ions produce discrete signals, whereas chemical

noise is randomly distributed. Finally, the non-

scanning nature of this technique (high dwell

time) increases in sensitivity by several orders of

magnitude compared with the limit of detection

(LOD) achieved by product ion scans.

Instrument performance. The pertinent char-

acteristics of the various instrument types are

summarized in Table 1. Instrument performance

in terms of resolving power, LOD (sensitivity),

and mass accuracy depends on the instrument

type, the ionization method, and the scanning

capabilities used. At this point, no instrument

offers all capabilities simultaneously, and trade-

offs need to be made based on the type of

analysis to be performed.

The comparison of instrument performance is

potentially a controversial subject, because spec-

ifications very much depend on the type of

application, the sample analyzed, and the exper-

imental setup. Very low LOD is often reported for

individual peptides; however, for biological

samples with high matrix background, the practi-

cal limits are often off by several orders of

magnitude. Discrepancies in performance are

often observed between an instrument performing

under optimum conditions (typically above man-

ufacturer specifications) and a routine, high-

throughput operation. Whether the application

focuses on identification or quantification will

determine which platform and strategy is pre-

ferred. In the former case, resolving power (to

improve separation of the various components)

and mass accuracy are important factors, whereas

in the latter case, the emphasis is on sensitivity,

dynamic range, and MRM capabilities. Thus,

biological questions to be addressed together with

the experimental design should define the type of

instrumental platform required.

The simultaneous collection of quantitative

data (full scanmode) and qualitative data (MS/MS

mode) is often difficult. Parallel data acquisition in

some hybrid instruments (LIT-ICR) partially

solves the problem. Precise quantification requires

high-quality data characterized by intense signals

and a high signal-to-noise ratio collected across

the entire elution profile. Data quality is very

much dependent on the data acquisition param-

eters (scanning time or dwell time for nonscanning

instruments). Thus, usually trade-offs have to be

made between data quality and throughput.

Latest developments. A number of recent de-

velopments are opening new opportunities for the

characterization of biomolecules. Alternate frag-

mentation techniques to CID that are based on

electron transfer of the ions present in the collision

cell have been developed to improve peptide

sequencing. In particular, electron capture disso-

ciation (ECD) (18) and electron transfer dissoci-

ation (ETD) (19) have been implemented on FT-

ICR and LIT instruments, respectively. These

two techniques yield fragments that are comple-

mentary to the classical CID fragmentation. They

tend to be more evenly distributed over the entire

peptide backbone and are particularly useful in

localizing posttranslational modifications. ECD

and ETD are also applicable to large peptides

and proteins. The ability to fragment and analyze

intact proteins opens new possibilities for the

direct analysis of intact proteins by mass spec-

trometry (called top-down approaches), which

yield full amino acid coverage and precise iden-

tification and localization of modifications (20).

Classical and Emerging Proteomic Strategies

Although no proteomic strategies are currently

capable of completely and routinely analyzing a

proteome, the techniques are robust and their

potential for complete proteome analysis is

increasing rapidly. Moreover, the analysis of

specific subproteomes, such as the proteins

contained in organelles or subcellular fractions,

has become routine. Proteomic studies also differ

in their objectives. Many studies are descriptive,

focusing on the identification of the proteins in a

sample and the characterization of their post-

translational modifications. More recently, quan-

titative measurements of either absolute protein

quantities or quantitative changes of proteins

between samples have been performed.

Virtually every mass spectrometry–based

proteomic workflow consists of three distinct

stages: (i) Protein samples are isolated from their

biological source and optionally fractionated. The

final protein sample is then digested and the

resulting peptide sample is further fractionated. (ii)

The peptides are subjected to qualitative and

quantitative mass-spectrometric analysis. (iii)

The large data sets generated are analyzed by

suitable software tools to deduce the amino acid

sequence and, if applicable, the quantity of the

proteins in a sample. The peptide identity is

assigned to the MS/MS spectra through database

searching (21), which is performed according to

established guidelines to generate consistent re-

sults (22). A subsequent statistical analysis of the

search results is critical to ensure confidence in

the identifications (23).

MS analysis of substantially purified pro-

teins. This approach is exemplified by the original

proteomicapproach: two-dimensional (2D)gel elec-

trophoresis followed by the mass-spectrometric

identification of the protein(s) in a single gel

spot (Fig. 2A). The targeted proteins are digested

and identified by mass spectrometry, usually

peptide mass fingerprinting using a MALDI-

ToF instrument. More recently, variants of this

approach have been developed in which various

combinations of sequential electrophoretic or

chromatographic separation methods are com-

bined to achieve sufficient peak capacity to re-

solve complex samples (24, 25). Quantification is

achieved at the protein level by comparing the

signal intensities of identical proteins in different
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samples. The strength of these methods is their

ability to resolve related proteins, such as dif-

ferentially modified forms, and the low degree of

complexity of the samples generated for mass

spectrometry analysis. The methods suffer from

limited dynamic range, insufficient power to

resolve proteomes, and limited sample through-

put. Furthermore, important classes of proteins,

including membrane proteins, are difficult to

analyze by these methods, which are best suited

for the analysis of protein samples of limited

complexity and for studies where specific pro-

teins need to be extensively characterized.

MS analysis of complex peptide mixtures. In

this method, also referred to as shotgun pro-

teomics, complex protein samples are digested,

and the resulting peptide samples are extensively

fractionated and analyzed by automated MS/MS,

typically using rapidly scanning analyzers such as

ITmass spectrometers (Fig. 2B). Protein samples

analyzed by this method include complete cell

lysates or tissue extracts, subcellular fractions,

isolated organelles, or other subproteomes.

If samples are labeled with stable isotopes, the

ratio of signal intensities of differentially labeled

but chemically identical analytes can be used to

determine accurately their relative abundance in

different samples (Fig. 3A). Multiple analyses

can be performed concomitantly by using tan-

dem mass tags (Fig. 3B). Alternately, the abso-

lute quantity of peptide can be determined by

adding calibrated amounts of isotopically labeled

peptides into the sample before the MS analysis

(Fig. 3C).

The strength of the shotgun approach is its

conceptual and experimental simplicity, in-

creased proteomic coverage compared with the

method described above, and accurate quan-

tification. The shotgun method suffers from

limited dynamic range, informatics challenges

related to inferring peptide and protein sequence

identities from the large number of acquired mass

spectra, a high redundancy, and the enormous

complexity of the generated peptide samples.

These limitations have been addressed, in part, by

the use of fractionation that reduces the com-

plexity of the peptide sample. Popular fractiona-

tion methods target information-rich subsets of

the proteome, such as the cysteine-containing

peptides (26), phosphorylated peptides (27, 28),

or glycosylated peptides (29). Shotgun proteo-

mics is most suitable for the rapid identification

of the components of complex sample mixtures

and for the comparative quantitative analysis of

the proteins contained in different samples. Be-

cause the connection between the peptides that

are analyzed in the mass spectrometer and the

protein(s) from which the peptides originate is

lost during proteolysis, this approach is less well

suited for the extensive characterization of

proteins with multiple modifications.

Comparative pattern analysis. Comparative

peptide pattern analysis (Fig. 2C) is conceptually
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Fig. 2. Proteomics strategies. (A) Identification of simple protein (prot.) mixtures from 2D gel electrophoresis
or pull-down experiments is carried out by enzymatic (enz.) digestion and by mass spectrometry analysis of
the resulting peptides (pep.) (in ESI or MALDI mode). Peptide masses allows their identification (and that of
the parent proteins) using peptide mass fingerprinting (PMF). Additional MS/MS data are also used for the
peptide identification. (B) Random protein identification and quantification, also referred to as shotgun
proteomics, couples identification and quantification of specific peptides in a sample. Selected peptides are
subjected to product ion scanning (Fig. 1A) in a tandem mass spectrometer. The precursor ions are selected
randomly, and typically only a fraction of the precursor ions detected are selected (undersampling). The ion
intensities in MS1 are used to quantify the analytes by relating the signal intensity of the selected analyte to
the signal intensity of a suitable reference molecule (frequently, a reference peptide labeled with heavy stable
isotopes). (C) Quantification-driven identification decouples quantification and identification of peptides. In a
first step, peptides that quantitatively differ between samples are detected by comparing the MS1 peptide
patterns (mass versus chromatographic retention time) between samples, allowing for a more extensive
analysis of the peptide patterns. Candidate peptides that show interesting quantitative properties are subjected
to MS/MS sequencing in a second step using an inclusion list resulting from the primary analysis. (D)
Hypothesis-driven peptide identification measures with high precision the abundance of a series of
predetermined peptides. The targeted peptides, usually identified from previous experiments, are subjected to
MRM (Fig. 1D). Accurate quantification is achieved by adding a suitable calibrated reference peptide.
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similar to the 2D gel electrophoresis method in

that 2D patterns of features are generated for

each sample, and the patterns are compared to

identify quantitative or qualitative changes. Such

features are then further characterized, for ex-

ample, by sequencing or by determining their

posttranslationally modified state. However, in

MS-based pattern analysis methods, protein

samples are proteolyzed, fractionated, and the

resulting peptides are analyzed by liquid chro-

matography (LC)/MS. The two dimensions to

describe a peptide ion are chromatographic

elution time and mass. Quantification of the

detected features is achieved by integrating the

ion counts of each signal. The main advantage of

this method is that all the features that are

detectable by MS can be quantified. This is in

contrast with the shotgun methods, in which only

identified peptides are quantified. However, in

practice, it is extraordinarily challenging to gen-

erate highly reproducible patterns and to develop

software tools that reliably match related patterns

(30, 31). Such analyses result in a list of features

that represents putative peptide ions, with the

following attributes: mass-to-charge ratio (m/z),

charge state, elution time, and ion intensity. The

peptides that need to be sequenced (for instance,

features indicating different expression between

two samples) are included in a list and then

submitted to a new, directed mass-spectrometric

experiment to collect MS/MS spectra of these

features exclusively. This type of analysis is also

well suited for the MALDI/MS/MS platform,

because the samples are ‘‘immobilized’’ on the

sample plate and can therefore be interrogated

sequentially and without any time constraints.

Hypothesis-driven strategies. It can be ex-

pected that incremental improvements in instru-

ment performance will continue to translate into

more-sensitive, faster, and more-reliable proteo-

mic analyses. However, it is not clear whether

such advances will be sufficient to eliminate the

major bottlenecks encountered in the current pro-

teomics approaches. We have argued before (32)

that proteomics needs to undergo a paradigm

shift to reach the goal of robustly and globally

analyzing proteomes. The essence of this shift is

the transformation of proteomics from a mode

where in every experiment, the proteome is

rediscovered, to a mode in which the information

from prior proteomic experiments is used to

guide the present experiments. Specifically, it

can be anticipated that extensive (complete)

proteome maps containing all the peptides of a

species that are observable by mass spectrometry

will be generated and that future strategies will

aim at the targeted, nonredundant analysis of

information-rich peptides. For mass spectrometry

instrumentation and strategy, this shift of para-

digm requires the development of instruments

and data acquisition protocols that support the

fast, sensitive, and robust analysis of previously

generated lists of target peptides. Databases that

allow the extraction of peptides that uniquely

identify a specific protein or a specific modified

form of a protein and that are easily detectable by
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Fig. 3. Strategies for quantitative peptide analyses. (A) Quantification using
isotope dilution is widely used and accepted in the proteomics community. It is
based on the incorporation of a stable isotope signature into all of the proteins
of one sample and the incorporation of a different stable isotope signature in all
proteins of a second sample. The samples are then combined to serve as mutual
references. Stable isotope incorporation has been achieved by chemical
modification of proteins using suitable isotope coded labeling reagents (26),
metabolic labeling (35), or by enzyme reactions (36). The method is
schematically illustrated here. (B) Quantification using tandem mass tags relies
on variants of stable isotope labeling reagents (37, 38). They consist of two
isotopically labeled elements, which have an overall constant mass. Currently,

these reagents can be multiplexed to four channels. Quantification is performed
in the MS/MS mode by measuring the relative intensity of the reporter group
attached at the N terminus and observed in low mass range of the CID
spectrum. (C) Quantification using internal standards is a variant of isotopic
dilution in which a subset of isotopically labeled peptides is added to the sample
at defined concentrations to perform precise quantification using calibration
curves. Although it is more demanding in terms of sample preparation, this
method is likely to gain importance in the future in the more directed approach
indicated above for quantifying proteins in a larger number of samples. It may
also be a more effective way to perform hypothesis-driven studies by screening
for known or putative proteins (i.e., peptides) present in samples.
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mass spectrometry are just emerging (33). It can

be anticipated that biological hypotheses will

generate lists of proteins that need to be

characterized and quantified in a particular study.

Such lists of proteins can then be submitted to

the database to produce the minimal set of

peptides required to test the hypothesis. This set

of peptides can then be measured by targeted

methods, including MRM (Fig. 2D). The directed

nature of this approach allows the mass spec-

trometer to focus on a nonredundant set of targets

and therefore leads to a substantial gain in

throughput and sensitivity. By adding calibrated,

isotopically labeled reference peptides, precise

quantitative information can be obtained.

Such strategies are best implemented on mass

spectrometers with Q-Q-LIT geometry related to

the triple quadrupole instrument that has been used

for decades to quantify small molecules drugs and

their metabolites in serum. The same type of

protocols can be applied to proteomics studies.

As a variant of this approach, Smith developed

the concept of using accurate mass tags to identify

peptides bymatching accuratelymeasured peptide

masses with those calculated for peptides present

in a database (34), thus obviating the need to

sequence each peptide in each sample. With the

rapid increase in accessible data from prior

proteomic experiments and the development of

mass spectrometer control software that supports

large inclusion lists for targeted analyses, the use

of the hypothesis-driven strategies can be ex-

pected to increase.

Outlook and Conclusion

Protein analysis and, more specifically, proteomics

have driven the development of mass spectrome-

try for the past decade. Technological advances

have translated into major improvements in mass

accuracy, resolving power, LOD, and accuracy of

quantification and new experimental strategies

aimed at the routine and comprehensive analysis

of whole proteomes. New mass-spectrometric

strategies to analyze intact proteins, protein com-

plexes, and low-redundancy target workflows are

emerging. Although these mass spectrometry

technologies have been driven by protein research;

once developed, they will equally effect the

analysis of other types of biomolecules, including

metabolites, lipids, and carbohydrates. It can

therefore be anticipated that the use of mass

spectrometry in the life sciences will become even

more prevalent and diversified.
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The Fluorescent Toolbox for Assessing
Protein Location and Function
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Advances in molecular biology, organic chemistry, and materials science have recently created
several new classes of fluorescent probes for imaging in cell biology. Here we review the
characteristic benefits and limitations of fluorescent probes to study proteins. The focus is on
protein detection in live versus fixed cells: determination of protein expression, localization,
activity state, and the possibility for combination of fluorescent light microscopy with electron
microscopy. Small organic fluorescent dyes, nanocrystals (‘‘quantum dots’’), autofluorescent
proteins, small genetic encoded tags that can be complexed with fluorochromes, and combinations
of these probes are highlighted.

F
luorescence has long been used to visualize

cell biology atmany levels, frommolecules

to complete organisms. Originally, fluores-

cence was mainly observed from small organic

dyes attached by means of antibodies to the

protein of interest. However, antibody targeting

of intracellular proteins normally requires cell

fixation and permeabilization. Later, fluorophores

could directly recognize organelles, nucleic acids,

and certain important ions in living cells. In the

past decade, fluorescent proteins have enabled

noninvasive imaging in living cells and organisms

of reporter gene expression, protein trafficking,

and many dynamic biochemical signals. Hybrid

systems in which small organic fluorophores are

genetically targeted are filling other useful niches

including determination of protein age, correla-

tive electron-microscopic localization, and rapid

photoinactivation of selected proteins. Mean-

while, semiconductor nanocrystals have been

developed with higher brightness and photo-

stability than previous fluorophores, but their

targeting currently remains challenging. This re-

view will discuss recent developments in fluores-
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cent probes and techniques to determine protein

expression, activity, and function.

Fluorophores

Small organic dyes. Small organic fluorophores

(G1 kD) for covalent labeling of macromolecules

have undergone industrial optimization of wave-

length range, brightness (extinction coefficient for

absorbance � quantum yield of fluorescence),

photostability, and reduction in self-quenching.

Molecular strategies have included extension of

double-bond conjugation, rigidification through

extra rings, and decoration with electron-

withdrawing or obligatorily charged substituents

such as fluorines or sulfonates. Hundreds of such

dyes are commercially available (1), and further

progress is likely to be incremental. Because

these dyes lack specificity for any particular

protein, most applications use antibodies (Fig. 1,

A to C) in fixed and permeabilized cells.

Fluorescent proteins. The first fluorescent

proteins to become useful in cell biology were

phycobiliproteins, photosynthetic antenna pig-

ments extracted from cyanobacteria (2). Each

macromolecule contains multiple bilin chromo-

phores encapsulated in a matrix evolved to min-

imize quenching, making phycobiliproteins up to

two orders of magnitude brighter than small or-

ganic fluorophores. However, their size (200 kD)

limits diffusion, so their application has been

mainly in antibody conjugates for surface label-

ing in flow cytometry and enzyme-linked im-

munosorbent assay (ELISA) [reviewed in (3)].

They could become much more widely useful if

genetically expressed in situ, but the problem is

that bilin chromophores have to be supplied and

inserted into the apoproteins. Fortunately, much

progress has been made (4, 5).

A revolution in cell biological imaging has

resulted from the discovery (6), gene cloning (7),

and heterologous expression of the green fluo-

rescent protein (GFP) from the jellyfish Aequo-

rea victoria [reviewed in (8)]. Expression of GFP

alone or in most genetic fusions with other

proteins results in visible fluorescence (Fig. 1, C

and D) without requiring any cofactors other than

O
2
, because the chromophore is generated by

spontaneous cyclization and oxidation of three

amino acids buried at the heart of the 2.4- by 4-

nm beta barrel. GFP is just one member of a

large family of homologous fluorescent proteins

(FPs) (9, 10), mostly from marine coelenterates,

with different colors from variations in chromo-

phore covalent structure and noncovalent envi-

ronment (11). Laboratory mutagenesis has

further diversified FPs’ spectra, increased their

brightness and folding efficiencies (12), and

decreased oligomerization [reviewed in (11)].

Mutation can either increase the photostability

for standard fluorescence observation or con-

versely generate FPs that are photoswitchable

from dark to bright or from one color to another

[reviewed in (13)]. Such photoswitching can be

reversible or irreversible and is useful for moni-

toring protein diffusion, trafficking, and age.

Although FPs generate stoichiometric amounts

of H
2
O
2
during chromophore formation (8), they

seem to generate relatively little reactive oxygen

species (ROS) during illumination, which is not

Fig. 1. Characteristics and applications of types of fluorophores in
protein detection. Applications of different targeting methods and types
of fluorophores are illustrated on connexin43 (green) and a-tubulin (red)
in fibroblasts (A and B) and connexin43 in HeLa cells (D and E) as
indicated. The structures of different types of targeting proteins and
fluorophores (C) are shown to scale. [Scale bar is 2 nm; reproduced from (58).]
Endogenous proteins are labeled using primary antibodies followed by
secondary antibodies conjugated to small organic dyes (A) or Fab fragments

attached to QDs (B),which are also detected at the EM level; (B) (right), QD 565 at
connexin43–based gap junction. Genetically encoded intrinsic FPs (D) or
tetracysteine tags labeled with biarsenicals (E) rely on ectopic expression.
Tetracysteines on connexin43 were pulse-labeled with FlAsH (green) and
subsequently ReAsH (red), thus distinguishing old from new connexins,
respectively. ReAsH is also visualized in EM using photooxidation (E) (right).
[Reproduced from (37).] Scale bars in (A), (B), and (D), 20 mm (LM); (B), 50 nm
(EM); (C), 2 nm; (E), 2 mm.
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surprising given their evolution within organisms

exposed to sunlight. Nevertheless, it has been

possible to mutate FPs to generate ROS for

photodestruction of cells (14). The fluorescence

of FPs is normally rather insensitive to their

biochemical environment except for quenching

by acid pH or denaturation, but they have been

engineered for enhanced pH sensitivity or re-

sponsiveness to metal or halide ions and thiol-

disulfide redox potentials [reviewed in (10, 15)].

Quantum dots. Quantum dots (QDs) are inor-

ganic nanocrystals that fluoresce at sharp and

discrete wavelengths depending on their size, have

high extinction coefficients (10 to 100 times those

of small fluorophores and FPs), and have good

quantum yields. QDs typically contain a CdSe or

CdTe core and ZnS shell (Fig. 1C). Their ab-

sorbance extends from short wavelengths up to

just below the emission wavelength, so that a

single excitation wavelength readily excites QDs

of multiple emission maxima. Crucial for biolog-

ical applications was the development of coatings

that make QDs water soluble, prevent quenching

by water, and allow conjugation to protein-

targeting molecules such as antibodies and

streptavidin (Fig. 1B) (16–20). The large size of

QDs conjugated to biomolecules (È10 to 30 nm)

prevents efficient traversal of intact membranes,

which restricts their use to permeabilized cells or

extracellular or endocytosed proteins. The photo-

stability of QDs allows repeated imaging of single

molecules, and their size and electron-density

permits correlated electron microscopy (EM) (21).

Gold and silver nanodots formed within

hydrophilic dendrimers are also highly fluores-

cent and wavelength tunable (22). Their de-

rivatization and application in cell biology is

eagerly awaited.

Techniques to Tag Proteins

Immunolabeling. Immunolabeling and other tech-

niques for tagging proteins are summarized in

Table 1. The most widespread technique to detect

endogenous proteins using fluorescence is label-

ing with a primary antibody followed by ampli-

fication with a secondary antibody conjugated to

small organic dyes, a phycobiliprotein, or a QD

(Fig. 1. A to C). Alternatively, primary antibodies

can be directly conjugated to fluorophores or to

biotin, which is then detected using streptavidin.

Direct conjugation is especially useful when

injecting antibodies into live cells or to increase

spectral diversity when analyzing multiple pro-

teins. When high-quality antibodies to the target

protein are not available, the target can be

recombinantly expressed with an epitope tag,

although it is no longer completely endogenous.

Of course, the accuracy of protein recognition

depends on the specificity of the primary anti-

bodies, so this should be validated using parallel

methods. Disadvantages of immunofluorescence

are that it is usually restricted to permeabilized

cells or extracellular or endocytosed proteins, and

the multivalency of these probes might lead to

oligomerization of target proteins on live cells.

In standard immunolabeling, the size of the

fluorophore-targeting complex typically exceeds

200 kD and might interfere with multiprotein

recognition in protein complexes.

Genetic tagging. A key advantage of genet-

ically encoded FPs is that they can be covalently

fused to the protein of interest, so that targeting is

precise (Fig. 1, C and D). Transfection and trans-

genic techniques often make exogenous DNA

easier than dyes to deliver to cells or organisms.

Limitations include the need for ectopic expres-

sion, the significant size of FPs, the possibility

that the fusion may interfere with the function of

the protein of interest, and the restriction to

fluorescence as the only useful property. There-

fore, several hybrid systems have been described

by which small molecules can be covalently

targeted to genetically specified proteins inside or

on the surface of living cells, either by sponta-

neous attachment or enzymatic ligation [reviewed

in (23–25)]. Most of these techniques are too

new to have had much cell biological applica-

tion. The most developed is the tetracysteine-

biarsenical system (26), which requires modifi-

cation of the target protein by a 12-residue pep-

tide sequence that includes four cysteines, which

binds membrane-permeable biarsenical mole-

cules, notably the green and red dyes ‘‘FlAsH’’

and ‘‘ReAsH’’ (27), with picomolar affinity (Fig.

1, C and E). Small dithiol antidotes are

coadministered to minimize binding and toxicity

to endogenous proteins. The tetracysteine motif

has undergone multiple rounds of improvement

to increase its affinity for the biarsenical dyes,

enabling lower dye concentrations and higher

antidote concentrations to reduce background

staining (28). Examples where protein function

is less perturbed by the small tetracysteine-

biarsenical combination than by FP fusions

include tubulin in yeast (29), coupling of

receptors to heterotrimeric guanine nucleotide–

binding proteins (G proteins) (30), translocation

to the nucleus (31), and type III secretion of

pathogenic proteins from bacteria into eukaryotic

cells (32). Tetracysteine-biarsenicals also enable

manipulations not readily possible with FPs,

such as affinity purification (27), fluorophore-

assisted light inactivation (33, 34), cotransla-

tional detection of protein synthesis (35, 36),

pulse-chase labeling (37, 38), and correlative

EM localization (37). However, the biarsenical

dyes give higher background fluorescence and

poorer contrast than FPs, have not yet been

demonstrated in intact transgenic animals, re-

quire the cysteines to be reduced during labeling,

and do not permit two different proteins in the

same compartment to be simultaneously labeled

with different colors. The tetracysteine sequence

occasionally provides a palmitoylation site, al-

though such modification can sometimes be

Table 1. Applications of fluorophores in protein detection. Applicability ranges from most optimal
(++) to generally not applicable (–), and (+/–) indicates applicable in some cases.

Fluorophores for

examination of

Small organic dyes

(antibody-targeted)

Quantum dots

(antibody-targeted)

Fluorescent

proteins

Genetic tags

with small dyes

Endogenous proteins ++ + – –

Clinical specimens ++ + – –

Animals Ex vivo Ex vivo Transgene live Transgene

ex vivo

Primary tissues ++ + Transgene/virus Transgene/virus

Live cells

in culture

Surface Surface ++ +

Multiple proteins

at once

++ ++ ++ –

Dynamic interactions +/– +/– ++ Combination

with FP

Turnover/synthesis – – + +

Activation state Phospho-specific Phospho-specific FRET sensors Combination

with FP

CALI + – + ++

EM +/– ++ +/– +

Protein microarrays ++ + – –

In gel fluorescence – – + +

Western blot – + – –

Major advantages Diversity

of properties

Bright and

photostable

Live cells and

specificity

Live cells and

small size

Major limitations Targeting in

live cells

Targeting and

penetration

Ectopic expression Ectopic expression,

background staining

Improvements

expected

Generic conjugated

primary antibodies

Smaller, diversity

of properties

Better properties,

generic sensors

New applications
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prevented by a preceding epitope tag (28). Ge-

netic tags have unique applications, but other

methods should be used in parallel to decide

whether tagging or ectopic expression levels are

perturbing protein function or localization.

Studying Protein Expression and Localization

in Primary Cells and Fixed Tissues

Expression and activity profiling with flow cy-

tometry. To study endogenous proteins, immu-

nofluorescence approaches are usually most

suitable. Fluorophore-conjugated antibodies spe-

cific for phosphoproteins conjugated to fluoro-

phores enable visualization of the activation state

of endogenous proteins and are crucial in single-

cell profiling of the activity of multiple cyto-

plasmic proteins simultaneously using fluorescent

flow cytometry (39). Single-cell profiling can

delineate signaling networks in cells (40) and

might be extendable to clinical drug testing on

patients’ blood cells in ex vivo experiments. For

cytoplasmic proteins, small dyes are currently

preferable to QDs because of the better pene-

tration in fixed and mildly permeabilized cells

(Table 1). However, the brightness of QDs im-

proves the detection limit, and the different

spectral characteristics aid in multilabel separa-

tion. Using small dyes, phycobiliproteins, and

QDs, 17 fluorophores have been detected simul-

taneously in a flow cytometer (41).

Protein localization at light and EM levels.

The best information on localization of proteins in

the context of organelles and other subcellular

structures is achieved by EM. Most naked fluo-

rophores upon illumination generate some singlet

oxygen, which not only tends to bleach the

fluorophore itself but can locally oxidize diami-

nobenzidine (DAB) to an osmiophilic polymer

identifiable by EM. This process of ‘‘photo-

conversion’’ was first shown with Lucifer Yellow

(42) and later improved by eosin immunostaining

(43). Recently, tetracysteine-tagged proteins

labeled with the biarsenical dye ReAsH were

shown to photoconvert DAB in protocols that

allow stringent fixation and optimal preservation

of ultrastructure (Figs. 1E and 2H). Moreover,

the technique allows pulse-chase distinction

between young and old copies of a given protein

at the EM level (Fig. 1E) (37). GFP has been

claimed to photoconvert DAB (44), albeit with

much lower efficiency than ReAsH.

Photoconversion works best for proteins

concentrated in subcellular structures. To detect

multiple or more diffuse proteins, QDs are a

promising tool for protein detection at the light

microscope (LM) and EM levels (Fig. 1B). The

electron-dense core and the size of QDs make

them visible at the EM level, and this visibility

can be enhanced by silver staining (45). Cor-

related LM and EM was shown by postsection-

ing labeling of a nuclear protein with QDs (46).

Recently a straightforward application to label

multiple endogenous proteins simultaneously for

correlated LM-EM in cells and tissues using

immunolabeling with QDs has been reported

(21). QDs permit quick LM prescreening of

labeling efficiency and areas of interest before

EM examination. Because of the different sizes

of QDs, three different proteins can be easily

discriminated (21). Because every QD that

fluoresces should be visible in EM, all fluores-

Fig. 2. Advanced fluorescent applications with genetic tags. (A to I) Principles of advanced techniques are
depicted and explained. Barrels represent cyan, green, yellow, and red fluorescent proteins. X, Y, and Z
represent target proteins. Light intensity is indicated by the thickness of the waves. See text for further details.
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cent studies using QDs could, in principle, be

followed up at the EM, including nonantibody

techniques such as using biotin ligase to tag cell

surface proteins for detection by streptavidin-

conjugated QDs (47). Because preembedding

immunolabeling requires permeabilization and

does not allow direct stringent fixation, the

ultrastructure is less well preserved than when

using tetracysteine-based correlated microscopy.

Protein Dynamics in Live Cells

Protein diffusion and trafficking.When a labeled

protein undergoes major net redistribution, direct

imaging can see this motion. Such translocation

can be deliberately engineered as a readout for

protein activation or second messengers, e.g.,

translocation of FP-tagged pleckstrin homology

domains to monitor accumulation of polyphos-

phoinositides in the plasma membrane [reviewed

in (15, 48)]. But even at steady state, proteins are

typically undergoing diffusion or intercompart-

mental exchange. Three general approaches for

measuring such normally invisible fluxes are

single-particle tracking, correlation spectroscopy,

and photomarking methods. In single-particle

tracking, the individual molecules, aggregates,

or organelles must be both bright and sparse

enough to be tracked from one video frame to the

next, preferably by automated software. For exam-

ple, low concentrations (G0.5%) of fluorescent-

conjugated actin or tubulin form fluorescent

speckles in filamentous actin or microtubules,

respectively. The assem-

bly, flow, and turnover

within the macro-

molecular structure is

reflected by the dynam-

ic movement of the

fluorescent speckles

[reviewed in (49)]. Flu-

orescence correlation

spectroscopy statistical-

ly analyzes the intensity

fluctuations resulting

from migration of fluo-

rescent objects into and

out of a small volume

at the focus of a laser

(50–52). Extensions in-

clude image correlation

spectroscopy, which

measures changes in

fluorescence from mi-

croscopic images and

thus allows more global

mapping of interactions

and dynamics of la-

beled constituents in

living cells (53, 54). Pho-

tochemical sensitivity of

the fluorophore is un-

desirable in the above

techniques, whereas it

is essential for photo-

marking, another set

of techniques to image

protein dynamics. Var-

ious FPs (10, 11, 13)

can be destroyed (Fig.

2F), dequenched, or

changed in color, as by

photoactivation (Fig.

2E) in a subcellular area

with the use of intense

local illumination (55).

The subsequent fate of

the marked molecules

can then be imaged di-

rectly. For active tran-

sport, the size of the fluorescent tag is usually

not very important, but for passive diffusion,

small tags are much less likely to cause

perturbations.

Single QDs can be imaged repeatedly be-

cause of their brightness and resistance to pho-

tobleaching, but the difficulty in targeting

cytoplasmic proteins in live cells is a major limi-

tation. For cell surface proteins, however, QDs are

advancing single-molecule live-cell imaging.

Glycine receptor diffusion was followed by im-

munotargeted streptavidin-QDs (45). More than a

thousand high-quality images could be acquired

from endogenous receptors in living neurons,

which revealed that glycine receptors diffuse

with different rates in extrasynaptic, perisynaptic,
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Fig. 3. Parallel application of targeting methods and fluorophores. HeLa cells transfected with GFP–a-tubulin and
tetracysteine–b-actin were stained with ReAsH. After fixation, cells were immunolabeled for the Golgi matrix protein giantin
with QDs and for the mitochondrial enzyme cytochrome c with Cy5 as indicated. DNA was stained with Hoechst 33342.
Images were acquired from Z planes that best represent each structure using excitation and emission wavelengths as
indicated. Individual channels are false-colored (middle) and merged (bottom). Scale bars, 20 mm.
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and synaptic domains. Lidke and co-workers

recently obtained new insight into epidermal

growth factor (EGF) signaling using a combi-

nation of many of the probes and techniques

reviewed here. They found that EGF-conjugated

QDs specifically colocalize with an ErbB1-

GFP receptor chimera and activate the recep-

tor, as determined by Cy5-conjugated antibodies

against activated ErbB1. The complex was

internalized by a clathrin-dependent process,

as shown by colocalization of Alexa-labeled

transferrin (56). Retrograde transport of single

EGF-QD bound to the receptor was found to

depend on receptor oligomerization, as shown

using spectrally distinct EGF-QDs. Fluores-

cence recovery after photobleaching (FRAP)

of GFP-actin revealed that retrograde receptor

transport and actin flow was at the same rate.

Receptors did not internalize on filopodia, but

at the cell body, as was found by specific

quenching of extracellular EGF-QDs-streptavidin

by using impermeable biotin-Alexa. Thus,

filopodia might serve as antennae and could

regulate transport of activated receptors to the

cell body (57).

Conformational changes. One of the most

general ways to detect dynamic conformational

changes with spatiotemporal resolution is to

sandwich the protein domain between two

fluorophores (most commonly cyan and yellow

FPs, CFP and YFP, respectively) and monitor

fluorescence resonance energy transfer (FRET)

[reviewed in (15, 58, 59)] (Fig. 2, A to C). A

typical FRET-based sensor is shown in Fig. 2B.

FRET efficiency depends both on the distance

and the orientation between donor and acceptor.

FRET responses to internal conformational

changes most often result from reorientation

rather than distance changes, because circular

permutation of one of the FPs (60) or small

changes in linker length alter the FRET re-

sponse much more drastically than can be

explained by any alteration in the distance

between the FPs. The protein linking the FPs

can itself be engineered to change conformation

in response to important biochemical signals.

These sensors can be targeted to specific

subcellular compartments when fused to an

appropriate localization signal. In this way,

FRET-based indicators have been developed

to measure several ions, cyclic nucleotides,

metabolites, neurotransmitters, the balance be-

tween protein kinase and phosphatase activities,

and activities of proteases, small G proteins,

and histone acetylases (15, 58, 59).

Protein-protein interactions. FRET can also

detect dynamic protein-protein interaction in

live cells of ectopically expressed FP-tagged

proteins (Fig. 2C), provided that the FPs get

within 6 to 8 nm of each other. Recently, the

possibility of using three fluorescent proteins to

study higher order complexes has been ad-

dressed by adding a monomeric red fluorescent

protein (mRFP) to the CFP/YFP pair. In trimeric

complexes, CFP is the FRET donor for YFP;

subsequently, YFP can act as a FRET donor for

mRFP (Fig. 2C). 3-FRET has been shown in

multiprotein complexes (61) and in protein

trimerization (62). Further optimization of a

higher wavelength FRET pair, as well as

spectral deconvolution, might improve the 3-

FRET technique.

FPs split at appropriate sites can fold and

reconstitute the chromophore when the two

halves are fused to interacting partners (63), a

two-hybrid system termed bimolecular flu-

orescence complementation (BiFC) (Fig. 2D).

Self-assembling fragments of GFP have also

been reported (64), in which the two fragments

only have to exist in the same compartment to

generate fluorescence, without requiring

splinting by other protein-protein interactions.

BiFC can be used to study gene expression of

at least two promotors, as has been demon-

strated in Caenorhabditis elegans (65). BiFC

has a high signal-to-background ratio, because

it creates new fluorescence rather than modu-

lating existing fluorescence. Multiple protein-

protein interactions can be studied in parallel

using spectrally distinct split FPs (65, 66).

However, BiFC is slow (hours to days) and

irreversible, and the geometrical and affinity

requirements for the protein-protein interac-

tion have not yet been characterized.

In some cases, simple colocalization can be

sufficient to indicate protein-protein interaction.

For example, if the regulatory subunit of protein

kinase A is targeted to the plasma membrane

and a fluorescently tagged catalytic subunit is

coexpressed, the latter is dragged to the

plasma membrane but released when ele-

vation of adenosine 3¶,5¶-monophosphate

(cAMP) dissociates the subunits (31). Two-color

fluorescence correlation spectroscopy can also

show when partners with differently colored tags

diffuse in pairs and are therefore likely to be

interacting (51).

Protein synthesis and turnover. The deter-

mination of protein turnover requires discrimi-

nating old from new copies of the protein,

typically by irreversibly labeling with one color

all copies made up to a certain time. Optionally,

proteins made later can be labeled with a dif-

ferent color after a delay. Endogenous, extra-

cellularly exposed epitopes or receptors can be

tagged with high-affinity ligands or antibodies

conjugated to a fluorophore. Tetracysteine mo-

tifs can be labeled with one biarsenical, followed

with another biarsenical, to study synthesis of

assembled protein structures (37) (Figs. 1E and

2G) or to determine the subcellular site of pro-

tein translation (38). Chimeric proteins tagged

with photomarkable FPs can be photoactivated

or bleached to highlight proteins synthesized

before (13) (Fig. 2E) or after (Fig. 2F) illumi-

nation. Some FP mutants irreversibly misfold

above a critical threshold temperature, so a

temperature shift can also serve as the trig-

gering event (67). Yet others spontaneously

change color from green to red as they com-

plete their chromophore maturation, so that no

external stimulus is required (68). In this case,

the time resolution is modest because the color

change in a population of molecules takes place

over hours.

Manipulation of protein activity using

chromophore-activated light inactivation. The

ability of illuminated fluorophores to generate

ROS, especially singlet oxygen (see EM sec-

tion), can be used to inactivate the protein of

interest (Fig. 2I) with much better spatio-

temporal control than possible with genetic

knockouts or RNA interference. This technique,

chromophore-activated light inactivation (CALI),

was introduced using the dye malachite green

immunotargeted to the protein of interest (69).

To avoid the difficulties of delivering dye-

conjugated antibodies into living cells, the use

of genetic tags for CALI has been explored.

GFP (70), tetracysteine-bound biarsenical dyes

FlAsH (33) and ReAsH (34), and a fluores-

cein conjugate targeted to the FK506-binding

protein–12 FKBP12(F36V) (71) have been used

to specifically destroy ectopically expressed pro-

teins in living cells, with an order of efficiency

ReAsH 9 FlAsH È fluorescein d malachite

greenÈ GFP (33, 34). Nonspecific toxic effects

can be further minimized by multiphoton

excitation at longer, less damaging wavelengths

(72). ‘‘KillerRed,’’ recently identified in a

screen for phototoxic FPs (14), is a promising

prototype of a wholly genetically encoded

sensitizer for CALI and photoconversion, but

it is an obligate dimer and its current CALI

efficiency is less than that of ReAsH (14).

Seeing endogenous enzyme activity. Anti-

body recognition and genetic fusion are essen-

tially stoichiometric, i.e., each target associates

with one or, at most, a small number of fluoro-

phores. Fluorogenic substrates (1) for endoge-

nous enzymes offer much greater amplification

and detect whether the enzyme is in an acti-

vated versus latent or inhibited state. The latter

distinction is particularly important for pro-

teases, because for many proteases only a small

fraction of the total pool is active. Because of

the great importance of proteases in infectious

diseases, apoptosis, inflammation, tumor devel-

opment, and metastasis, several approaches

have recently been developed for imaging

protease activity in intact animals (73), includ-

ing disruption of FRET or other fluorescence

quenching on multiply labeled substrates (74),

and activation of cationic cell penetrating

peptides to carry fluorophores onto and into

cells (75).

Increasing spatial resolution and depth pen-

etration. Because so many molecular and cell

biological phenomena operate over distances
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from one to a few hundred nanometers, much

effort has been devoted to increasing the spatial

resolution of fluorescence microscopy beyond

the limits (È200 nm) set by classical diffraction

theory. When an emitter is known to be a single

point, its position can be determined with sub-

nanometer accuracy if enough photons can be

collected. Such measurements have been par-

ticularly valuable in deciphering step sizes of

motor proteins and processive enzymes in vi-

tro (52, 76). A recent extension to live cells re-

vealed that the step size of GFP-labeled

peroxisomes along microtubules is È8 nm

(77). For more complex objects of unknown size

and shape, several optically innovative ap-

proaches such as structured illumination, co-

herent observation with diametrically opposed

objectives, and stimulated emission depletion

are showing great promise (78–80).

For high-resolution imaging in scattering

tissue at depths up to È1 mm, multiphoton ex-

citation with pulsed infrared is the method of

choice because scattering is weakest in the in-

frared and because all of the collected emission

photons must have originated from the illu-

mination focus, even if they have suffered

scattering (81, 82). Fluorescence imaging at even

greater depths is possible using novel serial re-

construction techniques in fixed tissue (83) or by

tomography in live tissues, albeit with reduced

resolution (84, 85).

Further Considerations and

Concluding Remarks

The power of fluorescence imaging is ex-

panding rapidly because of synergistic ad-

vancements in fluorescent probes, targeting

strategies, instrumentation, and data analysis, en-

abling high-throughput screens, single-molecule

detection, multiprotein and live-cell imaging.

The ecological diversity of natural FPs, fur-

ther expanded by deliberate engineering by

rational or randomly combinatorial mutagene-

sis, is producing an amazing range of useful

phenotypes, although no one mutant combines

all desirable properties. Reporters for many key

metabolites, regulatory enzymes, and bio-

chemical processes have already been devel-

oped, with no obvious limit in sight. Although

genetic tagging is an unprecedented tool in

live-cell protein imaging, other methods should

be used in parallel (Figs. 1 and 3) to address

whether tags perturb endogenous protein func-

tion. These include fluorophores conjugated to

well-characterized antibodies, often specific for

given posttranslational modifications, as well

as genetic knock-in experiments to test whether

the modified protein is an adequate in vivo re-

placement for its endogenous parent. Converse-

ly, immunofluorescence labeling of FP-tagged

target proteins tests the specificity of primary

antibodies. Immunodetection using bright and

stable QDs lowers the detection limit, increases

the feasibility of multiprotein detection, and

can be applied in correlated EM studies and in

vitro assays that currently rely on enzymatic

activity, such as Western blots and ELISA

(Table 1). But better targeting and penetration

will be required for QDs to reach their fullest

potential.

Fluorescence detection will also be increas-

ingly applied in clinical assays like protein-

activity profiling in patient cells and biopsies,

and to study effects of drugs on cell signaling in

individual patients. Fluorescence assays are well

suited for high-throughput drug screening both in

biochemical assays such as protein microarrays

and in functional assays in live cells or animals

(86). The unique combination of high spatial and

temporal resolution, nondestructive compatibility

with living cells and organisms, and molecular

specificity insure that fluorescence techniques

will remain central in the analysis of protein

networks and systems biology.
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New Tools Provide New Insights in
NMR Studies of Protein Dynamics
Anthony Mittermaier

1
and Lewis E. Kay

2

There is growing evidence that structural flexibility plays a central role in the function of protein
molecules. Many of the experimental data come from nuclear magnetic resonance (NMR)
spectroscopy, a technique that allows internal motions to be probed with exquisite time and spatial
resolution. Recent methodological advancements in NMR have extended our ability to characterize
protein dynamics and promise to shed new light on the mechanisms by which these molecules
function. Here, we present a brief overview of some of the new methods, together with applications
that illustrate the level of detail at which protein motions can now be observed.

N
MR spectroscopy is an experimental

tool developed over half a century ago

by physicists who were interested in ex-

ploring fundamental properties of matter. They

could have hardly imagined thewide utility of their

creation. One such example is in the area of

structural biology, where since the early 1970s the

technique has been used to study the interplay

between biomolecular structure, dynamics, and

function. An early experiment by Wagner and

W[thrich (1) foreshadowed the importance of

NMR in protein science. In this seminal contri-

bution, the authors studied the positions and in-

tensities of peaks in one-dimensional (1D) 1H

NMR spectra of aromatic residues in a small

globular protein as a function of temperature and

found compelling evidence for rotation of bulky

aromatic side chains within the hydrophobic core.

This showed that proteins were in fact dynamic

over a spectrum of time scales and complemented

the beautiful and static pictures of protein struc-

ture that were already emerging from x-ray

diffraction. We now know that there is an inti-

mate relation between dynamics and molecular

function. For example, protein dynamics contrib-

ute to the thermodynamic stability of functional

states and play an important role in catalysis,

where conformational rearrangements can juxta-

pose key catalytic residues; in ligand binding,

which often involves the entry of molecules into

areas that would normally be occluded; in

molecular recognition processes, which are often

fine-tuned by disorder-to-order transitions; and in

allostery, where coupled structural fluctuations

can transmit information between distant sites in a

protein. NMR spectroscopy is uniquely suited to

study many of these dynamic processes, because

site-specific information can be obtained for

motions that span many time scales, from rapid

bond librations (picoseconds) to events that take

seconds (2, 3). Here, we review a number of

recent advances in solution NMR

spectroscopy that have substantial-

ly extended our ability to measure

protein motions and that promise

to improve our understanding of

protein dynamics and their relation

to biological activity.

Investigating Micro- to

Millisecond Time Scale Dynamics

Many biochemical events occur

on the microsecond to milli-

second time scale, and it is of

considerable interest to charac-

terize the conformational transi-

tions that are involved in such

processes. However, intermedi-

ates are often formed only tran-

siently and are populated at

levels that are not amenable to

traditional structural approaches.

Figure 1 illustrates the situation

schematically for the case of a

protein that can exist in two

distinct conformational states,

A±
kAB

kBA

B, with one state sub-

stantially more populated than

the other. Because the frequency

of the magnetic energy absorbed by each nucleus

depends on its chemical environment, a given

probe will likely have distinct chemical shifts in

each conformation, separated by Dn (Fig. 1A). If

the exchange rate, k
ex

0 k
AB

+ k
BA
, between

conformers is very much less than 2pDn, then

separate peaks may be observed for a single site

in each of the conformations, so long as the

population of the minor species is on the order of

a few percent. However, for systems where k
ex
is

not much smaller than 2pDn, peaks derived from

the weakly populated conformer (excited state)

are most often not observed, because the transient

nature of this state leads to substantial peak

broadening. As a result, a spectrum is obtained

(Fig. 1B) where for each probe a peak is

observed only from the more populated state,

slightly shifted from its position in the absence of

a slow exchange limit. How, then, does one

obtain information about the excited state when it

is essentially invisible in NMR spectra?

One way is to use an experimental approach,

based on an idea from Erwin Hahn in the 1950s,

called a spin echo. The basic phenomenon can be

explained as follows. Imagine that a group of

runners, composed of both slow and fast individ-

1Department of Chemistry, McGill University, Montreal,
Quebec H3A 2K6, Canada. E-mail: anthony.mittermaier@

mcgill.ca 2Department of Medical Genetics, Department of
Biochemistry, and Department of Chemistry, University of

Toronto, Toronto, Ontario M5S 1A8, Canada. E-mail: kay@
pound.med.utoronto.ca

Fig. 1. Spectra from a single protein site undergoing (A) slow
conformational exchange, kex ¡ 2pDn, and (B) intermediate
conformational exchange, kex , 2pDn. (C) Schematic repre-
sentation of signal dephasing during CPMG pulse trains based
on the analogy to the runners described in the text, where the
y axis plots the distance of the runners from the starting
position. A blue or red line indicates a spin in the major or
minor state, respectively. Dashed lines correspond to spins
experiencing at least one conformational transition, whereas
the solid lines correspond to no transitions.
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uals, start a race at the same time. If at the halfway

point of the race all runners are made to stop, turn

around, and run back to the starting position, it is

clear that both slow and fast individuals will cross

the starting line at the same time, giving rise to a

spontaneous ordering referred to as an echo. Now

suppose that the runners can inter-

convert stochastically during the

course of the race, in the sense that

a slow runner can become fast and

vice versa (corresponding to mole-

cules interconverting between a pair

of states). Although the positions of

the runners at the end will depend on

the details of the exchange process,

in general they will not all finish the

race simultaneously, and a plot of

the distribution of runners crossing

the starting line versus time gives

rise to a peak that is broader than

that observed in the absence of ex-

change. The breadth of the peak

provides information about the rel-

ative numbers of fast and slow

runners (thermodynamics), their rate

of interconversion (kinetics), and the

difference in running speeds be-

tween the two groups (analogous to

chemical shift differences between

exchanging conformations, which

relate to structure). The basic NMR

experiment [so-called Carr-Purcell-

Meiboom-Gill (CPMG) relaxation

dispersion (3)] builds on this con-

cept by applying a variable number

of refocusing pulses during a fixed

time interval, where each pulse

corresponds to runners stopping

and turning around in the analogy

above. If the rate of application of

pulses is such that the runners are

allowed to get out of phase with

each other, then the exchange pro-

cess leads to broad lines as de-

scribed above (Fig. 1C, top). In

contrast, when the pulses are ap-

plied at a fast rate the effects of the

interconversion are reduced and

narrower peaks are obtained (Fig.

1C, bottom). The dependence of

line width on pulsing rate (the

relaxation dispersion profile) is sub-

sequently fit to extract the exchange

parameters (3).

As mentioned above, the basic

CPMG scheme dates back to the

formative days of NMR spectroscopy. However,

the routine application of the method to proteins

had to await a number of advances. One such

advancewas the development ofmultidimensional

spectroscopy, where the great majority of sites in

the protein can, in principle, be visualized in the

form of cross peaks in 1H-15N or 1H-13C

correlation spectra. Such spectra provide the

site-specific information that distinguishes modern

NMR from so many other physical techniques.

The second breakthrough was due to Loria and

Palmer, who developed a clever scheme for

allowing slow dynamical processes to be charac-

terized without interference from interactions

between the nucleus of interest and directly

bonded NMR-active nuclei (3). CPMG relaxation

dispersion experiments most often make use of

backbone amide 1H or 15N spin probes (4–6),

focusing on proton or nitrogen magnetization

(single-quantum transitions), respectively. How-

ever, in the context of a 1H-15N spin pair, there

are additional transitions that can be explored to

gain further insight into the dynamics. A

comparison of experimental dispersion profiles

for the same amide site but derived from

experiments that monitor different transitions

(Fig. 2A) emphasizes that the same

exchange process can lead to very

different dispersion shapes (7, 8).

Here R
2,eff

(peak line width) is

plotted along y, versus n
CPMG

(pro-

portional to the number of refocus-

ing pulses applied) along x.

CPMG relaxation dispersion ex-

periments in which exchange effects

are quenched through the application

of pulses are often the method of

choice for the study of millisecond

dynamics in proteins (3). A similar

quenching effect can be achieved

by applying a continuous radio-

frequency field that is allowed to

vary both in magnitude and in fre-

quency (3), and this approach is

used to study faster processes (k
ex

up to , 100,000 s–1).

In order to illustrate the utility of

the dispersion methodology, we fo-

cus on a single application in the area

of protein folding that makes use of

the CPMG method (9); additional

studies can be found in the litera-

ture, with the work of Kern and

colleagues relating protein dynamics

to enzyme catalysis being partic-

ularly noteworthy (10–14). The

present example concerns several

Gly48 mutants of the Fyn SH3 do-

main that had been shown with use

of stopped-flow fluorescence dena-

turation and renaturation measure-

ments to fold with a two-state

mechanism, F±
kFU

kUF

U . The ex-

change parameters obtained by

using fluorimetry are well within

the ranges of k
ex

values (several

hundred to a few thousand s–1) and

excited state populations (p
U
9 È

0.5%) that are necessary for the

measurement of NMR relaxa-

tion dispersions. Yet 15N CPMG

studies of a pair of these mutants,

Gly48YMet48 (G48M) and

Gly48YVal48 (G48V), performed

in the absence of denaturant, are

inconsistent with a two-state folding mecha-

nism (9). Folding and unfolding rates obtained

on a per-residue basis from fits of the dis-

persion profiles to a two-state folding model

do not give the same values at each site, with

differences as large as a factor of 10 in some

cases; for cooperative folding, k
UF

and k
FU

values

Fig. 2. (A) Experimental relaxation dispersion profiles for amide 1H-15N
single-quantum (SQ), double-quantum (DQ), and multiple-quantum (MQ)
coherences of Glu11 in the G48M mutant of the Fyn SH3 domain (8). Fits to
a global three-site model of exchange are indicated by lines. (Inset) An
energy level diagram for a 1H-15N spin pair with SQ, DQ, MQ coherences
indicated by black, blue, and sum of red lines, respectively. (B) The 15N
chemical shifts of the G48M U state calculated from relaxation dispersion
data plotted as a function of corresponding random coil chemical shifts. (C)
Deviations from unfolded (U) state backbone chemical shifts, {[Dw(15N)]2 +
[Dw(1H)]2}0.5, calculated in absolute frequency units (800-MHz spectrom-
eter) for intermediate (I, solid blue) and folded (F, dashed red) states,
plotted as a function of residue number (8). (D) Structure of the wild-type
Fyn SH3 domain (1SHF) with the location of Gly48 indicated in red.
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are expected to be uniform among all sites in

the protein. However, the data for all of the sites

in both mutants can be well fit globally to a

three-site model of conformational exchange,

F±
kFI

kIF

I±
kIU

kUI

U (Fig. 2A). The temperature

dependence of the four rates allows values of

free energy, enthalpy, and entropy differences

to be extracted between pairs of

states as well as activation barriers,

assuming that the temperature

dependence of the rates obeys

transition state theory (9).

Further information is obtained

in the form of chemical shift dif-

ferences between the F, I, and U

states. In fits of the dispersion data,

no assumption is made a priori as to

the positions of the I and U states

along the reaction scheme; the

chemical shifts obtained for an end

point state are found to correspond

to those of an unfolded protein

(i.e., the U state) (Fig. 2B). It is

well known that chemical shifts

are sensitive indicators of mo-

lecular structure, and a long-

standing goal is to exploit shifts

of NMR ‘‘invisible’’ excited states

so that structural information can

be obtained. The deviations in

chemical shifts of the I and F

states from those of U, obtained

for the G48M Fyn SH3 domain

(Fig. 2C), show that the central b

sheet is largely formed in the I

state (b2, b3, and b4) but that

there is considerably less struc-

ture at the termini of the domain.

For reference, the F state struc-

ture of the domain is also illus-

trated (Fig. 2D).

Measuring Dynamics on the Pico-

to Nanosecond Time Scale

Consider a protein that is tumbling in

solution such that every orientation

is equally probable. For themoment,

let us focus on a single bond vector

in the molecule that connects a pair

of NMR active spins, such as a
1H-15N spin pair. When internal

motions and molecular tumbling

cause reorientation of the 1H-15N

bond vector with respect to the

external magnetic field, the local

magnetic field at the site of the 15N spin that

derives from the directly attached 1H magnetic

dipole fluctuates (Fig. 3A). It can be shown that,

although the local dipolar interaction between 1H

and 15N spins averages to zero because of the

molecular tumbling, the time-dependent

variations in the field lead a spin system that

has been perturbed by radio-frequency pulses to

return, or relax, to thermal equilibrium. Because

the fluctuations of the local magnetic fields are

sensitive to internal motions, measurement of

NMR relaxation rates provides a direct avenue to

extracting dynamics parameters.

A pair of basic nitrogen spin relaxation

experiments are used to probe backbone dynamics

in proteins (2) (Fig. 3B). Although a large arsenal

of different methods have now been developed,

most are fundamentally similar to this example.

The 15N relaxation experiments monitor either

the recovery of 15N Z-magnetization to its

equilibrium position (T
1
) or the decay of mag-

netization orthogonal to the Z axis to its zero

equilibrium value (T
2
). The 1H spin has a

magnetogyric ratio (g) that is 10 times larger

than that of 15N, and the inherent sensitivity of

the NMR experiment scales as g
5
/2; therefore ex-

perimental sensitivity is optimized by shuffling

magnetization from an amide 1H to its directly

coupled 15N and then back again to 1H for de-

tection as a 2D data set. Here, one peak is ob-

tained for each (1H-15N) pair in the

protein, with an intensity propor-

tional to exp(–t/T
i
) where T

i
is the

T
1
or T

2
value of the particular 15N

nucleus and t is a variable relaxa-

tion delay; relaxation times are

measured by recording a series of

spectra and fitting the peak inten-

sities as a function of t. The values

of T
i
so obtained are usually in-

terpreted in terms of generalized

order parameters that describe the

amplitude of bond vector motions

and time constants that indicate the

time scale of the internal motions

(15), but specific models can be

used as well (16). In addition, many

experiments that provide comple-

mentary information to the 15N

studies described above have been

developed, such as those that mea-

sure correlated motions of succes-

sive residues in proteins (17, 18) or

the dynamics of backbone carbonyl-

Ca bonds (19).

Side chain motions in proteins

are also amenable to study with the

use of spin relaxation techniques

(20, 21). In particular, the use of

the 2H nucleus as a probe of side

chain methyl group dynamics has

seen substantial advances in recent

years. It has long been known that

the deuterium spin is an excellent

probe of molecular motion, but

applications in the solution state

were limited, primarily because the

poor resolution of 2H spectra make

site-specific studies extremely dif-

ficult. This is illustrated by protein

spectra in Fig. 3C, where the broad,

featureless 1D 2H spectrum may be

compared with the high resolution
1H spectrum. The deuteron can be

exploited as a probe of molecular

dynamics, however, by preparing

uniformly 13C labeled, fractionally

deuterated protein and using the

scheme illustrated in Fig. 3D that can be ‘‘tuned’’

to select, in this case, for 13CH
2
D methyl groups.

A series of high resolution 13C-1H maps are

produced, with 2H relaxation rates encoded by

the intensities of the cross peaks.

One of the most exciting applications of the

methodology described above is in the use of

Fig. 3. (A) Illustration of the orientation-dependent magnetic field experi-
enced by an amide 15N nucleus due to the directly bonded proton. A pair of
orientations have been chosen arbitrarily for illustration. (B) Schematic
representation of an amide 15N relaxation experiment (2): (i) equilibrium 1H
magnetization, (ii) 1H to 15N transfer, (iii) relaxation delay, (iv) indirect 15N
chemical shift detection, (v) 15N to 1H transfer, and (vi) direct 1H chemical
shift detection. (C) 1D 2H and 1H spectra of perdeuterated and protonated
spectrin SH3 domains, respectively. (D) Schematic representation of a methyl
2H relaxation experiment (21): (i) equilibrium 1H magnetization, (ii) 1H to
13C transfer, (iii) 13C to 2H transfer, (iv) relaxation delay, (v) 2H to 13C
transfer, (vi) indirect 13C chemical shift detection, (vii) 13C to 1H transfer, and
(viii) direct 1H chemical shift detection.
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order parameters as restraints in molecular

dynamics calculations to produce an ensemble of

structures that satisfies both structural and dynam-

ical NMR data. In one such study involving

ubiquitin, it was found thatmany side chains, even

those in the core of the protein, occupy multiple

rotameric states and can be considered to have

liquidlike characteristics (22).

Probing Dynamics Spanning a

Broad Time Scale Range by Using

Residual Dipolar Couplings

Let us return to the example of the 1H-15N spin

pair in Fig. 3A, but now suppose that the protein

is not dissolved in isotropic solution but rather in

a media that leads to fractional alignment

(typically about 0.1%) (23) (Fig. 4A). In this

case, the dipolar interaction considered above

does not average to zero. Instead, for a fixed

orientation of the 1H-15N spin vector, the

effective magnetic field at the 15N spin is either

increased or decreased depending on the 1H spin

state, leading to dipolar splittings (15N peak

doublets) in spectra. These splittings are a rich

source of structural information, because they

report on the orientation of bond vectors with

respect to an external coordinate frame (the mag-

netic field) (23). However, there is also potential

for studies of biomolecular dynamics because

motions that modulate local fields over a broad

time regime (picosecond to millisecond) can

affect dipolar splittings (24–27). Here, we focus

on one such study by Blackledge and co-workers

that highlights beautifully the power of the

dipolar coupling approach (28).

In this study, the authors used an exten-

sive set of dipolar couplings recorded on the

immunoglobulin-binding B1 domain of strepto-

coccal protein G (protein G). Data from ex-

periments performed in a number of different

alignmentmedia were pooled to obtain asmany as

27 measurements per residue, with six different

types of dipolar couplings measured per peptide

plane (Fig. 4B). The dipolar coupling data were

interpreted by using the x-ray structure of the

protein along with a 3D Gaussian axial fluctua-

tion model (GAF) of the motion (Fig. 4C) (16). A

remarkable distribution of motion about the g axis

was found for residues throughout the b sheet of

the protein (Fig. 4D), with hydrogen-bonded

residues on adjacent strands experiencing similar

levels of dynamics. In order to address whether

the motions of interacting peptide planes are

correlated, the authors recorded three-bond
15N-13C¶ scalar couplings (15N-1HIIIO-13C¶), which

depend on lengths and angles of HIIIO hydrogen

bonds. Experimental couplings were compared

with values calculated by using the GAF

fluctuation amplitudes from the dipolar coupling

measurements, assuming either correlated, anticor-

related, or uncorrelated motion. Significantly

better agreement between computed and ex-

perimental couplings was obtained for the cor-

related motional model compared with the other

two models. Although dipolar coupling data per

se do not report on the time scale of motion,

information can be obtained by comparing the

per-residue generalized order parameters from the

3D GAF model of dynamics with order param-

eters extracted from backbone 15N spin relaxation

data (see above) that report on pico- to

nanosecond time scale motions (Fig. 4E). For

the sites involved in the correlated dynamics de-

scribed above, dipolar coupling–derived gen-

eralized order parameters are lower than those

obtained from 15N relaxation experiments, im-

plying that the correlated dynamics involve

motional time scales that are slower than the

pico- to nanosecond range.

Lastly, we to note that the residues with the

highest level of dynamics are those that interact

with the protein G binding partner and that the

direction of the motion (about the g axis) co-

incides with the conformational adjustment

needed for molecular recognition and for the

formation of a hydrogen bonded complex.

Concluding Remarks

Over the past several years, new NMR ex-

periments have been developed to provide site-

specific information about protein motions

spanning a range of time scales. Some of the

most exciting new applications involve large

molecular complexes, where motion is likely to

be critical for function. NMRmethods exploiting

the TROSY (transverse relaxation optimized

spectroscopy) principle (29) have emerged for

both backbone positions and side chain methyl

groups, allowing site-specific studies of dynam-

ics to be performed on large protein complexes

such as the GroEL-GroES chaperone (30) and

the ClpP protease (31). It is clear from these

studies, and from the applications to the smaller

proteins described above, that the insights

obtained from NMR dynamics studies will have

important implications for our understanding of

biological function.
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PERSPECTIVE

Living Cells as Test Tubes
X. Sunney Xie,* Ji Yu, Wei Yuan Yang

The combination of specific probes and advanced optical microscopy now allows quantitative
probing of biochemical reactions in living cells. On selected systems, one can detect and track a
particular protein with single-molecule sensitivity, nanometer spatial precision, and millisecond
time resolution. Metabolites, usually difficult to detect, can be imaged and monitored in living cells
with coherent anti-Stokes Raman scattering microscopy. Here, we describe the application of these
techniques in studying gene expression, active transport, and lipid metabolism.

M
uch of our quantitative understanding

of molecular reactions in cells has

come from traditional biochemistry—

experiments done in test tubes with purified

biomolecules. Although this approach is extreme-

ly productive, we understand that the milieu of

the cell is fundamentally different from an in vitro

solution in several ways: (i) DNA, many mRNA

molecules, and some enzymes exist in low copy

numbers and participate in stochastic reaction

events in the cell that are hidden in test tubes with

large numbers of molecules. (ii) Reactions are

often at nonequilibrium steady state in the cell,

with a constant supply of free energy and

reactants. (iii) Many reactions are coupled in the

cell, resulting in networks of complex interac-

tions. Consequently, a biochemical reaction in a

single cell could have different thermodynamic

and kinetic properties from the same biochemical

reaction in a test tube. The challenge now is to

observe the biochemical reactions in living cells,

and techniques are in place to do this in selected

systems. Central to these techniques is optical

imaging, which offersmillisecond time resolution

and nanometer spatial precision, single-molecule

sensitivity, and most importantly, biochemical

specificity. Here, we highlight advances that

allow investigation of gene expression, active

transport, and metabolism in living cells.

In an individual cell, gene expression is a

single-molecule problem. On genomic DNA, a

particular gene only exists in one (or a few) copy,

switching on and off stochastically to regulate

biological functions Efor a review, see (1)^. Gene

expression has been studied by biochemical

assays, such as Northern and Western blotting,

polymerase chain reaction, and more recently,

DNA arrays and mass spectrometry. However,

these techniques are not sensitive enough to

allow single-cell analysis of genes that are

expressed at low levels. Furthermore, these

ensemble-averaged methods often mask sto-

chastic gene expression events. Single-molecule

experiments in vitro have provided valuable

insight into the mechanisms of gene expression

machines (2–4). The next frontier will carry out

single-molecule studies in individual living cells.

Imaging of gene expression at a single-

molecule level in living cells has been made pos-

sible by two developments. At the transcriptional

level, single mRNA molecules were detected and

tracked in a living cell using multiple copies of a

fluorescent mRNA binding protein (5, 6). At the

translational level, we have tracked expression of

single-protein molecules using a fast-maturing and

membrane-targeting yellow fluorescent protein

(YFP) (Venus) as a reporter (7).

Immobilizing the fluorescent protein reporter

on the cell membrane (7, 8) overcame the dif-

ficulty in detecting single-protein molecules

inside the cytoplasm; the fluorescence distributes

throughout the cell because of fast protein

diffusion during the image acquisition time and

drops below the strong cellular autofluorescence.

We monitored repressed expression from the lac

promoter in Escherichia coli (Fig. 1A) and

showed that protein expression occurs in small

bursts (Fig. 1B), each originating from multiple

ribosomes on an mRNA molecule. The protein

copy numbers within a burst adhered to a

geometric distribution (7), which was verified

with the use of a different reporter (9). These

assays provided quantitative details about the

stochastic fluctuations in gene expression.

Is there a way to detect a single cytoplasmic

protein molecule? The answer is yes, by ex-

tending the idea of detection by immobilization.

We borrowed a method from strobe photogra-

phy, which makes it possible to take a sharp

picture of a bullet going through an apple (Fig.

1C). The sharpness is achieved because the

light flash is so short that the bullet does not

move far during the flash. Likewise, we applied

an intense laser exposure for a very short

duration (È300 ms), during which a protein re-

porter does not diffuse beyond the diffraction-

limited spot. Figure 1D shows detection of

single red fluorescent proteins EtdTomato (10)^

in E. coli cytoplasm with a high signal-to-

background ratio. The method could be used,

for example, to determine the cellular concen-

tration of a weakly expressed protein without

calibration. To further develop this method, we

need reporters with high photostability and

better-controlled photochemistry.

The next step is to probe the expression of

multiple genes simultaneously with the use of

different colors of reporters (10) in order to study

their interactions. In addition to transcription and

translation, similar live-cell single-molecule

assays offer the prospect of studying cellular

processes, such as cell signaling (11), protein

folding, DNA replication, and RNA trafficking

(5, 12).

No less important than gene expression is

energy transduction in living cells.Motor proteins

convert chemical energy in the form of adenosine

5¶-triphosphate (ATP) into mechanical work.

Kinesin and dynein motors transport organelles

along microtubules in opposite directions. Much

has been learned about these motors at the single-
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molecule level through in vitro experiments with

mechanical manipulation and optical detection

(13, 14). However, little is known about the

workings of motors at the single-molecule level

in vivo.

Last year, two groups reported the observation

of individual steps of molecular motors in living

cells with nanometer spatial precision and

millisecond time resolution with the use of

sensitive high-speed cameras (15, 16). A key

technical concept is that even though diffraction

results in a fluorescent spot size of È270 nm,

one can determine the centroid position of an

isolated fluorophore with nanometer spatial

resolution (17–19), provided that the optical

signal is sufficiently bright. This idea was first

applied in vitro to resolve the individual steps of

molecular motors (20). Presenting an additional

challenge, in vivo motor speeds are faster

because the cell_s ATP concentrations are higher

than those used for in vitro measurements. Thus,

higher time resolution is required to resolve

individual steps.

In the example from our laboratory, Nan et al.

achieved submillisecond time resolution in

resolving the discrete nanometer steps of mo-

lecular motors by tracking the motion of endo-

cytic vesicles (16) containing quantum dots

(QDs). QDs are extremely bright (21, 22), and

after introduction into mouse fibroblast cells by

endocytosis, the QD-containing vesicle moves

on microtubules (Fig. 2A). Steps of 8 nm, each

corresponding to a stochastic ATP hydrolysis

event, are resolved (Fig. 2B), as evidenced by

the 8-nm spacings in the pairwise correlation

function (Fig. 2C). Stepwise movements of the

QD-containing vesicle are seen in both

directions along the microtubule, with some

showing steps larger than 8 nm and others

exhibiting reversible steps. These observations

raise interesting questions regarding how mul-

tiple copies and types of motors work collect-

ively in a living cell. These live-cell motility

assays are yielding new dynamic information

and will be even more productive if force

sensing (23, 24) and mechanical manipulation

of motors, similar to those implemented in vitro,

can be realized in living cells.

Unlike proteins that can often be labeled

without altering function, the majority of me-

tabolites are small organic molecules that are

difficult to label for imagingwithout altering their

cellular behavior. Raman scattering offers a way

to image metabolites without the need for

exogenous labels, as it probes intrinsic molecular

vibrational frequencies. For example, the Raman

spectra of two fatty acid species, eicosapentaenoic

acid (EPA) and fully deuterated oleic acid (OA),

have two distinct peaks arising from strong –CH
2

and –CD
2
stretching vibrations contained within

the respective acyl-chains of the two fatty acid

molecules (Fig. 3A).

For living cells, however, Raman signals are

so weak that high excitation powers and long

acquisition times (hours) are required to obtain

useful images. A noninvasive method in live-cell

and animal imaging, coherent anti-Stokes Raman
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Fig. 2. Observation of individual microtubule
motor steps in a live cell with endocytosed quantum
dots. (A) Live A549 cell with QD-containing en-
dosomes (bright dots), many of which undergo
active transport by kinesin (outward movements)
or dynein (inward movements, white arrow). (B)
Displacement trajectory of a outward-going (micro-
tubule plus-end) endosome, exhibiting stepwise
movements of the underlying motor (likely
kinesin). Green, raw data; red, filtered data. (C)
Pairwise distance histogram of the filtered dis-
placement trace in (B), with an 8-nm spacing
between adjacent peaks.

Fig. 1. Imaging protein expression in live E. coli cells. (A) When a repressor dissociates from the lac

promoter, RNA polymerase transcribes the gene of a fusion protein Tsr-Venus into an mRNA, on which a
few ribosomes bind, each making a fusion protein molecule. Tsr targets Venus, a fast-maturing YFP, to
the membrane, allowing detection of Venus one molecule at a time. (B) Time traces of the burst
production of Tsr-Venus (left) in three cell lineages (right) extracted from the time-lapse recording of
protein production. Images with 100-ms exposure, followed by 1000-ms photobleaching, were taken
every 3 min and the number of protein molecules synthesized since the last image was counted. The
dotted lines mark the cell division times. (C) Image of a bullet passing through an apple (32), obtained
using strobe photography. (D) Fluorescence/DIC overlay image of three E. coli cells, with two containing
single cytoplasmic tdTomato molecules. The fluorescence image was taken with a short (300-ms) and
intense (50-kW/cm2) laser excitation. (E) Fluorescence signal with two distinct peaks along the line in
(D) due to two single cytoplasmic tdTomato molecules. a.u., arbitrary units.
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scattering (CARS) microscopy provides vibra-

tional contrast with a sensitivity that is orders of

magnitude higher than conventional Raman

microscopy (25–27). The technique uses two

temporally and collinearly overlapped pico-

second laser beams at different frequencies, w
p

and w
s
, which are tightly focused onto the

sample. When w
p
– w

s
matches the vibrational

frequency of the molecular species of interest,

molecular oscillators are driven coherently,

resulting in a resonance-enhanced CARS signal

at the anti-Stokes frequency 2w
p
– w

s
. CARS is

only generated at the laser focus, allowing three-

dimensional sectioning, similar to two-photon

fluorescence microscopy (28). Although CARS

microscopy does not offer the penetration depth

of magnetic resonance imaging (MRI), it does

offer better time and spatial resolution than MRI,

which is key for monitoring living cells. CARS

microscopy is particularly powerful in tracking

lipid metabolism, due to the large number of CH

bonds in lipids.

As an example of an application of CARS

microscopy, we monitored how fish oil affects the

cellular biochemistry of fat molecules (29). It has

long been realized that polyunsaturated fatty

acids, such as EPA, in fish oil provide health

benefits by lowering triglyceride levels. This ef-

fect prompted the Food and Drug Administration

to issue a qualified health claim in 2004 for fish

oil on avoiding heart disorders, diseases often

associated with high lipid levels in the blood.

To distinguish the normal fatty acids (i.e.,

OA) from EPA, we used deuterated OA. This

approach is similar to isotope tracking, historical-

ly used to identify metabolic pathways (30). The

deuteration results in a vibrational frequency

shift, from 2850 cmj1 for –CH
2
to 2105 cmj1

for –CD
2
(Fig. 3A). In cells grown with non-

deuterated EPA and deuterated OA in the

culturing media, we found that the two fatty

acids colocalized in the lysosomes, the digestive

organelles of the cell, in the form of triglycerides

(Fig. 3, B to F). In contrast, OA is not in-

corporated into the lysosomes when EPA is

absent. This provides an important assay toward

the understanding of fish oil_s health benefits.

Future integration of fluorescence imaging of

reporter proteins with CARS microscopy will

lead to new understanding of metabolism at the

systems level.

Currently, the sensitivity of CARS mi-

croscopy is 105 vibrational oscillators at the

laser focus (31). We are working to improve

the sensitivity for imaging other small mole-

cules of low concentrations, such as drugs.

New single-molecule and metabolic imaging

techniques, when combined with novel reporters

and integrated into cellular assays, offer exciting

possibilities for unraveling biochemistry in vivo.

The application and continuous evolution of these

fronts will lead to a quantitative understanding of

fundamental biochemical processes in living

cells.
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and indicated by arrows).
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Thermal Preference and Tolerance
of Alvinellids
Peter R. Girguis

1* and Raymond W. Lee
2*

T
he thermal tolerance of marine animals

has been debated for some time (1, 2).

At deep-sea hydrothermal vents, temper-

atures can exceed 350-C, although nearly all vent

animals live at temperatures below 30-C. How-

ever, the polychaete worms Alvinella pompejana

and Paralvinella sulfincola (family Alvinellidae)

live directly on high-temperature vents in the

Eastern and Northeastern Pacific, respectively,

where temperatures up to 81- and 90-C have

been measured around A. pompejana and P.

sulfincola tube openings (1, 3, 4). Although it has

been suggested that alvinellids thrive at these

temperatures (1), earlier studies have found that

the rapid mixing of hot vent fluids and cold

seawater produces a dynamic thermal regime that

is difficult to characterize (3, 5). As such, it is

impractical to ascertain alvinellid thermotolerance

via in situ measurements. To determine directly

P. sulfincola thermal tolerance and preference, we

developed a high-pressure aquarium that

mimics the thermal gradients found in

situ, allows the worms to occupy their

preferred thermal regime, and permits

viewing of the worms_ distribution within

the aquarium (fig. S1). Our results show

that P. sulfincola are thermotaxic and

extremely thermotolerant, preferring tem-

peratures between 40- and 50-C, with

individuals surviving 7 hours of chronic

exposure to 50-C and 15 min of acute

exposure to 55-C (Fig. 1, B and C).

During all trials, P. sulfincola were

placed at random into the aquarium, and

then the aquarium was repressurized to in

situ pressures. The aquarium was flushed

with seawater resembling vent effluent

(6) and maintained at room temperature

(26-C) for 1 hour. Soon after, worms

began moving within the chamber, al-

though their distributions remained haphaz-

ard. When the heating and cooling units

were activated to establish a stable thermal

gradient of 20- to 61-C, P. sulfincola

rapidly migrated toward warmer regions,

and by 45 min, all worms were in regions

above 40-C (Fig. 1, A to C). During the

second trail, four worms migrated into

the 50-C region and remained there for the

duration of the experiment (2.25 hours),

exhibiting typical behaviors such as gill

irrigation (Fig. 1B). One worm migrated

into 55-C for 15 min before returning to

cooler regions (Fig. 1B). During the third

trial, two worms remained at 50-C for 7

hours (the duration of the experiment), once again

irrigating their gills (Fig. 1C). At the end of all

three trials, temperature was returned to a uniform

26-C and worms migrated to the formerly hotter

regions of the aquarium. All worms survived the

thermal gradient trials, exhibiting typical behaviors

for at least 24 hours. However, when the aquarium

was uniformly heated to 55-C for two hours,

all worms (N 0 4) showed signs of physiolog-

ical dysfunction such as severe contortion, and

were not visibly active when temperature was

returned to 26-C. When the aquarium was uni-

formly heated to 60-C, all worms (N 0 5) died

within minutes. In a separate trial, Paralvinella

palmiformis, a congener that inhabits diffuse vents

with cooler temperatures, was subjected to a 20-

to 55-C thermal gradient, and the worms consist-

ently avoided temperatures above 35-C (Fig. 1D).

In light of its ability to tolerate high tem-

peratures, P. sulfincola is among the most

thermotolerant of animals. By comparison, the

aquatic ostracod Potamocypris sp. exhibited 50%

mortality when exposed to 50-C for 1 hour (7),

and the ant Cataglyphis bicolor exhibited system-

ic dysfunction when exposed to 55-C for 1 min

(8). The fungi Chaetomium thermophile grows

at temperatures up to 55-C, making it the most

thermotolerant eukaryote known (9).

To our knowledge, P. sulfincola is the only

animal that prefers chronic exposure to such high

temperatures. Although the behaviors and mech-

anisms underlying this thermo-preference and

tolerance remain unknown, this capacity may

enable P. sulfincola to exploit resources inacces-

sible to other organisms such as the microbial

mats that grow at higher temperatures.

The results presented here are the first direct

measure of alvinellid thermotolerance and prefer-

ence, and they emphasize the difference between

acute and chronic tolerance. These results also

illustrate the utility of conducting thermal gradient

experiments that can provide a more accurate

depiction of an organism_s thermal biology. Sim-

ilar experiments may be applied to other species,

including Alvinella pompejana (10). Regardless,

all metazoans may be constrained to living in

environs below 55-C, the temperature at which

mitochondria appear to dysfunction (11). Further

investigations into alvinellids and other animals

that live in thermally challenging environments

will help better our understanding of the thermal

constraints on metazoan life.
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A P. sulfincola, trial 1 (N = 5)

B P. sulfincola, trial 2 (N = 9)
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Fig. 1. Distribution of P. sulfincola and P. palmiformis

worms in temperature-gradient experiments. Worms
were uniformly dispersed within the aquaria before
establishing the temperature gradient. (A to C) Plots of
P. sulfincola distributions over time within a 20- to 61-C
gradient; N 0 5, 9, and 4 individuals, respectively. (D)
Plot of P. palmiformis distributions over time within a
20- to 55-C gradient; N 0 8 individuals.
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Nuclear Receptor–Dependent Bile
Acid Signaling Is Required for
Normal Liver Regeneration
Wendong Huang,

1* Ke Ma,
1
Jun Zhang,

1
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1

Jun Liu,
1
Bingning Dong,
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2
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§

Liver mass depends on one or more unidentified humoral signals that drive regeneration when liver
functional capacity is diminished. Bile acids are important liver products, and their levels are
tightly regulated. Here, we identify a role for nuclear receptor–dependent bile acid signaling in
normal liver regeneration. Elevated bile acid levels accelerate regeneration, and decreased levels
inhibit liver regrowth, as does the absence of the primary nuclear bile acid receptor FXR. We
propose that FXR activation by increased bile acid flux is a signal of decreased functional capacity
of the liver. FXR, and possibly other nuclear receptors, may promote homeostasis not only by
regulating expression of appropriate metabolic target genes but also by driving homeotrophic
liver growth.

L
iver regeneration has been studied in-

tensively since the introduction of a

rodent partial hepatectomy (PH) model

in 1931 (1). This process consists of several

well-orchestrated phases, with rapid induction

of proliferative factors activating the quiescent

hepatocytes and priming their subsequent

proliferation, followed by reestablishment of

normal liver size and renewed quiescence

(2, 3). Important early events include the se-

cretion of growth factors and cytokines such as

TGFa, produced in hepatocytes, and interleukin-6

(IL-6) and TNFa, produced in nonparen-

chymal cells. Activation of these signaling path-

ways increases the expression of many target

genes by activating transcription factors, in-

cluding Stat3, NF-kB, and c-Myc (4). Gene

knockout studies in mice have confirmed the

importance of these pathways in liver regen-

eration (3, 4), although the requirement for

individual factors is generally only partial.

One of the most potent is IL-6, the loss of

which results in È75% decrease in DNA syn-

thesis in response to PH (5). The absence of

its downstream target, Stat-3, has a lesser

effect (6).

Although many details of the process have

been elucidated, the initiation of liver prolifera-

tion in response to PH cannot be ascribed to any

individual growth factor, cytokine, or specific

pathway. Thus, the mechanism by which hepa-

tocytes sense the loss of functional capacity and

the identity of the long-sought Bregenerative

stimulus[ that drives regrowth (7) have re-

mained elusive.

The primary evidence for such a stimulus is

the observation that in rats whose circulatory

systems are linked by parabiosis, PH of one

animal induces hepatocyte proliferation in the

other (8). Liver regeneration is thus driven

by one or more soluble, circulating factors.

Because several nuclear hormone receptor

agonists are potent hepatomitogens (9), we

hypothesized that nuclear receptor activation

could contribute to the proliferative response in

resected liver. Among candidates for an activat-

ing signal, bile acids are attractive because they

activate receptors that drive proliferation (10).

Interrupting enterohepatic biliary circulation

also inhibits regeneration (11). Moreover,

hepatic bile acids comprise less than 5% of

the total pool (12), and PH stimulates bile flow

(13). Thus, release of bile from the intact gall

bladder and its efficient return through the

enterohepatic circulation would expose the

much smaller number of remaining hepatocytes

to an increase in relative bile acid flux.

Bile acids are sufficient to drive liver growth

and necessary for normal regeneration. Bile

acids are toxic, and substantial increases in

hepatic bile acid levels, as in cholestatic liver

disease, induce both apoptosis and necrosis (14).

To directly test their proliferative effects, wild-

type mice were fed a relatively mild diet

containing 0.2% cholic acid (CA) for 5 days.

This treatment did not induce substantial toxic

effects, as indicated by elevated serum alanine

aminotransferase levels or histologically appar-

ent liver damage. However, it increased liver

size by approximately 30% (Fig. 1A). DNA

synthesis also increased, as demonstrated by a

marked increase in hepatocyte nuclei staining

with BrdU (Fig. 1C). The majority of hepato-

cytes are 4N under ordinary circumstances,

with smaller numbers of both 2N and 8N cells.

The 8N population is increased by mitogenic

stimuli, including PH and nuclear receptor ac-

tivation (15, 16). The livers from CA-fed mice

showed a more than twofold increase in 8N cell

number (Fig. 1B). Thus, modestly elevated bile

acid levels are sufficient to drive hepatocyte

DNA replication in vivo.

The role of bile acids in liver regeneration

was examined more directly in mice in which

bile acid pools were either increased by the 0.2%

CA diet or decreased by a diet supplemented

with the bile acid sequestering resin cholestyr-

amine. CA-fed mice showed an increased rate of

liver growth over the first 3 days after PH, and
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Fig. 1. Bile acid feeding stimulates
liver growth. Mice were fed a control
diet or a diet containing 0.2%
cholic acid (CA) for 5 days. (A)
Increased liver weight in CA-fed
mice. (B) Induction of hepatocyte
polyploidy by CA feeding. Primary
hepatocytes were prepared and
stained with propidium iodide,
and numbers of diploid (2N),
tetraploid (4N), or octoploid (8N)
cells were determined by cell sort-
ing. (C) Induction of DNA synthesis
by CA feeding. Control or CA-fed
mice were injected with BrdU, livers
were recovered 2 hours later, and
incorporation of BrdU was deter-
mined histologically. Arrows indi-
cate BrdU-positive nuclei. *, P G 0.05.
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the number of BrdU-positive nuclei also in-

creased, particularly at day 1 (Fig. 2, A and B).

This stimulatory effect is consistent with results

in dogs (17) and other studies (18, 19), although

distinct bile acids can have different effects. In

the cholestyramine-fed mice, both the rate of

liver growth and the number of BrdU-positive

nuclei decreased (Fig. 2, A and B). This is in

accord with the observation that diverting bile

flow from the gut decreases liver regrowth and

DNA synthesis in PH rats (11) and suggests

that loss of bile acid signaling accounts for the

defect.

Bile acids activate the primary bile acid

receptor FXR (20–22), as well as the xenobiotic

receptors CAR (10) and PXR (23, 24). Because

CAR activation induces a strong liver growth

response (16, 25), regeneration was examined

in mice lacking each of these receptors and also

in mice lacking the orphan receptor SHP, a

negative regulator of nuclear receptor and bile

acid signaling. No defect was observed in the

PXRj/j or SHPj/j mice, whereas CARj/j

mice showed a modest decrease in liver growth

at day 1 combined with delayed replication, as

demonstrated by a decreased number of 8N

cells 3 days after PH (fig. S1). In contrast, liver

growth was strongly inhibited in the early

stages of regeneration in FXRj/j mice (Fig.

3A). The FXRj/j mice also showed a decrease

in BrdU-positive nuclei in the first 3 days after

PH (Fig. 3B). At later stages, the FXRj/j

livers showed relatively rapid growth, and the

weights of the livers from wild-type and knock-

out mice did not differ significantly at 7 days.

This was not associated with a late increase in

BrdU incorporation, and the cumulative overall

decrease in the FXRj/j animals was approxi-

mately 70% relative to wild type (Fig. 3B). The

loss of FXR function also prevented the ac-

celeration of regeneration in mice fed the

0.2% diet, and the delay in the FXRj/j mice

was not further extended by treatment with the

bile acid binding resin (Fig. 2, A and B). The

negative effect of the loss of FXR on liver

regeneration was also evident from an increase

in mortality, which was approximately 5% in

sham-treated or hepatectomized wild-type

mice or sham-treated FXRj/j mice but was

30% in PH FXRj/j mice (Fig. 3C). Despite

this increased mortality, the surviving mice

used for these studies did not show elevated

liver toxicity as indicated by serum alanine

aminotransferase levels or elevated apoptosis

(fig. S2).

Partial hepatectomy activates bile acid

signaling. The prediction that remaining hepa-

tocytes are exposed to increased bile acid flux

was examined in both wild-type and FXRj/j

mice. Basal serum and hepatic bile acid levels

are somewhat elevated in the FXRj/j mice

(26), and this is not altered by sham surgery or

immediately after PH. Wild-type mice show a

trend toward increased serum bile acids that

does not reach statistical significance at early

stages after PH (Fig. 4A). Hepatic bile acid

levels decrease, rather than increase, after PH

(Fig. 4B), in agreement with previous results

and with the increased bile flow from the liver

in response to PH (27, 28). In rats, this is as-

sociated with increased biliary output of cholic

acid, but the contributions of individual bile

acids to bile composition are not altered during

regeneration (29). In contrast to the results with

wild-type mice, the FXRj/j animals show

Fig. 2. Bile acids stimu-
late liver regeneration.
PH was performed on
mice that had been fed
control diets or diets
containing 0.2% CA or
2% cholestyramine (res-
in) for 5 days. At indi-
cated times, the extent of
regeneration was as-
sessed by measuring (A)
liver weight or (B) BrdU
incorporation. *, P G

0.05; **, P G 0.01.

Fig. 3. Defective liver regeneration in FXRj/j mice. PH was performed on wild-type or FXRj/j

mice. At indicated times, the extent of regeneration was assessed by measuring (A) liver weight or
(B) BrdU incorporation. (C) Increased mortality after PH in FXRj/j mice. Percentage of animals not
surviving for 7 days after PH is indicated. n, 20 to 40; *, P G 0.05; **, P G 0.01.
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large increases in both serum and hepatic bile

acids on the first day after PH, which decline

with time and return to normal at day 7 (Fig. 4,

A and B). A simple interpretation of these

results is that PH has a potential stimulatory

effect on serum and hepatic bile acid levels that

is prevented by the potent counterregulatory

pathways in wild-type mice but not in those

lacking functional FXR (30).

This was tested by examining the expression

of the primary FXR target gene SHP and the

downstream negative target cholesterol 7a

hydroxylase, CYP7A1. SHP mRNA expression

increased before PH in wild-type mice fed the

0.2% CA diet and decreased in cholestyramine-

supplemented mice, with opposite effects for

CYP7A1 (Fig. 4C). CYP7A1 mRNA expression

was repressed in chow-fed animals after PH, in

accord with previous results (19, 31), and SHP

expression increased. CA feeding increased

SHP expression and eliminated basal CYP7A1

expression, whereas the cholestyramine-fed

group showed a more transient decrease in

CYP7A1 expression at day 1 and an increase in

SHP expression at day 3. These results indicate

a rapid increase in bile acid signaling in

response to PH in the chow-fed mice that is

consistent with the reported transient increase

in nuclear bile acids after PH (32).

In a longer term experiment, CYP7A1 ex-

pression was repressed from day 1 to day 3

after PH in wild-type mice, with partial ex-

pression observed at day 7 (Fig. 4D). This

repression was more transient in the FXRj/j

mice, with CYP7A1 expression reemerging at

day 3 in the mutants. Expression of the posi-

tive FXR target gene BSEP increased in the

wild-type mice on days 1 to 3 and returned

to basal on day 7. This inductive response

was replaced by a transient inhibition in the

FXRj/j mice. Overall, we conclude that the

wild-type mice reach a new steady state in

response to PH, in which the observed main-

tenance of normal bile acid levels depends on

activation of the powerful mechanisms of bile

acid homeostasis (30), including both the shut-

off of synthesis by CYP7A1 and the induction

of export by BSEP. It is the failure of this ho-

meostatic response in the FXRj/j mice that

results in the anticipated increase in serum and

liver bile acids.

The transient repression of CYP7A1 expres-

sion in the FXRj/j mice is consistent with a

number of previous studies identifying nuclear

receptor–independent pathways for bile acid

negative feedback regulation (33–35). Recent

results have also identified a cyclic adenosine

monophosphate (cAMP)–coupled transmem-

brane bile acid receptor (36–38). It would be

interesting to further examine the activation

of these pathways in the FXRj/j mice, be-

cause we have observed only limited prolifer-

ative effects in mice treated with the synthetic

FXR agonist GW4064 despite responses of

SHP, CYP7A1, and other FXR targets that

confirmed the general effectiveness of the

treatment. Thus, bile acid activation of stress

kinase, cAMP, or other pathways may function

to complement FXR activation to elicit prolifer-

ative effects.

Relationship of the bile acid pathway to

other regenerative pathways. These results

identify an FXR-dependent bile acid signaling

pathway that is necessary for normal liver

regeneration but do not address the relationship

of this pathway to the well-defined growth fac-

tor and cytokine-dependent pathways. We

examined the effects of 3 days of feeding a

more potent 1% CA diet to amplify potential

effects of bile acids on expression of a number

of PH targets, including growth factors,

cytokines, and transcription factors. There

was an increase in TNFa transcripts in re-

sponse to dietary CA that was decreased but

not absent in FXRj/j mice (fig. S3A). CA

feeding also increased c-Myc expression in an

FXR-independent manner. The remaining 10

PH targets, including IL-6, IL-1, and their

receptors, HGF and TGFa, showed no detect-

able response. PH-induced serum IL-6 levels

at 24 hours were also not significantly af-

fected by dietary CA or the bile acid bind-

ing resin. Activation of the major downstream

transcription factor Stat3 by PH was also un-

affected by the loss of FXR, as indicated by

comparable induction of DNA binding in nu-

clear extracts from wild-type and FXRj/j mice

2 and 8 hours after hepatectomy (fig. S3B).

Overall, we conclude that manipulation of the

FXR-dependent pathway has little or no im-

pact on the important initial growth factor and

cytokine responses to PH.

The early responses are necessary to exit

the quiescent G
o
state and promote subsequent

cell cycle progression, and these effects are de-

pendent on targets such as the general prolifer-

ative transcription factors c-Myc and FoxM1b

that function at later stages (3, 4). Loss of FXR

reduced but did not prevent induction of c-Myc

expression, which is consistent with resid-

ual proliferative function in the FXRj/j mice,

but did block induction of FoxM1b expres-

sion (Fig. 5A). A stronger and earlier induction

of FoxM1b expression was observed in the

CA-fed mice, which show a temporally ad-

vanced regenerative response, and this induction

was undetectable in the cholestyramine-fed

mice (Fig. 5B). Both of these dietary effects

were lost in the FXRj/j mice. Although the

0.2% CA diet did not affect FoxM1b expres-

sion, the stronger stimulus provided by a 1%

CA diet for 3 days increased FoxM1b tran-

scripts in an FXR-dependent manner (Fig.

5C) and also induced expression of the direct

FoxM1b target cdc25b (39) at the protein level

(Fig. 5D).

Conclusions. Normal liver regeneration ap-

pears to be dependent on bile acid activation of

nuclear receptor–dependent signaling pathways.

The current results suggest a simple homeostatic

model in which FXR and potentially additional

nuclear receptors dynamically regulate the size

Fig. 4. PH increases bile acid signaling. PH was performed on wild-type
or FXRj/j mice. At indicated times after PH, total bile acid levels were
measured in (A) serum or (B) liver. Liver responses of bile acid regulated

genes were assessed by Northern blotting at indicated times after PH in
(C) mice fed control, CA, or cholestyramine diets as in Fig. 2 or (D) wild-
type and FXRj/j mice as in Fig. 3. *, P G 0.05; **, P G 0.01.
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of the adult liver by sensing its functional ca-

pacity. When inadequate function causes bile

acid levels to build up, the resultant FXR ac-

tivation not only induces negative feedback

pathways that protect hepatocytes from bile acid

toxicity but also increases the capacity of the

liver to manage the overload by promoting liver

growth. This is analogous to the ability of the

xenobiotic receptor CAR to promote clearance

of potentially toxic foreign compounds by both

inducing drug-metabolizing enzymes and rapid-

ly increasing liver size (16, 25). Although a re-

cent report highlighted the distinction between

the CAR and growth factor/cytokine pathways

(40), and loss of CAR has only a modest and

transient effect on liver regrowth in response to

PH, CAR is activated by both bile acids (10)

and PH (fig. S1), and the decreased FoxM1b

induction and DNA replication in the CARj/j

liver (fig. S1) indicates that the xenobiotic re-

ceptor may also contribute to liver regeneration.

More broadly, the function of CAR and other

nuclear receptor ligands as hepatomitogens (9)

suggests that additional receptors could also act

as both sensors of liver function and mediators

of liver growth.

This homeostatic mechanism may also con-

tribute to the termination of regeneration. This

process has been attributed to effects of inhibi-

tory cytokines such as TGFb, although recent

studies with mice defective in TGFb signaling

have not supported such a mechanism (41, 42),

perhaps as a result of compensatory increases

in activin A signaling (41, 42). The homeostatic

model suggests that cessation of proliferation is

simply due to the loss of the proliferative

stimulus as the liver approaches its normal size

and the functional deficit is eliminated. The

return of expression of FXR target genes to

basal levels at day 7 in the wild-type mice is

consistent with this idea.

In the context of PH or liver damage, this

nuclear receptor–dependent mechanism must

function in combination with the important early

growth factor and cytokine responses to liver

damage thought to prime hepatocytes for later

growth (2). The mechanisms that initiate these

responses are not known, but it has been

suggested that the decreased ability of the

resected liver to clear endotoxins released by

the gut results in Kupffer cell activation (43).

This activation in response to decreased innate

immunity function parallels the activation of

FXR by increased bile acid flux. The growth

factor and cytokine responses are not lost in the

FXRj/j livers and undoubtedly contribute to

their eventual regrowth. However, at least the

initial stages of many early responses can be

observed at the transcriptional level in sham-

operated animals (44), and recent evidence

indicates their primary role may be to maintain

the function of the remaining hepatocytes (3).

We propose that normal liver regeneration

requires not only the priming and protective

effects of these early responses but also the

signal of decreased metabolic functional capac-

ity delivered by the nuclear receptors. We

suggest the term ‘‘homeotrophic’’ to describe

growth to recover functional capacity and

reestablish homeostasis.
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Fig. 5. Bile acid signaling is
required for induction of FoxM1b
by PH. Liver responses of prolif-
erative target genes were assessed
by Northern blotting at indicated
times after PH in (A) wild-type or
FXRj/j mice as in Fig. 3 or (B)
wild-type or FXRj/j mice fed
control, 0.2% CA, or cholestyramine
diets as in Fig. 2. (C) Expression of
FoxM1b in livers of wild-type or
FXRj/j mice fed control or 1% CA
diets for 3 days was assessed by
Northern blotting. (D) Expression of
the FoxM1b target cdc25b was
assessed by Western blotting in liver
extracts from wild-type or FXRj/j

mice fed control or 1% CA diets for
3 days.
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We present an atomic-level description of the reaction chemistry of an enzyme-catalyzed reaction
dominated by proton tunneling. By solving structures of reaction intermediates at near-atomic
resolution, we have identified the reaction pathway for tryptamine oxidation by aromatic amine
dehydrogenase. Combining experiment and computer simulation, we show proton transfer occurs
predominantly to oxygen O2 of Asp128b in a reaction dominated by tunneling over È0.6
angstroms. The role of long-range coupled motions in promoting tunneling is controversial. We
show that, in this enzyme system, tunneling is promoted by a short-range motion modulating
proton-acceptor distance and no long-range coupled motion is required.

T
he physical basis of the catalytic power

of enzymes remains contentious despite

sustained and intensive research efforts

(1–3). The question of whether enzymes have

evolved to use quantum tunneling to the best

advantage has provoked a heated debate (4–10).

That tunneling occurs is now widely accepted,

with conceptual frameworks incorporating

protein motion into the enzymic H tunneling

process (11–14). More controversial is a role

for compressive motion to promote H tunnel-

ing (4), a special property of enzymes that

might be endowed by evolutionary pressure.

Whereas some studies have suggested a role

for protein motion in facilitating tunneling

(15–22), others have argued that motions that

contribute to tunneling are similar in both

enzymes and free solution and therefore that

the degree of tunneling available in the en-

zyme system is equivalent to that in free solu-

tion (5–8, 10). A number of kinetic studies

(23–31) are in agreement with environmentally

coupled models of H tunneling (11, 29, 32–34),

but atomic-level insight into the tunneling event

can only be obtained from high-resolution

protein structures of catalytically competent

intermediates combined with computer simula-

tion (35).

The quinoprotein enzymes, the mechanisms

of which are generally well understood (36), are

ideally suited to studies of H transfer during

substrate oxidation (14) and are thus excellent

model systems for investigating H transfer by

nuclear tunneling. Aromatic amine dehydro-

genase (AADH) is a tryptophan tryptophyl qui-

none (TTQ)–dependent quinoprotein (37, 38)

and catalyzes H transfer by quantum mechanical

tunneling (24). It oxidatively deaminates aro-

matic primary amines to form the correspond-

ing aldehyde (Fig. 1); the electrons released are

transferred from AADH to the type I blue cop-

per protein azurin and enter the respiratory

chain via a c-type cytochrome. We present here

an analysis of the oxidative deamination of

tryptamine by AADH using a combination of

x-ray crystallography and computational and

kinetic studies. This has provided a detailed

description of the overall reaction pathway and

in particular the H-tunneling step.

Crystal structures of key intermediates.

The crystal structure of substrate-free AADH

was determined at a resolution of 1.2 Å (x-ray

exposure reduces the TTQ cofactor to the semi-

quinone form within the first seconds of data

collection, as observed by color change) (39).

The a
2
b
2
heterotetramer (a molecular mass, 40

kD, and TTQ-containing b, 12 kD) is highly

similar in fold to the related TTQ-dependent

methylamine dehydrogenase (Fig. 1). The car-

boxylate of Asp128b, the proton acceptor in the

tunneling step, is in close proximity to and al-

most perpendicular to the plane of the quinone

system. O1 of this carboxylate (Fig. 2) hydrogen

bonds to the backbone amide of Trp160b (3.0 Å)

and a partially occupied (È50% present) water

molecule (2.7 Å), and O2 is in close proximity to

Thr172b hydroxyl (3.4 Å).

Crystal structures of tryptamine-AADH in-

termediate complexes in the reductive half-

reaction (Fig. 2C) were obtained by soaking

crystals with substrate and flash-cooling either

before, immediately after, or several minutes

after complete reduction of the TTQ was ob-

served by visible inspection of the crystals (39).

Alternatively, crystals of tryptamine-AADH in-

termediate complexes were prepared by cocrys-

tallization under anaerobic conditions, leading

to different space groups (39). The high reso-

lution routinely obtained (ranging from 1.6 to
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Fig. 1. Schematic overview of the AADH reaction with tryptamine. The AADH structure is
represented in cartoon form with the a subunit in blue, the b subunit in yellow, and the TTQ
cofactor in magenta spheres. The reductive half-reaction with tryptamine is depicted in detail in
Fig. 2. The oxidative half-reaction consists of two consecutive long-range electron transfer events to the
single-electron carrier azurin. An azurin from Pseudomonas putida (PDB code 1NWO) is depicted in
green cartoon with the copper atom as an orange sphere.
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1.1 Å) allowed unambiguous identification of

the intermediates present by inspection of the

difference Fourier electron density maps (iden-

tification by microspectrophotometry was not

possible, because intermediates after TTQ

reduction do not absorb in the visible region).

Only data sets consistent with a single interme-

diate present at high occupancy levels in the

active site were used for model building and

refinement. Key intermediates were observed in

both active sites within the asymmetric unit and

in distinct space groups, indicating the reaction

path is largely independent of crystal packing.

The Michaelis complex (intermediate I, Fig. 2)

was too short-lived to be observed. However,

the crystal structure of the reduced enzyme in

complex with tryptamine (I) reveals the indole

moiety of the substrate sandwiched between the

side chain of Phe97a and the Gly178a–Leu179a

peptide bond, in a position that is occupied by

the Leu179a side chain in other structures (Fig.

2B). Structures of substrate-oxidized AADH

complexes obtained at lower resolution by

soaking at pH G 5.0 reveal a similar structure.

The amine group of the substrate contacts (Fig.

2B) the carbonyl backbone oxygen of Asn156b

(2.9 Å), Asp84b (3.1 Å), and Val158b (3.0 Å);

the amino group of the aminoquinol (2.9 Å);

and a water molecule located close to Asp128b

O1 (3.2 Å). Assuming this structure is a good

model for intermediate I, we postulate that,

upon formation of the Michaelis complex,

Asp128b O1 deprotonates the substrate via a

bridging water molecule, initiating attack of the

nucleophilic nitrogen on the TTQ O6–C6 bond

and leading to formation of a transient carbinol-

amine intermediate (II). The next step likely

involves departure of the hydroxyl group via

Asp128b acid catalysis, leading to formation of

the first Schiff base (or iminoquinone, III)

intermediate of the catalytic cycle and ensuring

that Asp128b is deprotonated (Fig. 2A). We were

unable to obtain structural data for this AADH-

iminoquinone complex, which formed before

the proton transfer (i.e., quantum tunneling)

step. However, an analogous complex with the

inhibitor phenylhydrazine (containing a phenyl

rather than indole side chain) has been char-

acterized in solution (37). In the crystal structure,

the only notable changes from intermediate

I are a slight rotation of the TTQ away from

the carboxylate group of Asp128b (Fig. 2B)

and the concomitant minor repositioning of

the side chain of Thr172b, which now forms

a hydrogen bond with Asp128b O2 (3.0 Å).

The phenylhydrazine nitrogen, which mim-

ics the iminoquinone-reactive C1 donor atom in

the catalytic cycle, is within hydrogen-bonding

distance of Asp128b O1 (2.8 Å) and in van der

Waals contact with Asp128b O2 (3.2 Å). In

principle, either Asp128b oxygen could be a proton

acceptor for the H-tunneling reaction, leading to

two distinct possible intermediates (IV).

We were unable to trap the proposed in-

termediate (IV) formed immediately after the

tunneling event, in which the C10N bond is

expected to be coplanar with the modified indole

of Trp109b and the proton residing on either O1

or O2. The electron density obtained for crys-

tals flash-cooled immediately after reduction

(as identified by color change) is consistent

with movement of the C10N bond out of plane

by È60- to give the enzyme species (V) after

proton transfer. This geometry increases the

distance between C1 and Asp128b O1 and O2 to

3.7 Å and 4.1 Å, respectively. No evidence for

protonation of Asp128b was observed from the

1.1 Å electron density map, and from the struc-

ture it is clear that the enzyme is not configured

to stabilize the negative charge on O7 of the

TTQ cofactor by hydrogen bonding (i.e., there

is no oxyanion hole). We infer that, in the crys-

tal structure of intermediate V, O7 is protonated

Fig. 2. Reductive half-reaction of AADH with tryptamine. (A) Schematic overview of the pro-
posed reaction mechanism. Intermediates are numbered by roman numerals; for clarity only key
atoms are represented from intermediate II onward, whereas TTQ atoms C6 and C7 and Asp128b
O1 and O2 are labeled for intermediate I. Atoms derived from the substrate are depicted in
magenta; those derived from water, in blue. All other enzyme-derived atoms are depicted in
black. (B) AADH active site structure for the ligand-free protein, represented by atom-colored
sticks: green carbons, TTQ cofactor; other carbons, yellow. The position occupied by the substrate
in complex with the reduced AADH is depicted in dark gray, and the positions in intermediate V
of substrate Leu179a and TTQ are in light gray; putative hydrogen bonds are shown as green
dashed lines. (C) Active site and SigmaA weighted FoFc and 2FoFc-electron density of
intermediates in the reductive half-reaction with tryptamine. Atoms are colored according to
atom type, with substrate-derived carbon atoms in magenta and protein-derived carbon atoms in
yellow. For clarity, only substrate- or inhibitor-derived atoms are shown, in addition to the side
chain atoms for residues Asp128b and Thr172b and part of the TTQ cofactor. The 2FoFc density for
these enzyme-derived atoms or water molecules is shown as a blue mesh, whereas F

o
F
c
density for

the substrate- or inhibitor-derived atoms is depicted at 4s and shown as a magenta mesh.
Intermediates are labeled by roman numerals corresponding to (A). The covalent phenylhydrazine-
AADH complex is used as a model for intermediate III. For intermediate V, electron density for the
P2

1
crystal form is shown, whereas intermediate VII is depicted by electron density for the F222

crystal form.
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by proton transfer from Asp128b via the ni-

trogen Schiff base in a two-step process. This is

consistent with combined quantum mechanics/

molecular mechanics (QM/MM) dynamics sim-

ulations, where planarity in intermediate IV is

lost after proton transfer to form intermediate

V. This step substantially increases the C1–

acceptor distances and effectively ensures irre-

versibility of the H-tunneling step. Our cal-

culations show that the deprotonated Asp128b

(V) is stabilized substantially (by È18 kcal

mol–1) relative to the protonated form by elec-

trostatic interactions with Trp160b HN and

Thr172b hydroxyl and that deprotonation of

either O1 or O2 by the neutral Schiff base ni-

trogen could occur after rotation around the

N–C6 bond. Although the conformation re-

quired for proton transfer from O2 to N is high-

ly similar to that observed in the structure of

V, efficient proton transfer from O1 requires

the N–C6 torsion angle to increase from the

observed value of È60- to beyond È90-. The

latter process would require substantial re-

positioning of the main chain of Asp84b to

avoid a steric clash with the C1 atom, a dy-

namic process for which no evidence was

found in the obtained crystal structures. Re-

gardless, formation of intermediate V allows

for both species of IV, either O1 or O2 pro-

tonated, to converge to a single intermediate

and poises the enzyme for the subsequent hy-

drolysis steps.

The increased C1–Asp128b distance after

formation of V allows for positioning of a wa-

ter molecule between C1 and O1 (intermediate

VI). Transfer of a water molecule from bulk

solution to the postulated position in VI re-

quires transient but substantial repositioning of

the indole group, which is likely to be hindered

within the crystal. Stereospecific attack by this

water molecule forms a carbinolamine (VII)

containing a chiral center at C1. Analysis of

crystals soaked for 5 to 10 min after TTQ

reduction reveals electron density that clearly

corresponds to intermediate VII in an S enan-

tiomeric configuration, consistent with activa-

tion of the water molecule by Asp128b O1

leading to attack of the si face of the C10N

bond. Despite the inherent instability of carbi-

nolamines in water, intermediate VII is stable

under anaerobic conditions for several days, as

revealed by crystal structures obtained from

cocrystallization under anaerobic conditions.

We conclude that Asp128b is unable to catalyze

C1–N bond breakage by proton abstraction

from the hydroxyl of the carbinolamine by O1

and concomitant proton donation to the leaving

NH group by O2, because O1 rather than O2

abstracts a proton from the attacking water

molecule. In principle, indirect deprotonation of

O1 by O2 via the TTQ nitrogen is possible, a

process that requires active site motions similar

to those invoked for transferring the proton of

O1 to N and ultimately to O7 in the step from

IV to V. However, this motion does not occur

to any significant extent, as indicated by the

stability of intermediate VII in the crystals and

by mass spectrometric analysis of enzyme

incubated with b-substituted aromatic amine

substrates, which reveals the presence of a

covalent adduct consistent with formation of a

stable intermediate VII in solution (39). In the

case of the reduced AADH-tryptamine com-

plex, the carbinolamine moiety is furthermore

protected from water by both enzyme and

substrate aromatic groups. After oxidation of

the enzyme, we postulate that hydrolysis of the

carbinolamine is facilitated by creation of a

good leaving group (i.e., the aminoquinone) and

the possible introduction of a water molecule

between Asp128b O2 and the aminoquinone (in-

termediate VIII).

Computational analysis of the H-tunneling

step (III to IV). To investigate in atomic detail

the proton transfer step that leads to intermediate

IV, we performed computational simulation

studies (39). On the basis of the proton-acceptor

distances in the modeled complex III structure

[d(O1–H1) 0 1.74 Å and d(O2–H1) 0 2.67 Å,

respectively] and in accord with the analogous

AADH-phenylhydrazine structure described

above, we inferred that the transfer of H1 could

occur to either O1 or O2 of Asp128b. Therefore,

we have studied both transfers.

With use of a combined QM/MM potential

(40), we first calculated the free energy of ac-

tivation for the classical transfer of the proton

to O1 and O2 at 300 K (DG-,classical) (41). This

magnitude was then corrected to account for H

tunneling (DG-,tunneling), which results in the

phenomenological free energy of activation

(11) at 300 K [DGact(300) 0 DG-,classical(300) þ

DG-,tunneling(300)], from which we estimate the

rate constant according to

kðTÞ 0
kBT

h
expEjDG

act
ðTÞ=RT^

where T is temperature, k
B

is Boltzmann’s

constant, h is Planck’s constant, and R is the

gas constant. The term DG-,tunneling was cal-

culated from the transmission coefficient (k),

often written in the literature (11, 42) as a preex-

ponential factor multiplying the classical rate

constant, obtained from variational transition-

state theory with small curvature tunneling

corrections (32, 42) calculations [DG-,tunneling 0

–RT ln(k)]. We have limited our study to a sin-

gle temperature (T 0 300 K) because, al-

though the first microscopic simulations of

the temperature dependence of kinetic iso-

tope effects (KIEs) for enzymic reactions

have been presented recently (7, 34, 43) and

are encouraging, they also reflect the difficul-

ties and complexities of addressing this issue

computationally.

Despite the shorter initial O1–H1 distance,

our simulations show an energetic prefer-

ence for the transfer to O2 both kinetically

(DG-,classical 0 20.0 kcal mol–1 for O1 and

DG-,classical 0 18.1 kcal mol–1 for O2) and

thermodynamically (DG
reaction
classical 0 4.8 kcal mol–1

for O1 and DG
reaction
classical 0 –7.8 kcal mol–1 for O2).

Breakage of the polarized C–H bond in the

AADH:tryptamine adduct is aided by the cat-

ionic nature of the iminoquinone and the ele-

vated pK
a
[7.1 in free enzyme and 6.0 in the

enzyme-substrate complex (44)] of Asp128b.

The product is stabilized partly by delocaliza-

tion of the developing negative charge onto

the TTQ and partly by hydrogen bonds with

the enzyme. The inclusion of H tunneling

reduces both barriers by a substantial yet similar

amount (DG-,tunneling 0 –4.6 kcal mol–1 for O1

and DG-,tunneling 0 –4.9 kcal mol–1 for O2), thus

not altering the preference for transfer to O2.

The experimentally deduced free energy of

activation [È12.7 kcal mol–1 and k(300) È

3500 sj1] therefore agrees well with that cal-

culated for transfer to O2 [13.2 kcal mol–1

and k(300) 0 1500 sj1] but less well for the

much slower transfer to O1 [15.4 kcal mol–1

and k(300) 0 38 sj1].

As indicated by this DG-,tunneling and ir-

respective of the acceptor oxygen considered,

our calculations demonstrate a large H-tunneling

component in this proton-transfer step [the

catalytic contribution of tunneling cannot be

calculated directly here, because this requires

comparison with an appropriate reference sys-

tem (3)]. From the calculated transmission

factor (11), k, we estimate that in excess of

99.9% of the reaction proceeds via tunneling

(i.e., tunneling increases the rate by three orders

of magnitude). This suggests that, in the ab-

sence of tunneling, C–H bond cleavage (È1 sj1)

rather than the oxidative half-reaction (45)

would be rate limiting in the overall catalyt-

ic cycle, emphasizing the critical role of tun-

neling in this enzyme system. The effect is

less pronounced for the deuterated substrate

(DG-,tunneling 0 3.3 kcal mol–1 for O1 and

DG-,tunneling 0 3.3 kcal mol–1 for O2), resulting

in calculated KIEs (42 for O1 and 93 for O2)

elevated substantially beyond the semiclassical

results (5.0 for O1 and 5.8 for O2, i.e., when no

tunneling is considered) and in agreement with

the large experimentally observed value (55 T 6)

(Fig. 3A).

Our analysis of tunneling in AADH using

computational methods is consistent with our

experimental kinetic data obtained by using

stopped-flow methods (Fig. 3A and table S1)

(39). We used dideuterated tryptamine in our

kinetic studies. Although secondary KIEs can

make substantial contributions to observed

KIEs and therefore affect their interpretation,

they will have negligible effect in this case,

given the highly inflated value of the observed

KIE (55 T 6). A predicted upper value for the

secondary KIE is 1.15 for reactions involving a

change in hybridization (sp3 to sp2) (46),

although this might be elevated slightly if

there is coupled motion between the primary

and a-secondary hydrogens (47). Both the
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Fig. 4. Orthogonal views (A and B) illustrating the rotation of the C1
methylene and the movement of the Asp128b carboxylate that occurs in
passing from reactant (carbon atoms in green) to the representative structure
for tunneling to O2 (s 0 –0.77 bohr amu½ in Fig. 3C; carbon atoms are
shown in orange). The cages represent the principal components, scaled
according to the respective eigenvalues, for the motion of the respective atom

in the molecular dynamics simulation. Percentages of motion along the first
principal component are as follows: C1, 48%; H1, 54%; O1, 40%; and O2,
50%. Corresponding orthogonal views (C and D) illustrating the three-
dimensional nature of the vibration at È165 cmj1. The cages represent the
principal components of the motion of the respective atoms after removal, by
digital filtering, of motions outside the frequency window of 140 to 190 cmj1.

Fig. 3. Hydrogen tunneling. (A) Eyring plot of the stopped-flow
kinetic data (table S1) for the reaction of AADH with protiated
(open) and deuterated (solid) tryptamine. (B and C) Minimum
energy paths (including zero-point energies) calculated to obtain
DG-,tunneling and the KIEs for transfer to (B) O1 and (C) O2 (solid
lines) and dominant tunneling energy at 300 K for each isotope
(dashed lines). Black and gray lines are for perprotio- and
perdeuterotryptamine, respectively. The reaction coordinate, s, is
the mass-weighted difference in position from the transition state
(1 bohr 0 0.529 Å), with s 0 0 at the top of the barrier and
negative at the reactant side. Also shown are the C–H (tri-
angles), H–O (circles), and C–O (squares) distances along these
perprotio reaction paths (right-hand axis).
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highly inflated KIE (d7) and the magnitude

of the prefactor ratio (d1) derived from

temperature analysis of reaction rates with

protiated and deuterated tryptamine are con-

sistent with H transfer by quantum mechanical

tunneling. We infer this temperature-dependent

H transfer indicates an environmental reorgani-

zation that serves to bring the H energy levels

into resonance.

The picture of the reaction emerging from

our results is as follows: The reacting moieties

first approach by classical activation to a H1–O1

and H1–O2 separation ofÈ1.51 Å andÈ1.64 Å,

respectively; before this point (Fig. 3, B and C),

the reaction coordinate is dominated by heavy

atom motions, especially for the transfer to O2.

From this point [s 0 –0.40 bohr amu½ for O1

and s 0–0.77 bohr amu½ for O2; the reaction

coordinate, s, is the mass-weighted difference

in position from the transition state (1 bohr 0

0.529 Å), with s 0 0 at the top of the barrier and

negative at the reactant side], the proton tunnels

a distance of È0.49 Å and È0.59 Å (for O1

and O2, respectively) through the barrier at a

dominant tunneling energy of È8.7 kcal mol–1

(for O1) and È10.4 kcal mol–1 (for O2) below

the top of the barrier; proton motion is highly

dominant in this region of the reaction coordi-

nate because the proton-donor bond breaks (and

the proton tunnels) (Fig. 3, B and C). From the

initial complex III structure, with H1 hydrogen

bonded to O1, transfer to O2 requires more

structural rearrangements to attain a configura-

tion from which the proton can tunnel than does

transfer to O1. However, inspection of the clas-

sical free energy profile reveals that early in the

reaction, the H1–O2 average distance shortens

to È2.0 Å [i.e., more similar to d(O1–H1)] at a

relatively low energetic cost (G2 kcal mol–1), in

part by maintaining a short O1–H1 distance

while shortening the O2–H1 distance. This

shortening of the O2–H1 distance is accom-

panied by repositioning of the Asp128b carbox-

ylate and rotation of the C1 methylene (Fig. 4).

Although a recent study with lipoxygenase sug-

gests that such a shortening of the proton-

acceptor distance decreases tunneling (48), it is

generally associated with the promotion of tun-

neling (1).

To investigate further protein motions and in

particular those that could reduce the proton-

acceptor distance and thereby promote tunneling,

we performed molecular dynamics simulations

of our modeled complex III. These simulations

also suggest that the O2–H1 distance, critical for

tunneling, can be shortened by rotation of H1

toward O2 and repositioning of the Asp128b

carboxylate; in particular, the motion of H1 is

focused on modulating the O2–H1 distance

(Fig. 4, A and B). The C1 and H1 spectral den-

sities (21, 49) derived from the dynamics sim-

ulations share a common peak at È165 cmj1,

the frequency of a short-range motion that re-

duces the proton-acceptor distance, predomi-

nantly through motion of H1 (Fig. 4, C and D).

However, cross-correlation analysis suggests

that the motion of H1 is not strongly coupled

to O2 (fig. S1, A and B) or any other neigh-

boring atom; this is further supported by prin-

cipal component analysis of the covariance

(table S2). The motion of O2 is (with the use of

a low cutoff value of 0.5) only coupled to its

hydrogen-bonding partner, Thr172b (fig. S1, C

and D). In turn, the motion of Thr172b is ad-

ditionally only coupled to Cys171b, which is

not correlated with O2. Thus, our results show

no network of coupled long-range motions that

modulate the O2–H1 distance (50); modulation

of the proton transfer distance in AADH in-

volves only short-range motion.
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Piezoelectric Nanogenerators Based
on Zinc Oxide Nanowire Arrays
Zhong Lin Wang

1,2,3* and Jinhui Song
1

We have converted nanoscale mechanical energy into electrical energy by means of piezoelectric
zinc oxide nanowire (NW) arrays. The aligned NWs are deflected with a conductive atomic force
microscope tip in contact mode. The coupling of piezoelectric and semiconducting properties in zinc
oxide creates a strain field and charge separation across the NW as a result of its bending. The
rectifying characteristic of the Schottky barrier formed between the metal tip and the NW leads to
electrical current generation. The efficiency of the NW-based piezoelectric power generator is
estimated to be 17 to 30%. This approach has the potential of converting mechanical, vibrational,
and/or hydraulic energy into electricity for powering nanodevices.

W
ireless devices may allow in situ,

real-time biomedical monitoring and

detection, but such devices still re-

quire a power source. Ideally, such devices

should be self-powered and not dependent on a

battery. The body provides numerous potential

power sources: mechanical energy (such as body

movement, muscle stretching, blood vessel con-

traction), vibrational energy (acoustic waves),

chemical energy (glucose), and hydraulic en-

ergy (body fluid and blood flow), but the

challenge is their efficient conversion into elec-

trical energy. If accomplished on the nano-

scale, such power sources could greatly reduce

the size of integrated nanosystems for opto-

electronics (1), biosensors (2), resonators (3),

and more.

We demonstrate an approach to converting

mechanical energy into electric power with the

use of aligned zinc oxide (ZnO) nanowires

(NWs). The mechanism of the power generator

relies on the coupling of piezoelectric and

semiconducting properties of ZnO as well as

the formation of a Schottky barrier between the

metal and ZnO contacts. The nanogenerator has

the potential of harvesting energy from the

environment for self-powered nanotechnology.

Among the known one-dimensional (1D)

nanomaterials, ZnO has three key advantages.

First, it exhibits both semiconducting and piezo-

electric (PZ) properties that can form the basis

for electromechanically coupled sensors and

transducers. Second, ZnO is relatively biosafe

and biocompatible (4), and it can be used for

biomedical applications with little toxicity.

Finally, ZnO exhibits the most diverse and abun-

dant configurations of nanostructures known

so far, such as NWs (5), nanobelts (NBs) (6),

nanosprings (7), nanorings (8), nanobows (9),

and nanohelices (10). Although numerous studies

have demonstrated novel nanodevices and ap-

plications based on NWs and NBs, little work

has been done to address the power needs of

these nanosystems.

Our study is based on aligned ZnO nanowires

grown on c plane–oriented a-Al
2
O
3
substrate,

using Au particles as a catalyst, by the vapor-

liquid-solid (VLS) process (11, 12). An epitax-

ial relation between ZnO and a-Al
2
O
3
allows a

thin, continuous layer of ZnO to form at the

substrate, which serves as a large electrode

connecting the NWs with a metal electrode

for transport measurement (Fig. 1A). The NW

grows along the E0001^ direction and has

side surfaces of A0110Z (Fig. 1B). Most of the

Au particles at the tips of the NWs either

evaporate during the growth or fall off during

scanning by the atomic force microscope (AFM)

tip (fig. S1). For most of the NWs, the growth

front is free of Au particles or has a small hem-

ispherical Au particle that covers only a fraction

of the top (inset, Fig. 1B). For the purpose of our

measurements, we have grown NW arrays that

have relatively less density and shorter length

(0.2 to 0.5 mm), so that the AFM tip can exclu-

sively reach one NW without touching another.

The measurements were performed by

AFM using a Si tip coated with Pt film, which

has a cone angle of 70-. The rectangular

cantilever had a calibrated normal spring constant

of 0.76N/m (Fig. 1C). In the AFM contact mode,

a constant normal force of 5 nN was maintained

between the tip and sample surface. The tip

scanned over the top of the ZnO NW, and the

tip_s height was adjusted according to the surface

morphology and local contacting force. The

thermal vibration of the NWs at room temper-

ature was negligible. For the electric contact at

the bottom of the nanowires, silver paste was

applied to connect the (large) ZnO film on the

substrate surface with the measurement circuit.

The output voltage across an outside load of

REPORTS
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Fig. 1. Experimental design for converting nanoscale mechanical energy into electrical energy by a
vertical piezoelectric (PZ) ZnO NW. (A) Scanning electron microscopy images of aligned ZnO NWs
grown on a-Al2O3 substrate. (B) Transmission electron microscopy images of ZnO NWs, showing the
typical structure of the NW without an Au particle or with a small Au particle at the top. Each NW is
a single crystal and has uniform shape. Inset at center: an electron diffraction pattern from a NW.
Most of the NWs had no Au particle at the top. Inset at right: image of a NW with an Au particle.
(C) Experimental setup and procedures for generating electricity by deforming a PZ NW with a
conductive AFM tip. The base of the NW is grounded and an external load of R

L
is applied, which is

much larger than the resistance R
I
of the NW. The AFM scans across the NW arrays in contact mode.
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resistance R
L
0 500 megohms was continuously

monitored as the tip scanned over the nano-

wires (note the defined polarity of the voltage

signal). No external voltage was applied in

any stage of the experiment.

Experimentally, both the topography (feed-

back signal from the scanner) (Fig. 2A) and the

corresponding output voltage (V
L
) images across

the load (Fig. 2B) were recorded simultaneous-

ly when the AFM tip was scanned over the

aligned NW arrays. In contact mode, as the tip

scanned over the vertically aligned NWs, the

NWs were bent consecutively. The bending dis-

tance was directly recorded in the topography

image, fromwhich themaximumbending deflec-

tion distance and the elastic modulus of the NW

as well as the density of NWs that have been

scanned by the tip were directly derived (13).

In the V
L
image, many sharp output peaks

(like discharge peaks) were observed. These

peaks, typically about 4 to 50 times the noise

level, are rather sharp and narrow, and some-

times one or two pixels represent one voltage

peak because of the limited scanning speed of

the AFM tip, so that the color distribution in the

plot is not easy to display (fig. S2). By reducing

the scan range and increasing the scan frequen-

cy, more complete profiles of the discharge peaks

were captured (fig. S3). Most of the voltage

peaks are È6 to 9 mV in height. The density of

NWs contacted by the tip is counted from Fig.

2A to be È20/mm2, and the average density of

NWs whose voltage output events had been

captured by the tip in Fig. 2B is È8/mm2, thus

È40% of the NWs were contacted.

The location of the voltage peak is directly

registered at the site of the NW. A time series of

the voltage output line profiles across one NW

acquired at a time interval of 1 min is shown in

Fig. 2C. Because the dwell time for each data

point (or pixel) is 2 ms, which is longer than the

average lifetime of the voltage peak ofÈ0.6 ms

(Fig. 2D), the peak at which V
L
reached the max-

imum was possibly missed by the Bslow[ scan-

ning tip, so that V
L
shows a chopped top (arrows

in Fig. 2C). A sharp peak can be identified con-

tinuously at the location of the NW and in the

NW output voltage in each scan of the tip. When

the tip started to deflect the NW, no voltage

output was observed (Fig. 2D); V
L
was detected

when the deflection of the NW approached its

maximum. When the NW was released by the

AFM tip, V
L
dropped to zero, indicating that the

output of piezoelectricity was detected toward

the end of the AFM scan over the NW.

The shape of the discharge peak can be

further improved and analyzed by maximizing

the tip scanning frequency and reducing the

scanning range. Shown in Fig. 2E is a line

profile of V
L
when the tip was scanned over a

single NW at a scanning velocity of 12.394 mm/s.

The full width at half maximum (FWHM) of the

voltage peak was estimated to be t È 0.6 ms.

The damping behavior of the voltage peak

can be qualitatively described with an equiv-

alent circuit (14) (Fig. 2E). The NW is approx-

imated as a resistor R
I
and a capacitor C

(including the contribution from the system).

The lifetime of the output voltage V
L
across

the load R
L
(note the polarity of the voltage)

is t 0 (R
L
þ R

I
)C (15). For the experiment we

have designed, the resistance of the NW R
I

is negligible relative to R
L
(16, 17). Thus, the

equivalent capacitance of the NW and the

system is C , t/R
L
, 1.2 pF.

Fig. 2. Electromechanically coupled discharging process of aligned piezoelectric ZnO NWs
observed in contact mode. (A and B) Topography image (A) and corresponding output voltage
image (B) of the NW arrays. The discharging process was so rapid that each discharge event was
characterized by only a couple of data points, which made it difficult to display the data by rainbow
color (see fig. S2). (C) A series of line profiles of the voltage output signal when the AFM tip
scanned across a vertical NW at a time interval of 1 min. The data show the registration of the
electric signal with the location of the NW and the reproducibility of the event over an extended
period of time. Colors represent the outputs required for a series of scans. In (A) to (C), the
scanning speed of the tip was 12.081 mm/s, and the time spent to acquire and output one scan
point was 2 ms. (D) Line profiles from the topography (red) and output voltage (blue) images
across a NW. The peak of the voltage output corresponds approximately to the maximum deflection
of the NW, indicating that the discharge occurs when the tip is in contact with the compressed side
of the NW. When the tip touches the NW, PZ charges start to accumulate but no discharge occurs.
Discharge occurs when the deflection reaches nearly the maximum y

m
. Note that the lateral

deflection y includes the shape and contact geometry of the tip, which must be subtracted to derive
the true deflection of the NW. (E) Line profile of the voltage output signal when the AFM tip scans
across a vertical NW at 12.394 mm/s. The time spent to acquire and output one scan point was 0.05
ms, which was achieved at the maximum scan frequency of the AFM. The inset is an equivalent
circuit of the measurement to be used for simulating the discharging process. (F) The resonance
vibration of a NW after being released by the AFM tip, showing that the stored elastic energy is
transferred mainly into vibrational energy after creating the PZ discharge event.
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The observed sharp voltage output for ZnO

NWs was not observed for metal film (fig. S4),

aligned carbon nanotubes (fig. S5), or aligned

WO
3
NWs (fig. S6) under identical or similar

experimental conditions. These data rule out the

possibility of friction or contact potential as the

source of the observed V
L
response.

The efficiency of the electric power gener-

ated by this process can be calculated as follows.

The output electrical energy from one NW in

one piezoelectric discharge (PZD) event is

DW
PZD

0 V
0
2C/2 (15), where V

0
is the peak

voltage of the discharge output. For simplicity,

we approximately take the NW as a 2D object

for easy analytical calculation. The elastic

deformation energy (W
ELD

) created by the

AFM tip for displacing the NW is W
ELD

0

3YIy2
m
/2L3 (15), where Y is the elastic modu-

lus, I is the moment of inertia, L is the length of

the NW, and y
m
is the maximum deflection of

the NW. Dissipation of W
ELD

mainly occurs

in three ways: (i) mechanical resonance/

vibration after releasing the NW (Fig. 2F);

(ii) PZ discharge (DW
PZD

) for each cycle of the

vibration; and (iii) friction/viscosity from the

environmental medium. The mechanical reso-

nance of the NW continues for many cycles,

but it is eventually damped by the viscosity of

the medium. Each cycle of the vibration gen-

erates DW
PZD

, but the AFM tip in the present

experimental design catches only the energy

generated in the first cycle of vibration. Taking

into account the energy dissipated by the NW

in the first cycle of vibration DW
ELD

(15), the

efficiency of converting mechanical energy to

electrical energy is DW
PZD

/DW
ELD

. Therefore,

an efficiency of 17 to 30% has been received

for a cycle of the resonance (table S1). The

large efficiency is likely due to the extremely

large deformation that can be borne by the

nanowire (18).

The physical principle for creating the PZ

discharge energy arises from how the piezo-

electric and semiconducting properties of ZnO

are coupled. For a vertical, straight ZnO NW

(Fig. 3A), the deflection of the NW by an AFM

tip creates a strain field, with the outer surface

being stretched (positive strain e) and the inner

surface compressed (negative e) (Fig. 3B). An

electric field E
z
along the NW (z direction) is

then created inside the NW volume through the

PZ effect, E
z
0 e

z
/d, where d is the PZ

coefficient (19) along the NW direction that is

normally the positive c axis of ZnO, with the Zn

atomic layer being the front-terminating layer

(20, 21). The PZ field direction is closely paral-

lel to the z axis (NW direction) at the outer

surface and antiparallel to the z axis at the inner

surface (Fig. 3C). Under the first-order approx-

imation, across the width of the NW at the top

end, the electric potential distribution from the

compressed to the stretched side surface is

approximately between V
s

– to V
s

þ

Ewith V
s

m
0

m3T ky
m
k/4Ld (15), where T is the thickness of

the NW). The electrode at the base of the NW is

grounded. Note that V
s

þ and V
s

– are the volt-

ages produced by the PZ effect, which are each

typically larger than a few tens of volts (22). The

potential is created by the relative displace-

ment of the Zn2þ cations with respect to the O2–

anions, a result of the PZ effect in the wurtzite

crystal structure; thus, these ionic charges cannot

freely move and cannot recombine without

releasing the strain (Fig. 3D). The potential dif-

ference is maintained as long as the deforma-

tion is in place and no foreign free charges

(such as from the metal contacts) are injected.

The contacts at the top and the base of the

NW are nonsymmetric; the bottom contact is to

the ZnO film in contact with Ag paste, so the

effective contact is between ZnO and Ag. The

electron affinity (E
a
) of ZnO is 4.5 eV (23) and

the work function (f) of Ag is 4.2 eV; there is

no barrier at the interface, so the ZnO-Ag

contact is ohmic. At the tip of the NW, Pt has

f 0 6.1 eV, and the Pt-ZnO contact is a Schottky

barrier (24, 25) and dominates the entire trans-

port process. Because the compressed side of

the semiconductor ZnO NW has negative po-

tential V
s

– and the stretched side has positive

potential (V
s

þ), two distinct transport processes

will occur across the Schottky barrier.

We now consider the case of a ZnO NW

without an Au particle at the top. In the first step,

the AFM conductive tip that induces the de-

formation is in contact with the stretched surface

of positive potential V
s

þ (Fig. 3, D and E). The

Pt metal tip has a potential of nearly zero, V
m
0

0, so the metal tip–ZnO interface is negatively

biased for DV 0 V
m
– V

s

þ

G 0. Because the as-

synthesized ZnO NWs behave as n-type semi-

conductors, the Pt metal–ZnO semiconductor

(M-S) interface in this case is a reverse-biased

Schottky diode (Fig. 3E), and little current

flows across the interface. In the second step,

when the AFM tip is in contact with the com-

pressed side of the NW (Fig. 3F), the metal

tip–ZnO interface is positively biased for DV 0

V
L
0 V

m
– V

s

–
9 0. The M-S interface in this

Fig. 3. Transport is governed
by a metal-semiconductor
Schottky barrier for the PZ
ZnO NW (see movies S1 and
S2). (A) Schematic definition
of a NW and the coordi-
nation system. (B) Longi-
tudinal strain ez distribution
in the NW after being
deflected by an AFM tip from
the side. The data were
simulated by FEMLAB for a
ZnO NW of length 1 mm and
an aspect ratio of 10. (C) The
corresponding longitudinal
PZ-induced electric field Ez
distribution in the NW. (D)
Potential distribution in the
NW as a result of the PZ ef-
fect. (E and F) Contacts be-
tween the AFM tip and
the semiconductor ZnO NW
[boxed area in (D)] at two re-
versed local contact potentials
(positive and negative), show-
ing reverse- and forward-
biased Schottky rectifying
behavior, respectively (see
text). This oppositely biased
Schottky barrier across the
NW preserves the PZ charges
and later produces the dis-
charge output. The inset shows
a typical current-voltage
(I-V) relation characteristic
of a metal-semiconductor

(n-type) Schottky barrier. The process in (E) is to separate and maintain the charges as well as build up
the potential. The process in (F) is to discharge the potential and generates electric current. (G and H)
Contact of the metal tip with a ZnO NW with a small Au particle at the top. The PZ potential is built up in
the displacing process (G), and later the charges are released through the compressed side of the NW
(H). (I) Contact of the metal tip with a ZnO NW with a large Au particle at the top. The charges are
gradually ‘‘leaked’’ out through the compressed side of the NW as soon as the deformation occurs;
thus, no accumulated potential will be created.
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case is a positively biased Schottky diode, and

it produces a sudden increase in the output

electric current. The current is the result of DV-

driven flow of electrons from the semicon-

ductor ZnO NW to the metal tip. The flow of

the free electrons from the loop through the

NW to the tip will neutralize the ionic charges

distributed in the volume of the NW and thus

will reduce the magnitudes of the potential V
s

–

and V
s

þ. Thus, V
L
starts to drop and reaches

zero after all of the ionic charges in the NW

are fully neutralized. This mechanism explains

why the discharge curve in Fig. 2E is nearly

symmetric. According to the model, the dis-

charge occurs when the NW is bent nearly to

its maximum deflection, so V
L
should have a

small offset in reference to the corresponding

topography peak along the direction of tip scan,

as is observed experimentally in Fig. 2D.

We next consider the case of a ZnONWwith

a small Au particle at the top as a result of VLS

growth (Fig. 3, G and H). In the first step of

the AFM tip displacing the NW, the tip is di-

rectly in contact with the ZnO NW but not the

Au particle (Fig. 3G) because of its small size

and hemispherical shape (Fig. 1B and fig. S1).

A process similar to that described in Fig. 3E

occurs, and no output voltage will be observed.

When the tip is in contact with the Au particle,

the tip is integrated with the particle as one metal

contact, and at the local interface between the

Au particle and the negatively charged, com-

pressed side of the ZnO NW (V
s

–), a forward-

biased Schottky diode is formed; thus, the

current flows from the tip through the Au

particle to the interface region with negative

PZ voltage (V
s

–) (Fig. 3H). A discharge process

similar to that shown in Fig. 3F occurs, and a

sharp voltage output is produced.

In the case of a NW with a large Au particle

that fully covers its top (Fig. 3I), the metal tip is

directly in touch with the Au tip at the be-

ginning of the forced displacement. Because of

the conducting channel at the compressed side

of the NW, the polar charges produced by the

displaced Zn2þ and O2– ions caused by the PZ

effect are immediately neutralized by external

free charges as soon as they are produced by

the deformation. Therefore, no accumulative

potential profile is formed at the M-S interface,

and no measurable output voltage is detected

in the experimental setup we have designed

(Fig. 1C).

We also measured the PZ voltage output for

the same samples of aligned ZnO NWs in the

AFM tapping mode. In this case, the deforma-

tion occurred longitudinally and there was no

side displacement. The NWwas vertically com-

pressed, so the voltage created at the top of

the NW was negative V
s

– so long as the base

electrode was grounded (Fig. 4A). There was

no voltage drop across the width of the NW.

Thus, across the metal tip–ZnO interface, a

positively biased Schottky diode formed and

the electrons could freely flow across the

interface. Electrons flowed as the deformation

occurred, and there was no accumulation of net

charge in the NW volume. This type of slowly

Bleaked[ current produces no detectable signal.

Therefore, for the ZnO NWs whose AFM im-

age in tapping mode is shown in Fig. 4B, no

output voltage V
L
was detected beyond the noise

level (Fig. 4C).

We now estimate the possibility of powering

nanodevices with the NW-based power genera-

tor. From table S1, the PZ energy output by one

NW in one discharge event is È0.05 fJ, and the

output voltage on the load isÈ8 mV. For a NW

of typical resonance frequency È10 MHz, the

output power of the NW would be È0.5 pW. If

the density of NWs per unit area on the sub-

strate is 20/mm2, the output power density is

È10 pW/mm2. By choosing a NW array of size

10 mm � 10 mm, the power generated may be

enough to drive a single NW/NB/nanotube-

based device (26–28). If we can find a way to

induce the resonance of a NW array and output

the PZ-converted power generated in each cy-

cle of the vibration, a significantly strong power

source may be possible for self-powering nano-

devices. Furthermore, if the energy produced by

acoustic waves, ultrasonic waves, or hydraulic

pressure/force could be harvested, electricity

could be generated by means of ZnO NW ar-

rays grown on solid substrates or even on

flexible polymer films (29). The principle and

the nanogenerator demonstrated could be the

basis for new self-powering nanotechnology

that harvests electricity from the environment

for applications such as implantable biomed-

ical devices, wireless sensors, and portable elec-

tronics (29).

References and Notes
1. X. F. Duan, Y. Huang, R. Agarwal, C. M. Lieber, Nature

421, 241 (2003).

2. G. F. Zheng, F. Patolsky, Y. Cui, W. U. Wang, C. M. Lieber,

Nat. Biotechnol. 23, 1294 (2005).

3. X. D. Bai, P. X. Gao, Z. L. Wang, E. G. Wang, Appl. Phys.

Lett. 82, 4806 (2003).

4. J. Zhou, N. S. Xu, Z. L. Wang, unpublished data.

5. M. H. Huang et al., Adv. Mater. 13, 113 (2001).

6. Z. W. Pan, Z. R. Dai, Z. L. Wang, Science 291, 1947

(2001).

7. X. Y. Kong, Z. L. Wang, Nano Lett. 3, 1625 (2003).

8. X. Y. Kong, Y. Ding, R. Yang, Z. L. Wang, Science 303,

1348 (2004).

9. W. L. Hughes, Z. L. Wang, J. Am. Chem. Soc. 126, 6703

(2004).

10. P. X. Gao et al., Science 309, 1700 (2005).

11. X. D. Wang, C. J. Summers, Z. L. Wang, Nano Lett. 3, 423

(2004).

12. X. D. Wang et al., J. Am. Chem. Soc. 127, 7920 (2005).

13. J. H. Song, X. D. Wang, E. Riedo, Z. L. Wang, Nano Lett.

5, 1954 (2005).

14. A piezoelectric material can be approximately charac-

terized by a capacitor and a resistor. The capacitor

represents the piezoelectric charges accumulated in the

volume, and the resistor represents its inner resistance.

15. See supporting material on Science Online.

16. From our recent measurements of ZnO nanowires, the

resistivity is from 10j2 to 10 ohmIcm (17) depending on

the contacts at the electrodes and the concentration of

oxygen vacancies. For a NW of length 0.2 mm and diameter

40 nm, the resistance is between 16 kilohms and 16

megohms, which is much smaller than the applied external

load of 500 megohms. Here we ignored the resistance

produced by the ZnO film at the bottom of the nanowires

because it is very large and covers the entire area of

the substrate; thus, the inner resistance is dominated by

the NW.

17. J. H. He, C. S. Lao, L. J. Chen, D. Davidovic, Z. L. Wang,

J. Am. Chem. Soc. 127, 16376 (2005).

18. W. L. Hughes, Z. L. Wang, Appl. Phys. Lett. 86, 043106

(2005).

19. M. H. Zhao, Z. L. Wang, S. X. Mao, Nano Lett. 4, 587

(2004).

20. The wurtzite-structured ZnO can be described as a

number of alternating planes composed of tetrahedrally

coordinated O2– and Zn2þ ions stacked alternatively

along the c axis. The oppositely charged ions produce

positively charged (0001)-Zn and negatively charged

ð0001Þ-O polar surfaces. The Zn-terminated surface is at

the growth front (positive c-axis direction) because of its

higher catalytic activity (19).

21. Z. L. Wang, X. Y. Kong, J. M. Zuo, Phys. Rev. Lett. 91,

185502 (2003).

Fig. 4. Electromechani-
cally coupled discharging
process of aligned piezo-
electric ZnO NWs observed
in tapping mode. (A) Ex-
perimental setup. (B and
C) Topography image (B)
and corresponding output
voltage image (C) of the
NWs. The tapping force
was 5 nN, tapping frequen-
cy 68 KHz, and tapping
speed 6 mm/s. The voltage
output contains no infor-
mation but noise, proving
the physical mechanism
demonstrated in Fig. 3.

REPORTS

245www.sciencemag.org SCIENCE VOL 312 14 APRIL 2006

YYePG Proudly Presents, Thx for Support

http://www.sciencemag.org


22. A simple calculation indicates that the magnitudes of V
s

þ

and V
s

–
are on the order of a few tens to hundreds of

volts. In practice, if we consider the polarization and

dielectric screening in the calculation, the local potential

is much smaller than the numbers given by the equations

here. An accurate calculation of the potential distribution

as a result of the ionic charges introduced by the PZ

effect and the surface charges caused by boundaries

must be solved numerically and self-consistently. In our

analysis, a correct magnitude and sign of the potential is

sufficient for illustrating the physical model.

23. S. Hasegawa, S. Nishida, T. Yamashita, H. Asahi, J. Ceramic

Proc. Res. 6, 245 (2005).

24. R. F. Pierret, Semiconductor Device Fundamentals

(Addison-Wesley, Reading, MA, 1996), chapter 14.

25. W. I. Park, G. C. Yi, J. W. Kim, S. M. Park, Appl. Phys. Lett.

82, 4358 (2003).

26. Y. Huang et al., Science 294, 1313 (2001).

27. A. Bachtold, P. Hadley, T. Nakanishi, C. Dekker, Science

294, 1317 (2001); published online 4 October 2001

(10.1126/science.1065824).

28. J. Chen et al., Science 310, 1171 (2005).

29. U.S. patent pending.

30. Supported by NSF grant DMR 9733160, the NASA Vehicle

Systems Program and Department of Defense Research

and Engineering, and the Defense Advanced Research

Projects Agency. We thank X. Wang, W. L. Hughes,

J. Zhou, and J. Liu for their help.

Supporting Online Material
www.sciencemag.org/cgi/content/full/312/5771/242/DC1

SOM Text

Figs. S1 to S6

Table S1

Movies S1 and S2

19 December 2005; accepted 10 March 2006

10.1126/science.1124005

Control of Electron Localization in
Molecular Dissociation
M. F. Kling,

1
Ch. Siedschlag,

1
A. J. Verhoef,

2
J. I. Khan,

1
M. Schultze,

2
Th. Uphues,

3
Y. Ni,

1

M. Uiberacker,
4
M. Drescher,

3,5
F. Krausz,

2,4
M. J. J. Vrakking

1

We demonstrated how the subcycle evolution of the electric field of light can be used to control the
motion of bound electrons. Results are presented for the dissociative ionization of deuterium
molecules (D2 Y Dþ

þ D), where asymmetric ejection of the ionic fragment reveals that light-
driven intramolecular electronic motion before dissociation localizes the electron on one of the two
Dþ ions in a controlled way. The results extend subfemtosecond electron control to molecules and
provide evidence of its usefulness in controlling reaction dynamics.

F
ew-cycle laser light with a controlled evo-

lution of the electric field E(t) 0 a(t) �

cos(wt þ 8), with amplitude a(t), frequen-

cy w, and carrier envelope phase 8 (1), has

recently allowed the steering of the motion of

electrons in and around atoms on a subfemto-

second time scale. Manifestations of this control

include the reproducible generation and mea-

surement of single subfemtosecond pulses (2, 3)

and controlled electron emission from atoms

(4, 5). Here we address the question of whether

this control can be extended to electron wave

packets in molecules and, if so, can light-field–

driven electronic motion affect reaction dynamics?

Many of the processes in terms of which

strong-field molecular interactions are presently

interpreted (such as bond softening and enhanced

ionization) were discovered in experimental and

theoretical work on H
2
and its isotopes HD and

D
2
Esee (6) and references therein^. The role of

phase control in the dissociation of hydrogen

has recently been addressed in a few theoretical

studies (7–9). We present experiments on the

dissociation of D
2
þ into Dþ

þ D by intense

few-cycle laser pulses with controlled field

evolution and report a pronounced dependence

of the direction of the Dþ ejection (and hence

of the localization of the electron in the system)

on the waveform driving the reaction. Quantum-

classical computations reveal that light-field

control of molecular electron dynamics is re-

sponsible for the observed phenomenon.

The dynamics of molecules in intense laser

fields typically includes ionization and dissocia-

tion. The dissociation of D
2
in intense laser fields

is known to involve several pathways whose

relative importance depends on intensity and pulse

duration (6). The formation of fragment ions oc-

curs via a two-step mechanism (Fig. 1A) in which

initially the molecule is ionized by the laser field

(Fig. 1A, red arrow) and a vibrational wave

packet is launched in the 1ss
g
þ state. Breakup

of the D
2
þ ion is triggered by excitation to a

repulsive state or after double ionization.

In the single-ionization pathways, excitation of

boundD
2
þ (such as to the 2ps

u
þ state in Fig. 1A)

by recollision of the first electron Erecollision

excitation (RCE), green line^ or directly by the laser

field Esequential excitation (SE), blue line^ leads to

dissociation and the formation of a Dþ ion and a D

atom. For example, in recent molecular clock

studies, vibrational motion in D
2
þ was time-

resolved by exploiting RCE (10, 11). Additional

dissociation mechanisms can be understood by

considering that molecular potentials are modi-

fied by strong laser fields. Bond softening (BS,

purple line) (12) occurs when energy gaps open

up at avoided crossings between adiabatic field-

dressed potential energy curves.

In double-ionization pathways, the forma-

tion of D
2
þ is followed by a second ionization

1FOM Instituut voor Atoom en Molecuul Fysica (AMOLF),
Kruislaan 407, 1098 SJ Amsterdam, Netherlands. 2Max-

Planck-Institut für Quantenoptik, Hans-Kopfermann-Strasse
1, D-85748 Garching, Germany. 3Fakultät für Physik,

Universität Bielefeld, Universitätsstrasse 25, D-33615
Bielefeld, Germany. 4Department für Physik, Ludwig-
Maximilians-Universität München, Am Coulombwall 1,

D-85748 Garching, Germany. 5Institut für Experimen-
talphysik, Universität Hamburg, Luruper Chaussee 149,
D-22761 Hamburg, Germany.

Fig. 1. (A) Pathways for the production of Dþ ions from D
2
by dissociation of the molecular ion

(through BS, SE, or RCE) or by Coulomb explosion (through RCI, SI, or EI). BS occurs when the avoided
crossing between diabatic potentials that are dressed by the laser field gives rise to dissociation from
vibrational levels that were originally bound (12). (B) Dþ kinetic energy spectra for dissociation of D

2

by 5- to 8-fs linearly polarized (LP) and 5-fs circularly polarized (CP) laser pulses without phase
stabilization, at I 0 1.2 T 0.2 � 1014 W cm–2 and I 0 2.4 T 0.2 � 1014 W cm–2, respectively.
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step via recollision Erecollision ionization (RCI)^

or via the laser field Esequential ionization

(SI)^. Enhanced ionization (EI) takes place when

the vibrational wave packet reaches a transi-

tion region where electron localization occurs

and where (anti)-bonding molecular orbitals

turn into atomic orbitals. Double ionization

(via RCI, SI, or EI) leads to the breakup of

the molecule by Coulomb repulsion between

the two Dþ ions. Two momentum-matched Dþ

ions are emitted symmetrically along the mo-

lecular axis, irrespective of the shape of the

driving fields. To address the feasibility of

reaction control by means of steering electronic

motion, we therefore have to investigate the

BS, SE, and RCE pathways and keep double

ionization at a minimum.

We have studied the dissociation of D
2
þ in

a few-cycle laser field by measuring the

emission of Dþ as a probe of the location (or

absence) of the electron. Dþ fragment kinetic

energy and angular distributions were re-

trieved using the velocity-map imaging tech-

nique (13). For a description of the experimental

apparatus, see the supporting online material

(SOM). In general, all the pathways illustrated

in Fig. 1 contribute to the Dþ kinetic energy

spectra. Their relative importance sensitively

depends on the intensity and duration of the

laser (6). Figure 1B shows Dþ kinetic energy

spectra recorded for linearly and circularly

polarized laser pulses with durations of 5 to 8

fs at peak intensities (I) of I 0 1.2 T 0.2 �

1014 W cm–2 and I 0 2.4 T 0.2 � 1014 W

cm–2, respectively.

Previous studies (14–16) suggest that Dþ

ions with energies below 3 eV originate from

BS (at È 0.9 eV) and EI (at È 2.5 eV). Above

3 eV, contributions may arise from SE/SI and

RCE/RCI. In our experiment, the disappearance

of the Dþ signal above 3 eV upon changing the

polarization from linear to circular (while main-

taining the peak electric field of the laser) in-

dicates that recollision is responsible for the

creation of the high-energy fragments (Fig. 1B).

Decreasing the pulse duration from 8 to 5 fs

suppresses spectral components assigned to

double ionization. Light-field control of molec-

ular dissociation was therefore pursued with

phase-stabilized 5-fs laser pulses.

Figure 2 shows a cut through the Dþ

three-dimensional momentum distribution in

Cartesian coordinates (p
x
,p

y
) at p

z
0 0, for a

5-fs, 1� 1014 W cm–2 laser field without phase

stabilization. The laser propagated along the x

axis (q 0 90-/270-) and was polarized along the

y axis (q 0 0-/180-). In agreement with

previous studies (17), the BS (0 to 2 eV) and

the weak EI channel (2 to 3 eV) that appear in

the center of the image show relatively narrow

angular distributions. A nearly isotropic distri-

bution is measured for higher energies (3 to 10

eV) and is a typical signature of recollision-

induced fragmentation (15). No difference in

the up versus down emission of Dþ ions (along

the laser polarization axis) is observed without

phase stabilization.

In an attempt to control and probe the final

location of the electron in the D
2
þ dissociation,

Dþ images were recorded while changing the

carrier envelope phase 8. The angle-integrated

asymmetry in the Dþ emission was evaluated as

a function of energyW 0 p2/2m and 8 via

AðW ( 8Þ 0
PupðW ( 8Þ j PdownðW ( 8Þ

PupðW ( 8Þ þ PdownðW ( 8Þ

with

PupðW ( 8Þ 0 X

360

330
dq X

360

0
df PðW ( q( f( 8Þsin q þ

X dq

30

0
X

360

0
df PðW ( q( f(8Þ sin q

and

PdownðW ( 8Þ 0 X

210

150
dq X

360

0
df PðW ( q( f( 8Þsin q

with q and f being the polar and azimuthal

angles, respectively.

We chose to analyze the ion emission within

a restricted angular range because (as will

become clear) our ability to control electron

motion in D
2
þ requires that the laser couple the

two lowest-lying electronic states. For mole-

cules aligned orthogonally to the laser polar-

ization axis, this coupling is absent.

Figure 3A depicts the angle-integrated

Dþ energy spectrum obtained with 5-fs laser

pulses with a peak intensity of I 0 1 � 1014 W

cm–2 and a randomly varying carrier enve-

lope phase. Figure 3B reveals how phase lock-

ing results in a nonzero asymmetry A(W,8)

as a function of the kinetic energy W of the

Dþ fragments ( y axis) and the laser phase 8

(x axis). Regions where the asymmetry os-

cillates as a function of the phase represent

conditions where the direction of the Dþ

emission, and hence the localization of the

electron in the dissociation process, is ef-

fectively controlled by the subcycle evolution

of the laser field driving the dissociation.

The extent of the control is further illus-

trated in Fig. 3C, which displays a series of

curves where A(W,8) is integrated over se-

lected energy intervals. The highest degree

of asymmetry with a modulation depth of

È50% is observed between 3 and 8 eV. A

very small phase dependence is seen be-

tween 0 and 3 eV. Asymmetric Dþ ejection

is observed predominantly at kinetic ener-

gies that are virtually absent in a circularly

polarized field, suggesting that electron-ion

recollision is a vital element in the mech-

anism responsible for the observed phase

control.

Fig. 2. Two-dimensional Dþ momentum image
for D2 dissociation in a 5-fs, 1 � 1014 W cmj2

laser field without phase stabilization.

Fig. 3. (A) Dþ kinetic
energy spectrum for D2

dissociation with 5-fs,
1 � 1014 W cm–2 laser
pulses without phase
stabilization. (B) Map of
asymmetry parameter
A(W,8) as a function of
the Dþ kinetic energy
and carrier envelope
phase 8 (measured over
a range of 6p with a
step size of D8 0 0.1p).
(C) Integrated asym-
metry over several ener-
gy ranges versus carrier
envelope phase 8.

REPORTS

247www.sciencemag.org SCIENCE VOL 312 14 APRIL 2006

YYePG Proudly Presents, Thx for Support

http://www.sciencemag.org


To gain qualitative insight into the mecha-

nism responsible for the observed phase-

controlled asymmetry in the dissociation of D
2
þ,

we modeled the laser-driven motion of the two

nuclei and the bound electron by numerically

solving the time-dependent SchrPdinger equa-

tion (see the SOM for details). As in previous

studies (18), the process is modeled in terms of

the 1ss
g
þ and 2ps

u
þ electronic states, and the

molecule is assumed to be aligned along the

laser polarization axis.

In our modeling, the D
2
þ molecular ion is

formed in a single ionization event that occurs

at the maximum of the laser electric field. This

ionization produces a vibrational wave packet

in the 1ssg
þ ground electronic state that mim-

ics the (v 0 0) vibrational wave function of the

D
2
ground state. Population transfer from the

1ss
g
þ ground electronic state to the 2ps

u
þ

excited electronic state is introduced at a delay

of 1.7 fs after ionization Ecorresponding to the

first recollision time (10)^. Later recollision

events are efficiently suppressed with short

laser pulses (15). Because of the strongly

repulsive nature of the 2ps
u
þ state, the excited

D
2
þ molecule dissociates and the momentum-

matched D and Dþ fragments acquire a large

kinetic energy (E
k
up to 10 eV). During the

dissociation, the laser field transfers part of the

2ps
u
þ population to the 1ss

g
þ state, producing

a dissociative wave packet with a large excess

kinetic energy. The emerging coherent super-

position of the two electronic states results in a

time-dependent localization of the electron

density on the upper or lower nucleus due to

the gerade and ungerade nature of the two states

(7, 9, 19).

In Fig. 4, the temporal evolution of the

laser field and the occupations of the 1ss
g
þ and

2ps
u
þ electronic states are depicted in (A) and

(B), respectively. A time-dependent electron

localization parameter quantifying the localiza-

tion on the upper/lower nucleus (for definition,

see the SOM) is displayed in (C). By the time

the molecule has dissociated (with the inter-

nuclear distance reaching È15 atomic units),

the electron density is found to localize pre-

dominantly on the lower D atom. A simple shift

of the carrier envelope phase 8 by p reverses

the field and turns the direction of emission of

the ionic/atomic fragment opposite, in agree-

ment with our experimental observation. To the

best of our knowledge, this is the first

demonstration of direct light-field control of a

chemical reaction via the steering of electronic

motion.

Let us consider the electron localization

dynamics after the recollision in more detail.

Initially, the 1ss
g
þ state is hardly populated

by the laser-induced coupling, and the energy

gap DW(t) 0 Iw(t) between the binding 1ss
g
þ

and repulsive 2ps
u
þ states is much larger

than the laser photon energy. Hence, the elec-

tronic wave function can respond nearly instan-

taneously to changes in the laser field, and the

electron localization parameter (Fig. 4C) oscil-

lates with a small amplitude at the frequency

of the light pulse. As the eigenfrequency w(t)

of the two-level system decreases because of

the increasing bond length, the laser field starts

populating the lower state substantially, strong-

ly increasing the extent of electron localization.

In our calculations, the electron wave packet

keeps evolving with the instantaneous eigen-

frequency w(t) as the laser field strength

approaches zero (for t 9 7 fs). The oscillation

of the electron localization ceases when the

interatomic barrier that builds up between the

two Dþ ions can no longer be overcome by

the electron. In the experiment, because of a

nonzero background of the few-cycle pulses

(G10% in intensity), a laser field may still be

present when the molecule breaks up and

contribute to the asymmetry (20).

The field-controlled electron dynamics

demonstrated in this work does not rely on

electron recollision. In fact, control of electron

dynamics in molecules can also be achieved by

preparing a coherent electronic superposition

state by photoexcitation (7, 19, 21, 22). In

contrast with the current experiment, the photo-

excitation will permit the creation of an elec-

tron wave packet at the beginning of the

reaction, thereby offering a greater flexibility

for its subsequent light-field control. This

approach will also be applicable in neutral

molecules.
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Fig. 4. (A) Electric field
of the 5-fs, 1I1014 W cm–2

pulse used in the calcu-
lations, with carrier en-
velope phase 8 0 0. (B)
Time-dependent pop-
ulations of the 1ssg

þ

and 2psu
þ states of D2

þ

after excitation through
recollision. (C) Temporal
evolution of the electron
localization parameter
starting from the time
of recollision. (D) Time
dependence of the eigen-
frequency w(t) of the
two-level system versus
the laser frequency w0

(frequencies are given in
atomic units). The vertical
dashed purple line marks
the time of recollision in
all panels.
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Hardening by Annealing and
Softening by Deformation in
Nanostructured Metals
Xiaoxu Huang,

1* Niels Hansen,
1
Nobuhiro Tsuji

2

We observe that a nanostructured metal can be hardened by annealing and softened when
subsequently deformed, which is in contrast to the typical behavior of a metal. Microstructural
investigation points to an effect of the structural scale on fundamental mechanisms of dislocation-
dislocation and dislocation-interface reactions, such that heat treatment reduces the generation
and interaction of dislocations, leading to an increase in strength and a reduction in ductility.
A subsequent deformation step may restore the dislocation structure and facilitate the yielding
process when the metal is stressed. As a consequence, the strength decreases and the ductility
increases. These observations suggest that for materials such as the nanostructured aluminum
studied here, deformation should be used as an optimizing procedure instead of annealing.

F
rom the beginning of our civilization,

metalworkers have known that when a

metal becomes too hard—for example,

when forged—it can be softened by annealing.

By choosing the right combination of annealing

temperature and time, a desired combination of

strength and ductility can be achieved. The cur-

rent focus is on nanostructured metals that have

extreme strength but limited ductility and form-

ability, which reduces their applicability. The

extreme strength is obtained through a structural

refinement of the grains down to nanometer

dimensions, and an optimization of ductility has

been sought through annealing. It has been

shown (1) that when annealing under conditions

that produce a structure with bimodal distribu-

tion of grain sizes from nanometer to microme-

ter scales, the strength of nanostructured metals

decreases slightly but the deformation-induced

hardening (i.e., work hardening) of the coarse

grains in the structure gives ductility. It has been

also discovered that during annealing at low

temperatures, which does not cause excessive

and heterogeneous coarsening of the nano-

structure, nanostructured metals may harden

rather than soften—as observed, for example,

in metals produced by inert gas condensation

(2–4), electrodeposition (5, 6), and plastic de-

formation to very high strains (7–10). Associ-

ated with the hardening, a decrease in the tensile

ductility has been reported (5, 9, 10) where ten-

sile tests were carried out to evaluate the mechan-

ical properties. This unusual, annealing-induced

hardening has been related to changes in struc-

tural characteristics Ee.g., the grain boundary

structure (11)^, but various hypotheses have

not been verified. The present work has two

objectives: to improve our understanding of

the changes in properties and structure when

a nanostructured metal is annealed, and to use

such findings to inspire the development of

new optimization processes.

We investigated annealing behavior in a

fully dense, nanostructured aluminum of com-

mercial purity (99.2%) that was prepared by a

high-strain rolling deformation known as ac-

cumulative roll bonding (ARB) (12). Alumi-

num sheets of a final thickness of 1 mm were

produced by a six-cycle ARB processing to

an equivalent strain of 4.8 (13). The ARB-

processed state showed a weak crystallo-

graphic texture and a lamellar microstructure

of dislocation boundaries and grain boundaries

characteristic of high-strain rolling of metals

and alloys. The lamellar boundaries are parallel

to the rolling plane, with an average spacing of

180 nm. This lamellar morphology and the rel-

atively coarse boundary spacing ensure the

elimination of grain boundary sliding during

tensile testing. Tensile specimens of gauge di-

mensions 10 mm by 5 mm were machined from

the sheets and tested at room temperature. The

engineering stress-strain curve of the ARB

sample (Fig. 1, curve 1) shows a very high yield

stress (259 MPa) and ultimate tensile stress

(UTS, 334 MPa) and a reasonably good tensile

ductility, as expressed by total elongation (7%)

and uniform elongation (1.8%). This yield stress

is nearly 10 times that of a coarse-grained ma-

terial with a grain size of 50 mm (È28 MPa).

When the ARB sample was annealed at 150-C

for 30 min, the yield stress increased by 8.9% to

281 MPa (curve 2, Fig. 1) and the total elonga-

tion decreased markedly, making the material

almost brittle. This is in contrast to the expected

behavior after annealing—a decrease in strength

and an increase in elongation or ductility.

An increase in flow stress during annealing

of a deformed metal is typical if the metal con-

tains alloying elements in solid solution that

precipitate when the metal is annealed. This so-

called precipitation hardening was not expected

in the aluminum, which had a purity of 99.2%.

However, other stable impurities might have

dissolved during processing and reprecipitated

during annealing. To prove that this was not

the case, we carried out an experiment using

99.99% pure aluminum as the starting material.

As with the 99.2% pure aluminum, specimens

were produced by a six-cycle ARB processing

to an equivalent strain of 4.8, followed by an-

nealing at 150-C for 30 min. The specimens

were tested under the same conditions. The

results showed that, as expected, both the yield

stress and the UTS were substantially reduced

relative to the 99.2% Al, but the key phenome-

na (i.e., the hardening by annealing and the

decrease in ductility) were reproduced. For

example, an increase of about 9% in the yield

stress was observed after annealing. Therefore,

the dissolution and reprecipitation of impurities,

if it occurred, did not contribute to the annealing-

induced property changes.

We used transmission electron microscopy

(TEM) and high-resolution TEM (HRTEM) to

characterize the structural parameters of ARB

samples before and after annealing. The initial

structure (Fig. 2A) is delineated by lamellar

boundaries parallel to the rolling direction (RD)

and interconnecting boundaries parallel to the

normal direction (ND). Table 1 shows the quan-

tified structural parameters that are thought to

contribute to the mechanical properties. Slight

coarsening occurred during annealing (Fig. 2B)

for both the lamellar boundary spacing D
LB

and

the interconnecting boundary spacing D
ICB

,

which produced a reduction of boundary surface

area per unit volume.

Statistical measurements of misorientation

angles across the lamellar boundaries and inter-

connecting boundaries were made by Kikuchi

diffraction. Misorientation angles in both sam-

ples show a bimodal distribution, with one peak

located in the range below 3- and the other

located between 40- and 55-. More than 60% of

the boundaries were high-angle boundaries

(915-) in the ARB samples both before and

after annealing. This high density, in combina-

tion with the small boundary spacing, results in

1Center for Fundamental Research: Metal Structures in
Four Dimensions, Materials Research Department, Risø
National Laboratory, DK 4000 Roskilde, Denmark. 2De-

partment of Adaptive Machine Systems, Graduate School
of Engineering, Osaka University, 2-1 Yamada-Oka, Suita,
Osaka 565-0871, Japan.

*To whom correspondence should be addressed. E-mail:
xiaoxu.huang@risoe.dk

Table 1. Structural parameters in samples of different conditions. f
G3-, fraction of boundaries with

misorientation angles less than 3-; f
3–15-

, fraction of boundaries with misorientation angles
between 3- and 15-; f

915-, fraction of high-angle boundaries (915-).

Sample r
0
(mj2) D

LB
(nm) D

ICB
(nm) f

<3-
(%) f

3–15-
(%) f

>15-
(%)

ARB 1.33 � 1014 180 600 17.5 16.2 66.3

ARB annealed

at 150-C for 30 min

0.53 � 1014 225 640 12.8 23.3 63.9
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a very large area per unit volume (S
V
) of high-

angle boundaries, which can act as dislocation

sinks. As an example, S
V
in the ARB sample

before annealing is È5.6 � 106 mj1, which is

about 100 times the S
V
for a typical polycrystal-

line material with a grain size of 50 mm. In the

bright-field images (Fig. 2), it is seen that a series

of alternating bright and dark thickness contours

characterize individual high-angle boundaries,

most of which correspond to the lamellar bound-

aries. HRTEM observations show that the lattice

images on both sides of a lamellar boundary

extend all the way to the boundary; no special

region with a disordered structure is detected

along the boundary. The low-angle boundaries

exhibit a certain width in the deformed state,

but they become sharper and better defined upon

annealing, which suggests the occurrence of a

recovery process by rearrangement of disloca-

tions in these boundaries. The most remark-

able change observed was the decrease in the

density of interior dislocations, r
0
, that exist

in the volume between the boundaries (Fig.

2). A determination of the interior disloca-

tion density showed that it decreased from

1.33 � 1014 mj2 in the deformed state to

0.53 � 1014 mj2 after annealing (Table 1).

In previous strength-structural analysis of

lamellar structures, two additive strengthening

mechanisms have been proposed: (i) forest hard-

ening caused by the dislocations in the low-

angle boundaries and in the volume between

the boundaries (14), and (ii) grain boundary

hardening caused by the high-angle boundaries

(14, 15) taken to be inversely proportional to the

square root of the boundary spacing Ei.e., a Hall-

Petch relationship (16, 17)^. Not included is a

contribution from texture strengthening, as the

texture change during annealing is negligible.

Therefore, the observed coarsening and de-

crease in the dislocation density in the volume

between the boundaries and the decrease in the

low-angle boundary fraction suggest a decrease

in strength, which is opposite to the hardening

observed experimentally.

When a deformed structure is annealed at a

temperature that does not cause recrystalli-

zation, typical effects include a coarsening of

boundary spacing, recovery of low-angle bound-

aries, and reduction in the dislocation density

in the grain interior, at grain boundaries and

triple junctions. In conventional materials with

medium to large grain sizes, these changes will

cause softening by a reduction in dislocation

hardening and grain boundary strengthening.

However, the changes in the dislocation struc-

ture occurring in a nanostructured metal may

play a distinct and different role. As a

hypothesis, it is suggested that the many

dislocation sinks available in the form of closely

spaced high-angle boundaries will reduce the

number of dislocation sources during annealing.

This may lead to an increase in the yield stress

in order to activate new dislocation sources

during straining. Such a correlation between the

density of dislocation sources and the strength is

typically observed in nanoscale metals, both

experimentally (18) and by atomic-scale

modeling (19). Furthermore, the decrease in

the density of interior dislocations that can carry

the strain may efficiently reduce the elongation.

These different effects are reflected in Fig. 1.

A critical test for the above hypothesis is to

see whether a softening and an increase in elon-

gation occur if dislocations are generated in the

annealed sample. An annealed sample was de-

formed 15% by cold rolling and tested under the

same conditions. The tensile curve for this test

is plotted as curve 3 in Fig. 3. It is seen that the

stress-strain behavior of this redeformed sample

returns to that of the initial ARB sample (Fig.

1), as do the values for the measured yield stress

(256 MPa), UTS (333 MPa), total elongation

(6.6%), and uniform elongation (2.0%). The

similarity in mechanical behavior between this

15% cold-rolled sample and the original ARB

sample suggests that applying 15% cold rolling

has modified the structure in the annealed sam-

ple to be similar to the structure in the initial

ARB sample. TEM characterization shows that

a large number of dislocations are indeed intro-

duced again in the volume between the bound-

aries (Fig. 4) and at triple junctions and grain

boundary regions. As a result, the dislocation

configuration is very similar to that observed in

the original ARB sample (Fig. 2A). We ob-

tained an interior dislocation density of 1.14 �

1014 mj2 and boundary spacings of 200 nm

(D
LB
) and 650 nm (D

ICB
) in this sample. These

parameters are close to the values measured for

the original ARB sample (Table 1).

To further verify this hypothesis, we car-

ried out further annealing and deformation

experiments as well as tensile tests. Repeated

hardening and decrease in the elongation by low-

temperature annealing, and softening and in-

Fig. 3. Engineering stress-strain curves for 99.2%
pure Al. Curve 2: ARB annealed at 150-C for 30 min
(the same curve 2 as shown in Fig. 1). Curve 3: same
as 2 but deformed 15% by cold rolling. Curve 4:
same as 3 but again annealed at 150-C for 30 min.
Curve 5: same as 4 but deformed 15% by cold
rolling. Refer to table S2 for sample numbering.

Fig. 2. TEM images showing the lamellar struc-
tural morphology and dislocation configuration in
two ARB samples, (A) before annealing and (B)
after annealing at 150-C for 30 min. The micro-
graphs were recorded when at least one lamella
(M) in the area was under multiple-beam con-
dition with the beam direction parallel to the
[001] zone axis of the lamella to reveal the
interior dislocations. In (A), dislocation tangles are
seen within the lamella marked M. In (B), dis-
location tangles are replaced by fewer disloca-
tions, many of which are pinned by the lamellar
boundaries.

Fig. 1. Engineering stress-strain curves for 99.2%
pure Al. Curve 1: processed by six ARB cycles to an
equivalent strain of 4.8. Curve 2: same material as
1, plus annealing at 150-C for 30 min. The strain
rate ė used for the tensile test is indicated. Refer
to table S2 for sample numbering.
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crease in the elongation by a low level of

deformation, are obtained, as shown by curves

4 and 5 in Fig. 3. This repeated mechanical

behavior, combined with the structural charac-

terization, confirms that the removal of disloca-

tions by annealing and their introduction by

slight deformation are the cause of the changes

in the mechanical properties. The deformation

induced relatively small decreases in yield stress

and UTS, and a large increase in the elongation

greatly improves the applicability of the material.

A further test of the beneficial effect of

deformation as a final processing step is to

deform the initial ARB sample 15% by cold

rolling. The reason is that this sample has been

processed by rolling to a large strain per pass and

some adiabatic heating may have taken place

(i.e., the material may be in a recovered state)

(20). Such conditions are also typical of

industrial processing. In accordance with the

present hypothesis, it is assumed that a light

deformation of an ARB sample in the as-

delivered state may induce a small decrease in

strength followed by an increase in ductility.

Curves 1 and 6 in Fig. 5 confirm this assumption.

The present investigation has focused on

aluminum. The strategy described above may

also apply to metals such as nickel and intersti-

tial free steels that develop deformation micro-

structure similar to that of aluminum (14, 21).

Therefore, this strategy opens up a research area

of both fundamental and applied importance.
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Diels-Alder in Aqueous Molecular
Hosts: Unusual Regioselectivity and
Efficient Catalysis
Michito Yoshizawa, Masazumi Tamura, Makoto Fujita*

Self-assembled, hollow molecular structures are appealing as synthetic hosts for mediating
chemical reactions. However, product binding has inhibited catalytic turnover in such systems, and
selectivity has rarely approached the levels observed in more structurally elaborate natural
enzymes. We found that an aqueous organopalladium cage induces highly unusual regioselectivity
in the Diels-Alder coupling of anthracene and phthalimide guests, promoting reaction at a terminal
rather than central anthracene ring. Moreover, a similar bowl-shaped host attains efficient catalytic
turnover in coupling the same substrates (although with the conventional regiochemistry), most
likely because the product geometry inhibits the aromatic stacking interactions that attract the
planar reagents to the host.

E
ffective synthetic homogeneous cata-

lysts have generally been structurally

simple small molecules, which act by

binding to substrates at or near the reaction

site. In contrast, enzymes are much larger and

more complex and derive much of their selectiv-

ity by bonding substrates through multiple in-

teractions in elaborate pockets, thereby forcing

the substrates into orientations that favor specific

reaction paths (1, 2). In the past decade, chemists

have made substantial progress in building mo-

lecular hosts that emulate these enzymatic

pockets (3, 4). Self-assembly of carefully con-

structed organic and/or metallic building blocks

in solution produces hollow host structures that

can bind small molecule guests (5, 6). Among

the many potential advantages of this strategy is

the creation of hydrophobic reaction environ-

ments in aqueous solution, widening the scope

of accessible reactivity in ecologically friendly

media. However, these synthetic hosts have rarely

conferred the orientational precision necessary to

guide reactions along otherwise unfavored path-

ways. Moreover, catalytic turnover has been in-

hibited because the hosts bind products as

effectively as reactants, if not more so. In earlier

reports by Rebek (7, 8), Sanders (9), and our

Fig. 4. TEM image showing the lamellar structural
morphology and dislocation configuration in the
ARB sample processed by annealing at 150-C for 30
min, then deformed 15% by cold rolling. A
dislocation structure similar to that in the original
ARB sample (Fig. 2A) is introduced in the lamellae.

Fig. 5. Engineering stress-strain curves for 99.2%
pure Al. Curve 1: same as curve 1 in Fig. 1. Curve
6: same as 1 but deformed 15% by cold rolling.
Refer to table S2 for sample numbering.
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group (10), the Diels-Alder and related cyclo-

additions are significantly accelerated in syn-

thetic pockets, but the product inhibition

prevents the reactions from showing turnover

and the stereochemical courses are not well

controlled by the pockets. For catalytic reactions

by self-assembled hosts, there have appeared

only a few examples, including the Diels-Alder

(11), epoxidation (12), and the aza-Cope rear-

rangement (13). Controlling reaction pathways by

encapsulation has been discussed in the excited-

state chemistry of aromatic guests (14) and also

realized by a regioselective cycloaddition (8).

We investigated the host-mediated Diels-

Alder coupling of anthracenes and phthalimides.

The Diels-Alder reaction of anthracenes in the

absence of hosts is extremely well studied and

generally yields an adduct bridging the center

ring (9,10-position) of the anthracene framework

(15–17) as a consequence of the high localiza-

tion of p-electron density at that site (18, 19). We

find that an appropriately designed cage structure

can alter this well-established selectivity to favor

adduct formation at a terminal ring (1,4-position).

This unusual regioselectivity likely stems from

topochemical control induced by the proximity of

the 1,4-position of the anthracene to the dienophile

in the cage. The 1,4-selective Diels-Alder of

anthracenes has been previously reported only for

a benzyne addition (20) and for the addition with

9,10-diarylanthracenes (21). We further find that

the same reaction, through conventional regiose-

lectivity, can be catalyzed with efficient turnover

by a related, bowl-shaped host. As in enzymatic

reactions (2, 22), the product geometry, bent at

the 9,10-position, precludes the aromatic stacking

interactions that underlie the host_s affinity for the

reagents.

The coordination hosts we used here are

octahedral cage 1 and square-pyramidal bowl 2

(Fig. 1) (23–25). Both of them assemble from

cis end-capped Pd(II) ions and triazine-cored

tridentate ligands in a surprisingly efficient man-

ner (100-C, G5 min, quantitative yields). In

aqueous solution, these structures provide an

efficient hydrophobic pocket capable of binding

a variety of neutral organic compounds. Cage 1

features a three-dimensionally enclosed cavity,

which binds substrates in precisely fixed po-

sitions. Geometry-fixed encapsulation (26), iso-

Fig. 1. Self-assembled
coordination cages (1
and 2), which are pre-
pared by simple mixing
of an exo-tridentate or-
ganic ligand and an
end-capped Pd(II) ion
in a 4:6 ratio in water.

Fig. 2. (A) Pair-selective
encapsulation of two types
of reactants, 9-hydroxy-
methylanthrancene (3a)
andN-cyclohexylphthalimide
(4a), within cage 1 and
the subsequent Diels-Alder
reaction leading to syn
isomer of 1,4-adduct 5

within the cavity of 1. (B)
Syn-1,4-regioselective
Diels-Alder products within
cage 1. The structures of
the adducts and the yields
are shown.

Fig. 3. (A) Crystal structure of 1 Ð 5 and (B) optimized structure of 1 Ð (3a&4a) by a force-field
calculation.
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mer separation (27), pairwise selective inclusion

of two guests (28), and stereocontrolled cyclic

siloxane formation (29) have been reported.

Bowl 2 has an open cavity that facilitates rapid

binding and dissociation of substrates (25).

When 9-hydroxymethylanthrancene (3a)

and N-cyclohexylphthalimide (4a) (6.0 mM)

were suspended in an aqueous solution of cage

1 (5.0 mM) at room temperature, the inclusion

complex 1 Ð (3a&4a) (this set notation denotes

that 1 includes 3a and 4a) formed selectively

within 5 min (Fig. 2A). A 1H nuclear magnetic

resonance (NMR) analysis confirmed the en-

capsulation, with the resonances of 3a and 4a

shifted far upfield because of interaction with

the cage (fig. S1a) (30). No signals indicating

1Ð (3a)
n
or 1Ð (4a)

n
(n e 2) were observed in

the NMR spectrum. On heating the solution at

80-C for 5 hours, the signals derived from 3a

and 4a disappeared and were replaced by res-

onances consistent with a Diels-Alder adduct,

distributed between 6.8 and –2.1 parts per mil-

lion (ppm) (fig. S1b). Sixteen signals in the 9.7-

to 8.4-ppm range were observed for cage 1,

indicating the desymmetrization of the cage from

T
d
to C

3
symmetry (26). This symmetry agreed

with the restricted motion of a noncentrosym-

metric product along the C
3
axis, which is per-

pendicular to one of the triazine ligands (30).

After insoluble solids were removed by filtra-

tion, the product was extracted into CDCl
3
and

fully assigned as the syn isomer of 1,4-Diels-

Alder adduct 5 (fig. S4). No other regio- or

stereoisomers (1,9-adduct or anti-1,4-adduct)

were detected. The yield of 5 was estimated to

be 998% (based on 1) from the 1H NMR

spectra (30). In contrast, in the absence of 1, the

reaction gave only the conventional 9,10-Diels-

Alder adduct in 44% yield based on 3a.

The unusual structure of the 1,4-Diels-Alder

adduct was unambiguously determined by x-ray

crystallographic analysis of 1 Ð 5 (Fig. 3A). A

single crystal suitable for x-ray analysis was

obtained by the slow evaporation of water from

an aqueous solution of 1 Ð 5 over 5 days (30).

The crystal structure displays the syn stereo-

chemistry of 1,4-adduct 5, which is tightly ac-

commodated in the cavity of 1 via p-p stacking

interactions (3.3 )) between the naphthalene

ring of 5 and a triazine ligand of 1.

Because the Diels-Alder reaction has an

early transition state (15), the unusual regio-

and stereoselectivities can be explained by the

fixed orientation of the guests before the re-

action. The geometries of 3a and 4a in the 1 Ð

(3a&4a) complex were modeled by force-field

calculation (31). Randomly oriented 3a and 4a

guests in several initial structures converged in

all cases to a parallel orientation with the C0C

bond of 4a in close contact with the 1,4-position

of 3a (Fig. 3B). The center-to-center distance

between the two reaction centers is only circa

(ca.) 3.8 ), which is comparable to the sum of

van der Waals radii. Because of the steric

restrictions induced by the cage, the C0C bond

of 4a hardly interacts with the 9,10-position of

3a (ca. 4.7 )). It is also interesting that the

cavity of 1 directs exo-selective addition of 4a to

the 1,3-diene moiety of 3a, yielding only exo-

selective syn adduct 5.

The 1,4-regioselective Diels-Alder reaction

also proceeded with varied substrates. Carboxyl-,

cyano-, and vinyl-substituted anthracenes coupled

with phthalimide 4a to give the corresponding

1,4-adducts in 92, 88, and 80% yields, respec-

tively (Fig. 2B) (30). Unsubstituted anthracene

also afforded only the 1,4-adduct in 55%

yield. The moderate yield for this substrate is

due not to reduced regio- or stereoselectivity

but to the less efficient inclusion process be-

fore the reaction. The steric bulkiness of the

N-substituent on the dienophile is crucial to

the 1,4-selectivity. When sterically less de-

manding N-propylphthalimide (4b) was used,

only the 9,10-adduct was formed.

We turned next to investigating Diels-

Alder mediation by bowl-shaped host 2 and,

strikingly, observed efficient catalytic turn-

over. Only 10 mole percent (mol %) of 2 suf-

ficed to catalyze the Diels-Alder reaction of

3a and N-phenylphthalimide (4c) (Fig. 4).

When 3a (10.0 mmol) and N-phenylphthalimide

(4c, 10.0 mmol) were suspended in an aque-

Fig. 4. Catalytic Diels-Alder reaction of 9-hydroxymethylanthracene (3a) and N-phenylphthalimide (4c)
in the aqueous solution of bowl 2, leading to 9,10-adduct 6.

Fig. 5. The 1H NMR spectra (500 MHz, room temperature) of the catalytic Diels-Alder reaction of 9-
hydroxymethylanthrancene (3a) and N-phenylphthalimide (4c) in an aqueous solution of bowl 2.
(A) Before and (B) after the reaction at room temperature for 5 hours (red circles, 3a; blue circles,
4c; and green squares, 6). (C) Diels-Alder product 6 after extraction with CDCl3. (D) Schematic
representation of the catalytic Diels-Alder reaction of anthracenes and phthalimide in the presence
of bowl 2. Autoinclusion of substrates into 2 (step a) and autoexclusion of the product from 2 (step
c) underlie the efficient catalytic Diels-Alder reaction.
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ous solution of 2 (1.0 mmol in 1.0 ml) at room

temperature for 5 hours (Fig. 5, A and B), the

Diels-Alder adduct formed quantitatively (999%

based on 3a), as evaluated by NMR analysis

of the product (32). NMR analysis also indi-

cated that the reaction took place at the normal

9,10-position of anthracene to give 6 (Fig. 5C). In

the absence of bowl 2, the reaction hardly

proceeded (only 3% yield) under the same

conditions. Surprisingly, even in the presence of

1 mol % of 2, adduct 3a was obtained in 999%

yield after 1 day as estimated by the NMR

spectrum in CDCl
3
. Moreover, the metal compo-

nent, (en)Pd(NO
3
)
2

(where en is ethylene-

diamine) alone, did not catalyze the reaction

(30). Therefore, the data support promotion of the

reaction by the hydrophobic pocket of 2.

Bowl 2 also efficiently catalyzed Diels-Alder

coupling of a variety of anthracene and phthal-

imide derivatives (30). When 3a and N-propyl- or

N-benzylphthalimide were suspended in an

aqueous solution of 2, the corresponding Diels-

Alder products were obtained in almost quantita-

tive yields after 5 hours at room temperature. In

addition, 9-methyl and 9-viynylanthracene

reacted with 4c in the presence of a catalytic

amount of 2 (10 mol %).

Product inhibition has been a serious problem

in previous examples of cavity-promoted Diels-

Alder reactions with synthetic hosts (7–11).

Because of the entropic disadvantage arising from

the need to bind two reactant molecules, the en-

capsulated product has generally been a thermo-

dynamic sink. Therefore, the reactions require

near-stoichiometric quantities of host. It is note-

worthy that, in contrast to previous examples, the

present Diels-Alder reaction involves an exclusion

step in the catalytic cycle. Before the reaction,

anthracene can stack onto the triazine ligand of 2,

gaining considerable stabilization via aromatic-

aromatic or charge-transfer interactions (Fig. 5D,

step a). The reactant-like transition state is sim-

ilarly stabilized. However, once the reaction is

complete, the product framework is bent at the

9,10-position, cutting off the host-guest aromatic

stacking interaction (Fig. 5D, step b). Accord-

ingly, the encapsulated product is considerably

destabilized and smoothly replaced by incoming

reagents (Fig. 5D, step cY a). In this sense, the

affinity of the host for reactive substrates and the

disaffinity for product is markedly similar to

enzymatic behavior.
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Double Perovskites as Anode
Materials for Solid-Oxide Fuel Cells
Yun-Hui Huang, Ronald I. Dass, Zheng-Liang Xing, John B. Goodenough*

Extensive efforts to develop a solid-oxide fuel cell for transportation, the bottoming cycle of a
power plant, and distributed generation of electric energy are motivated by a need for greater
fuel efficiency and reduced air pollution. Barriers to the introduction of hydrogen as the fuel
have stimulated interest in developing an anode material that can be used with natural gas
under operating temperatures 650-C G T G 1000-C. Here we report identification of the double
perovskites Sr2Mg1-xMnxMoO6-d that meet the requirements for long-term stability with tolerance to
sulfur and show a superior single-cell performance in hydrogen and methane.

D
evelopment of an anode material for a

solid-oxide fuel cell (SOFC) that oper-

ates on natural gas is widely recognized

to be an important technical objective (1–6).

The conventional NiO/electrolyte composite

anode gives good performance with pure H
2

as fuel. The H
2

fuel reduces the NiO to

elemental nickel, which leaves a porous oxide-

ion electrolyte in which the walls of the pores

are coated with Ni0 particles that not only cat-

alyze breaking of the H
2
bond but also provide

electronic conduction from the reaction site to

the current collector. However, with natural

gas, nickel is fouled by carbon deposition (7)

unless a large amount of steam is added to the

fuel (8), and it has a low tolerance to sulfur due

to the formation of NiS, which requires a high-

grade desulfurization for the fuel (9).

Early attempts to identify an alternative an-

ode material consisted of doping transition-

metal ions into zirconia (10, 11) or a rare-earth

into ceria (12). Even where the doped ceria was

fabricated as a porous structure with inactive

copper on the pore surfaces to provide electron-

ic conduction or with a Y
x
Ce

1-x
O
2-0.5x

buffer

layer to improve the electrode/electrolyte bond-

ing, preliminary studies of the catalytic activity

of the anode suggest that it remains too low

(13). However, the ceria-based anode was re-

ported to be effective in preventing carbon for-

mation (14) and also to have good tolerance to

sulfur (15).
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at Austin, Austin, TX 78712, USA.
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Two different approaches to the anode prob-

lem are presently under investigation. One in-

volves identification of a mixed oxide-ion/

electron conductor (MIEC) that is stable in the

anodic atmosphere and more catalytically active

for fuel oxidation than is doped ceria; the other

introduces a catalytic layer on the fuel side of

a conventional anode that acts as an internal

reformer of the fuel to pure H
2
before it reaches

the NiO/electrolyte composite. Using the former

approach, Tao et al. (3) have reported that a

(La
1-x
Sr

x
)
0.9
Cr

0.5
Mn

0.5
O
3-d

(LSCM) perovskite

is an MIEC that is catalytically active to CH
4

oxidation; however, it has a low electronic con-

ductivity in the reducing anodic atmosphere and

is unstable against 10% sulfur in the fuel (16).

With the other approach, Zhan and Barnett (6)

have introduced a Ru-doped CeO
2
layer between

the fuel and a NiO/YSZ composite anode (YSZ,

yttria-stabilized zirconia) to reform the CH
4
to H

2

and CO. This innovative approach has promise.

We have explored the former approach

with an MIEC double-perovskite system

Sr
2
Mg

1-x
Mn

x
MoO

6-d
as an anode operating

on H
2
or CH

4
as the fuel. Our strategy in the

selection of this system was based on four

observations:

1) The perovskite structure can support

oxide-ion vacancies to give good oxide-ion

conduction, as is illustrated by the electrolyte

La
0.8
Sr

0.2
Ga

0.83
Mg

0.17
O
2.815

(LSGM).

2) A perovskite containing a mixed-valent

cation from the 4d or 5d block can provide

good electronic conduction even where these

ions only occupy one subarray of the double-

perovskite structure.

3) The ability of Mo(VI) and Mo(V) to form

molybdyl ions allows a sixfold-coordinated

Mo(VI) to accept an electron while losing an

oxide ligand; this ability is the basis of the cat-

alytic activity of the (PMo
12
O
40
)3– Keggin ion to

partially oxidize acrolein to acrylic acid (17).

However, the use of the Mo(VI)/Mo(V) couple

as the catalytic agent in a perovskite requires a

double perovskite with an M(II) partner ion to

balance the charge.

4) If the two octahedral-site cations of the

double perovskite are each stable in less than six-

fold oxygen coordination, the perovskite structure

can remain stable on the partial removal of oxygen.

To demonstrate the need to use a partner

cation like Mg(II) or Mn(II) that is not further

reduced by the fuel and is stable in either

fourfold or sixfold oxygen coordination, we pre-

pared Sr
2
CaMoO

6
and showed that it is not

reduced in an anodic atmosphere. However, ther-

mogravimetric analysis of Sr
2
MgMoO

6-d
and

Sr
2
MnMoO

6-d
under the reducing atmosphere at

an anode showed loss of oxygen with retention

of the double-perovskite structure. Moreover,

measurement of the conductivity of polycrystal-

line Sr
2
MgMoO

6-d
and Sr

2
MnMoO

6-d
in an at-

mosphere of H
2
and CH

4
gave an electronic

conductivity at 800-C of s
e
, 10 S/cm. With

increasing oxygen pressure pO
2
, the conduc-

tivity decreases for both samples, indicative

of an n-type conductivity as the dominant

electronic mechanism. Single test cells were

fabricated by an electrolyte-supported tech-

nique with 300-mm-thick LSGM as the electro-

lyte, Sr
2
Mg

1-x
Mn

x
MoO

6-d
(SMMO) as the

anode, and SrCo
0.8
Fe

0.2
O
3-d

(SCF) as the

cathode. A thin buffer layer of La
0.4
Ce

0.6
O
2-d

(LDC) between the anode and the electrolyte

was used to prevent interdiffusion of ionic spe-

cies between SMMO and LSGM (18–20). Pt

gauze with a small amount of Pt paste in separate

dots was used as a current collector at both the

anode and cathode sides for ensuring contact.

Details of materials synthesis, characterization,

and fuel-cell assembly are given in the Sup-

porting Online Material (21).

Cell voltage and power density as a func-

tion of current density at different temper-

atures are shown in Fig. 1 for the single fuel

cells with typical anodes of Sr
2
MgMoO

6-d
and

Sr
2
MnMoO

6-d
in H

2
, H

2
containing 5 parts

per million (ppm) H
2
S (H

2
/H

2
S), and CH

4
.

For Sr
2
MgMoO

6-d
, the maximum power den-

sity P
max

reached 968 mW/cm2 at 850-C, 838

mW/cm2 at 800-C, and 642 mW/cm2 at 750-C

in H
2
. For Sr

2
MnMoO

6-d
, the P

max
values were

lower: 658 mW/cm2 at 800-C and 467 mW/cm2

at 750-C. Anodes with unreduced Sr
2
CaMoO

6

gave negligible power densities (G10 mW/cm2 at

800-C). With dry CH
4
as the fuel, the P

max

values were 438 mW/cm2 for Sr
2
MgMoO

6-d
and

118 mW/cm2 for Sr
2
MnMoO

6-d
at 800-C. Such

a high P
max

for Sr
2
MgMoO

6-d
indicates that it is

not necessary to add steam to the fuel for

methane oxidation with this anode. With wet

methane (97% CH
4
–3% H

2
O), P

max
decreased

to 338 mW/cm2 at 800-C. Dry CH
4
can be

converted by electrochemical oxidation on the

Sr
2
MgMoO

6-d
anode, provided that oxide ions

are transferred through the electrolyte: CH
4
þ

4O2– 0 CO
2
þ 2H

2
O þ 8e–. In H

2
/H

2
S, P

max

changed only slightly for Sr
2
MgMoO

6-d
, but it

decreased considerably compared to that in pure

H
2
for Sr

2
MnMoO

6-d
(Fig. 1). For the series of

Sr
2
Mg

1-x
Mn

x
MoO

6-d
anodes, P

max
decreased

with increasing values of x for all of the fuel

gases used. Sr
2
MgMoO

6-d
always exhibited

superior performance. At 800-C, P
max

was still

as high as 811 mW/cm2 in 97% H
2
–3% H

2
O,

829 mW/cm2 in H
2
/H

2
S, and 800 mW/cm2 in

97% H
2
/H

2
S–3% H

2
O.

To test the stability of the anodes, we ini-

tially operated the cell under a constant current

Fig. 1. Cell voltage and power
density as a function of current den-
sity for the single fuel cells with
anodes of (A) Sr2MgMoO6-d and (B)
Sr2MnMoO6-d in H2, H2/H2S, and CH4
fuels. Cell voltages are represented by
open symbols, and power densities by
closed symbols.
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Table 1. The cell performance at 800-C for several double perovskites, Sr2MMoO6-d: Sr2Mg1-xMnxMoO6-d

and Sr
2
Mg

0.9
Cr

0.1
MoO

6-d
. P

max,1
is the maximum power density of the first cycle. Power loss is calculated

as
Pmax,1 j Pmax,50

Pmax,1
�100%, where P

max,50
is the maximum power density of the 50th cycle. Fade in P

max
by

H
2
S is obtained by

Pmax(H2) j Pmax(H2=H2S)
Pmax(H2)

�100%. The data for LSCM are displayed for comparison.

Mg Mg
0.80

Mn
0.20

Mg
0.50

Mn
0.50

Mn Mg
0.90

Cr
0.10

LSCM

Pmax,1 (mW/cm
2), H2 838 700 650 650 791 577

Power loss over 50 cycles (%), H
2

3.5 1.3 1.4 6.3 7.5 14.1

Pmax,1 (mW/cm
2), H2/H2S 829 659 595 568 607 395

Power loss over 50 cycles (%), H
2
/H

2
S 2.5 0.7 9.2 4.8 1.7 16.1

Fade in Pmax by H2S (%) 1.1 5.8 8.5 12.6 23.3 31.5
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density near where the maximum power density

was achieved; only about 0.1% loss in output

was observed over 2 days. This minor loss is

not large enough for evaluating these anodes in

a short time. Instead, we ran the cells for re-

peated power cycles from open circuit voltage

(OCV) to 0.4 V and back to OCV. Figure 2

provides a measure of P
max

of the single cells at

800-C against cycle number for different

anodes. First, we concentrate on the perform-

ance of Sr
2
MgMoO

6-d
. As shown in Fig. 2A,

P
max

dropped very slightly after 50 cycles.

Whether in dry fuel or in wet fuel, it performed

stably for 50 power cycles. The P
max

curves

versus cycle number in H
2
and H

2
/H

2
S essen-

tially overlapped, indicative of an excellent tol-

erance to this amount of sulfur. To further test

the stability in H
2
/H

2
S, we ran the cell in H

2

containing 50 ppm H
2
S at a fixed current den-

sity of 920 mA/cm2. After 200 hours, the power

density dropped from the initial 595 mA/cm2 to

566 mA/cm2, showing only 4.8% fade (fig. S7)

(21). Power cycling of the Sr
2
MgMoO

6-d
anode

in dry and wet CH
4
was tested after it cycled in

H
2
and H

2
/H

2
S. P

max
varied from 412 to 346

mW/cm2 in dry CH
4
, and from 338 to 304

mW/cm2 in wet CH
4
, which shows that CH

4
is

oxidized without poisoning the anode in the

absence of steam. The cycling stability in H
2

and H
2
/H

2
S for other anodes (Fig. 2, B and

C) showed that P
max

decreased a bit more

rapidly with power cycling for Sr
2
MnMoO

6-d
.

For the doped Sr
2
Mg

1-x
Mn

x
MoO

6-d
anodes,

the P
max

values obtained were between those

of Sr
2
MgMoO

6-d
and Sr

2
MnMoO

6-d
, as an-

ticipated; the performance was also more

stable than that of Sr
2
MnMoO

6-d
. We compare

the cell performances of the Sr
2
Mg

1-x
Mn

x
MoO

6-d

anodes in Table 1. With increasing x, P
max

de-

creases, power loss for 50 cycles increases,

and the fade in P
max

caused by H
2
S also in-

creases. We conclude that in the SMMO anode

family, Sr
2
MgMoO

6-d
gives an extremely stable

performance in a reducing fuel and has an ex-

cellent tolerance to sulfur. We analyzed the struc-

ture of the anode film by x-ray diffraction after

testing it in H
2
, H

2
/H

2
S, and CH

4
for 2 days; we

did not find any phase change or any impurity

caused by sulfur. Energy dispersive spectrometric

(EDS) analysis of the anode surface also con-

firmed the stability of the Sr
2
MgMoO

6-d
phase,

and no sulfur or carbon species were detected.

A cell with (La
0.75

Sr
0.25

)
0.9
Cr

0.5
Mn

0.5
O
3-d

(LSCM) as an anode was fabricated with the

same technique used to fabricate the SMMO

cells (LSGM as electrolyte, LDC as buffer lay-

er, and SCF as cathode), and its performance

was measured under strictly identical condi-

tions. The data obtained at 800-C are shown in

Fig. 2 and Table 1 for comparison. The P
max

value in H
2
/H

2
S is less than 70% of that in

pure H
2
, indicative of a large suppression due

to the influence of sulfur. Furthermore, after

50 cycles, the power loss was as high as 14%

in H
2
and 16% in H

2
/H

2
S. The large deg-

radation in performance caused by sulfur may

be due to the instability of Cr3þ in the sulfur

atmosphere. To confirm the influence of Cr3þ

on the performance, we doped a small amount

of Cr3þ into Sr
2
MgMoO

6-d
and prepared

Sr
2
Mg

0.9
Cr

0.1
MoO

6-d
as the anode. The P

max

value of Sr
2
Mg

0.9
Cr

0.1
MoO

6-d
in H

2
is 791

mW/cm2 (first cycle) (Fig. 2 and Table 1),

which is comparable to that of Sr
2
MgMoO

6-d
.

However, in H
2
/H

2
S, P

max
is only 607 mW/cm2

for the first cycle. Existence of 5 ppm H
2
S

in H
2
led to a 23.3% decrease in P

max
for

Sr
2
Mg

0.9
Cr

0.1
MoO

6-d
and 31.5% fade for

LSCM, much larger values than those for

Sr
2
Mg

1-x
Mn

x
MoO

6-d
. We believe that

Sr
2
MgMoO

6-d
exhibits a very high tolerance

to sulfur because Mg2þ is more resistant to sul-

fide formation compared with Cr3þ and even

Mn2þ ions.

The anode overpotentials, h
a
, of the sin-

gle cells operating at 800-C are compared

in Fig. 3. In H
2
, h

a
increases with x for the

Sr
2
Mg

1-x
Mn

x
MoO

6-d
series at the same current

density. Sr
2
MgMoO

6-d
shows the lowest h

a
. In

H
2
/H

2
S, the variation of h

a
with x is similar to

that in H
2
, except for the sample containing Cr.

Fig. 2. The maximum power density
at 800-C versus cycle number and
testing time for the single fuel cells
with various Sr2Mg1-xMnxMoO6-d an-
odes. (A) Sr2MgMoO6-d (x 0 0) ob-
tained in dry and wet H

2
, H

2
/H

2
S, and

CH
4
. (B) Other anodes in dry H

2
. (C)

Other anodes in dry H2/H2S. The data
for (La0.75Sr0.25)0.9Cr0.5Mn0.5O3-d (LSCM)
and Sr

2
Mg

0.9
Cr

0.1
MoO

6-d
anodes are

shown for comparison.
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Sr
2
MgMoO

6-d
exhibits a lower h

a
compared to

Sr
2
MnMoO

6-d
. The dependence of h

a
on the

current density agrees well with that of the power

density in Fig. 2. In addition, in most of the cases

we observed, h
a
is lower than the corresponding

cathode overpotential, h
c
. Here, LSCM exhibits

a large h
a
in H

2
and especially in H

2
/H

2
S, which

shows that SMMO gives a superior performance.

Because the LDC buffer layer is also an

MIEC that is catalytically active for fuel oxi-

dation, a cell with only the LDC layer as anode

and with Pt mesh and Pt paste as current

collector was tested. The values of P
max

were

528 and only 27 mW/cm2 in dry H
2
and CH

4
,

respectively, much lower than those of a cell

with Sr
2
MgMoO

6-d
as anode. Furthermore,

EDS results for the Sr
2
MgMoO

6-d
/LDC/LSGM/

SCF cell after operating in H
2
, H

2
/H

2
S, and

CH
4
for a total of 10 days showed no Pt in the

LDC layer. This result demonstrates that the

high performance of our cells with SMMO as

anode was not dominated by the LDC layer.

We further tried to use Au mesh and Au paste

as the current collector. A drop in P
max

oc-

curred because of Au melting and a possible

formation of Au-Mg alloy (21). In addition,

because the Sr
2
MgMoO

6-d
anode was poisoned

by the existence of Au, the activity in CH
4
be-

came very poor, which could not be improved by

sputtering Pt on the anode surface. Instead, the

observation reinforces the conclusion that SMMO

plays an important catalytic role in oxidation of

CH
4
. We note that Pt paste is also catalytic for

CH
4
oxidation. However, even without Pt paste,

the Sr
2
MgMoO

6-d
anode with buried Pt mesh

as current collector still showed a P
max

of 340

mW/cm2 at 800-C in dry CH
4
.

With a 300-mm-thick LSGM electrolyte and

SCF as the cathode, the double-perovskite an-

odes that we investigated show a high power den-

sity and a stable performance on power cycling.

Moreover, they exhibit an excellent tolerance to

sulfur. Sr
2
MgMoO

6-d
also shows a very high

power density in dry methane. Our results are

also applicable to YSZ as electrolyte. These

preliminary results indicate that optimization of

the chemistry and the morphology of these

double perovskites can provide an anode mate-

rial for a SOFC that operates on natural gas.
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Catalytic Alkane Metathesis by
Tandem Alkane Dehydrogenation–
Olefin Metathesis
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With petroleum supplies dwindling, there is increasing interest in selective methods for
transforming other carbon feedstocks into hydrocarbons suitable for transportation fuel. We report
the development of highly productive, well-defined, tandem catalytic systems for the metathesis of
n-alkanes. Each system comprises one molecular catalyst (a ‘‘pincer’’-ligated iridium complex) that
effects alkane dehydrogenation and olefin hydrogenation, plus a second catalyst (molecular or
solid-phase) for olefin metathesis. The systems all show complete selectivity for linear (n-alkane)
product. We report one example that achieves selectivity with respect to the distribution of product
molecular weights, in which n-decane is the predominant high-molecular-weight product of the
metathesis of two moles of n-hexane.

T
he interconversion of alkanes via al-

kane metathesis is a reaction with

enormous potential applicability:

H3C<ðCH2Þn<CH3 þ H3C<ðCH2Þm<CH3 Y

H3C<ðCH2ÞmþnYx
<CH3 þ H3C<ðCH2Þx<CH3

ð1Þ

Alkanes are the major constituents of petro-

leum. As oil reserves dwindle, the world will

increasingly rely on the Fischer-Tropsch pro-

cess (reductive oligomerization of CO and H
2
)

to produce liquid hydrocarbons—specifically n-

alkanes—from the vast reserves of coal, natural

gas, oil shale, and tar sands, or from biomass.

The energy content of U.S. coal reserves alone,

for example, is about 40 times that of U.S.

petroleum reserves and is comparable to that of

the entire world_s petroleum reserves (1).

Unfortunately, neither natural sources nor

Fischer-Tropsch production yield alkane mix-

tures with a tightly controlled molecular weight

(MW) distribution, which is important for varied

applications. For example, n-alkanes in the

range of ÈC
9
to C

20
constitute the ideal fuel

for a diesel engine (which runs È30% more

efficiently than a gasoline engine); the absence

of aromatic impurities results in cleaner burning

than that of conventional diesel fuel or even

gasoline (2, 3). n-Alkanes lower than ÈC
9
,

however, suffer from high volatility and lower

ignition quality (cetane number) (4). In addition

to F-T product mixtures, low–carbon number,

low-MW alkanes are also major constituents of

a variety of refinery and petrochemical streams.

In general, there is currently no practical

method for the interconversion of alkanes to

give products of higher MW; this challenge

provides extremely large-scale potential appli-

cations of alkane metathesis (Eq. 1). Addition-

ally, Eq. 1 might be applied to the formation of

low-MW products from high-MW reactants

(e.g., by reaction with ethane). Although hydro-

cracking is already a well-established process

for this purpose, Eq. 1 might offer an advan-
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tage, for some applications, of higher selectivity

and/or less severe conditions.

We report two systems in which the metath-

esis of linear alkanes is achieved efficiently and

selectively at moderate temperatures via a tan-

dem combination of two independent catalysts,

one with activity for alkane dehydrogenation

and the other for olefin metathesis. In particular,

we exploit highly selective, soluble molecular

catalysts developed for each of these reactions,

as well as solid-phase olefinmetathesis catalysts.

The basic tandem catalytic process is outlined

in Fig. 1 for metathesis of an alkane of carbon

number n (C
n
) to give ethane and C

(2n–2)
. A de-

hydrogenation catalyst, M, reacts with the alkane

to give the corresponding C
n
terminal alkene and

MH
2
. Olefin metathesis of the 1-alkene gener-

ates ethylene and an internal C
(2n–2)

alkene. The

alkenes thus produced serve as hydrogen ac-

ceptors and generate the two new alkanes via

reaction with MH
2
, regenerating M and closing

the catalytic cycle.

To date, two heterogeneous catalyst systems

have been reported to effect the interconversion

of alkanes. Burnett and Hughes showed that

passage of butane over a mix of platinum on

alumina (a dehydrogenation catalyst) and tung-

sten oxide on silica (an olefin metathesis

catalyst) at high temperatures (399-C) results

in formation of lower and higher MW alkanes,

predominantly propane and pentane (24.7% and

15.9%, respectively, with 37.6% n-butane un-

reacted) (5, 6). In addition to linear saturated

hydrocarbons, small quantities of branched C
4

and C
5
alkanes, methane, and alkenes were also

formed. Supported Ta and W hydride catalysts

that function as alkane metathesis catalysts at

much lower temperatures were reported by

Basset (7–9), but product yields were low. For

example, a turnover number (mol of propane

transformed per mol of catalyst) of 60 and

conversion of 6% was observed for metathesis

of propane to give C
1
to C

6
alkanes with the

use of a supported Ta hydride species (120

hours, 150-C) (8). More recent work showed

that an alumina-supported tungsten hydride

species gave somewhat increased turnover

numbers (8). Basset has shown that these

systems operate via the reaction of metal

centers with alkanes to give metal-carbene

complexes (via a-H elimination) as well as free

olefins (via b-H elimination and b-alkyl trans-

fer) (10). Such pathways, unlike the one out-

lined in Fig. 1, are consistent with the reported

formation, from linear alkanes, of both branched

and linear products, as well as catalytic methane

production (7–10).

Our investigation was largely based on the

use of Ir-based pincer complexes, first re-

ported by Jensen and Kaska (11, 12) and ex-

plored extensively in our own laboratories

(13–17); specifically, complexes 1, 2a, and 2b

were used (Fig. 2). These systems exhibit high

stability, but their dehydrogenation activity is

inhibited by buildup of even moderate concen-

trations of alkene product. The dual catalytic

system (Fig. 1) would require only a very low

steady-state concentration of alkenes during

catalysis; thus, inhibition of catalysis by product

could be avoided. Numerous olefin metathesis

catalysts are available (18–20); we examined the

Schrock-type catalyst 3 (21, 22) after determining

that the widely used Grubbs-type catalysts (19)

react with and deactivate the iridium-based

dehydrogenation catalysts.

Initial experiments combining 3 with Ir-based

dehydrogenation catalysts in solution proved

successful. An n-hexane solution containing

10 mM dehydrogenation catalyst precursor

1-C
2
H
4
(0.14 mol % relative to hexane) and

16 mM Schrock catalyst 3 was heated at 125-C

under argon in a sealed glass vessel for 24

hours. This process converted 135 equivalents

(relative to Ir) of n-hexane to a range of C
2
to

C
15

n-alkanes. No branched or cyclic alkanes

were detected. Products were monitored by gas

chromatography (GC) using mesitylene as an

internal standard. The product distribution was

concentrated in the C
2
to C

5
and C

7
to C

10
ranges

(Table 1, entry 1). Heating for longer times

resulted in few additional turnovers. However,

upon addition of more olefin metathesis catalyst

3, alkane metathesis was reinitiated, indicating

that decomposition of 3 is responsible for the

deactivation of the system under these con-

ditions. Using 1-H
2
and two equivalents of t-

butylethylene (TBE) as a hydrogen acceptor,

along with catalyst 3, similar results were ob-

tained (Table 1, entry 2). EThe reaction of the

dihydride catalyst precursor 1-H
2

with one

equivalent of TBE is presumed to generate the

catalytically active species (tBuPOCOP)Ir (1).

The use of two equivalents of TBE per mol of

1-H
2
is expected to give results most compara-

ble to those obtained with 1-C
2
H
4
, because

1-C
2
H
4
constitutes the same catalytically ac-

tive species plus 1 mol of olefin.^

Controls were conducted, including experi-

ments with (i) 1-C
2
H
4
and no metathesis cata-

lyst; (ii) 2a-H
2
and TBE, but with no metathesis

catalyst; and (iii) metathesis catalyst 3, but with

no iridium-based catalyst. In none of these cases

was any alkane metathesis observed after heating

the n-hexane solutions for 24 hours at 125-C.

Pincer-ligated iridium complexes have been

reported to dehydrogenate n-alkanes with high

kinetic selectivity for the formation of the

corresponding 1-alkene (15). Thus, the product

distributions indicated in entries 1 and 2 in

Table 1 presumably reflect a substantial degree

of olefin isomerization before olefin metathesis

under these conditions. For example, isomeri-

zation of 1-hexene to 2-hexene, followed by

cross-metathesis between 2-hexene and 1-hexene,

could give 1-pentene plus 2-heptene (Fig. 3)

(18–20). Alternatively, or in addition, 5-decene

(from the cross-metathesis of 2 mol of 1-hexene)

could be isomerized to give 4-decene; me-

tathesis with ethylene would then give 1-pentene

and 1-heptene. The pincer-iridium complexes

are well known to catalyze olefin isomeriza-

tion (15). Thus, terminal dehydrogenation of

n-hexane in tandem with olefin metathesis,

when coupled with rapid olefin isomerization,

can account for the C
3
to C

5
and C

7
to C

9
al-

kanes (Fig. 3).

Alkanes with carbon number greater than 10,

produced from hexane, must derive from olefin

metathesis of at least one alkene of C
n96

. The

C
n96

alkene may result from dehydrogenation

of the corresponding n-alkane primary product,

or it may be obtained directly via cross-

metathesis of hexenes, before the resulting

olefin (e.g., 5-decene) is hydrogenated.

Consistent with the hypothesis that 1-alkenes

are the initial dehydrogenation products, under

certain conditions n-decane is the major heavy

(C
n96

) product of n-hexane metathesis (the non-

degenerate cross-metathesis of 1-hexene can

Fig. 1. Alkane metathesis via tandem transfer dehydrogenation–olefin metathesis illustrated with
the formation and metathesis of two molecules of 1-alkene. M, active catalyst in the transfer
dehydrogenation cycle [e.g., (pincer)Ir].

Fig. 2. Dehydrogenation catalysts 1 and 2 and Schrock-type metathesis catalyst 3.
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only yield ethene and 5-decene). Combining

dehydrogenation catalyst 2a and metathesis

catalyst 3 (Table 1, entry 3) leads to this out-

come. (The formation of n-tetradecane presum-

ably results from the secondary metathesis

reaction of n-decane with n-hexane.) Presum-

ably, under the conditions of this reaction,

diphosphine-ligated 2a catalyzes isomerization

more slowly (or more slowly relative to hydro-

genation) than does the diphosphinite-ligated

species 1. This reaction was also monitored by
13C nuclear magnetic resonance spectroscopy

(NMR), a method that yields less precise results

than GC but facilitates continuous monitoring

in a sealed reaction vessel. The NMR results

were generally consistent with those obtained

by GC, and in particular they revealed that the

ratio of the major n-alkane products did not

considerably change with time.

Although it is difficult to precisely quantify

ethane production under our conditions, the

solution concentration for the first run in entry

3 was measured by GC as 128 mM. GC analysis

of the gas phase indicated the presence of 1.7

mmol of ethane; if this quantity were also in

solution, the total ethane concentration would

have been 131 mM. (Likewise, a small amount

of propane in the gas phase brings the effective

concentration from 175 mM to 176 mM.) The

average carbon number of all products was

found to be È6.0 (measured as 5.95), an in-

dication that no significant loss of lighter alkanes

had occurred (which would raise the observed

value above 6.0). The Beffective ethane concen-

tration[ of 131 mM is substantially lower than

the concentration of n-decane observed (232

mM). This discrepancy between ethane and n-

decane production is probably largely attribut-

able to secondary metathesis of the ethene

product with 2- or 3-hexenes (which would then

contribute to the formation of propene, butene,

and pentene). It is also worth noting in the con-

text of this experiment that only trace quantities

of methane were observed E0.5 mM effective

concentration, probably formed via decomposi-

tion of the expected molybdenum methylidene

intermediate (18–20)^. This result contrasts

sharply with the Basset systems, in which

methane is formed catalytically; this difference

is in accord with the key role played by a-H

elimination and b-alkyl elimination in the

Basset systems (7–10). The catalytic cycle in

the systems reported here does not involve

either of these elimination steps.

In addition to the alkane disproportionation

(self-metathesis) illustrated above, the catalyst

system may be used for alkane comproportiona-

tion (cross-metathesis)—that is, the production

of intermediate-MW alkanes from low-MW and

high-MW reactants. Table 2 shows the result of

treating a mixture of 4:1 (mol:mol) n-hexane and

the C
20

alkane, n-eicosane, with catalysts 1

and 3.

Monitoring the reactions by NMR spectros-

copy affords insight into the resting state(s) of

the catalysts as well as the extent of alkane

metathesis. 31P and 1H NMR spectroscopy indi-

cates that some loss of catalyst 2a-H
2
occurs

during the reaction of n-hexane solution. How-

ever, a substantial concentration of 2a-H
2
re-

mains, even when the reaction is no longer

progressing. The olefin metathesis catalyst is less

Table 1. Representative examples of the metathesis of n-hexane (7.6 M) by 1 or 2 (10 mM) and 3 (16 mM): distribution of C2 to C15 n-alkane
products.

Entry Ir catalyst
[TBE]

(mM)

Temp.

(-C)
Time

Product concentration (mM)
Total product (M)

C
2

C
3

C
4

C
5

C
7

C
8

C
9

C
10

C
11

C
12

C
13

C
14

C
Q15

1 1-C
2
H
4

0 125 6 hours 123 105 183 131 73 70 47 10 4 2 1 0.3 0.75

24 hours 233 191 319 234 133 122 81 22 9 5 2 1 1.35

2 days 261 215 362 265 147 138 89 25 11 6 3 1 1.52

4 days 264 218 372 276 154 146 95 26 12 6 3 1 1.57

Added additional 3 (8 mM)

5 days 502 436 721 420 239 223 153 56 30 18 10 5 2.81

2 1-H2 20 125 1 day 458 345 547 258 151 139 95 29 13 6 3 2 2.05

3 2a-H
2
* 20 125 23 hours (131) 176 127 306 155 37 49 232 18 4 4 10 2 1.25

Added additional 3 (6.4 mM)

46 hours (189) 255 193 399 208 61 81 343 31 9 9 22 7 1.81

*6.4 mM catalyst 3 added initially. Ethane concentrations for entry 3 are extrapolated as explained in the text. For entries 1 and 2, no separation of C
2
and C

3
peaks was obtained (values shown

are not extrapolated).

Fig. 3. Two possible pathways for
the metathesis of n-hexane to give
n-pentane and n-heptane, initiated
by dehydrogenation at the n-hexane
terminal position.

Table 2. Concentrations of C2 to C38 n-alkane products resulting from the metathesis of n-hexane
(4.36 M) and eicosane (n-C

20
H
42
; 1.09 M) by 1-C

2
H
4
(7.14 mM) and 3 (11.43 mM) at 125-C.

Time
Product concentration (M)

Total product
C
2–5

C
7–10

C
11–14

C
15–19

C
21–24

C
25–38

1 day 0.44 0.36 0.24 0.31 0.14 0.066 1.56

6 days 0.56 0.64 0.31 0.27 0.12 0.070 1.97
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easily monitored because its resting state depends

on the nature of the olefins present in solution;

the loss of the 2-methyl-2-phenylpropylidene

ligand and the expected formation of 2-methyl-

2-phenylbutane (resulting from hydrogenation

of 3-methyl-3-phenylbutene) are observed ear-

ly in the course of the reaction. However, the

appearance of free 2,6-diisopropylaniline is ob-

served to approximately coincide with the de-

creased reaction rate; thus, decomposition of 3

appears to be an important factor limiting turn-

over numbers in this case. This conclusion is in

accord with the experiments in which addition of

3 reinitiates catalytic activity.

In contrast to (tBuPCP)Ir-based 2a-H
2
, the

resting state of the (tBuPOCOP)Ir-based cata-

lysts (1) is the Ir(I)(alkene) complex. For exam-

ple, monitoring by 31P NMR spectroscopy of

n-hexane metathesis by 1-C
2
H
4
and 3 indicates

that at early stages of the reaction (È150 min),

1-C
2
H
4
is the major Ir resting state, with

1-(1-propene), 1-(1-butene), 1-(1-pentene),

1-(1-hexene), and 1-(internal-hexene) present

in small concentrations. However, at later

stages of the reaction (4 days), 1-(1-hexene)

is observed as the major iridium species in

solution. The resting state of the Ir species

appears to reflect the activity of the metathesis

catalyst. Because the metathesis catalyst decays

at the late stage of the reaction, ethylene is no

longer produced, although it continues to be

consumed as a hydrogen acceptor. As a result,

the dehydrogenation of hexane results in the

gradual conversion of 1-C
2
H
4
to 1-(1-hexene).

Given the instability of the molybdenum al-

kylidene catalysts, we turned to investigation of the

supported Re metathesis catalyst Re
2
O
7
/Al

2
O
3
,

which exhibits greater stability at high temper-

atures (23). Reactions were conducted at 175-C

with n-decane as the solvent/substrate (Table 3)

(24). (Control experiments with Re
2
O
7
/Al

2
O
3
,

with no iridium catalyst present, gave no alkane

metathesis after 3 days at 175-C.) The (PCP)Ir

catalysts (2) proved more effective than the

(POCOP)Ir systems (1). In a typical experiment,

an n-decane (2.5 ml, 12.8 mmol) solution of

2b-H
4
(12.8 mg, 0.0227 mmol), TBE (10 ml,

0.078 mmol), and hexamethylbenzene (10 mg,

internal standard) was heated over Re
2
O
7
/Al

2
O
3

(535 mg, 3 wt % Re
2
O
7
) at 175-C under argon

and monitored by GC. After 3 hours, C
2
to C

28

alkanes were observed with total product

concentration estimated at 1.6 M (corresponding

to 180 mol of product per mol of Ir). Catalysis

slowed, but after 9 days, product concentrations

reached 4.4 M. Remarkably, at 9 days, the n-

decane starting material was comparable in

molar quantity to n-nonane and n-undecane

products, with measured C
9
:C

10
:C

11
molar ratios

of 0.6:1:0.6 (Table 3 and Fig. 4).

Because decomposition of the olefin me-

tathesis catalysts appears to limit conversions,

we expect that more robust olefin metathesis

catalysts will yield higher turnover numbers in

future studies. We also expect that more active

dehydrogenation catalysts will give more turn-

overs before decomposition of the metathesis

catalyst, and that catalysts that are less prone to

isomerize the olefin intermediates will yield

greater selectivity for C
(2n–2)

products. The nature

of the tandem system permits the detailed in-

vestigation of the component catalysts individ-

ually, and the development of more suitable

catalysts for both dehydrogenation and olefin

metathesis (25) is under way.
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14. I. Göttker-Schnetmann, M. Brookhart, J. Am. Chem. Soc.

126, 9330 (2004).

15. F. Liu, E. B. Pak, B. Singh, C. M. Jensen, A. S. Goldman,

J. Am. Chem. Soc. 121, 4086 (1999).

16. W. Xu et al., Chem. Commun. 1997, 2273 (1997).

17. K. Zhu, P. D. Achord, X. Zhang, K. Krogh-Jespersen,

A. S. Goldman, J. Am. Chem. Soc. 126, 13044 (2004).

18. D. Astruc, N. J. Chem. 29, 42 (2005).

19. R. H. Grubbs, Tetrahedron 60, 7117 (2004).

20. R. R. Schrock, A. H. Hoveyda, Angew. Chem. Int. Ed. 42,

4592 (2003).

21. R. R. Schrock, Chem. Commun. 2005, 2773 (2005).

22. R. R. Schrock et al., J. Am. Chem. Soc. 112, 3875 (1990).

23. C. Pariya, K. N. Jayaprakash, A. Sarkar, Coord. Chem. Rev.

168, 1 (1998).

24. The iridium-based dehydrogenation catalysts appear to

be adsorbed on alumina. Accordingly, when alumina is

treated with alkane solutions of the iridium complexes,

the solutions turn colorless and the support acquires the

red color of the catalyst. However, we have yet to

Table 3. Distribution of C2 to C34 n-alkane products from the metathesis of n-decane (5.1 M) by Ir-based catalysts (9.0 to 9.5 mM) and Re2O7/Al2O3

(16 mM effective Re2O7 concentration) at 175-C.

Ir catalyst
[TBE]

(mM)
Time

n-Alkane concentration (mM)
Total product (M)

C
2

C
3

C
4

C
5

C
6

C
7

C
8

C
9

C
10

C
11

C
12

C
13

C
14

C
15

C
16

C
17

C
18

[9C
18
]

1-C
2
H
4
(9.5 mM) 0 3 hours 3.9 2.8 8.3 10 12 12 13 16 4980 15 11 9.3 7.2 6.0 4.6 2.1 1.3 1.9 0.14
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Fig. 4. GC trace of product
mixture resulting from the
metathesis of n-decane (sol-
vent) by 2b-H4 and Re2O7/
Al

2
O
3
after 9 days at 175-C

(see Table 3).
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High Natural Aerosol Loading over
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Aerosols play a key role in the radiation balance of the atmosphere. Here, we present evidence that
the European boreal region is a substantial source of both aerosol mass and aerosol number. The
investigation supplies a straightforward relation between emissions of monoterpenes and gas-to-
particle formation over regions substantially lacking in anthropogenic aerosol sources. Our results
show that the forest provides an aerosol population of 1000 to 2000 particles of climatically active
sizes per cubic centimeter during the late spring to early fall period. This has important
implications for radiation budget estimates and relevancy for the evaluation of feedback loops
believed to determine our future climate.

T
he boreal forest plays an important role

in both climate regulation and carbon

cycling (1–3). Boreal forests represent

one-third of all forested land and cover 15

million square kilometers of land. The boreal

region is characterized by large seasonal vari-

ations in temperature, and the flora is domi-

nated by different pine and spruce species.

Most boreal forests contain few large sources of

anthropogenic pollution.

In the northern European boreal region,

long-term studies of aerosol formation and

transformation processes have been performed

at several measurement sites. One of the major

research aims of these studies, including those

performed at the Finnish background station

Hyyti.l. (4–7), has been to investigate the role

of particle formation. This is important because

homogeneous or ion-induced nucleation can

provide substantial numbers of aerosols in an

environment otherwise deficient of primary

sources contributing to the fine-particle mode.

This has clear relevance for understanding ra-

diation budgets. Similar issues have been ad-

dressed at other locations in northern Europe.

Particle-formation events over the boreal forest

are well-studied phenomena at stations located

in Finnish Lapland EPallas and V.rriP (8–10)^

and at the Scandinavian rim of the boreal re-

gion in Sweden EAspvreten (11)^. The mecha-

nisms responsible for the formation and growth

of these particles are still uncertain. Although

sulfuric acid is one of the most likely candi-

dates thought to be responsible for the forma-

tion of the initial nanometer-sized particles,

sulfur chemistry does not sustain enough sul-

furic acid in the atmosphere to explain more

than a small fraction of the observed particle-

size growth rate. To explain the observed growth,

which is up to a diameter of 50 to 100 nm, other

compounds are required (12).

Organic constituents comprise a large frac-

tion of the global aerosol burden (13, 14) and

there is growing evidence that naturally emitted

terpenes contribute notably to gas-to-particle

formation (15). In the boreal region of northern

Europe, monoterpenes are abundant at concen-

trations ranging from some tens of parts per

trillion up to parts per billion depending on

season, boundary layer conditions, and temper-

ature (16–18). When released into the atmo-

sphere, monoterpenes undergo oxidation by

ozone, hydroxyl radical, and nitrate radical to

yield numerous compounds, the most interest-

ing of which are oxygenated carbon compounds

such as mono- and dicarboxylic acids (19).

Similar compounds may contribute considera-

bly, either directly or through polymerization in

the particle phase (20), to the gas-to-particle

conversion rate over forested areas.

Here, we present evidence of substantial con-

tributions to the aerosol mass and abundance

from natural emissions of aerosol precursor

gases, most likely terpenes. The approach uti-

lizes a statistical method including long-term

observations of the submicrometer aerosol

number-size distribution at three different sta-

tions in the Finnish boreal zone. The three loca-

tions selected for this purpose are the station for

Measuring Forest Ecosystem-Atmosphere Rela-

tions (SMEAR I) located at V.rriP E67-46¶N,

29-35¶E, 390 m above sea level (asl)^, the

Pallas-Sodankyl. Global Atmospheric Watch

(GAW) station located close to Pallas (68-01¶N,

24-10¶E, 303 m asl), and the SMEAR II station

(Hyyti.l., 61-51¶N, 24-17¶E, 170 m asl). The

database used includes 5 years (1999 to 2004) of

aerosol number-size distribution data from the

stations. The study considers only the period

from April to September.

The current ambition is to investigate the

characteristic changes of the aerosol population

in air masses undergoing marine to continental

transition over forested areas in northern Nor-

way, Sweden, and Finland. Previous investiga-

tions (11, 21) have shown that substantial sources

affect the aerosol during this transition. How-

ever, these investigations only account for a

1Department of Applied Environmental Science (ITM), Air

Pollution Laboratory, Frescativägen 54, SE-106 91, Stock-
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Fig. 1. The transport
sectors of the trajecto-
ries used in the study. To
qualify, each trajectory
must spend 90% of
the time in the sector.
The selection of sectors
assures minimum input
from anthropogenic
sources. The northerly
stations share the same
sector. Red, Hyytiälä;
blue, Värriö and Pallas.
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limited number of cases. By combining previous

findings with the current long-term study, we

derive a mechanistic explanation of the seem-

ingly rapid changes in aerosol properties during

the marine-to-continental transition.

Trajectories were calculated Ewith the

HYSPLIT4 model (22)^ for each station with

a resolution of 1 hour, throughout the measure-

ment period. From this data set, we extracted

trajectories that described transport during 90%

of the time in an 80- sector west-north over

land relative to each station (Fig. 1). In total,

3700 trajectories described transport to V.rriP

and Pallas stations, and 4400 trajectories de-

scribed transport in the Hyyti.l. sector. Fur-

thermore, for each single trajectory, we

calculated the time of transport over land and

measured number-size distribution. Observa-

tions were averaged 1 hour around the time of

arrival for each trajectory (23).

The approach is conceptual. Any change in

source profile will result in either buildup or

depletion of aerosolmass (assuming constant sink

processes). The accumulation of mass is in turn

closely related to the time the air parcel spent over

the sources. Our results show that an equally

simple model can be used to describe the marine-

to-continental transition, which evidently in-

volves a change in source profiles large enough

to result in an apparent accumulation ofmass (i.e.,

integrated effect of sources and sinks of particles

smaller than 0.450 mm, assuming a density of r 0

1500 kg m–3). In Fig. 2A, the average binned

mass increase per hourly increment in time spent

over land is displayed for the northerly and

southerly stations (in blue and red, respectively).

The increase in mass is linear for both receptor

stations. On average, the two northerly stations

gain approximately 0.014 mg m–3 per hour over

land with a correlation coefficient of r2 0 0.83.

The corresponding fit for the Hyyti.l. data

shows that the average mass increase is twice

as high, 0.028 mg m–3 per hour (r2 0 0.86).

An apparent mass increase could result from

either primary or secondary aerosol sources. The

average evolution of the aerosol size distri-

bution and a clear relation between observed

size distribution properties and the time spent

over land is present at both the northerly sta-

tions (Fig. 2B) and at Hyyti.l. (Fig. 2C). A

continuous growth as time over land increases

is evident. The average growth rate for the

dominating nuclei/Aitken mode was calculated

to be 0.69 nm per hour at the northerly stations

and 0.5 nm per hour at the southerly station

Hyyti.l. (fig. S1). Based on the observed growth

rate, we estimated that the vapor generation

rate necessary to support this growth of par-

ticles less than 80 nm (23) was 6.3 � 103 mol-

ecules cmj3 sj1 at Pallas and V.rriP and 104

molecules cmj3 sj1 at Hyyti.l.. Compared with

the overall mass increase, this result indicates

that at least 26% (21% at Hyyti.l.) of the con-

densed material has vapor pressure low enough

to be partitioned in this size range.

An increase in mass dominated by primary

emissions would not result in an apparent growth

of the size distribution modes as we observed.

This means that the sources of nucleating and/or

condensing gases are much larger over land they

are over the marine environment. Based on the

selection of trajectories, this source is most likely

the boreal forest. Because emission of mono-

terpenes along the transport path is the most

promising explanation for substantial gas-to-

particle formation over the boreal forest, we tried

to estimate the emission of each trajectory. We

adopted an approach for monoterpene emission

calculations (24) that uses relevant values of emis-

sion potential (25) along with estimates of foliar

biomass density for the northern parts of Scan-

dinavia and Finland. Using this approach, we

calculated emissions in the range of 0.5 to 15 mg

mj3 for the transport region of V.rriP and Pallas

and emissions reaching 30 mg mj3 in the fetch

area of the Hyyti.l. station (23). We assume that

the emissions are confined and well mixed in the

lowermost 1000 m of the atmosphere.

The previous calculations were repeated with

the use of the accumulated monoterpene emis-

sions as the input variable. In Fig. 3A, the result is

shown asmass (mgm–3) versus estimated terpene

emissions (mg m–3). Recall that the emission

equals the total amount that has been emitted

during transport, and not the emission rate.

When calculated mass was compared with time

over land (Fig. 2A), the slope of the Hyyti.l.

data set was twice that of the northerly stations.

However, the slope of the aerosol mass versus the

total emitted monoterpenes (Fig. 3A) is almost

identical for the northerly and the southerly

stations. The curve is best described by a straight

line. The slope at both stations is È0.075 and

correlation of r2 0 0.79 and r2 0 0.93 for the

northerly and southerly stations, respectively.

Given that monoterpenes show a high reactivity

toward the major atmospheric oxidants (ozone,

hydroxyl radical, and nitrate radical), the lifetime

during the studied seasons (16) (April to

September) will be short enough (at most a

couple of hours) to allow us to assume that most

terpenes have undergone primary oxidation steps

before reaching the receptors. Because the slope

roughly describes the aerosol mass gained per

mass of the oxidized biogenic volatile organic

carbon (BVOC), this is an indirect estimate of

the aerosol mass yield resulting from oxidation of

terpenes (26). Assuming a reasonably good rep-

resentation of terpene emission, this apparent

mass yield (apparent because we omit the pos-

sible effect of the sinks that are also present

during transport) would correspond to È7.5%

E5 to 10% as fits of 25th and 75th percentiles

(supporting online material text)^. Although the

monoterpene emission estimates are crude, it is

clear that latitude- and temperature-dependent

emissions of similar compounds are sufficient to

support the observed growth. The constant slope

of the aerosol mass increase compared with the

total terpene emissions indicates that an ir-

reversible and continuous formation of secondary

organic aerosol (SOA) from terpenes takes place

during transport over forested areas.

Fig. 2. (A) Average observed mass (particle diameter D
p
G 0.45 mm, r 0 1500 kg m–3) versus time

over land for Hyytiälä (red) and VärriöþPallas (blue). Data are fitted linearly. The slope and intersect
are displayed in the figure for each combination of stations. Only bins contributing more than 10
observational points were considered in the analysis. (B) Size distribution as dN/dlogDp (cmj3)
plotted against time over land for Värriö and Pallas. (C) Same as (B) but for Hyytiälä. h, hours.
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Figure 3, B and C, gives the evolution of the

number concentration in different size ranges per

0.2 mg m–3 increment in emitted terpenes. The

size ranges described are 10 to 30 nm (green), 30

to 90 nm (red), and 90 to 450 nm (black), shown

as 50th to 75th percentile range of the mass in

each bin. Both figures clearly show that the

highest concentrations of very small particles are

present when accumulated emissions are low. As

emissions increase, more mass is added to the ex-

isting particles and they start to grow into the size

range between 30 to 90 nm. Throughout the

transport over land and the associated emissions,

the accumulation mode concentration (990 nm)

increases almost linearly. This means that emis-

sions of monoterpenes (most likely in combination

with other trace gases such as H
2
SO

4
, H

2
O, and

NH
3
) serve as an efficient way of contributing to

an increased aerosol number concentration. The

formation of particles remains high only as long

as the balance between production and removal

of condensable gases supports a high enough

concentration of condensable gases for nucleation

to occur. Because formation of particles adds to

the overall sink of precursor gases, this balance

becomes distorted, disfavoring further nucleation

as condensable gases are preferentially parti-

tioned on existing larger particles. The nucleation

quenches itself. Nucleation thus serves as a

regulatory mechanism for building up and

maintaining high number concentrations over

land. Only during the first stages of the transition

does nucleation contribute to a substantial

increase in number. This means that the forest at

high latitudes can typically support 1000 to 2000

cm–3, reflecting a steady-state aerosol population

representative of the typical source strength in

this region. This equilibrium in particle number

is established rapidly (Fig. 3, B and C).

Our results clearly show that a substantial gas-

to-particle formation of BVOC to SOA takes

place over the boreal forest in northern Europe.

These BVOCs are most likely emitted from the

forest itself and, based on previous findings, are

most likely constituted of terpenes. Based on

modeled monoterpene emission, our analysis

suggests an apparent mass yield in the range of

5 to 10%. The investigations further show that the

boreal forest typically sustains 1000 to 2000

particles cm–3 in a climatic relevant size range

(È40 to 100 nm). This notable level of particle

number is established rapidly, making estimates

of the natural aerosol loadings over the boreal

forest comparably easy. Because we provided a

similar mechanistic and quantitative behavior for

two widely separate locations (more than 700

km apart), the derived relations suggest that

similar mechanisms control the aerosol number

and mass evolution over large areas in the boreal

regions of the Northern Hemisphere.

The high natural aerosol loading in the bo-

real forest environment should be contrasted

with other natural aerosol systems, such as the

remote marine environment, in which sub-

stantially lower number densities of climate-

active particles have been observed (27).

Recent findings (28) further support the role

of aerosol production over the boreal forest in

contributing to the cloud condensation nuclei

(CCN) and cloud droplet populations in remote

areas. These findings together with our study

clearly establish that the forest is a major source

of climate-relevant aerosol particles, most likely

also capable of competing with the anthropogen-

ic CCN loadings transported over forested areas.
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Fig. 3. (A) Average observed mass (Dp G 0.45mm, r 0 1500 kg m–3) versus binned total emissions
of terpenes for Hyytiälä (red) and VärriöþPallas (blue). Data are fitted linearly. The slope and
intersect are displayed for each combination of stations. Only bins contributing more than 10
observational points were considered in the analysis. (B) 50th to 75th percentile ranges for
observed and averaged number concentration (cm–3) in the size range from 10 to 30 nm (green),
30 to 90 nm (red), and 990 nm (black) plotted against calculated total emission of terpenes, Värriö
and Pallas. (C) Same as (B) but for Hyytiälä.
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A Bifurcating Pathway Directs
Abscisic Acid Effects on Stomatal
Closure and Opening in Arabidopsis
Girish Mishra,* Wenhua Zhang,* Fan Deng, Jian Zhao, Xuemin Wang†

Terrestrial plants lose water primarily through stomata, pores on the leaves. The hormone abscisic
acid (ABA) decreases water loss by regulating opening and closing of stomata. Here, we show
that phospholipase Da1 (PLDa1) mediates the ABA effects on stomata through interaction with
a protein phosphatase 2C (PP2C) and a heterotrimeric GTP-binding protein (G protein) in
Arabidopsis. PLDa1-produced phosphatidic acid (PA) binds to the ABI1 PP2C to signal ABA-
promoted stomatal closure, whereas PLDa1 and PA interact with the Ga subunit of heterotrimeric
G protein to mediate ABA inhibition of stomatal opening. The results reveal a bifurcating signaling
pathway that regulates plant water loss.

A
bscisic acid (ABA) mediates plant re-

sponse to environmental stresses (1–4).

During drought, ABA levels in plants

increase, and ABA promotes the closing of

opened stomata and inhibits the opening of

closed stomata. The resulting closure of stomata

is crucial to reducing water loss and maintaining

the plant_s hydration status for survival. The

ABA effects on stomatal closure and opening

are genetically separable (5). Several signaling

proteins have been implicated in mediating

the ABA effects in signaling networks perhaps

linked through G proteins, protein phospha-

tases, kinases, and phospholipases (5–14).

Phospholipase D (PLD) hydrolyzes mem-

brane lipids to generate phosphatidic acid (PA),

a lipid signaling mediator (15–17). Arabidopsis

has 12 PLD genes that form a family of enzymes

with heterogeneous regulatory, structural, and

biological properties (15). We showed that in

response to ABA treatments, PLDa1 produces

PA that binds to the ABI1 PP2C (14). ABI1 is a

negative regulator of ABA response (4, 8, 18),

but its specific function in ABA-regulated stoma-

tal closure and opening is not defined. It was

proposed that PLD-derived PA in the plasma

membrane interacted with ABI1 and removed its

inhibition of ABA response (14). In addition,

PLDa1 binds to GPA1, the Ga subunit of a het-

erotrimeric GTP-binding protein (G protein) (19).

Knockout of GPA1 impedes ABA inhibition of

stomatal opening but not promotion of stomatal

closure (5). These findings prompted us to de-

termine the role of the PLDa1-PA interaction

with ABI1 and GPA1 in stomatal movements.

To characterize the interaction between PA

and ABI1, we purified ABI1 and the mutant

protein ABI1
R73A

(in which Arg73 is replaced

with Ala) expressed in Escherichia coli (fig.

S1A). Analysis with isothermal titration calo-

rimetry (ITC) indicates that PA interacts with

ABI1 at 1:1 ratio with the dissociation con-

stant at È0.3 mM (Fig. 1A), a PA concentration

attainable in Arabidopsis cells (14). The mu-

tant protein ABI1
R73A

has lost its ability to

bind PA (Fig. 1B), indicating that Arg73 in ABI1

is essential for PA-ABI1 interaction. Mutation

ABI1
R73A

does not alter the phosphatase activity

in the absence of PA, but renders enzyme insen-

sitive to PA inhibition (fig. S1B).

To determine the functional significance

of PA-ABI1 interaction, we introduced wild-

type ABI1
WT

or the mutant ABI1
R73A

gene into

a T-DNA insertional ABI1-null mutant (abi1-

ko) Arabidopsis (Fig. 1, C and D). We reasoned

that if the PA binding to ABI1 is critical to ABA

response, abi1-ko plants expressing the ABI1
R73A

that cannot bind PA should disrupt ABA sig-

naling. The expression of ABI1
WT

and ABI1
R73A

transgenes were under the control of the native
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Fig. 1. PA and ABI1 interaction and its role in ABA
effect on stomatal closure and opening. (A and B)
Measurements of PA binding to Arabidopsis ABI1 and
ABI1

R73A
, respectively, by isothermal titration calorim-

etry. ABI1 and ABI1R73A proteins were purified from
proteins expressed in E. coli. (C) Positions of T-DNA
insertion in abi1-ko and sequence changes of ABI1

R73A

and the abi1 mutant. Boxes denote exons of ABI1;
underlined letters show mutated amino acid residues.
Abbreviations for the amino acid residues are as
follows: A, Ala; D, Asp; G, Gly; H, His; I, Ile; L, Leu; N,
Asn; P, Pro; Q, Gln; R, Arg; S, Ser; and V, Val. (D)
Reverse transcriptase–polymerase chain reaction analy-
sis of ABI1 or ABI1

R73A
expression in wild type (WT),

abi1-ko, and abi1-ko carrying the ABI1
WT

or ABI1
R73A

transgene. (E) Effect of ABI1 and PLDa1 mutations on
ABA promotion of stomatal closure. Stomata were
induced open by 2.5-hours light treatment, then 50
mM ABA was added, and epidermal peels were
incubated for another 2 hours under light. Aperture
size is expressed as difference from that of open
stomata from wild-type plants before ABA treatment.
(F) Effect of mutations on ABA inhibition of stomatal
opening. Stomata were closed after 2.5-hours treatment
in dark and then incubated for 2 hours under light with
or without 50 mM ABA. Values are means T SD (n 0

20). ABI1
WT

and ABI1
R73A

denote abi1-ko plants
carrying the wild-type ABI1 and mutant ABI1

R73A

transgene, respectively.
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ABI1 promoter to mimic ABI1_s normal tempo-

ral and spatial expression. ABI1
WT

and abi1-ko

plants showed a normal response to ABA, as did

thewild type (Fig. 1, E and F). However, abi1-ko

plants carrying the ABI1
R73A

transgene were

insensitive to ABA, but for only part of the

ABA signaling responses. ABI1
R73A

plants were

insensitive to the promotion of stomatal closure

(Fig. 1E), but retained normal sensitivity to the

inhibition of stomatal opening (Fig. 1F). This

altered response indicates that PA binding to

ABI1 is required for ABA promotion of stoma-

tal closure but not for ABA inhibition of

stomatal opening.

We also generated Arabidopsis plants lack-

ing both PLDa1 and ABI1 by crossing plda1

and abi1-ko mutants. The double mutations,

plda1abi1-ko, were confirmed by real-time poly-

merase chain reaction (PCR) and by immuno-

blotting with a PLDa1-specific antibody. The

single mutant plda1 was insensitive to ABA for

both promotion of stomatal closure and inhibi-

tion of stomatal opening (Fig. 1, E and F). The

double mutant plda1abi1-ko was insensitive to

ABA for inhibition of stomatal opening, but

was sensitive to ABA for promotion of stomatal

closure (Fig. 1, E and F). The ABA responses

of plda1abi1-ko and ABI1
R73A

plants both

indicate the bifurcation of the ABA signaling

at this point: The PLDa1 and PA interaction

with ABI1 promotes stomatal closure, but does

not inhibit stomatal opening. The double mu-

tant resembled abi1-ko in the stomatal-closure

pathway because ABI1, which inhibits the ABA

response, is downstream of PLDa1. The normal

response of plda1abi1-ko to ABA in closure

suggests that an ABA-responsive pathway is

operating when both PLDa1 and ABI1 are re-

moved, but this pathway in normal guard cells is

controlled by PLDa1 through removal of the

ABI1 inhibition of ABA response. This ABA-

responsive pathway is not constitutive, which

may explain why the abi1-ko mutant has no

overt ABA phenotype in stomatal closure. In

contrast, inhibition of the stomatal-opening path-

way is not governed by ABI1, and thus for this

pathway the double mutant behaved like the

PLDa1 knockout.

To identify the component that interacts

with PLDa1 to inhibit stomatal opening, we

studied PLDa1 binding with GPA1. PLDa1

binds to GPA1 through a DRY (Asp-Arg-Tyr)

motif that is usually found in animal G protein–

coupled receptors (19). We used the yeast two-

hybrid system to verify the interaction in cells;

mutation at the DRY motif residue Lys564 de-

creases the ability of PLDa1 to bind to GPA1

(fig. S2A). ITC analysis showed that wild-type

PLDa1 binds to GPA1 in equimolar ratio (N 0

1.07 T 0.075). The affinity of wild-type PLDa1

for GPA1 (dissociation constant K
d
0 0.3 mM)

is È150 times that of PLDa1
K564A

for GPA1

(K
d
0 50 mM). The amount of PLDa1

K564A
that

coprecipitated with GPA1 was È10% of that

of wild-type PLDa1 (19). Thus, the mutant

PLDa1
K564A

diminishes but does not abolish

the binding of PLDa1 to GPA1.

To determine the function of PLDa1-GPA1

interaction, we perturbed the interaction by

introducing the mutant PLDa1
K564A

(in which

Lys564 is replaced with Ala) and wild-type

PLDa1
WT

genes into PLDa1-null Arabidopsis

(fig. S2B). Expression of the transgenes was con-

trolled by the PLDa1 native promoter. Except for

the decreased ability to bind GPA1, PLDa1
K564A

is enzymatically as active as PLDa1 (19). In-

troducing PLDa1
WT

should and did restore the

normal ABA response (Fig. 2, A and B). By

comparison, PLDa1
K564A

plants were more

sensitive than wild-type plants to ABA for inhi-

bition of stomatal opening, responding to 5 mM

ABA, a concentration that had no effect on wild-

type plants (Fig. 2C). The increase in ABA

sensitivity was reflected in the rate of water loss:

PLDa1
K564A

mutant plants lost less water than

wild-type plants, whereas plda1 and gpa1 plants

lost more water from their leaves (Fig. 2D). On

the other hand, PLDa1
K564A

plants showed normal

sensitivity to ABA for promotion of stomatal

closure (Fig. 2A). Thus, blunting the PLDa1-

GPA1 interaction renders plants hypersensitive to

ABA in inhibiting stomatal opening, but it does not

affect the ABA-induced closure of open stomata.

Arabidopsis plants with abrogation of both

PLDa1 and GPA1 were generated by crossing

plda1 and gpa1. The double-mutant plda1 gpa1

plants resembled the single-mutant plda1 plants

in that both were insensitive to ABA effects on

both pathways, inhibition of stomatal opening and

promotion of stomatal closure (Fig. 2, A and B).

When the PLD product PA was supplied to

epidermal peels of the single and double mutants,

PA promoted stomatal closure and inhibited

opening in wild-type and plda1 plants (Fig. 2, E

and F). However, for gpa1 or plda1 gpa1 plants,

Fig. 2. Effects of PLDa1-GPA1 interaction and PA on ABA regulation of stomatal closure and opening.
(A) ABA promotion of stomatal closure in GPA1 and PLDa1 mutants. Aperture size was measured after
2-hours treatment of open stomata with or without 50 mM ABA. (B) ABA inhibition of stomatal opening
in GPA1 and PLDa1 mutants. Stomata were closed in the dark and then incubated for 2 hours under
light with or without 50 mM ABA. (C) Response of PLD

WT
and PLDa1

K564A
plants to increasing ABA

concentrations in inhibition of stomatal opening. (D) Water loss from detached Arabidopsis leaves as a
function of time. Values are means T SD (n 0 20). FW, fresh weight. (E) PA promotion of stomatal
closure. Stomata were induced open by 2.5-hours light treatment and then transferred to a solution
with or without 50 mM dioleoyl-PA and incubated for another 2 hours under light. (F) PA inhibition of
stomatal opening. Stomata were closed after 2.5-hours treatment in the dark and then incubated for 2
hours under light with or without 50 mM dioleoyl-PA. Values are means T SD (n 0 15).
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PA promoted only stomatal closure, but had no

effect on inhibiting opening (Fig. 2, E and F). By

contrast, for ABI1
R73A

plants that are unable to

bind PA, PA did not promote stomatal closure,

but inhibited stomatal opening (Fig. 2, E and

F). These results indicate that PLDa1 and PA

act upstream of GPA1 and ABI1 in the pathway

regulating stomatal responses to ABA signals.

We propose that stomatal responses to ABA

are regulated by a bifurcating pathway that in-

cludes PLDa1, PA, ABI1, and GPA1 (Fig. 3). To

promote closure of open stomata, PLDa1 reg-

ulates ABI1 with the use of its lipid product PA.

PA binds to ABI1, and this interaction is nec-

essary to remove the ABI1 inhibition of the ABA

promotion of stomatal closure. PA regulates

ABI1 function by inhibiting its phosphatase

activity and by sequestering it to the plasma

membrane. The membrane tethering by PA

decreases ABI1_s translocation from the cytosol

to the nucleus and promotes ABA signaling (14).

To inhibit opening of closed stomata, PLDa1

modulates the GPA1 function through multiple

interactions (Fig. 3). Biochemical data suggest

that PLDa1 activates the intrinsic guanosine tri-

phosphatase activity that converts active Ga-
GTP

to inactive Ga-
GDP

(19). In turn, Ga-
GDP

binds to

PLDa1 and decreases its activity (19, 20). Thus,

in PLDa1
K564A

plants, the ABA signal transduc-

tion is sensitized because both the GPA1 and

PLDa1 functions are less inhibited by the sub-

dued interaction between PLDa1
K564A

and GPA1.

In contrast, the ABA responses of the plda1 and

gpa1 single mutants indicate that both PLDa1 and

GPA1 are positive regulators in ABA inhibition

of stomatal opening. The positive role of GPA1

may result from the exchange of GTP with

GDP; the binding of GTP to GPA1 (Ga-
GTP

)

dissociates Ga from PLDa1, thus removing

the inhibition of PLDa1 activity (19). PA result-

ing from PLDa1 activity promotes inhibition

of stomatal opening (Fig. 3). Thus, the PLDa1-

GPA1 interaction regulates mutually the activity

of both proteins. However, the activation of

PLDa1 acts upstream of GPA1 because plda1

plants display a broader alteration in ABA

sensitivity than do gpa1 plants, and because PA

inhibits stomatal opening in plda1, but not in

gpa1 or plda1gpa1 plants. One potential target

of PA is a sphingosine kinase that acts upstream

of GPA1 (7). ABA activates both PLDa1 and

sphingosine kinase (7, 14), and PA has been im-

plicated in binding sphingosine kinase in animal

cells (21).

Thus, we conclude that the PLDa1 signaling

pathway in guard cells bifurcates at ABI1 and

GPA1 to mediate the ABA effects on stomatal

closure and opening. Such interaction between

PLDa1 andGa would be unusual for animal cells,

in which heterotromeric G proteins typically regu-

late the function of phospholipases (22). However,

plants and animals diverge greatly in the PLD and

G protein families; Arabidopsis has 10 more PLD

genes than do humans, but only one canonical Ga

(22, 23), and thus their signaling pathwaysmay be

organized differently. ABA can act as an intra-

cellular signal (24), and activation of membrane-

associated PLDa1 may be one initial step that

directs the ABA response in guard cells. Although

Arabidopsis has multiple PLD and PP2C genes,

the clear phenotypes from the various mutants in

this study indicate that the interaction between

PLDa1-PA and ABI1 is specific. The PA binding

region in ABI1 is located at its N terminus, which

is highly variable among PP2Cs. Our insights into

the pathways regulating stomatal function may be

used to produce plants with enhanced water-usage

efficiency and drought tolerance.
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Fig. 3. A bifurcating model for interaction among PLDa1, PA, ABI1, and GPA1 (Ga) in mediating ABA
effects on stomatal closure and opening. PLDa1-produced PA binds to ABI1, and this binding removes
ABI1 inhibition of ABA promotion of stomatal closure. On ABA inhibition of stomatal opening, PLDa1-
produced PA acts upstream of GTP-bound Ga (Ga-GTP) to inhibit stomatal opening, whereas GDP-bound
Ga (Ga-

GDP
) binds to PLDa1 to suppress PLD activity. This model is not comprehensive and concerns

only components studied here.
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Selection on Gamete Recognition
Proteins Depends on Sex, Density,
and Genotype Frequency
Don R. Levitan* and David L. Ferrell*

Gamete recognition proteins can evolve at astonishing rates and lie at the heart of reproductive
isolation and speciation in diverse taxa. However, the source of selection driving this evolution
remains unknown. We report on how the sperm bindin genotype influences reproductive success
under natural conditions. An interaction between genotype frequency and spawning density
determines how sperm bindin genotype influences reproductive success. Common genotypes are
selected under sperm-limited conditions, whereas rare genotypes are selected under conditions of
intense sperm competition and sexual conflict. Variation in the evolutionary rates of bindin may
reflect historic differences in sperm availability.

G
amete recognition proteins determine

whether sperm and eggs are compat-

ible at fertilization and often evolve

at an exceptionally rapid pace. This is mani-

fested as positive selection, an excess of non-

synonymous nucleotide substitutions, and can be

associated with divergent proteins across spe-

cies, polymorphic proteins within species, or

both (1). Theory suggests that sexual selection

might drive the rapid divergence in these

proteins across species and that sexual conflict

over the rate of fertilization might result in

selection for polymorphic genotypes within

species (1–7). Within species, high sperm con-

centration may select for eggs with rare alleles

that slightly mismatch with sperm, thereby

reducing gamete affinities and preventing egg

death by polyspermy. The conflict is that sperm

compete to be the first sperm to fertilize an egg

and Bchase[ the evolution of these rare alleles.

Despite the popularity of these ideas, (i) alter-

nate hypotheses exist for why these proteins

evolve quickly, (ii) it is unclear why rates of

evolution in these proteins vary across species

and, most important, (iii) no data examine how

these proteins influence reproductive success in

nature (1). Measuring the success of different

genotypes under natural conditions is the only

way to determine how selection influences the

evolution of these proteins. We show how

sperm bindin genotypes influence sea urchin

reproductive success in the sea.

Our expectation is that under sperm-limited

conditions, binding rates between eggs and

sperm should be selected to be fast (high af-

finity) for both males and females (8). Under

sperm-saturating conditions, sexual conflict

over fusion rates might result in selection for

slow binding rates (low affinity) in females but

high binding rates in males. Polyspermy is

costly to both sexes, but it never pays to be the

second sperm to reach an egg. Thus, males are

selected to have fast binding rates, assuming

multiple males are competing for fertilizations.

Consequently, we investigated the effect of

spawning density and bindin genotype frequen-

cy on reproductive success and specifically the

interaction between frequency and density.

First, we explored the pattern of genotype

frequency and reproductive success. Then,

because laboratory experiments suggest that

matched genotypes have an increased chance

of fertilization (4), we examined how the degree

of matching between male and female geno-

types influences reproductive success. Exper-

iments were conducted in the ocean in natural

populations of the sea urchin Strongylocentro-

tus franciscanus. Independent groups of sea

urchins were induced to spawn at 35 population

densities along the outer west coast of British

Columbia (9). Reproductive success was deter-

mined by capturing eggs from each spawning

female in the water column, measuring the

fraction of eggs developing, and freezing the

produced larvae for parentage analysis (8). For

each spawning event, adult locations were

mapped and water movement was recorded

(8). Female reproductive success first increased

and then decreased with male spawning density

because of sperm limitation and polyspermy,

respectively (Fig. 1) (8). Multiple paternity was

rampant within females, setting the conditions

for sexual conflict (9). The 127 adults that

spawned in nine of these events (range 8 to 29

adults) were sequenced for a 273–base pair

variable portion of the bindin locus (8); four

events were under sperm-limited conditions at

low density, and five events were under sperm-

saturated and polyspermic conditions at high

density (Fig. 1).

The bindin locus was polymorphic, and geno-

type frequencies did not differ from Hardy-

Weinberg expectations. There was 1 common

allele (0.58), 2 alleles at moderate frequency

(0.15, 0.14), and 12 rare alleles. The sequences

of 3 of the most common alleles and 2 of the rare

alleles were identical to and not detectably

different in frequency from alleles obtained from

134 individuals spread from Baja, Mexico, to

Alaska, USA (10). This geographically broader

sample, our population and the combined data,

showed no evidence of positive selection in this

variable domain of bindin (8). Because we se-

quenced only a subset of the bindin gene, we

assumed that all substitutions, both synonymous

and nonsynonymous, could be used as a genetic

marker for unique phenotypes. Possible recom-

bination with linked substitutions outside the

sequenced region makes this a conservative test

for detecting effects of density and frequency.

Despite the large variation in distance to the

nearest mate (0.07 to 11.25 m) and average wa-

ter flow (0.002 to 0.077 m/s) that largely deter-

mine reproductive success (11, 12), there was a

significant relation between bindin genotype

frequency and male reproductive success. The

overall variation explained by a male_s bindin

genotype frequency was small, but the average

effect was large (Fig. 2A) (table S1). Males

with common genotypes had an average of four

times the reproductive success of males with

rare genotypes. This runs counter to the expec-

tation of rapid or even neutral evolution of

diverse genotypes. Strong selection against rare

genotypes, combined with common genotypes

being widespread geographically, should con-

strain evolutionary diversification. What main-

tains variation in the face of this selection?

Females exhibited the opposite pattern; fe-

males with those same common genotypes had
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Fig. 1. Average female success
and male density. Solid lines
indicate the 95% confidence
intervals from a fertilization
kinetics model fit to these data.
Reduced fertilization at low den-
sities is caused by sperm limita-
tion and at high densities by
polyspermy. The four spawning
events at low density (G 1 m2)
and five at high density (9 1 m2)
examined in the present study
are highlighted as open symbols.
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half the reproductive success of females with

rare genotypes (Fig. 2B and table S2). As a result

of the divergent patterns of male and female

success, there was no pooled effect of genotype

frequency on reproductive success (P 9 0.5).

We examined how genotype frequency in-

fluenced reproductive success across densities,

but because frequencies vary among small dis-

crete spawning events, we measured the repro-

ductive success of an individual as a function of

how common his or her genotype was among

potential mates for each spawning event. A

positive relationship indicates that individuals

matching genotypes with a high proportion of

mates will have increased success. A negative

relationship indicates the reciprocal. For each

event, this slope was plotted as a function of

male spawning density (8). There was a sig-

nificant frequency by density interaction for

both sexes (Fig. 3). At low density, individuals

that shared their genotype with a high frequen-

cy of mates had high reproductive success,

whereas at high density the reciprocal was

evident. This suggests that the direction and in-

tensity of frequency-dependent selection de-

pends on density. In addition, the relationship

passes through zero (no frequency dependence)

at the approximate spawning density where the

transition from sperm limitation to polyspermy

and sexual conflict occurs.

The significance of female bindin genotype

(Fig. 2B and Fig. 3) suggests that patterns of

matching between male and female genotypes

might explain pairwise reproductive success.

We examined pairwise reproductive success as

a function of spawning density, bindin geno-

type matching, male and female genotype

frequency, mate distance, number of competing

males, and water flow (N 0 514 matings). As

predicted (9, 11, 12), increases in mate distance,

competitors, and water flow often decreased

reproductive success. Rising out of the variance

of these demographic and environmental effects

was a complex pattern of interactions between

male genotype frequency, genotype matching,

and spawning density (tables S3 to S5) (8). As

noted above, males with common genotypes

had higher overall levels of reproductive suc-

cess compared to males with rare genotypes.

However, the effect of female genotype fre-

quency was not significant; female success was

a function of genotype matching with the male.

The critical result was a significant density by

matching interaction. At low density, non-

matched mates had the lowest reproductive

success, whereas at high density, fully matched

mates had the lowest reproductive success (Fig.

4A). The most common male genotype (AA)

had poor reproductive success with non-A

females at low density but had the highest

reproductive success with these females at high

density (Fig. 4B). Rare males did better at high

density compared to low density with either

matched or unmatched mates, because they

were closer to females but not likely to cause

polyspermy (rare matches are not likely close

neighbors). Rare females are successful because

they have high success with partial matches at

all densities (Fig. 4A) and do particularly well

with common, but unmatched, AA males at

high density (Fig. 4B).

Fig. 2. Bindin genotype
frequency (standard error)
and total reproductive suc-
cess. Allele x refers to the
pool of rare alleles, and xx
refers to any combination
of rare genotypes not spe-
cifically listed. (A) Common
genotypes have higher suc-
cess in males, and (B) rare
genotypes have higher suc-
cess in females.
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Fig. 3. Relationship between frequency-
dependent reproductive success and male
spawning density. Positive values indicate
an advantage to commonly matching
mates, negative values an advantage to
rarely matching mates.

5

4

3

2

1

0

-1

-2

-3

-4

-5
0.01 0.1 1 10

Male Density

S
lo

pe
 o

f e
ve

nt
 g

en
ot

yp
e 

fr
eq

ue
nc

y
an

d 
re

pr
od

uc
tiv

e 
su

cc
es

s
female

male

P < 0.05

0.12

0.1

0.08

0.06

0.04

0.02

0

0.12

0.1

0.08

0.06

0.04

0.02

0
Low Density High Density No Match Match No Match Match

No match

Partial match

Full match

Low Density

High Density

P
ai

r-
w

is
e 

R
ep

ro
du

ct
iv

e 
S

uc
ce

ss

Spawning density of males (#/m2) AA Genotypes Non-A Genotypes

A B

Fig. 4. Pairwise reproductive success as a function of spawning density and matching rules. (A) There
was a significant interaction between density and matching rules and a significant effect of
matching within each density. (B) Pairwise reproductive success of AA males and non-A males with
females that match at some allele or no alleles at high and low densities.
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There are at least three possible mechanisms

for the association of female success with their

bindin genotype Ealso noted in (4)^. First, al-

though bindin transcription has yet to be

detected in eggs or ovaries (13), bindin might

be pleiotropic and expressed in females. Sec-

ond, models (14, 15) indicate that female

preferences and male traits can become as-

sociated by linkage disequilibrium through as-

sortative mating. Third, there may be a tight

physical linkage between sperm bindin and a

female receptor locus. A female receptor locus

has been found in this species (16), but it has

not been mapped. There may be a cascade of

different recognition proteins involved in fertil-

ization (17), and linkage disequilibrium at any

of these loci might result in this association.

Regardless of the mechanisms that explain

why the female bindin genotype influences fit-

ness, these results provide an explanation for the

maintenance of rare bindin alleles and the pre-

vention of selective sweeps from common alleles.

Rare females are favored because, as the degree

of sperm competition increases, matings between

unmatched genotypes become increasingly suc-

cessful. Although common males do best with

unmatched females at high density, they also out-

compete rare males for the matched eggs that

survive at these high sperm concentrations. These

results are consistent with sexual conflict driving

diversifying selection. Some mutations might

simply result in inefficient binding, which would

reduce polyspermy. Othermutationsmightmatch

a complementary rare allele in the other sex.

These novel matched proteins would increase in

frequency under sperm competitive conditions,

because matches are rare and less likely to cause

polyspermy (e.g., non-A males in Fig. 4B). As

their frequency increased, these alleles would be

less advantageous under sperm-competitive

conditions but increasingly advantageous under

sperm-limited conditions (e.g., AA males in Fig.

4B). The initial process of mutation to an egg

that slows binding might facilitate the second by

allowing the persistence of rare alleles until the

emergence of a complementary mutation. These

processes set the stage for not only diversifying

selection but also divergent selection, because

different, but matched, loci are potentially

selected allopatrically or even sympatrically, as

males chase the evolution of different female

receptors (6, 7).

The interaction between spawning density and

genotype frequency provides insight into why

different species evolve at different rates. About

half the echinoid species sequenced for bindin,

including S. franciscanus, do not exhibit positive

selection (4). However, as shown here, bindin

genotypes are not selectively neutral and have a

dramatic influence on reproductive success.

While mate distance and water flow explain the

majority of the variation in reproductive success,

bindin has a large average effect, particularly

given the dozens to hundreds of spawning events

an individual may experience (18). The genetic

signature of bindin in this species does not differ

from neutral expectations because of counter-

acting, density-dependent selective forces in this

species that experiences a wide range of spawn-

ing densities (9, 12). Species found at either end

of the continuum of sperm availability are more

likely to show a consistent pattern of selection.

Data on bindin evolution from two congeners

suggest stronger evidence of positive selection in

S. purpuratus compared with S. droebachiensis

(8, 19). The species with the strongest evidence

lives at higher densities than S. franciscanus,

and the species without supporting evidence

lives at lower densities along the Pacific Coast.

These species also show patterns of gamete

traits that match expectations of sperm limita-

tion and competition across this gradient of

sperm availability (12, 20, 21). Interestingly,

S. droebachiensis has higher bindin allelic di-

versity in the Atlantic (19), where populations

are often at higher densities (9). This is

consistent with increasing sperm competition

resulting in selection for polymorphic geno-

types. Similarly, in the genus Echinometra, the

highest level of positive selection was noted in

the species most likely to experience high levels

of sperm competition (22). Overall, these results

demonstrate the powerful force of density-

dependent selection on gametes and show

how the interaction of density- and frequency-

dependent selection can lead to a spectrum of

evolutionary rates in recognition proteins.
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CTCF Mediates Interchromosomal
Colocalization Between Igf2/H19
and Wsb1/Nf1
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Gene transcription may be regulated by remote enhancer or insulator regions through chromosome
looping. Using a modification of chromosome conformation capture (3C) and fluorescence in situ
hybridization, we found that one allele of the insulin-like growth factor 2 (Igf2)/H19 imprinting
control region (ICR) on chromosome 7 colocalized with one allele of Wsb1/Nf1 on chromosome 11.
Omission of CCCTC-binding factor (CTCF) or deletion of the maternal ICR abrogated this association
and altered Wsb1/Nf1 gene expression. These findings demonstrate that CTCF mediates an
interchromosomal association, perhaps by directing distant DNA segments to a common
transcription factory, and the data provide a model for long-range allele-specific associations
between gene regions on different chromosomes that suggest a framework for DNA recombination
and RNA trans-splicing.

I
gf2 and H19 are coordinately regulated

adjacent imprinted genes located È80 kb

apart on mouse chromosome 7 (1). An

ICR located between the genes contains

four binding regions for CTCF (2–5), a zinc

finger–binding protein that binds to a variety

REPORTS

269www.sciencemag.org SCIENCE VOL 312 14 APRIL 2006

YYePG Proudly Presents, Thx for Support

http://sciencemag.org/cgi/content/full/312/5771/267/DC1
http://www.sciencemag.org


of DNA sequences and serves as an insulator

and regulator of gene transcription (6–8).

Using 3C (9), Reik and colleagues demon-

strated that on the paternal chromosome, dif-

ferentially methylated region DMR2 loops

out to interact with the methylated ICR,

pushing the Igf2 promoter into contact with

the H19 enhancer, which results in Igf 2

transcription. On the maternal chromosome,

DMR1 interacts with the unmethylated ICR,

partitioning the Igf2 promoter into a silent

loop, inhibiting Igf2, and promoting H19

transcription (1). To determine whether the

ICR has other long-range associations, we

developed an associated chromosome trap

(ACT) assay to identify previously unknown,

remote interacting sequences (fig. S1).

We identified three bands corresponding to

unique DNA sequences that appear to interact

with the ICR (Fig. 1A). One sequence was

identified as Igf2 DMR1 on chromosome 7

(10–12). A DNA fragment, termed IAS1 (ICR-

associated site), corresponded to an inter-

genic sequence on chromosome 11, located

between the Wsb1 and Nf1 genes (Fig. 1B;

fig. S2), and DNA fragment IAS2 was lo-

calized to a gene-poor region on chromosome

6 (Fig. 1B).

A chromatin immunoprecipitation (ChIP)

assay using a CTCF-specific antibody identi-

fied two regions in the ICR, corresponding to

CTCF binding sites numbers 1 and 3 (Fig. 2A;

figs. S2 and S3), as well as a region around

IAS1, but no interaction with IAS2 was

found. CTCF binds to the maternal ICR

allele only, which leads to looping and

interactions with DMR1. The interaction of

CTCF with IAS1 was restricted to the pa-

ternal chromosome (Fig. 2B; figs. S2B, S4,

and S5).

These allele-specific interactions sug-

gest colocalization or a close juxtaposition-

ing of ICR on chromosome 7 with IAS1 on

chromosome 11. In order to demonstrate

this physical colocalization, we used fluo-

rescence in situ hybridization (FISH) with

bacterial artificial chromosome (BAC) probes

for each locus. According to a strict defi-

nition of colocalization, one and only one

pair of alleles colocalized in each of three

cell lines in 30 to 42% of all cells examined

(Fig. 3; fig. S6), thereby demonstrating

the close association between these two

chromosomes.

When the 3.8-kb maternal ICR was deleted

(13), no interchromosomal interaction was

detected, but when the paternal ICR was

deleted, the colocalization of these interchro-

mosomal regions was preserved (Fig. 3),

which confirmed the allele-specific require-

ment for the CTCF-binding maternal allele.

Igf2 was biallelically expressed in the cells in

which the maternal, but not the paternal, ICR

was deleted, and H19 was biallelically ex-

pressed in both ICR-deleted cell lines. Nf1

andWsb1 mRNA abundance was slightly higher

in the maternally deleted ICR cells compared

with the paternally deleted ICR cells (figs. S7

and S8).

Finally, the role of CTCF in promulgating

this interchromosomal interaction was exam-

ined by knocking-down endogenous CTCF

levels. In cells expressing very low levels of

CTCF (Fig. 4), FISH analysis revealed ab-

sence of colocalization between IAS1 and

the ICR (Fig. 3), and the expression of Nf1

and Wsb1 from the paternal allele was

reduced by È50%, while the expression of

these genes from the maternal allele was

unchanged (Fig. 4; fig. S9). Loss of Igf2, but

not H19, imprinting was detected in the

BMshRNA4-4 cell line (fig. S10).

We developed the ACT assay to identify

distant DNA regions that are in propinquity

or interact with a defined target DNA region,

and ACT predicted the colocalization of

Igf2/H19 ICR with Wsb1/Nf1. Using FISH,

we showed that one Igf2/H19 ICR allele on

chromosome 7 was frequently in close as-

sociation with one allele of Wsb1/Nf1 IAS1

on chromosome 11. We hypothesize that the

maternal allele on chromosome 7 interacts

with the paternal allele of chromosome 11,

because only these parental alleles bind

CTCF, and the interaction disappears when

CTCF levels are diminished or when the

maternal ICR is deleted. Moreover, when

CTCF abundance is reduced by short hairpin–

mediated RNA interference (shRNA)-induced

knockdown, there is both loss of imprinting

of Igf2 and decreased expression of Wsb1

and Nf1.

The existence of long-range interactions

between regions of a chromosome separated

by È80 kb led to the discovery of intra-

chromosomal loops that juxtapose down-

stream enhancers to promoter regions to

increase gene transcription (1, 10–12). Intra-

chromosomal looping has been described for

the Hgb locus and for the Dlx5/Dlx6 im-

printed dyad, as well as Igf 2/H19 (14–18).

Associations between chromosomes were re-

cently described by Spilianakis et al. (19),

who demonstrated a regulatory interaction

between the interferon-g promoter region

on chromosome 10 and regions of the T

helper cell T
H
2 cytokine locus on chromo-

some 11. They suggested that interchro-

mosomal associations might also be seen

in other systems where gene expression is

monoallelic.

In intermitotic cells, much of the chroma-

tin is decondensed into a three-dimensional

chromosomal territory within a highly or-

ganized nuclear architecture (20). There is

1Medical Service, Department of Veterans Affairs, Palo Alto
Health Care System, and Department of Medicine, Stanford

University, Palo Alto, CA 94304, USA. 2Departments of
Pathology and Pediatrics, Stanford University, Stanford, CA
94305, USA.

*To whom correspondence should be addressed. E-mail:
arhoffman@stanford.edu

Fig. 1. Associated chromosome trap (ACT) assay searching for DNA segments interacting with Igf2/

H19 ICR in mouse bone marrow fibroblast cell line, BMM3-4. (A). Nested polymerase chain reaction
(PCR) products were run on 5% polyacrylamide electrophoresis gels and analyzed with a
PhosphoImager. Three bands appear on the gel after the nested PCR reaction; one is an amplified
fragment between ICR and DMR1; the other two bands are IAS1 and IAS2. (B) IAS1 and IAS2
sequences (linker sequence not included). Upper case letters, DNA fragment between Bgl II (agatct)
and Msp I (CCGG) sites ligated with ICR; lower case, ICR partial sequence.
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evidence that each chromosome occupies a

distinct territory, and three-dimensional maps

have been proposed that delineate precise

neighborhoods for each chromosome. Re-

pressed genes may be localized to loops that

are positioned within silent compartments

inside or outside of the chromosome territo-

ry. Actively transcribed genes may reside on

loops that extend from the chromosomal

territory into interchromatin compartments,

where they may share transcriptional ma-

chinery with other nearby genes or, poten-

tially, with active genes that are located on

nearby chromosomes.

Although it is likely that these two genes

on chromosomes 7 and 11 physically interact

with and regulate each other_s expression

with CTCF as a necessary intermediary, it is

also possible that these DNA regions are

present on loops that occupy the same tran-

scription factory and that they are in close

juxtaposition, but do not directly interfere

with or enhance each others_ transcriptional

activity (21–23). Transcription factories in

which numerous preassembled transcription

complexes are concentrated are presumed

to exist in the nucleus. As there are fewer

factories than transcribed genes in each

cell, several genes probably share common

factories (21, 24). Transcriptionally active

genes are recruited into these factories and

then may leave when transcription ceases.

Osborne et al. (21) have recently demon-

strated that genes over 40 megabases (Mb)

of mouse chromosome 7 can interact in cis

in these factories, and they postulate that

chromatin loops from nearby chromosomes

could also occupy the same transcription

factory. In our experiments, the absence of

CTCF abrogated the association of the in-

terchromosomal regions and decreased Nf1

and Wsb1 mRNA abundance, suggesting

that the chromosome 11 loop may only be

recruited to the factory when bound to

CTCF. The absence of the maternal ICR on

chromosome 7 also abolished the confor-

mational propinquity of these two chromo-

somal loops, suggesting that the mutated

maternal allele of Igf2/H19 may no longer

be present in the factory. The two regions

may also interact in a more direct way, per-

haps by binding to dimerized CTCF (25) or

to another common factor and stabilizing

each others_ presence in the factory; in the

absence of this factor or the ability to bind

this factor, the presence of one or both

chromosome loops within the factory may

be compromised.

The decrease of paternal Nf1 and Wsb1

expression in the cells in which CTCF was

knocked down indicates that the colocaliza-

tion and/or the lack of CTCF regulates

paternal expression of these genes. In cells

in which the maternal ICR has been deleted,

expression of Nf1 and Wsb1 are increased. It

is possible that the amount of CTCF at the

transcription factory is limiting, and maternal

chromosome 7 ICR and paternal IAS1 on

chromosome 11 actively compete for CTCF.

In the absence of the maternal ICR, there

Fig. 2. ChIP assay with mouse CTCF-specific antibody in BMM3-4, FSKN2, and
SF1-G cells. (A) ChIP PCR results. Boxes in broken lines represent IAS1 regions
identified by CTCF-specific antibody in ChIP. ICR of Igf2/H19; IAS1 on
chromosome 11; IAS2 on chromosome 6; marker, 100–base pair DNA marker;
one primer pair, 2930/2941 (see table S1 for primer sequences) encom-

passing Igf2 promoter 2 region (Pr2) was used in ChIP PCR as a negative
control. (B) Allele-specific binding of ICR (left) and IAS1 (right) with CTCF. PCR
products were subjected to digestion by allele-specific restriction enzymes
BsmA I for ICR and Mse I for IAS1. Only maternal ICR and paternal IAS1
showed specific binding. Genomic DNA served as a control.

Fig. 3. FISH results in
BMM3-4, FSKN2, SF1-G,
BMshRNA4-4, and ICR-
deleted cells. H19-BAC1
probe is labeled by Spec-
trum Red deoxyuridine
triphosphate (dUTP);
RP23-256H2 probe is
labeled by Spectrum
Green dUTP. Fifty ran-
dom nuclei from each
cell line were counted on
each of three slides for
each cell line to deter-
mine the colocalization
percentage of the two
alleles. Colocalization is
defined as overlapping
or touching of the two
signals; any separation
of the signals (i.e., any
intervening pixels) is de-
fined as nonoverlapping.
The degree of colocaliza-
tion (average of three
slides) of the two loci is
BMM3-4 cells (15 out of
50; 30%), FSKN2 cells
(16 out of 50; 32%),
SF1-G cells (21 out of
50; 42%), BMshRNA4-4
cells (0 out of 50; 0%),
paternal ICR-deleted
(þ/D) cells (8 out of 50; 16%), and maternal ICR-deleted (D/þ) cells (0 out of 50; 0%).
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might be more CTCF available to IAS1,

which would lead to increased gene tran-

scription. Because there is strict parental

allele specificity for CTCF binding (paternal

chromosome 11 and maternal chromosome

7), it is tempting to implicate this interchro-

mosome association in the imprinting pro-

cess. There was loss of Igf2 imprinting in

cell lines in which CTCF was knocked down

and in which the maternal ICR was deleted

(figs. S8 and S10).

Our data suggest that CTCF acts as an

organizer of higher-order chromatin structure,

directing DNA segments into transcription

factories and/or facilitating interactions with

other DNA segments. In this way, CTCF may

enable epistasis in addition to its other im-

portant roles of regulating transcription and

serving an insulator function. Absence of

CTCF resulted in the disassociation of the

Wsb1/Nf1 locus from the Igf2/H19 locus,

which altered gene expression.

The association between the Igf 2/H19

locus on chromosome 7 and the Wsb1/Nf1

locus on chromosome 11 provides an ideal

model to study the relation between spatial

genome organization and gene expression.

The ACT assay can discover new interchro-

mosomal associations or confirm the exis-

tence of previously suspected ones. The

close association of different chromosomes

could provide a model to elucidate RNA

trans-splicing leading to interchromosomal

mRNA fusion (26, 27). Interchromosomal

associations, such as those discovered in T
H

cells (19), demonstrate the complexity and

sophistication of remote regulation of gene

expression and indicate the need to study

gene expression in the context of whole-

nucleus architecture. By so doing, we can

enhance our understanding of gene regula-

tion and interchromosomal DNA recom-

bination in normal physiology and diseases

caused by translocation and transposition

(28, 29).
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Fig. 4. Decreased expression of Nf1 and Wsb1 paternal alleles in CTCF
knocked-down BMshRNA4-4 cells. (A) CTCF expression by PCR analysis in
BMM3-4, BMpSM2c, and BMshRNA4-4 cell lines. BMM3-4 has no vector;
BMpSM2c cells: BMM3-4 cells in which an empty pSM2c vector is trans-
ferred to serve as a control; BMshRNA4-4 cells: BMM3-4 cells in which a
pSMshRNA4-4 vector that expressed CTCF shRNA is transferred to knock-
down CTCF expression. (B) Quantitative PCR results show mouse CTCF

mRNA abundance was inhibited by 89% in BMshRNA4-4 cells. (C) West-
ern blot analysis of BMM3-4 and BMshRNA4-4 using mouse CTCF mono-
clonal antibody. No CTCF protein could be detected in BMshRNA4-4 cells.
(D and E) Allele-specific PCR of Nf1 and Wsb1 in BMM3-4 and BMshRNA4-
4 cells. (F) Gapdh expression by PCR (as a control). (G) Allele-specific
quantitative PCR. Abundance of Nf1 and Wsb1 in BMM3-4 and BMshRNA4-
4 cells (n 0 6).
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Protein dynamics plays an important role in protein function. Many functionally important
motions occur on the microsecond and low millisecond time scale and can be characterized by
nuclear magnetic resonance relaxation experiments. We describe the different states of a peptidyl
carrier protein (PCP) that play a crucial role in its function as a peptide shuttle in the
nonribosomal peptide synthetases of the tyrocidine A system. Both apo-PCP (without the bound
4¶-phosphopantetheine cofactor) and holo-PCP exist in two different stable conformations. We show
that one of the apo conformations and one of the holo conformations are identical, whereas the
two remaining conformations are only detectable by nuclear magnetic resonance spectroscopy in
either the apo or holo form. We further demonstrate that this conformational diversity is an
essential prerequisite for the directed movement of the 4¶-PP cofactor and its interaction with
externally acting proteins such as thioesterases and 4¶-PP transferase.

A
vast number of small and structurally

diverse bioactive peptides with broad

therapeutic potential is produced by the

modular megaenzyme super family of nonribo-

somal peptide synthetases (NRPSs) (1–4). These

complex peptides are synthesized by multiple-

step mechanisms that require amino acyl ade-

nylation of the building blocks followed by

thioesterification on distinctive cysteamine thiol

groups of intrinsic 4¶-phosphopantetheine (4¶-PP)

cofactors (1, 4). The cofactors are attached to

the side chain of conserved serine residues of

small internal peptidyl carrier proteins (PCPs)

(5). PCPs shuttle intermediates between individ-

ual NRPS modules during the assembly line

peptide synthesis. The N termini of the PCP

domains are fused to acyl-adenylate–forming

domains (A-domains) of the NRPS modules.

These A-domains are responsible for the se-

lection and activation of the specific amino acid

constituents of the final peptide products.

Peptide-bond–forming condensing domains

(C-domains) are attached to the C termini of the

PCPs (1). The transfer of peptide intermediates

between A- and C-domains by PCPs therefore

requires large movements of the 4¶-PP cofactor

that have been described by a Bswinging arm[

model (6). However, the mobility has not been

characterized at a molecular level.

Detailed analysis of E15N, 1H^-TROSY

(transverse relaxation optimized spectroscopy)

spectra of the apo-PCP domain of the third

module of tyrocidine A synthetase (TycC3-

PCP) indicated that several backbone reso-

nances show two distinct chemical shifts,

suggesting the existence of two different and

slowly exchanging conformations. These res-

idues are mainly clustered in two regions (fig.

S1), one comprising the N terminus of helix

aII and the adjacent loop (H44 to A53),

including the active site residue S45, and the

second one spanning residue R57 to T73,

including most residues between helices aII

and aIV.

Upon conversion to the holo form by

modification with the 4¶-PP cofactor, the

pattern of peak doubling of the TycC3-PCP

domain changes (figs. S1 and S2), suggesting

that the holo form also exists in two con-

formations, of which at least one is different

from the conformations found for the apo

form (fig. S3). Detailed comparison of all four

structures indicated that one conformation of

the holo state and one conformation of the apo

state are—with the exception of the attach-

ment of the cofactor—virtually identical. In

contrast, the two remaining states (the A state

for the apo form and the H state for the holo

form) are distinct from each other and from

the structurally identical common state (A/H

form). A-state PCP generally shows the most

flexible and extended three-dimensional (3D)

structure having very large loop regions (Fig.

1). Helix aIII does not exist; instead, the

amino acid sequence forms a large loop (loop

III). Helix aI (V15 to A20) is shorter as

compared with the A/H state and is reduced to

only 1.5 turns. The helices aII (M49 to A53)

and aIV (A76 to Y80) are reduced to only two

a-helical turns, and helix aII shows a kink at

position Q54. Loop III thus becomes stretched

and embedded in the core of the protein

between helices aII and aIV. Interestingly, a

2-ns molecular dynamics simulation (7, 8)

suggests that this fixation of loop III allows

the formation of an H-bond between the

carbonyl of S45 and the side chain of R47.

The equivalent simulation of the A/H-state

PCP showed that this H-bond is eliminated in

favor of a new one between S45-OH and the

side chain of H44. The active site residue S45,

therefore, seems to play a crucial role for the

observed conformational diversity of apo-

TycC3-PCP. Accordingly, mutating the active

site serine to alanine is sufficient to abolish

any structural heterogeneity in apo-TycC3-

PCP, and the protein represents a completely

Bfrozen[ A state (fig. S1).

The orientation of the helices in the A/H

state is similar to the orientation in the A state

of apo-TycC3-PCP (Fig. 1). However, the

helices in the A/H state are longer and more

stable. Helix aI is extended from A14 to V26,

helix aII from K47 to Q54, and helix aIV

from I74 to Y80. The loop III now forms a

very short one-turn helix aIII (L65 to A70)

that is located outside of the globular protein

core. This relocation of the loop III area is one

of the most striking differences compared

with the A state.
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Fig. 1. Ribbon diagrams of the average NMR
solution structures of the TycC3-PCP conformers
in the A, A/H, and H states.
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The major difference between the holo-

TycC3-PCP–specific H state and the A/H state

is that the single-turn helix aIII unravels and

becomes extended. As a consequence, the ori-

entation of helix aIV is moved parallel to helix

aI by approximately 3 ) (Fig. 1). The transition

of loop III induces a relocation of helix aII and

the region connecting helices aI and aII con-

taining the active site residue S45 with the at-

tached 4¶-PP cofactor.

Analysis of the different conformations

suggests that the transition between the H

and A/H states of holo-TycC3-PCP results in

a large movement of the 4¶-PP cofactor. To

define these potential different states of the

cofactor, we identified the chemical shifts of

its two amide protons and nitrogens, NBR and

NBQ. The NBQ amide proximal to the thiol-

group was detected as a well-resolved double

peak, whereas the distal amide NBR showed

a single very broad signal. The observed

double-peak formation indicates that the 4¶-PP

cofactor adopts two clearly distinct positions

in holo-TycC3-PCP. In agreement with this

model, a 3D 15N-edited NOESY (three-

dimensional 15N-edited nuclear Overhauser

effect spectroscopy) spectrum of completely
15N-labeled holo-TycC3-PCP, including the

cofactor, revealed distinct NOE pattern for

the two signals of the NBQ amide exhibiting

either NOEs to the amino acids L68, F69, and

probably also L65, or to V26 and probably

E24 (fig. S3). Modeling of holo-TycC3-PCP

combined with the analysis of these NOE

patterns revealed that in the A/H state the

cofactor is located close to the N terminus of

the PCP, whereas in the H state it is located

in the vicinity of the C-terminal end (Fig. 2).

This result indicates a large movement of the

4¶-PP cofactor by È100-, resulting in an È16 )

relocation of the thiol group.

To investigate the importance of these dif-

ferent conformations for the biological func-

tion of the PCP domain, we analyzed its

interaction by NMR titration assays (9) with

two cognate binding partners, the 4¶-PP

transferase Sfp (10–12) that is responsible

for loading the cofactor onto PCPs and the

type II thioesterase enzyme (13) that is

responsible for the regeneration of misprimed

PCP domains. 15N-labeled TycC3-PCP was

stepwise titrated with the unlabeled proteins

up to a final ratio of 1:2 (Fig. 3). As expected,

the 4¶-PP transferase Sfp does not interact with

holo-TycC3-PCP. A titration with apo-TycC3-

PCP in the presence of CoA/Mg2þ immedi-

ately resulted in conversion into holo-TycC3-

PCP, and thus no interaction could be

monitored. The titration of apo-TycC3-PCP

in the absence of CoA/Mg2þ revealed a weak

interaction primarily, with few residues sur-

rounding the active site residue S45. To pre-

vent the rapid conversion to holo-PCP by

Sfp in the presence of CoA, we analyzed the

interaction with the active site mutant TycC3-

PCP
S45A

(14). Again only a weak interaction

was monitored in the absence of CoA. In

contrast, a strong interaction with Sfp is

visible in the presence of CoA/Mg2þ. The

interaction site includes residues 30 to 55 of

helix aII and the 4¶-PP recognition site within

the loop between helix aI and aII. Only the A-

state conformer is detectable with the mutant

TycC3-PCP
S45A

, showing that Sfp specifical-

ly recognizes the A state. Guided by these

titration experiments as well as mutational

analysis of the Sfp–PCP interaction (15), we

built a model of the complex (16, 17), starting

with the crystal structure of Sfp (11) and our

NMR structure of the A state of TycC3-PCP

(Fig. 4). A-state PCP fits perfectly on top of

CoA, which is located in a large groove in the

surface of Sfp where the essential Mg2þ ion

coordinates the pyrophosphate of CoA. The

interface of the complex is composed of helix

aII, including the loop to helix aI of A-state

PCP and parts of helices aH2 and aH6, the b

strands B4 and B6, and the loop region

between aH6 and aH7 of Sfp (12). The re-

active hydroxyl group of S45 in A-state PCP

is brought into very close contact with the

pyrophosphate group of CoA, putatively

enabling an efficient hydrolysis and 4¶-PP

transfer. This model also explains the selec-

tive interaction of the A state with Sfp. The

reduction of helix aII to two turns extends the

loop between helices aI and aII containing the

active site residue S45, and thus makes this

region more accessible for an interaction with

Sfp than the more compact H and A/H con-

formers. Another major difference between

the A and the A/H state is the conformation

of the helix/loop III region. Modeling of the

A/H-state PCP in complex with Sfp and CoA

suggests that the formation of helix aIII in the

A/H state leads to a steric hindrance of this

interaction. This steric clash is removed by the

unfolding of helix aIII and its embedding be-

tween helices aII and aIV.

In contrast to Sfp, only a weak interaction

is observable between the thioesterase SrfTEII

and apo-TycC3-PCP. Based on the number

and magnitude of the observed chemical

shifts, the interaction is considerably enhanced

with holo-TycC3-PCP and involves mainly

the active site motif and the complete loop III

region. Even bigger chemical shift differences

are observed with the misprimed acetyl-holo-

TycC3-PCP derivative, indicating that the

acetyl moiety plays a major role in the rec-

ognition mechanism. For this titration, we

used the active site mutant SrfTEII
S86A

con-

taining a defective catalytic triad (15) to

prevent the rapid hydrolysis of the acetyl

residue. The interaction of SrfTEII
S86A

with

Fig. 2. Directed repo-
sitioning of the 4¶-PP
cofactor on the surface
of holo-TycC3-PCP. (A)
A/H state of holo-TycC3-
PCP with the 4¶-PP co-
factor located close to
residue V26 in the vi-
cinity of the N-terminal
end. (B) H state of holo-
TycC3-PCP showing the
4¶-PP cofactor located in
the vicinity of residue F69
and L68. (C) Rotation of
the proteins shown in (A)
and (B) by 90- and com-
parison of the two differ-
ent locations of the 4¶-PP
cofactor. The degree of
movement of the 4¶-PP
arm is indicated, and
identified residues with
contacts to the 4¶-PP co-
factor are shown. (D) Pro-
posed model of the dual
two-state equilibrium.
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holo-TycC3-PCP was identical to that of wild-

type SrfTEII with holo-TycC3-PCP, suggest-

ing that the point mutation did not affect the

complex formation. Specific H-state selection

by SrfTEII is evident from (i) almost no

interaction with apo-TycC3-PCP that also

forms the A/H state, (ii) gradually reduced

A/H-state–specific signals in TROSY-HSQC

spectra with increased SrfTEII concentrations,

and (iii) line-shape analysis (18) of double

peaks from selected residues that clearly

demonstrate the shift of the preformed con-

former equilibrium toward the H state upon

titration with SrfTEII (fig. S4). Key recogni-

tion elements for the interaction of the H state

with the SrfTEII are the loop III region, the

loop containing the active site S45, and the

N-terminal part of helix II. In the H state, these

key recognition elements form a contiguous

interaction surface, whereas in the A/H state

the affected amino acid residues are distributed

over a larger area and disrupted by regions

not involved in complex formation (fig. S6).

Again, the conformational exchange of the

helix/loop III region plays a major role in

creating this contiguous interaction surface.

Although this region forms a short helix in the

A/H state that is removed from the center of

the protein, in the H state it forms a loop that is

located in close proximity to the N terminus of

helix aII and to the active site loop.

The two conformational equilibria of the

apo- and the holo form that overlap in the A/H

state as a common conformer constitute a new

type of regulation of a protein_s function by

extending the Bpre-existing equilibrium[ hy-

pothesis (19, 20). In our Bdouble two-state

equilibrium[ model, the A and the H states

represent the active conformations that are

specifically recognized by the interaction

partners Sfp and SrfTEII, respectively (Fig.

3). Binding of the 4¶-PP cofactor transforms

the A-state equilibrium into the H-state equi-

librium, altering, in particular, the confor-

mation of the helix/loop III region that is not

directly linked to the cofactor attachment site.

The conformational change of this region is

essential for the recognition by SrfTEII. This

mechanism could therefore be interpreted as

an allosteric regulation (20), although the

4¶-PP cofactor itself might additionally play

a role in the recognition by SrfTEII. The

TycC3-PCP double two-state equilibrium,

therefore, combines the pre-existing equilibri-

um model that describes the equilibria within

the individual apo and holo forms with the

Ballosteric regulation[ model that explains the

switch between the forms.

The studies described in this paper have

focused on binding partners that interact in

trans with the PCP domain. Holo-PCP also

interacts with adjacent enzymatic domains of

the NRPS systems that are involved in peptide

product formation, such as the amino acid

adenylation and condensation domains. For

the interaction with these in cis-interacting

components, the location of the 4¶-PP cofactor

on the PCP surface is important. The assembly-

line mechanism proposed for the function of

the NRPS systems requires the directed move-

ment of this cofactor to transport the substrate

between the A- and C-domains. Our results

indicate that the 4¶-PP cofactor is indeed

located in two distinct positions, in proximity

either to the N-terminal end of holo-TycC3-

PCP in the A/H state or to the C-terminal end

in the H state. It is tempting to speculate that

the structural rearrangements in the two holo-

TycC3-PCP forms modulate specific interac-

tions with the A- and C-domains. In contrast to

the integrated PCP domains, type II ACPs in

prokaryotic and eukaryotic cells are isolated

small acidic proteins (21, 22). NMR in-

vestigations of an acyl carrier protein (ACP)

from Mycobacterium tuberculosis did not re-

veal a defined position of the 4¶-PP cofactor

(21), although internal dynamics has been

discussed for other ACP domains (23, 24). A

non-ordered solvent exposed state of the co-

factor is, however, reasonable for the efficient

loading with acyl intermediates by enzymes

Fig. 4. Model of the A-state TycC3-PCP/Sfp complex. The Sfp protein is shown in yellow, TycC3-PCP
in blue, and CoA in red. The arrow indicates the position of the reactive thiol group of CoA. (A)
Proposed position of CoA in Sfp based on the electron density of the adenyl phosphorus in the Sfp
crystal structure (11) and calculations with the program auto-Dock 3 (27). (B) Space-filling model
of the Sfp/A-state TycC3-PCP complex.

Fig. 3. Specific interaction of TycC3-PCP conformers with binding partners. Interaction surfaces of the A
state of apo-PCP are shown on the left (I), and interaction surfaces of the H-state holo-PCP are shown on
the right (II). Residues that show chemical-shift differences in titration experiments are colored, with red
representing the largest chemical-shift differences. (IA) interaction between A-state apo-PCP

S45A
with Sfp;

(IB) interaction of apo-PCPS45A with Sfp activated with CoA and Mg2þ; (IIA) interaction of H-state
acetyl-holo-PCP with SrfTEIIS86A; (IIB) interaction of H-state holo-PCP with SrfTEIIS86A.
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of the fatty acid synthetase complex that act

in trans.

Very recently, the crystal structures of the

mammalian and fungal fatty acid synthetases

were published that contain cis-acting ACP

domains (25, 26). In both crystal structures,

the ACP domains are not visible, most likely

due to their inherent dynamics. These struc-

tures, however, also show that, in addition to

the conformational flexibility (23) the entire

ACP domain has to move to bridge the dis-

tance between the individual active sites. In

contrast to the fatty acid synthase (FAS) sys-

tem, where one ACP domain has to shuttle

the substrates between multiple and distantly

located catalytic centers, the PCP domains of

NRPS systems transfer the substrate between

an A-domain and the two neighboring C-

domains, thus potentially making the intra-

domain dynamics sufficient for substrate

shuttling. For a detailed understanding of the

molecular mechanism of the FAS, polyketide

synthase, and NRPS systems, the characteriza-

tion of the intradomain and interdomain

dynamics of the PCP and ACP domains will

be crucial.
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Conservation of RET Regulatory
Function from Human to Zebrafish
Without Sequence Similarity
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Evolutionary sequence conservation is an accepted criterion to identify noncoding regulatory
sequences. We have used a transposon-based transgenic assay in zebrafish to evaluate noncoding
sequences at the zebrafish ret locus, conserved among teleosts, and at the human RET locus,
conserved among mammals. Most teleost sequences directed ret-specific reporter gene expression,
with many displaying overlapping regulatory control. The majority of human RET noncoding
sequences also directed ret-specific expression in zebrafish. Thus, vast amounts of functional
sequence information may exist that would not be detected by sequence similarity approaches.

A
current hypothesis is that sequences

conserved over greater evolutionary dis-

tances are more likely to be functional

than those conserved over lesser distances (1).

Many recent publications have focused attention

on the regulatory potential of Bultra-conserved[

noncoding sequences, conserved across great

evolutionary distances, e.g., human to fugu (2–9)

EQ300 million years, or average 74% protein

identity (10)^. These are frequently enhancers

associated with developmental genes, consistent

with strong selective pressure to preserve critical

mechanisms. Analyses of identified sequences

have generally fallen into two categories: analy-

ses confined to mammals, with functional ver-

ification done in mice, or analyses including

mammalian and teleost sequences, focusing on

highly conserved sequences alignable at the ex-

tremes. However, simply because an expression

pattern is preserved through evolution, it does

not necessarily follow that the cis-regulatory

elements controlling that expression in one

species will function in a second.

We have explicitly tested two hypotheses:

First, using selective pressure as a guide

across moderate evolutionary distances, we

can identify the majority of enhancers control-

ling expression at a particular locus by func-

tional testing in a comprehensive, unbiased

manner, and second, regulatory function of

noncoding sequences will be conserved over

evolutionary distances beyond the limit of

overt sequence conservation.

We have focused on the regulatory control

of the gene encoding the RET receptor tyrosine

kinase. RET is expressed in neural crest, uro-

genital precursors, adrenal medulla, and thyroid

during embryogenesis, and in specific central

and peripheral neurons and endocrine cells

during development and postnatally (11). Al-

though RET expression is highly conserved

across evolution (12–15), only the exons en-

coding the tyrosine kinase domain are overtly

conserved EQ70%, Q100 base pairs (bp)^ from

humans to zebrafish (16–18). We first compared

the genomic sequence of a È200–kilobase (kb)

segment encompassing the zebrafish ret gene

with the orthologous interval in fugu (Fig. 1),

using AVID/VISTA (19, 20). We generated 10

ZCS (zebrafish conserved sequence) amplicons,

corresponding to 14 discrete noncoding sequences

(table S1).

We also used these criteria to identify

conserved noncoding human sequences, com-

paring a È200-kb segment encompassing

human RET with the orthologous genomic

intervals in 12 nonhuman vertebrates (16).

We selected sequences shared among human

and at least three nonprimate mammals (21).

In total 13 HCS (human conserved sequence)

amplicons, encompassing 28 discrete con-

served sequences (table S2) were generated

for analysis.
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Although zebrafish transgenesis has been

used to evaluate the regulatory potential of

conserved noncoding sequences (2, 7, 22), its

efficacy is compromised by mosaicism in

injected (G
0
) embryos. We developed a

reporter vector based on the Tol2 transposon;

reporter expression in G
0
embryos, driven

from the ubiquitous ef1a promoter, was ex-

tensive and was dependent on transposase

RNA (23).

All but one ZCS amplicon drove reporter

expression consistent with endogenous ret

expression (Table 1). As in the mouse,

zebrafish ret is expressed in sensory neurons

of the cranial ganglia, motor neurons in the

ventral hindbrain, cells of the hypothalamus

and pituitary primordia, sensory and motor

neurons in the spinal cord, and primary

sensory neurons in the olfactory pit (13, 14).

We discovered elements driving expression

consistent with all of these cell populations

(Table 1), including small groups of cells,

e.g., olfactory neurons (Fig. 2A) and lateral

line placode ganglion (Fig. 3, A and B). Al-

though ret is also expressed in amacrine and

horizontal cell layers of the retina, we did not

detect expression in the retina of G
0
embryos

with any of the tested elements.

We found significant redundancy in the

control of ret expression in the pronephric

duct (Table 1; Fig. 2, C and D). Five elements

drove expression in the intermediate meso-

derm or pronephric duct; one was responsible

for transient early expression (Fig. 2C), one

for expression in the distal duct after 3 days

(Fig. 2D), and three apparently redundantly

control expression in the intervening period.

Although three amplicons lie within a 5-kb

region upstream of ret, they function indepen-

dently in our assay. Similarly all but two ZCS

amplicons drove expression in one or more

cell populations of the central nervous system

(Table 1), wherein ret is also dynamically

expressed.

Surprisingly, 11 out of 13 HCS ampli-

cons drove expression in cell populations

consistent with zebrafish ret (Table 1).

These included cells not present in mam-

mals, such as the afferent neurons of the

lateral line ganglia. We also observed multi-

ple sequences driving expression in the ex-

cretory system, despite its developmental

and anatomical differences between fish and

mammals (Fig. 2G). Two sequences con-

tained within a genomic interval deleted from

the rodent lineage also functioned in zebra-

fish, in one case driving expression in the

pituitary (Figs. 2E, 3E). Several pairs of

elements drove similar expression patterns,

despite lack of detectable sequence conser-

vation (Table 1). To rule out the possibility

that nonconserved sequences could fortui-

tously display enhancer activity, we analyzed

expression from vectors containing noncon-

served zebrafish (n 0 5) or human (n 0 3)

genomic DNA, from the RET intervals

(tables S1 and S2). None of these noncon-

served sequences provided reproducible pat-

terns of expression.

Through analysis of G
0
expression, we

identified enhancers active in small cell pop-

ulations such as the cranial ganglia and ol-

factory neurons (Fig. 2), suggesting that

Fig. 1. Comparative sequence analysis of teleost ret loci reveals putatively functional noncoding
sequences. VISTA plot displaying the alignment of the zebrafish ret locus with the orthologous fugu
region. Red peaks represent conserved noncoding sequences; shaded green boxes represent ZCS
amplicons. Boxes bordered by dashed lines denote amplicons containing two or more conserved
sequences. ret exons are denoted by blue peaks. Red peaks boxed and shaded in blue denote 5¶
and 3¶ flanking genes pcbd and galnact2, respectively.

Table 1. Noncoding sequences from zebrafish ret or human RET direct expression consistent with
endogenous ret. The elements are described by their species of origin and distance in kilobases
from the translation start site, and (i.e., ZCS-50, HCSþ16). Abbreviations: CG, cranial ganglia; SC,
spinal cord; PND, pronephric duct; IM, intermediate mesoderm; NTC, notochord; OLF, olfactory
pit/placode; þ, present.

Constructs Brain SC CG ENS NTC OLF Retina Heart IM/PND Fin bud

ZCS-83 þ þ þ þ

ZCS-50 þ þ þ þ þ þ

ZCS-36 þ + + + + + + + þ* +

ZCS-34 þ + + + + + + + þ +

ZCS-31 þ + + + + + + + þ +

ZCS-19.7 þ þ þ þ þ þ

ZCS-14.7 þ þ

ZCS-9.5 þ þ þ

ZCSþ7.6 þ

ZCSþ35.5 þ þ þ þ

HCS-32 þ þ þ þ þ

HCS-30 þ

HCS-23 þ

HCS-12 + þ + + + + + + þ* +

HCS-8.7 þ

HCS-7.4

HCS-5.2 þ + + + + þ + + þ +

HCSþ9.7 + + + þ + + + + þ +

HCSþ16 þ

HCSþ19 þ þ

*Expression before 24 hours.
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mosaicism is not a significant limitation. We

have passed a subset of transgenes through

the germline (Fig. 3, A to C and E to G), to

directly compare expression in G
0
and G

1

embryos. Expression of each transgene was

largely consistent with that observed in G
0

phases (Fig. 3, A and B), although in some

cases we observed additional expression,

particularly in small groups of cells and at

later time points Eretina (Fig. 3G)^. We also

evaluated many G
1
embryos using in situ

hybridization (ISH) to detect gfp transcripts,

which confirmed that green fluorescent pro-

tein (GFP) signal was present in ret positive

cells (Fig. 3, C and D).

While still functioning as tissue-specific

enhancers in zebrafish, some HCSs directed

expression differing in timing or location

from that of the endogenous ret gene. For

example, HCS-32 drives GFP expression in

dorsal spinal cord neurons, apparent between

embryonic day 2 and 3. ISH analyses of G
1

transgenic embryos revealed expression at

earlier stages in the posterior neural plate,

where ret is not normally expressed. Addi-

tionally, two elements, HCS-23 and ZCS-50,

directed expression strongly to the notochord,

again not a site of endogenous ret expression.

One possible reason for these discrepancies is

that we are assaying elements out of context.

Also, physical proximity does not mean that

these elements normally regulate ret expres-

sion. In the case of HCSs, individual tran-

scription factor–binding sites (TFBSs) may

have evolved sufficiently to display different

functions (i.e., binding related proteins, bind-

ing with different affinity), reflected in altered

regulatory activity of the element as a whole.

HCS function in zebrafish may arise from

sequence elements e100 bp that are conserved

but fail to meet our original criteria for iden-

tification. Consequently, we repeated our

sequence analysis with AVID/VISTA, re-

ducing the window size to 30 bp. We also

analyzed the RET orthologous intervals using

the anchored alignment algorithms Multi-

LAGAN and Shuffle-LAGAN (24), the latter

designed to detect alignable sequences in the

presence of inversions and rearrangements.

We also attempted to align each RET HCS

independently, in both orientations, with the

zebrafish ret interval (25). All analyses failed

to detect sequences alignable between human

and zebrafish RET intervals. We further

searched the entire zebrafish genome (26) for

homologies to the examined HCSs. Sixty-five

sequences within these HCSs of Q20 nucleo-

tides in length demonstrated Q70% identity

with nonorthologous, intergenic zebrafish

sequences, within 100 kb of a known or pre-

dicted gene; 41 out of 65 contain conserved

TFBS motifs (table S3). However, we also

aligned the nonconserved HCSs with the

zebrafish genome and found alignments con-

taining TFBSs at a similar frequency, which

suggested that such analyses are not predictive

of regulatory function. We posit that the re-

sponsible functional components in the con-

served elements are single or multiple TFBSs

(4 to 20 bp), beyond the ability of our current

in silico tools to reliably detect. Our data

suggest that restricting in vivo functional

analyses to sequences conserved over great

evolutionary distances (e.g., human to teleost)

detects only a small fraction of functional in-

formation in the genome.

We have developed an efficient method to

evaluate putative enhancer elements, allowing

rapid assessment of in vivo function in a

vertebrate embryo. This method is suitable

for rapid screening of putative enhancers on a

large scale, even where the orthologous zebra-

fish sequence is not available. Our approach

represents a significant advance over previous

methods because of the decreased mosaicism

and improved germline transmission achieved

with Tol2 vectors. The transparent external

development of zebrafish facilitates dynamic

analysis of reporter activity throughout em-

bryogenesis, allowing detection of biological

activity throughout development. This has

allowed us to survey without bias all con-

served sequences at a single, complex locus.

Our data strongly suggest that functional

information is conserved in vertebrate se-

quences at levels below the radar of large-

scale genomic sequence alignment, consistent

with prior anecdotal observations (27, 28).

Two alternative models could be invoked to

Fig. 2. Conserved noncoding sequences at the zebrafish and human ret loci drive reporter
expression in zebrafish embryos consistent with the endogenous gene. Shown are GFP expression
patterns in representative G0 embryos. (A to D) Zebrafish elements drive expression in (A) bilateral
olfactory pits (arrowheads; ZCS-83); (B) hindbrain neuron consistent with nVII facial motor neuron
(arrowhead; ZCS-19.7); (C) pronephric duct before 24 hours (arrowhead; ZCS-34); and (D)
pronephric duct at 3 days (arrowheads; ZCS-7.6). Human elements drive expression in (E), pituitary
(encircled, HCSþ16); (F) dorsal spinal cord neurons (arrowheads, HCS-32; fp, floor plate; nc,
notochord); (G) pronephric duct (solid white arrowheads) and enteric neurons (open arrowhead;
HCSþ9.7); and (H) enteric neurons (open arrowheads, HCSþ9.7).

Fig. 3. Mosaic G0 expression
accurately reflects expression
in G1 fish. (A) ZCS-35.5 G0
embryos display GFP in cells
of the anterior (open arrow-
head) and posterior (solid
white arrowhead) lateral line
placode ganglia. (B) ZCS-
35.5 G1 embryos display
GFP in the anterior (open ar-
rowhead) and posterior (solid
white arrowhead) lateral line
placode ganglia, as in (A).
(C) GFP detected by in situ
hybridization (ISH) in the distal pronephric duct of ZCSþ7.6 G

1
embryo

at 24 hours, consistent with ret expression at the same stage (D). (E and
F) GFP detected by ISH in the pituitary (open arrowhead), trigeminal

nuclei (arrow), and migrating nVII facial motor neurons [arrowhead in (E)
and (F)] of a HCSþ16 G1 embryo. (G) GFP detected by ISH in the retina of
G1 ZCS-19.7 embryo.
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explain our data. First, overall similar expres-

sion of the RET genes could be achieved

through assemblage of analogously acting,

although not orthologous, enhancers. A sec-

ond, more parsimonious, explanation is that

orthologous enhancer elements control expres-

sion of both RET genes, but have evolved

beyond recognition through small changes

in TFBSs, rearrangement of sites within

enhancers, or multiple coevolved changes.

Examination of enhancer evolution in Dro-

sophila species reveals examples of these

types of sequence changes, confounding

traditional sequence alignment approaches

while preserving enhancer function across

species (29–31). Comparison of human and

mouse enhancer sequences suggests that

similar widespread turnover of TFBSs is

observed in vertebrate evolution (28), al-

though there is no corresponding functional

data to confirm that such changes occur while

preserving the function of the enhancers. Our

data cannot distinguish between these two

models; however, it must be the case that

largely the same set of transcription factors

regulate expression of either gene, and the

binding of these is conserved from mammali-

an to teleost enhancer elements, which allows

the HCSs to function in zebrafish. These data

may now significantly alter the manner in

which the biological relevance of vertebrate

noncoding sequences is evaluated.
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Obesity is a heritable trait and a risk factor for many common diseases such as type 2 diabetes,
heart disease, and hypertension. We used a dense whole-genome scan of DNA samples from the
Framingham Heart Study participants to identify a common genetic variant near the INSIG2 gene
associated with obesity. We have replicated the finding in four separate samples composed of
individuals of Western European ancestry, African Americans, and children. The obesity-
predisposing genotype is present in 10% of individuals. Our study suggests that common genetic
polymorphisms are important determinants of obesity.

O
besity is associated with an increased

risk of type 2 diabetes mellitus, heart

disease, metabolic syndrome, hyper-

tension, stroke, and some forms of cancer (1).

It is commonly assessed by calculating an

individual_s body mass index (BMI) Eweight/

(height)2 in kg/m2^ as a surrogate measurement.

Individuals with a BMI Q 25 kg/m2 are clas-

sified as overweight, and those with a BMI Q

30 kg/m2 are considered obese. Having a BMI

over 25 kg/m2 increases the risk of death (2).

Presently, 65% of Americans are overweight

and 30% are obese (3). Genetic factors con-

tribute significantly to the etiology of obesity

(4, 5), with estimates of the heritability of BMI

ranging from 30 to 70% (6–9).

To identify common genetic variants asso-

ciated with elevated BMI, we have studied

individuals from the National Heart, Lung, and

Blood Institute (NHLBI)–Framingham Heart

Study (FHS) (10). The participants were en-

rolled from the community without being se-

lected for a particular trait or disease and were

followed over 24 years (table S1). In this

population, heritability estimates for BMI range

between 37 and 54% (11, 12).

Using families from this sample, we per-

formed a genome-wide association analysis,

using a testing strategy for quantitative traits in
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family-based designs (13, 14). To bypass the

multiple comparisons, we used a two-stage

testing strategy implemented in the software

package PBAT (15, 16). In the screening step,

parental genotypes are used to select single-

nucleotide polymorphisms (SNPs) and genetic

models that best predict offspring phenotypes.

Formally, the screening step estimates the

power to detect an association in the second

step (Fig. 1 and fig. S1). The second step uses

a family-based association test (FBAT) (17) to

test the selected SNPs for association with

BMI levels using measured offspring geno-

types. The FBAT is a generalization of the

transmission disequilibrium test (18) and as-

sesses whether the over- or undertransmission

of an allele is correlated with offspring pheno-

types. Because the allele that is transmitted

from the parent to the offspring is selected

stochastically, the test step is statistically in-

dependent of the screening step, which con-

ditions only on parental genotypes (19, 20).

Thus, the power estimates from the screening

step do not bias the significance level of any

subsequently computed FBAT statistic in the

test step (13, 14, 19, 20). Hence, the FBAT

results need to be adjusted only for the number

of comparisons performed during the test step.

A SNP that reaches significance after adjust-

ment for the number of tests performed in the

test step is considered significant at a genome-

wide level (13). Following the guidelines of

Van Steen et al. (13), we tested the 10 SNPs

with the highest power estimates in the screen-

ing step for association, using the FBAT

(21, 22).

We genotyped 116,204 SNPs in 694 par-

ticipants from the FHS offspring cohort (20).

After exclusions, 86,604 SNPs were tested for

association with BMI. We used FBAT-PC,

which incorporates BMI data across multi-

ple exams and increases our power to detect

a genetic effect (14). Of the top 10 SNPs

tested under a recessive model Ewhich we

determined during the screening procedure

had greatest power (Table 1)^, only SNP

rs7566605 reached overall significance (un-

adjusted FBAT-PC P value, 0.0026). Other

genetic models that did not capture the

underlying biology of the SNP were less

robust. In such cases, rs7566605 was not

ranked in the top 10 for power. The fre-

quency of the rs7566605 C allele is 0.37, and

the SNP is in Hardy-Weinberg equilibrium

(Table 2). We found no association with BMI

for Affymetrix SNPs close to rs7566605 (Fig.

2A and Table 2), This result was expected

because none of these SNPs are good proxies

for rs7566605 at a r2 threshold of 0.8 (Fig.

2B) (23).

Another analysis based on a larger sample of

923 FHS individuals, including those already

tested, indicated that the SNP is a significant

predictor of BMI. For all exams, rs7566605 CC

homozygotes are about 1 BMI unit heavier than

individuals with GC or GG genotypes (P G

0.0001), regardless of sex or age (Fig. 3). CC

homozygotes were also more likely to be obese

than non-obese Efor example, at exam 5, odds

ratio (OR) 0 1.33, 95% confidence interval (CI)

(1.20 to 1.48)^.

Many reported associations with common

gene polymorphisms have not been rep-

licated, presumably because of factors such

as population stratification, inadequate sta-

tistical power, and genotyping errors (24).

Therefore, we sought to confirm the asso-

ciation between BMI and rs7566605 in five

additional unrelated samples of varying eth-

nicity and age.

We examined the association of rs7566605

with obesity in 3996 participants of the KORA

S4 cohort, a population of Western European

Fig. 1. Family-based design for the whole-genome
SNP scan. The same data set was used to both
screen and test SNP-phenotype associations (13).
(A) In the screening step, the difference in off-
spring trait values due to a particular SNP allele is
estimated based on the expected offspring geno-
types, computed assuming Mendelian transmission
of the parental genotypes. This information, along
with the minor allele frequency, is used to com-
pute the power of the FBAT to detect an as-
sociation. (B) In the test step, the top 10–ranked
SNPs are evaluated and the FBAT statistic is ad-
justed for 10 tests. SNPs that are significant after
adjustment are also significant genome-wide. The
screening and test steps use statistically in-
dependent components of the data; hence, the P

values computed at the test step are not biased by
the screening step (20).

Table 1. Screening and testing of SNPs for association with BMI. Genome-wide SNPs (86,604) were
screened using parental genotypes to find those likely to affect offspring BMI. The top 10 SNPs
from the screening step (ranked by power from most likely to least likely) are shown. These SNPs
were tested using offspring genotypes for association with BMI using the FBAT. The rs7566605 SNP
is highlighted in bold.

Ranking

from screen
SNP Chromosome Frequency

Informative

families

P value

FBAT

1 rs3897510 20p12.3 0.36 30 0.2934

2 rs722385 2q32.1 0.16 15 0.1520

3 rs3852352 8p12 0.33 34 0.7970

4 rs7566605 2q14.1 0.37 39 0.0026

5 rs4141822 13q33.3 0.29 27 0.0526

6 rs7149994 14q21.1 0.35 31 0.0695

7 rs1909459 14q21.1 0.39 38 0.2231

8 rs10520154 15q15.1 0.36 38 0.9256

9 rs440383 15q15.1 0.36 38 0.8860

10 rs9296117 6p24.1 0.40 44 0.3652

Table 2. SNPs genotyped in the region of INSIG2 along with their minor allele frequency (MAF).
Results for the FBAT are given for a recessive model without covariate adjustment. SNPs were also
tested for Hardy-Weinberg equilibrium (HWE). The coordinates for INSIG2a are 118,562,280 to
118,583,824 and for INSIG2b are 118,570,224 to 118,582,624. The rs7566605 SNP is highlighted
in bold.

FBAT

(P value)

Physical

position

Distance

from rs7566605

HWE

(P value)
MAF

rs1385923 0.33562 118550089 2166 0.107 0.057

rs10490626 0.07777 118552071 184 0.118 0.087

rs7566605 0.00258 118552255 0 0.197 0.373

rs10490625 0.34606 118575786 23531 0.251 0.063

rs10490624 0.20954 118578722 26467 0.02 0.082
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ancestry in a town near Munich, Germany (table

S2) (25). Genetic determinants of BMI have

been studied in this cohort using candidate

gene–based approaches (26). The mean BMI of

rs7566605 CC homozygotes under a recessive

model was 0.60 kg/m2 higher than for GC and

GG genotypes combined (P 0 0.008). The CC

genotype was also significantly more frequent

in obese individuals EBMI Q 30 kg/m2, OR 0

1.32, 95% CI (1.05 to 1.66), P 0 0.0167^ than

in non-obese individuals, again with a recessive

model. These results confirmed the association

that we found in the original genome scan of

the FHS sample.

We also tested for an association in a case-

control study consisting of self-described white

or Caucasian subjects from Poland and the

United States (1775 cases and 926 controls,

table S3). Cases were drawn from the 90th to

97th percentile of the BMI distribution and

controls were drawn from the 5th to 12th per-

centile, with distributions determined for each

combination of gender, country of origin, and

age by decade. The results for rs7566605

showed no evidence of heterogeneity between

the Polish and U.S. subsamples, so we per-

formed a combined analysis using a Mantel-

Haenzsel procedure, as described (27). The CC

genotype showed a significant association of

the SNP with obesity under a recessive model

EOR 0 1.37, 95% CI (1.05 to 1.78), P 0 0.02^,

with an odds ratio similar to that estimated

from the KORA data.

The SNP was also genotyped in the Nurses

Health Study cohort, using the 2726 control

DNAs from two nested case-control studies

examining diabetes (28) and breast cancer

cases (29) (table S4). The participants are, by

self-report, 995% Caucasian. No significant

association or trend was observed between

rs7566605 and BMI levels. There are fewer

individuals with a high BMI in this sample

as compared to the KORA and FHS samples

(20). The lack of replication thus may re-

flect a different BMI distribution in the Nurses

Health Study or differences in environment

and lifestyle.

The rs7566605 SNP was also typed in 368

Western European parent-child trios in which

either a child or adolescent offspring was obese

(mean BMI percentile 98.4 T 1.93) (30) (table

S5). Analysis using the transmission dis-

equilibrium test (18) revealed an overtransmis-

sion of the C allele to the obese offspring (P 0

0.0017), indicating that rs7566605 is associated

with BMI from an early age.

The finding was also replicated in two

samples from a self-reported African American

population from Maywood, Illinois (table S6).

The samples consisted of 866 individuals from

a family-based sample consisting of nuclear

families and sibships and 402 unrelated indi-

viduals (186 chosen from the top and bottom

quartiles of the BMI distribution, plus the

parents from the family-based sample, whose

Fig. 2. SNPs present on the Affymetrix 100K chip near 2q14.1 Mapping of 100K SNPs in the
chromosomal region from 2q14.1 to 2q14.2 is shown. (A) Known genes in the region of
association. (B) A plot showing the pairwise r2 values indicating the correlation between the SNP
genotypes in our sample over this region prepared in Haploview (23). The rs7566605 SNP is shown
in red. Black squares, r2 0 1; white squares, r2 0 0; squares in shades of gray, 0 G r2 G 1 (the intensity
of the gray is proportional to r2) (for example, r2 between rs7566605 and rs3771935 equals 0.286).

Table 3. Summary of study results and meta-analysis. All values given are for a recessive model. NHS, Nurses Health Study; TDT, transmission
disequilibrium test; PBAT, tools for FBATs.

Study Design
Total

genotyped
Obese Non-obese Test

Total number

of families
P value

FHS Family 694 PBAT 288 0.0030

Maywood Family 866 361 505 PBAT dichotomous 342 0.0090

Maywood Family 866 PBAT quantitative 342 0.0700

Essen children/adolescents Trios 1104 368 – TDT 368 0.0020

Adjustments

KORA Cohort 3996 Linear regression Sex, age 0.0080

NHS Cohort 2726 Linear regression Age –

Obese Non-obese Test OR 95% CI

KORA Cohort 3996 935 3061 Logistic regression 1.32 1.06–1.65 0.0167

NHS Cohort 2726 503 2223 Chi-squared test 0.81 0.58–1.13 –

American/Polish

Caucasian

Case-control 2761 1835 926 Chi-squared test 1.40 1.08–1.78 0.0200

Maywood Case-control 398 216 182 Fischer’s exact test 2.36 – 0.0400

Pooled OR (all) 9881 3445 6426 2-tailed Mantel-

Haenszel

1.22 1.05–1.42 0.0080
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phenotypic information is not used in the

family-based analysis). The samples were

dichotomized into obese (BMI Q 30 kg/m2)

and lean (BMI G 30 kg/m2) individuals. The

CC genotype was associated with obesity under

recessive models in both the family-based (P 0

0.009) and unrelated samples (OR 0 2.36, P 0

0.04 by Fisher_s exact test), adding further

confirmation to our finding.

The rs7566605 CC genotype was associated

with obesity in three different family-based

samples and three studies of unrelated individ-

uals. A meta-analysis of all the case-control

samples showed that the CC genotype was

significantly associated with obesity under a

recessive model, with an OR of 1.22 E95% CI

(1.05 to 1.42), P 0 0.008; Table 3^.

The result from bothWestern Europeans and

African Americans suggests that the risk allele

predates human migration out of Africa. By

comparing chromosomes of individuals with

different ancestry from the HapMap project

(31) in a 750–kilobase (kb) region near INSIG2

(insulin-induced gene 2), it is apparent that

rs7566605 is present on a single haplotype in

the European samples (haplotype 2) and on two

haplotypes in the Yoruba samples (haplotypes 2

and 8) (Fig. 4; the rs7566605 C allele is shown

in red). All of these haplotypes extend to

include the intergenic region near INSIG2 and

the nearby FLJ10996 gene. We also typed the

rs11684454 SNP on European haplotype 2,

located within an intron of FLJ10996. It too

was associated with BMI in KORA samples

(P 0 0.0093) and in Western European parent-

child trio samples (P 0 0.0015), confirming

that the associated region in Europeans extends

at least 70 kb. Nonsynonymous SNPs (rs2229616

and rs17512204) in FLJ10996 were not asso-

ciated with BMI in Western European parent-

child trio samples. We are not aware of any

nonsynonymous SNPs in INSIG2. The region

harboring the causal variant (Fig. 4) may be

narrowed by detailed analysis of African haplo-

types 2 and 8, because they are only similar close

to rs7566605.

rs7566605 is 10 kb upstream of the tran-

scription start site of INSIG2. INSIG2 is an at-

tractive candidate gene for the quantitative trait

locus affecting BMI because its protein product

inhibits the synthesis of fatty acid and choles-

terol (32). For example, in the ZDF ( fa/fa) rat

model, overexpression of insig2 in the liver re-

duces plasma triglyceride levels (33). A model

in which altered insig2 activity leads to obesity

by elevating plasma triglyceride levels with sub-

sequent storage in adipose tissue is certainly

plausible. Indeed, the INSIG2 region has been

implicated as a factor in obesity by linkage

studies in mice (34) and humans (35).

By studying a population not selected for a

particular phenotype (the FHS Cohort), we

hoped to identify common genetic variants af-

fecting BMI levels. The high frequency of the

rs7566605 C allele suggests that it is ancient and

is consistent with the hypothesis that such alleles

have become deleterious only in modern times

(36). Although these variants are likely to carry

low relative risk, their impact on health is

substantial because of their prevalence in the

population.

We expect that other common variants af-

fecting BMI were not detected in our screen

because of either lack of power in the screening

step or insufficient coverage of the genome at

the density provided by the Affymetrix 100K

SNP chip. Taken together, the findings in four of

the five samples from different populations

using two different study designs confirm a

consistent association between the rs7566605

polymorphism and obesity.
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Fig. 4. Linkage disequilibrium around rs7566605 Alignment of the phased
HapMap genotypes (release 16c.1) for 120 chromosomes from Utah residents
of Northern and Western European ancestry (CEU) and 120 chromosomes
from Yoruba in Ibadan, Nigeria (YRI) over a 750-kb region surrounding
rs7566605. A core haplotype block containing rs7566605 was identified using
Haploview (23) and was used to organize the chromosomes from left to
right. The region containing this core haplotype block is highlighted in blue,
and each haplotype with a frequency greater than 1% is designated with a

number at the bottom. Haplotypes shared between the CEU and YRI samples
are circled. The SNP rs7566605 minor allele is present on one major
haplotype in Utah residents (haplotype 2) and on two in Yoruba samples
(haplotypes 2 and 8). Minor alleles are represented with dark grey boxes and
major alleles with light gray boxes, with the exception of the rs7566605
minor allele (shown in red). SNPs not found to be polymorphic in one of the
samples are shaded yellow. SNPs present on the Affymetrix Mapping 100K
set are indicated in black between the CEU and YRI panels.
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The thymus organ supports the development of T cells and is located in the thorax. Here, we report
the existence of a second thymus in the mouse neck, which develops after birth and grows to the
size of a small lymph node. The cervical thymus had a typical medulla-cortex structure, was found
to support T cell development, and could correct T cell deficiency in athymic nude mice upon
transplantation. The identification of a regular second thymus in the mouse may provide
evolutionary links to thymus organogenesis in other vertebrates and suggests a need to reconsider
the effect of thoracic thymectomy on de novo T cell production.

T
he thymus is a primary lymphoid or-

gan supporting the development of self-

tolerant T cells, which are the mainstay of

the cellular immune system Ereviewed in (1–3)^.

In the mouse, thymus anlagen arise as bilateral

structures from the third pharyngeal pouch in

the embryonic foregut Ereviewed in (4–6)^ and

are colonized by hematopoietic progenitors

in midgestation around embryonic day 11.5

(E11.5) (7). The thymus lobes descend ventrally

and caudally to their final destination in the

upper chest in proximity to the heart. Despite

in-depth information about the distinct capacity

of thymus tissue to foster T cell development,

important questions remain about the onset and

duration of thymus function, the putative capac-

ity of nonthymus sites such as skin, gut, or liver

to function as sites of T cell development, and

the immunological consequences of surgical

removal of the thoracic thymus.

In the course of our experiments, we ob-

served several structures with lymphoid charac-

teristics, located superficially or concealed below

cervical muscle strings in the ventral necks of

mice. Because these lymphoid-like organs could

not be unambiguously identified as lymph nodes

(LNs), their in situ positions were documented

for further analyses (Fig. 1, A and K) (8). We

recognized that some of these cervical lymphoid

organs displayed hallmarks of thymus struc-

ture, including a medulla-cortex architecture

(Fig. 1B) marked by cytokeratin expression

(Fig. 1D), CD4
þ

CD8
þ

double-positive (DP)

(Fig. 1, C and E), and CD4
þ

CD8
–

and

CD4
–
CD8

þ

single-positive (SP) thymocytes

with low and high levels of T cell receptor

(TCR)/CD3 expression, respectively (Fig. 1,

C, E, and F). Thoracic thymus tissue is shown

for comparison in Fig. 1, G to J. In contrast,

cervical LN (Fig. 1, K and L) harbored only

mature T cells (Fig. 1, M, O, and P), and

lacked cytokeratinþ epithelium (Fig. 1N). In

agreement with ongoing thymopoiesis, Rag1,

Rag2, TdT, and pTa genes (2) were expressed

in cervical thymuses but not in cervical LNs

(fig. S1). Cervical thymus stroma harbored

normal numbers of regularly distributed

dendritic cells and endothelial cells (fig. S2),

and expression of the transcriptional regula-

tors Foxn1 and Aire also indicated the exis-

tence of a typical thymus microenvironment

(fig. S3).

Although thymus structure and thymocyte

phenotypes were very similar in a comparison of

neck and chest organs, they were not identical.

Cervical thymus lobes harbored ,1.6 � 105

thymocytes compared with ,108 thymocytes in

the thoracic thymus (fig. S4), and thoracic

thymuses were multilobulated, whereas cervical

thymuses appeared as single lobes (Fig. 1 and

fig. S4). The proportion of mature thymocytes

in cervical thymuses was also higher than in

their thoracic counterpart Efig. S4 and support-

ing online material (SOM) text 1^.

Foxn1 is a transcription factor essential

for thymic epithelial differentiation and hence

thymopoiesis (9). To facilitate the rapid identi-

fication of cervical thymuses, we created a

reporter mouse strain (Foxn1::Egfp), in which

an enhanced green fluorescent protein (Egfp)

transgene is driven by Foxn1 regulatory se-

quences. Direct visualization of the position of

cervical and thoracic thymuses was possible by

virtue of thymus tissue–specific in situ fluo-

rescence (Fig. 1Q). Consistent with the localiza-

tion of additional thymuses (Fig. 1, A and R)

and their Foxn1 expression, we observed two

small Egfpþ organs in the neck (Fig. 1Q). In nor-

mal BALB/c mice, we detected cervical thymus-

es in 19 out of 21 analyzed animals (90%) with

one, two, and three ectopic thymuses in 11 out of

19, 7 out of 19, and 1 out of 19 mice, respec-

tively. In the C57BL/6 strain (n 0 21 mice), the

incidence of cervical thymuses was reduced by

about 50% compared with BALB/c mice, sug-

gesting a strain-dependent penetrance of the

phenotype. Cervical thymuses were also de-

tected in the FVB mouse strain (10). A topo-

graphical analysis of cervical thymuses in 10

BALB/c mice (here, incidence 0 100%) indi-

cated that half of the mice had two organs and

the other half presented with a single cervical

thymus (Fig. 1R). Hence, the anatomical posi-

tion and the number of cervical thymuses showed

a degree of variability.

Next, we determined whether cervical thymus-

es could be colonized by T cell progenitors and

support their T cell development. In a first set of

experiments, cervical thymuses from adult

BALB/c Emajor histocompatibility complex

(MHC, termed H-2 in the mouse) haplotype 0

H-2d^ mice were grafted under the kidney

capsules of adult C57BL/6 nude (H-2b) mice

and analyzed after 6 weeks (Fig. 2, A to C).

Cortical and medullary zones were clearly

marked by the presence of DP and SP

thymocytes (Fig. 2C). MHC marker expression

demonstrated hematopoietic colonization from

host progenitors. In contrast to fetal thymus

grafts that can expand to near thorax thymus size

under the kidney capsule, and consistent with the

constant size of adult tissues, cervical thymus

grafts retained their original size (Fig. 2, SOM

text 2, and fig. S5).

A crucial function of the thymus is the

generation of self–MHC-restricted, immunolog-

ically self-tolerant T cells (11). To examine

whether this was also supported in the cervical

thymus, negative and positive thymocyte selec-

tion were compared in cervical and thoracic

thymuses. An endogenous superantigen (mam-

mary tumor virus 6) deletes autoreactive TCR

Vb3þ thymocytes in BALB/c but not in C57BL/6

mice (12). This deletion occurred in thoracic

and cervical thymuses (fig. S4E). Positive se-

lection of MHC class II–restricted DO.11.10

TCR-transgenic (13) CD4þ thymocytes ex-

pressing the transgenic TCR a and b chains

occurred in both thorax and neck thymuses (fig.

S4, G and H). The results indicate that the pro-

cesses of positive selection and clonal deletion

of T cells occurred normally in the cervical

thymus (SOM text 3).

In a second series of transplantation exper-

iments aimed at measuring T cell export from

the grafts, BALB/c nude mice (H-2 Kdþ H-2

Ldþ) (Fig. 2F) were transplanted with cervical

thymuses from BALB/c congenic dm2 mice

lacking H-2 Ld (H-2 Kdþ H-2 Ld–) (Fig. 2E).

H-2 Ld expression was analyzed to track

peripheral blood T cells to the thymus graft

(H-2 Ld–) or nude bone marrow (H-2 Ldþ)

origin. Euthymic BALB/c (Fig. 2D) and dm2

(Fig. 2E) mice had between 30 and 65% CD3þ

T cells per total leukocytes in their blood (Fig.

2H), with CD4 to CD8 ratios of about 4 to 1

(Fig. 2, D and E). In contrast, BALB/c nude

mice had only about 10 to 15% CD3þ T cells
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in their blood (Fig. 2H), and these were mostly

CD8þ (Fig. 2F). Eight weeks after grafting, 7

out of 7 mice showed significant percentages

(mean 0 5%, range 0 1.4 to 12.7%) of thymus-

derived (H-2 Kdþ H-2 Ld–) cells in their blood.

These cells were exclusively CD3þ T cells,

predominantly CD4þ but also CD8þ (Fig. 2G,

blue). In addition, overall numbers of T cells

increased after grafting of the cervical thymus

(Fig. 2H). Cervical thymus grafts were able to

produce T cells bearing diverse TCRs, as

shown by comparing Vb usage among LN T

cells from untransplanted BALB/c and BALB/c

nude with BALB/c nude mice that had been

grafted with a cervical thymus. Analysis for Ld

expression revealed that cervical thymus

grafts promoted diverse Vb usage of thymus

graft-derived as well as host-derived T cells

(Fig. 2I).

To test for the thymus_s capacity to provide

immune-competent peripheral T cells, BALB/c

nude mice were grafted with a cervical thymus,

and 6 weeks later immunized with recombinant

hepatitis B surface antigen particles (HBsAg), a

T-dependent B cell antigen. Three weeks after

immunization, sera of grafted and control mice

were analyzed for the anti-HBsAg immuno-

globulin G1 (IgG1) titers to assess the capacity

of T cells to provide B cell help and to instruct

Ig class switching. Nongrafted BALB/c nude

mice failed to respond. In contrast, 4 out of 6mice

transplanted with a cervical thymus mounted a

substantial IgG1 response against HBsAg (Fig. 2J).

Hence, the cervical thymus could transfer T cell

immune competence to mice lacking an endog-

enous thymus.

In a search for possible origins of the cervical

thymus, a potential cervical thymus anlage was

detected lateral to the parathyroid gland in the

neck of newborn mice. This epithelial structure

displayed morphological hallmarks of thymus

epithelium cells (TECs), such as expression of

keratin 5 (K5), K18, MHC class II, and Foxn1

(Fig. 3). The parathyroid gland, located adjacent

to the thymus anlage, lacked expression of K5

and MHC class II but expressed K18. At high

resolution, the neonatal cervical thymus anlage

showed immature morphological characteristics

similar to embryonic orthotopic thymuses (3).

At E12.5 and E13.5, immature TECs begin to

express MHC class II and coexpress K5 and

K18 in the orthotopic thymus. However, a

medulla-cortex structure, marked by K5 and

K18 expression, was not apparent until E14.5

(fig. S6) (14, 15). In the neonatal cervical thy-

mus, TECs also coexpressed K5 and K18, and

no clear demarcation of cortex and medulla was

apparent (fig. S6), highly reminiscent of the

E12.5 to E13.5 embryonic thymus. By contrast,

the thoracic thymus of newborn mice showed a

much more advanced TEC maturation (Fig. 3).

Failure to detect evidence for TCR rearrange-

ment in the E18.5 neck (fig. S7 and SOM text 4)

supports the late onset of cervical thymopoiesis.

Although at this stage we cannot directly

demonstrate a developmental relationship, our

Fig. 1. Topological, histological, and flow cytometric
properties of lymphoid organs in the mouse neck. Cervical
thymus (A to F), thoracic thymus (G to J), and cervical LN
(K to P) from C57BL/6 mice were analyzed by im-
munohistology [(C), (D), (G), (H), (M), and (N)] for the
presence of CD4þ cells [red in (C), (G), and (M)], CD8þ

cells [green in (C), (G), and (M)], and CD4þCD8þ cells
[yellow in (C) and (G)], or for expression of cytokeratin and the medullary
epithelial marker MTS10 [(D), (H), (N)]. In situ location [(A) and (K)] and May-
Grünwald-Giemsa–stained morphology [(B) and (L)] are shown for cervical
thymus and LN. Flow cytometry for expression of CD4 versus CD8 [(E), (I), and
(O)] and CD3 versus CD4 [(F), (J), and (P)]. Scale bar in (G), 300 mm; applies
to (B) to (D), (G), (H), and (L) to (N). The widths of panels (A) and (K)
correspond to 12 mm. (Q) Thymus-specific in situ fluorescence of two cervical
thymuses (upper part) and the thoracic thymus (lower part) by Foxn1-Egfp
reporter expression. The width of panel (Q) corresponds to 10 mm. (R)
Topology of cervical thymuses in BALB/c mice. The position of 15 cervical

thymus lobes identified in 10 BALB/c mice was plotted onto an anatomical
drawing of the neck. Each symbol represents the position of cervical thymus
lobes in an individual mouse. Symbols used twice indicate two cervical
thymuses in that mouse. Of 10 mice, 5 had one cervical thymus lobe. Of
these, three lobes were on the right (solid circle, open square, and solid
triangle) and two were on the left side (solid diamond and open upside-down
triangle). The other five mice had two thymus lobes in each neck. Of these
five mice, two had two left lobes (open triangles and open diamonds), one
had two right lobes (solid squares), and two had one lobe on each side (open
circles and solid upside-down triangles).
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data do support the possibility that the second

thymus arises postnatally from the anlage found

in the neonatal neck in proximity to the para-

thyroid. It also exhibits a delay inmaturation by at

least 1 week compared with the thoracic thymus.

Based on the criteria we used in our exper-

iments, the cervical thymus appears to faithfully

support thymocyte selection and export T cells

bearing diverse TCRs into peripheral lymphoid

organs, where they have the potential to assist in

T cell–dependent antibody responses. Based

on these criteria, at least, the cervical thymus

appears fully functional in supporting T cell

development. BALB/c and C57BL/6 strains

are highly relevant as immunological models,

but further inbred and also outbred strains

should be comprehensively analyzed in future

work. Our results raise phylogenetic, ontoge-

netic, and immunological questions. Although

cervical thymus tissue has been observed in

several other species, including humans, it is

important to consider whether thymus tissue in

the neck is detected during early development

or later in life. During embryogenesis, cervical

thymus tissue is often the result of an ex-

tension of descending thoracical thymus

reaching into the neck. Accordingly, in human

fetuses, classical literature has reported the

cervical thymus to be quite frequent (16)

Ereviewed in (17)^. However, in humans, the

presence of cervical thymus is considered rare

after birth and has been associated with patho-

logical conditions (17–21). In these cases, it

has been assumed that the thymus fails in its

descent to the final mediastinal location,

giving rise to remnants or accessory nodules

anywhere along the neck. In contrast, because

the cervical thymus occurred regularly in adult

mice, we propose that it does not arise as an

accidental abnormality. Although a his-

tological section of mouse neck resembling

thymic tissue was observed about 40 years ago

(22), it was not known at the time whether this

tissue was functional thymus. Further phylo-

genetic and ontogenetic aspects are discussed

in SOM text 5.

In some regards, it is surprising that the

functional cervical thymus has not been detected

before in the mouse, which is a much-studied

immunological organism.We originally detected

cervical thymuses in normal mice that were used

as controls for tetraparental chimeric mice (23),

constructed from embryonic stem cells deficient

in Tbx1 Ea gene defective in DiGeorge Syndrome

(24, 25)^ (26) together with nude mouse blasto-

cysts, where we searched for defects in thymus

development. As part of the protocol in these

studies, all lymphoid tissues in the neck were

systematically analyzed, allowing us to define the

cervical thymus, whereas it has previously

escaped detection.

The thoracic thymus descends from its origin

in the third pouch into the chest, with the cer-

vical thymus probably taking a lateral route. We

still do not have a complete picture of the

mechanism regulating thymus descent and posi-

tioning; further experiments and comparisons of

neck and chest thymic tissue will be necessary to

address the remaining questions about the timing

and origin of the cervical thymus.

From the immunological point of view, a

regular second thymus in mice raises important

questions about previous studies that have used

thymectomized mice. Thoracic thymectomy has

been a major experimental tool to study the T

Fig. 2. Function of cervical thymus grafts in athymic nude mice. Tissue sections from a cervical
thymus graft located under the host kidney capsule were analyzed for expression of CD4 (A) and
CD8 (B). The overlay (C) indicates the presence of immature DP thymocytes (yellow) in the cortex
and mature SP cells in the medulla. These short-lived thymocytes expressed mostly host-MHC class I.
Scale bar in (A), 200 mm; applies to all panels. (D to G) Peripheral blood leukocytes from BALB/c
mice (D), BALB/c congenic dm2 mice (E), BALB/c nude mice (F), and BALB/c nude mice grafted with
cervical thymus from dm2 donors (G) were analyzed for MHC class I (H-2 Kd and H-2 Ld) expression
[(D) to (G), upper panels]. Lymphoid blood cells were analyzed for CD4 and CD8 expression [(D) to
(G), lower panels]. (H) Percentages of CD3þ among peripheral blood leukocytes (defined as total
MHC class Iþ cells) are shown. (I) CD3þ LN T cells were analyzed for expression of the indicated Vb

genes by flow cytometry. (J) Immunization with a T-dependent antigen (HBsAg). Three weeks after
immunization, mouse sera were tested for the presence of IgG1 antibodies against HBsAg.
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cell system in the absence of de novo production

of naive T cells (27). In cases of residual adapt-

ive immunity after neonatal thymectomy, it has

been assumed that the thymectomy has either

been surgically incomplete or that immu-

nologically competent cells left the thymus

before birth. There are, indeed, paradoxical

results in the wake of experiments involving

thoracic thymectomy. For example, postthymic,

naive-phenotype peripheral T cells are con-

sidered nondividing cells until activated by

antigen. Proliferation-dependent in vivo la-

beling suggested, however, that this T cell

population proliferates, albeit at a reduced rate,

even in mice after thoracic thymectomy (28). In

these, and in other cases, a cervical thymus in

mice may provide an alternative source of

ongoing thymopoiesis, and the ability of the

cervical thymuses to transfer immune compe-

tence to nude mice lacking an endogenous

thymus supports this view. In addition to the

notion that a second thymus in mice may have

confounded experiments based on thoracic

thymectomies, our results provide a different

perspective for the ongoing debate about the

physiological relevance of extrathymic T cell

development (29, 30).
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Fig. 3. A candidate anlage for the second thymus in newborn mice. Thoracic thymus (A to E) and
transversal sections of the neck region (F to N) from newborn BALB/c mice, and from embryonic
day 13.5 (E13.5) (O) were analyzed by immunofluorescence for expression of K5 [(B) and (G)], MHC
class II [(C) and (H)], K18 [(D) and (I)], cytokeratin (L), and Foxn1 (M). Overlays for K5, MHC class II,
and K18 shown in (E) and (J), and for cytokeratin and Foxn1 in (N) and (O). Nuclear staining with
4¶,6¶-diamidino-2-phenylindole (DAPI) reveals tissue structure [(A), (F), and (K)]. Scale bar in (A),
160 mm; applies to all panels.
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real-time polymerase chain reaction (PCR)
appl icat ions.  The realplex combines the
advanced thermal cycling technology of the
Mastercycler ep gradient thermocyclers with
intuitive, multipurpose software and an expert-
ise in optical systems. A modular design allows
the user to choose from two 96-well options—
a fast aluminum gradient block or the high-
speed gradient S. Two optical modules permit
the use of nearly all fluorescent dyes used in
real-time PCR.
Eppendorf For information 800-645-3050

www.eppendorf.com

Thermostable DNA Ligase
High-fidelity gene synthesis is greatly facilitated
by performing ligations with Ampligase Ther-
mostable DNA Ligase. This unique enzyme cat-
alyzes the NAD-dependent ligation of adjacent
3’-hydroxylated and 5’-phosphorylated termini
in duplex DNA at much higher temperatures
than conventional DNA ligases. Its half-life is
48 hours at 65º C and greater than one hour at
95º C. This thermostability permits the high
hybridization stringency and ligation specificity
that are critical for successful gene construction. 
Epicentre Biotechnologies For information

800-284-8474 www.EpiBio.com

Peptide and Protein Analysis
New chips are available for increased sensitivity
and throughput in peptide and protein analysis
through matrix-assisted laser desorption ioniza-
tion-mass spectrometry (MALDI-MS). Function-
alized hydrophobic surfaces on Mass-Spec-Focus
Chips enable large sample volumes to be loaded,
concentrated, and processed in situ, minimizing
sample loss and maximizing signals. Mass-Spec-

Turbo Chips contain up to 1600 pre-spotted
matrix spots, enabling high-throughput analysis
of liquid chromatography fractions and two-
dimensional polyacrylamide gel electrophoresis
gels in biomarker identification. For phosphory-
lation mapping, Mass-Spec-Focus IMAC Chips
offer on-chip purification and concentration of
phosphopeptides. Mass-Spec-Focus Desalting
Chips provide efficient on-chip clean-up and
concentration of peptide samples, such as from
tryptic digests. The highly homogenous matrix
spots on Mass-Spec-Turbo Chips are easily
loaded using automatic sample spotters or
microfraction collectors. Direct application of
sample onto matrix spots streamlines the
MALDI-MS process by reducing handling and
minimizes the chance of sample loss. 
Qiagen For information  800-426-8157 

www.qiagen.com

High Yield In Vitro Transcription
The AmpliScribe T7-Flash Transcription Kit pro-
duces a high yield of RNA from an in vitro tran-
scription reaction in a short reaction time. The
standard 30-min AmpliScribe T7-Flash reaction
produces 160 to 180 μg (8 to 9 mg/ml) of RNA
from 1 mg of DNA template, more RNA than some
transcription kits produce in 2 hours. High yields
of full-length transcripts are readily obtained
from both long and short DNA templates. 
Epicentre Biotechnologies For information

800-284-8474 www.EpiBio.com

Point-of-Use Ultrapure Water
The Simplicity system produces ultrapure water
on demand from pretreated water (distilled,
deionized, or reverse osmosis). Designed for
scientists who require less than five liters of
ultrapure water per day, the system is suitable for
the production of mobile phases for chromato-
graphic separations; preparation of blanks and

standard solutions for spectrophotometry,
spectrosocpy, and other analytical techniques;
and buffer preparations for biochemical exper-
iments.  The Simplicity system’s Type I water pro-
vides an economical alternative for laboratories
currently using bottled water. Because the sys-
tem’s water is produced at the point-of-use, the
water quality is not subject to contamination
from containers or degradation from airborne
contaminants. For sensitive applications such as
high-performance liquid chromatography and
gas chromatography, the system’s built-in, dual-
wavelength ultraviolet lamp reduces organic
contaminants to less than 5 ppb. A range of final
polishers is available to provide bacteria-free,
pyrogen-free, or nuclease-free water. 
Millipore For information 800-MILLIPORE

www.millipore.com

Newly offered instrumentation, apparatus, and laboratory
materials of interest to researchers in all disciplines in academic,
industrial, and government organizations are featured in this
space. Emphasis is given to purpose, chief characteristics, and
availability of products and materials. Endorsement by Science

or AAAS of any products or materials mentioned is not implied.
Additional information may be obtained from the manufacturer
or supplier by visiting www.science.labvelocity.com on the Web,
where you can request that the information be sent to you by
e-mail, fax, mail, or telephone.

TIRF Objective
A new 150×, 1.45 numerical aperture (NA) oil objective offers excellent light transmission
for total internal reflectance fluorescence (TIRF) research microscopy over an unprecedented
range of the spectrum from the ultraviolet (UV) to the infrared (IR). The high-NA Olympus U
Apochromat 150× TIRF objective enables easy TIRF observation using a standard coverglass
and standard immersion oil. The objective offers both high UV transmission down to 330 nm
and a very high numerical aperture, making it possible to perform TIRF microscopy and UV
applications such as uncaging and photo-activation with just one lens. In addition, the
objective offers IR transmission well beyond 1000 nm, making it suited for IR fluorescence
imaging and IR laser applications, and opening up the potential for live-cell microscopy and
future applications in the growing IR microscopy field. 
Olympus For information 800-455-8236 www.olympusamerica.com

www.sciencemag.org/products
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Takara Bio Introduces: 

Takara Bio, in collaboration with Dr. Masayori Inouye, introduces the SPP

System™ (Single Protein Production System). This E. coli-based

system exploits the unique properties of MazF, a bacterial ssRNA and

ACA-specific endoribuclease. Expression of this endoribonuclease along

with an engineered ACA-less target protein results in high-level target

gene synthesis and dramatically reduced background. In addition,

cspA-based cold-temperature expression increases protein solubility

and stability, and easily aggregated proteins can be expressed.

SPP System™ offers:

•  Exceptional Signal to Noise Ratios: Degradation of cellular mRNAs

leads to virtual absence of background protein synthesis.

•  Expression of Difficult Proteins: Easily aggregated proteins can be

successfully expressed.

•  Increased Protein Stability and Solubility: Cold-temperature

expression suppresses protease activity and increases protein

solubility.

•  Excellent for Labeling Applications (i.e. NMR): High-level (up to

90%) target gene expression simplifies structural analysis of proteins.

SPP System
™

Single Protein Production System

Ref: Suzuki, M.; et. al. Molecular Cell, 2005, 18, 253-261.

pCold™ DNA and SPP System™ are trademarks of Takara Bio Inc. and are covered by U.S. patents and pending patents owned

and issued by the University of Medicine and Dentistry of New Jersey, exclusively licensed to Takara Bio Inc.

Protein Purification Technology of His·Tag used in pCold I and pCold II DNA is licensed from Hoffmann-La Roche, Inc., Nutley, NJ

and/or Hoffmann-La Roche Ltd.., Basel, Switzerland and is provided only for the use in research. Information about licenses for

commercial use is available from QIAGEN GmbH, Qiagen Strasse 1, D-40724 Hilden, Germany.

Exceptional

Expression 

Unsurpassed

Purity

GENE EXPRESSION

Synthesis of cspA-

Promoter Expressed

envAB with and without

MazF. E. coli BL21 cells

co-expressing MazF and

pCold™ I (SP-4) envZB

showed good envZB

expression and extremely

low background synthesis

of host proteins, with M9

glucose medium.

�

�

TAKARA BIO INC.
The Biotechnology Company™

USA: Takara Mirus Bio Inc. Phone: 888-251-6618 • www.takaramirusbio.com

Europe: Takara Bio Europe S.A.S. Phone: +33 1 3904 6880 • www.takarabioeurope.com

Korea: Takara Korea Biomedical Inc. Phone: +82 31 739 3300  • www.takara-bio.kr.com

China: Takara Biotechnology (Dalian) Co., Ltd. Phone: +86 411 8764 1681 • www.takara.co.cn

For more information and a list of Takara distributors

worldwide, please visit our website today! www.takara-bio.com

Otsu, Shiga, Japan

Phone: +81 77-543-7247 

Fax: +81 77-543-9254
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A
s scientists delve more deeply into proteomics, they focus

more on studying the natural characteristics and interactions

of proteins. Ikunoshin Kato, president and chief executive

officer at Takara Bio, says the most significant challenge for pro-

teomics today is “an efficient protein expression system, which can

produce large amounts of correctly folded recombinant protein. This

is critical for structural and functional studies.” He adds, “The pro-

tein’s purity is also important, especially for structural analysis.”

Proteins of interest can be screened against thousands of compounds

for biological activity or function to explore their properties.

Protein scientists turn to a number of tools and techniques to ana-

lyze protein-protein interactions. Methods like chromatography and

2-D gel electrophoresis help researchers separate and purify mixtures

of proteins. Techniques like two-hybrid systems, surface plasmon res-

onance (SPR), and mass spectrometry (MS) help uncover interactions

between proteins, thereby leading to a better understanding of how

cells function. Methods like nuclear magnetic resonance (NMR) shed

light on the 3-D structure of proteins and can also be used to study

protein folding and dynamics. In the end, proteomics could reveal

much more about how proteins work, as well as helping biomedical

scientists take advantage of proteins as tools.

Express Yourself

A variety of systems—ranging from bacteria to cell-free systems—

can express recombinant proteins. Different systems provide various

benefits and challenges. For example, Escherichia coli provides

rapid expression but may not produce a functional protein due to

issues surrounding posttranscriptional modification. Proteins from

eukaryotic organisms, on the other hand, are more likely to be func-

tional, because they conserve the processes of transcription, transla-

tion, and posttranscriptional modifications. In comparison to cell-

based systems, cell-free protein expression systems offer several

advantages: easy introduction of labels into proteins, the possibility

to express toxic or apoptotic proteins, and compatibility with stud-

ies that require coexpression of proteins. Protein expression systems

are offered by companies like ATCC, Invitrogen, Promega, Qiagen,

and Takara Bio. 

Takara Bio’s Single Protein Production (SPP) System, for exam-

ple, expresses proteins in bacteria. Kato says that this system was

developed in collaboration with Masayori Inouye, professor in the

Department of Biochemistry at the University of Medicine and

Dentistry of New Jersey. Kato calls this “a novel system for generat-

ing large amounts of soluble and pure protein for structural analysis

studies.” He adds, “The SPP System utilizes the E. coli toxin protein,

MazF, and cold shock technology.” The MazF protein—called an

mRNA interferase—cleaves single stranded RNA at adenosine-cyto-

sine-adenosine (ACA) sequences. In this system, the transcript of

interest, which should not contain any ACA sequences, and MazF are

co-expressed in E. coli. The MazF cleaves most everything but the

transcript of interest. “The result is a high level—up to 90 percent of

the newly synthesized protein—of target protein expression with rel-

atively low cellular protein background,” says Kato. 

In an E. coli system, however, some proteins do not fold properly.

To enhance the proportion of correctly folded proteins, scientists at

Takara Bio again collaborated with Inouye on the pCold DNA

Vectors. Kato calls these “a series of unique protein expression vec-

tors for generating large amounts of soluble and pure protein in 

E. coli. The pCold Vectors provide increased in vivo protein yield,

purity, and solubility of expressed recombinant proteins at lowered

incubation temperature.” He adds, “They can be used in conjunction

with Takara’s Chaperone Plasmid Set to further increase the amount

of correctly folded protein.”

For expression in mammalian

cells, New England Biolabs

offers its RheoSwitch Mammalian

Inducible Expression System.

“The key to this system is that it

is precisely inducible,” says

Chris Taron, head of gene

expression research at New

England Biolabs. “This system

relies on a specific interaction

between an engi-

I N  T H I S  I S S U E :

• Protein expression
• Affinity chromatography
• Protein arrays
• Mass spectrometry
• Surface plasmon 

resonance
• Nuclear magnetic 

resonance
• Bioinformatics
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neered nuclear receptor and a synthetic inducer called RSL1, which

triggers a chain of events that lead to protein expression.” Taron adds

that using a nonnative receptor and synthetic inducer leads to little

cross-talk with native cellular receptors. “The induction is proportion-

al to the amount of RSL1 that you add,” says Taron. “You can fine tune

the level of expression like a rheostat, or like turning up or down the

volume knob on a radio.”

Taron notes, however, that all questions about protein expression

cannot be answered in the same system. So New England Biolabs

offers other systems, such as the K. lactis Expression Kit, which is a

yeast-based expression system. Taron says, “K. lactis was developed

in the food industry in the 1980s as a means of producing proteins at

industrial scale.” The same system can now produce high levels of

proteins for research. 

To keep track of which proteins are being expressed, scientists often

use luciferase as a reporter. Another recent product from New England

Biolabs—the Gaussia Luciferase Assay Kit—provides a new reporter.

Taron says, “Gaussia luciferase behaves fantastically in secretory sys-

tems and is more sensitive than other available luciferases.”

Purifying Proteins

As Kato mentioned, the purity of a protein impacts results. Various

methods are used to enrich or purify a protein of interest. One of the

most powerful of these methods is affinity chromatography, also

called affinity purification, where the protein of interest is purified

based on its specific binding properties to an immobilized ligand.

This process can be performed with products from several companies,

including EMD Biosciences, GE Healthcare, Pierce, and Qiagen.

Brian Johnson, market segment manager at Pierce says, “Affinity

purification can provide 10,000-fold purification in a single step. It

takes advantage of a highly specific interaction between a protein and

a binding partner, such as an antibody.” This process can be used in

many ways, including purifying a specific protein or class of proteins,

such as glycoproteins or cell surface proteins.

Pierce also makes the Pinpoint Cell Surface Protein Isolation Kit.

Johnson says, “This kit labels cell surface proteins with biotin that has

a cleavable spacer arm. It allows you to pull out proteins labeled with

biotin and specifically elute the labeled cell surface proteins.”

Jutta Drees, protein product manager at Qiagen, says, “The addi-

tion of a His tag is the most commonly used method for affinity

purification of recombinant proteins. Since their launch, Qiagen’s Ni-

NTA matrices have set the standard for highly selective purification

of His-tagged proteins.” She adds, “Our most recent addition to the

Ni-NTA range is the easy-to-use Ni-NTA Fast Start Kit, which puri-

fies up to 10 milligrams of protein in as little as 90 minutes.” For

purification of nonrecombinant proteins, Qiagen has developed

Qproteome affinity-based kits for isolating phosphoproteins, glyco-

proteins, and plasma membrane proteins.

Getting the best result from proteomic studies, though, depends

on sample handling, according to Eric Fung, vice president of med-

ical and clinical affairs at Ciphergen Biosystems. Fung says, “We

seek a balance between running enough samples to keep the statisti-

cians happy and doing extensive fractionation since the more you

fractionate, the more information you can get. But doing this on lots

of samples in high throughput is very challenging.” To pull out the

desired proteins, Fung says that scientists can use Ciphergen’s

ProteinChip Arrays. These provide a variety of surface chemistries

that allow researchers to optimize protein capture and analysis. The

surface chemistries of the arrays include a series of classic chromato-

graphic chemistries and specialized affinity capture surfaces. Fung

says, “The different chromatographic surfaces generate an addition-

al degree of fractionation.”

These arrays are often used for comparative protein profiling. For

example, Fung says that a scientist can take samples from patients

with a disease and compare the proteins to patients without the dis-

ease. “These arrays can also be used for protein identification or to

look at protein-protein interactions or different types of protein mod-

ification,” says Fung. 

Cataloging the Characteristics

Once a protein is captured, scientists characterize it. “Characterization

is a broad term,” says Dave Hicks, senior director of proteomics at

Applied Biosystems. “In general, it means having a full understand-

ing of a protein, including its full amino acid sequence, the splice

edits, and the identification of all posttranslational modifications.”

Protein scientists can characterize proteins with a wide range of

approaches, like two-hybrid systems, MS, NMR, and SPR. Each of

these offers a somewhat different view into protein-protein interac-

tions. The two-hybrid method, for instance, can identify protein-pro-

tein interactions, protein cascades, and mutations that affect protein-

protein binding. Two-hybrid systems are available from companies

like Clontech (a Takara Bio Company), Invitrogen, and Stratagene.

Various forms of MS also characterize proteins. For example, 2-D

gel profiles can be further analyzed using MS and matrix-assisted

laser desorption ionization-time of flight (MALDI-TOF) techniques.

Several companies manufacture these instruments including Applied

Biosystems, Bruker Daltonics, and Thermo Electron.

Hicks says that one of Applied Biosystem’s most popular MS sys-

tems for proteomics is the 4800 MALDI TOF/TOF Analyzer. “This is

often used in protein expression analysis, with and without tagging

chemistries,” he says. Hicks adds that the QSTAR Elite Hybrid

LC/MS/MS System is often used for protein identification and char-

acterization studies. For studies of phosphorylation and other post-

translational modifications, Hicks says that scientists might use the

4000 Q TRAP LC/MS/MS System. He says, “This system can be

used in protein quantitation studies, looking at expres-
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sion and quantity across multiple samples, or even studying multiple

proteins in multiple samples, all at high throughput.” 

To increase sensitivity and facilitate analysis of low-abundance pro-

teins in MALDI analysis, Anke Cassing, associate protein business

director at Qiagen, says, “We looked at how to put the maximum amount

of sample on the MALDI target. By providing on-target processing—

for example, purification of phosphopeptides, sample desalting, and

concentration—Mass·Spec·Focus Chips eliminate sample losses due to

‘offline’ processing. Users can pipette large sample volumes directly

onto the chip, enabling analysis of dilute samples without the need for

a concentration step using a pipette tip device.” Mass·Spec·Focus

Chips are available for Applied Biosystems, Bruker Daltonics, Waters,

Shimadzu, and Thermo Electron instruments. For high-throughput

MALDI analyses using ABI 4700, QSTAR, and Voyager instruments,

Qiagen has developed Mass·Spec·Turbo Chips, which are high-densi-

ty, ready-to-use MALDI targets that carry up to 1,600 matrix spots.

Binding the Biologics

Today’s proteomics goes beyond the structure and identity of proteins.

Stefan Löfås, vice president and chief scientific officer at Biacore,

says, “We see an increasing interest to learn more about protein func-

tion, especially through binding and interactions. This is really deter-

mining how proteins talk with each other.”

Some scientists follow protein interactions using SPR detection,

which can monitor proteins as they interact with various targets: pro-

teins, carbohydrates, lipid bilayer vesicles, nucleic acids, and even

whole cells. Moreover, the information appears in real time, thereby

giving the affinity and kinetics of the binding event. The events are

detected as molecules in solution interact with a partner attached to a

gold surface. This interaction causes a change in refractive index that

causes a change in the SPR signal. 

In the past year, Biacore introduced several new systems based on

SPR detection. For example, the Biacore T100 is what Löfås calls

“our new flagship system.” He says, “It compiles all of the knowledge

and experience we have gained into the most modern and versatile

system for research through quality control, including various pro-

teomics applications.” He adds, “For in-depth analyses, this instru-

ment can even smoothly extract the thermodynamic parameters driv-

ing an interaction.” 

For higher productivity, scientists can use the Biacore A100. Löfås

says, “In comparison to Biacore T100, this generates the same type of

data with the same level of quality and sensitivity, but, with parallel

processing and multiplex analysis capability. Biacore A100 can mon-

itor up to thousands of protein interactions per day.” For those work-

ing with large numbers of samples who want to rapidly select interac-

tions of interest for in-depth study, Löfås recommends the Flexchip,

which offers an array format that “can profile up to 400 interactions

at the same time.”

Other companies also use SPR on arrays. Timothy G. Burland, pres-

ident and chief executive officer at GWC Technologies, says, “Our

SPRimagerRII instrument is an SPR system with an array format so

you can take a picture of the array.” Burland notes several examples of

using this SPR instrument. For instance, his company has collaborated

with Neoclone to show “that you obtain the same affinity values for

antibody-antigen interactions whether you make antibody arrays using

purified antibody or the corresponding ascites fluid. In other words, you

don’t need to purify the ascites fluid to use antibodies as probes on our

arrays.” He also notes that scientists in the laboratory of Lloyd Smith at

the University of Wisconsin used the SPRimagerRII to show the pres-

ence of specific cell receptors on baby hamster kidney cells. Likewise,

Robert M. Corn, at the University of California, Irvine, used SPR imag-

ing arrays to characterize transcription factors and antibodies.

To help scientists create other proteomic applications, GWC

Technologies produced its SpotReadyT16 and SpotReadyT25, which

have 16 and 25 gold spots, respectively, for attaching probes. Burland

says, “Some people only need about a dozen probes per array to study

protein function. With SpotReady arrays, you use a pipette to spot half

a microliter or less per probe.” He adds, “This is quick and does not

require a robot for spotting.” 

Structural Specifics

“NMR has been used for some time to study protein structure,” says

Steve Smallcombe, manager of applications laboratories at Varian.

NMR places a molecule in a strong magnetic field, irradiates the mol-

ecules with radio frequency waves, and then detects changes in the

spin of atoms. “NMR is very nice,” says Smallcombe, “because you

see signals from all of the atoms in a protein.” Also, NMR can reveal

time dependent phenomena. Judit Losonczi, product marketing man-

ager at Varian, says, “NMR can provide an understanding of protein

dynamics, folding, and kinetics.” NMR systems are offered by com-

panies like Bruker BioSpin, Jeol, and Varian.

“A downside to NMR has been that it is less sensitive than MS,”

says Smallcombe, “but we increased NMR’s sensitivity with a cryo-

genic probe—essentially an antenna in the instrument’s magnet—that

is cooled down to 25 Kelvin. This technology provides improved sen-

sitivity.” He adds that Varian’s Salt Tolerant Cold Probe can be used in

physiological conditions.

Smallcombe adds that most NMR in the past used proteins in solu-

tion. “However, proteins in membranes cannot be studied
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this way,” says Smallcombe. Nonetheless, Varian’s new Bio-MAS

probe allows for studies of membrane bound proteins in a solid state. 

Building Better Bioinformatics

“The current situation in proteomics reminds me of the struggle

with microarrays for gene expression about seven or eight years

ago,” says Lee Weng, director of applied research at Rosetta

Biosoftware. “At that time, the focus was on perfecting the instru-

ment, getting the resulting numbers right.” Now, with more confi-

dence in the results from proteomic instruments, Weng says that sci-

entists can focus on extracting information. “We need to get the use-

ful information,” Weng says,

“so that we can do something

with it.” Some companies—

including Applied Biosystems,

Beckman Coulter, Bio-Rad

Laboratories, Caliper Life

Sciencess and Syngene—

develop core instruments for

proteomic research along with

integrated software systems.

Other companies—including

Accelrys, Elsevier MDL, and

Rosetta Biosoftware—offer

software suites for proteomics

research.

Weng says that, last year,

Rosetta Biosoftware introduced

its Elucidator Protein Expression

Data Analysis system. This sys-

tem can capture large volumes of

data from various MS instru-

ments and then manages and ana-

lyzes the results. “The Elucidator

does data preparation and man-

ages data in very large-scale,

label-free quantification studies,”

says Weng. “Sometimes, hun-

dreds of samples are analyzed all

together, and each can have sever-

al gigabytes of information.”

This system can be used in a

wide range of proteomics

research. For instance, Weng

says, “Output from this system

can be a list of biomarker candi-

dates that scientists can go after

and map to pathways to under-

stand disease. We can also see

what protein has been affected

by a drug or compare protein

expression in normal versus dis-

eased samples.”

Defining the Details

“It’s easy to find the stable interactions,” says Johnson of Pierce, “but

harder to get the weak and transient ones.” Still, understanding the

finer points of proteomics might resolve many questions in both basic

and applied biological research. “The problem is nailing down the

details,” says Johnson. As proteomics scientists hammer out the

specifics, the applications of this field will continue to grow.

Mike May (mikemay@mindspring.com) is a publishing consultant for science and
technology based in Minnesota. Gary Heebner (gheebner@cell-associates.com)
is a marketing consultant with Cell Associates in St. Louis, Missouri, U.S.A.
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Featured Companies
Accelrys (a subsidiary of
Pharmacopeia), scientific software,
http://www.accelrys.com

American Type Culture 

Collection (ATCC), protein expression
systems, http://www.atcc.org

Applied Biosystems, 

mass spectrometry systems,
http://appliedbiosystems.com

Beckman Coulter, Inc., 

proteomics instruments and software,
http://www.beckmancoulter.com

Biacore AB, systems to study molec-
ular binding, http://www.biacore.com

Bio-Rad Laboratories, proteomics
instruments and software,
http://www.bio-rad.com

Bruker BioSpin, NMR spectrometers,
http://www.bruker-biospin.com

Bruker Daltonics, Inc., 

mass spectrometry systems,
http://www.bdal.com

Caliper Life Sciences, 

proteomics instruments and software,
http://www.caliperls.com

Ciphergen Biosystems, Inc., instru-
ments and arrays for proteomics
research, http://www.ciphergen.com

Clontech (a division of Takara Bio), 
two-hybrid screening systems,
http://www.clontech.com

Elsevier MDL, scientific software,
http://www.mdl.com

EMD Biosciences 

(an affiliate of Merck KGaA), 
protein purification products,
http://www.emdbiosciences.com

GE Healthcare, 

protein purification products,
http://www.gehealthcare.com

GWC Technologies, Inc., 

label-free detection systems,
http://www.gwctechnologies.com

Invitrogen Corporation, 

protein expression systems,
http://www.invitrogen.com

Jeol-USA, Inc., NMR spectrometers,
http://www.jeol.com

Neoclone, monoclonal antibodies,
http://www.neoclone.com

New England Biolabs, Inc., 

protein expression systems,
http://www.neb.com

Pierce, protein purification products,
http://www.piercenet.com

Promega Corporation, 

protein expression systems,
http://www.promega.com

Qiagen GmbH, protein expression
systems, http://www.qiagen.com

Rosetta Biosoftware, bioinformatics
software, http://www.rosettabio.com

Shimadzu, mass spectrometry 
systems,
http://www.shimadzu-biotech.net

Stratagene, two-hybrid screening
systems, http://www.stratagene.com

Syngene – a division of the
Synoptics Group, imaging and 
analysis products,
http://www.2dymension.com

Takara Bio, Inc., 

protein expression systems,
http://www.takara-bio.com

Thermo Electron Corporation, 

mass spectrometry systems,
http://www.thermo.com

Varian, Inc., NMR spectrometers,
http://www.varianinc.com

Waters Corporation, 

mass spectrometry systems,
http://www.waters.com

Life Science Technologies: PROTEOMICS

AAAS/Science Business Office Supplement

Biacore systems for protein interaction analysis in basic research, 
drug discovery, and development

+46 (0)18 675 700, http://www.biacore.com

Carl Zeiss [Germany] laser scanning microscopes, other instruments and systems for imaging
analysis, and digital cameras

+49 (0)551-5060 660, http://www.zeiss.com/lsm

Carl Zeiss, Inc. [USA] 914-747-1800

Fuji Photo Film Co., Ltd. a bio-imaging system with enhanced modularity to capture and 
document RI, fluorescent, and gel documentation images

+81 3 3406 2201, http://lifescience.fujifilm.com

Takara Bio, Inc. molecular biology products including proteomics and PCR

+81 77 543 7247, http://www.takara-bio.com
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The 2007 AAAS Annual Meeting, 15–19 February 2007 
in San Francisco, CA, attracts a diverse audience from all 
scientific disciplines and from the industrial, academic, 
non-profit, and policy communities. The meeting is also 
attended by more than 1,000 press registrants, including 
most of the world’s major news outlets.

To accommodate the tremendous variety of subjects proposed
for the Annual Meeting, and due to time and space constraints,
90-minute symposia are strongly encouraged. 

The Program Committee is particularly interested in sessions
that highlight the interdisciplinary strengths of AAAS, or that
address one of the identified themes for the 2007 Annual
Meeting. Successful proposals are characterized by interesting
topics that are thoughtfully developed and include capable and
articulate presenters who are representative of the diversity of
science and society.

All proposals will be peer-reviewed. The deadline for proposal
submission is Monday, 1 May 2006. Decisions will be
announced in July.  Remember, the early bird gets the worm—
submit a proposal today! 

Present your research or a groundbreaking topic 
by proposing a symposium for the 

2007 AAAS Annual Meeting in San Francisco.

For more information on submitting a proposal, visit: 

www.aaasmeeting.org

Hatching a big idea?

YYePG Proudly Presents, Thx for Support
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POSITIONS OPEN

ASSISTANTPROFESSOR /NEUROBIOLOGY

The Department of Biology at the University of
Victoria invites applications for a tenure-track As-
sistant Professor position in neurobiology to be-
gin January 1, 2007. We are particularly interested in
applicants who follow a strong multidisciplinary
research theme.

The candidate must have a Ph.D., appropriate post-
doctoral training and a proven research record in the
field of neurobiology. The successful applicant will be
expected to develop an independent, innovative, and
externally funded research program and participate
in teaching at both the undergraduate and graduate
levels. The Department of Biology encompasses a
broad range of teaching and research interests. We
are searching for an individual that complements
the broad range of the Department_s interests. Po-
tential applicants should visit the Departmental
website: http://web.uvic.ca/biology/.

Applications should be sent to: Dr. William
Hintz, Chair, Department of Biology, University
of Victoria, P.O. Box 3020, STN CSC, Victoria,
B.C. V8W 3N5, Canada; fax: 250-721-7120; e-mail:
biochair@uvic.ca. The closing date for the position is
August 31, 2006. Curriculum vitae and research and
teaching statements should be included as well as
contact information (names, addresses, fax, e-mail)
for four referees.

All qualified applicants are encouraged to apply:
however, in accordance with Canadian Immigration
requirements, Canadians and permanent residents
will be given priority.

The University of Victoria is an equity employer and en-
courages applications from women, persons with disabilities,
visible minorities, Aboriginal Peoples, people of all sexual ori-
entations and genders, and others who may contribute to the
further diversification of the University.

ASSISTANT/ASSOCIATE/FULL PROFESSORS
Primate Cognitive Neuroscience

Carolina Primate Center
Medical University of South Carolina, Charleston

The Department of Neurosciences at the Medical
University of South Carolina (MUSC) seeks applica-
tions for several Tenure-Track Faculty positions in
primate cognitive neuroscience. Candidates will par-
take in the development of a new Carolina Primate
Center located in Yemassee (60 to 90 minutes from
Charleston). Applicants must have a strong academic
record of independent research with a Ph.D. or
M.D. degree and expertise in neurophysiology or
other cognitive neuroscience approach in behaving
monkeys. Newly constructed laboratory space and
attractive startup packages and benefits are available.
Rank commensurate with experience.

Applicants must apply online at website: http://
www.musc.edu/hrm/careers/faculty.htm. Po-
sition requisition number is 041704. Applicants
should also submit online a cover letter expressing
their interest and qualifications, curriculum vitae, and
names of three references addressed to: Gary Aston
Jones, Ph.D., Director, Carolina Primate Center,
Department of Neurosciences, Medical Universi-
ty of South Carolina, 173 Ashley Avenue, BSB

403, Charleston SC 29425. MUSC is an Equal Em-
ployment Opportunity/Affirmative Action Employer.

A POSTDOCTORAL POSITION is available
in the laboratory of Dr. Aziz Sancar in the Depart-
ment of Biochemistry and Biophysics at the Univer-
sity of North Carolina at Chapel Hill to study the
interface between human nucleotide excision repair
and the DNA damage checkpoints. Applicants with
a strong working background in biochemistry and
molecular biology are encouraged to apply. Please
contact Dr. Sancar directly to apply, or for more
information:

Dr. Aziz Sancar
University of North Carolina at Chapel Hill
Department of Biochemistry and Biophysics

CB 7260
Chapel Hill, NC 27499-7260

E-mail: aziz_sancar@med.unc.edu

POSITIONS OPEN

ASSISTANT PROFESSOR
Terrestrial Ecology

The Department of Biological Sciences, Universi-
ty of Rhode Island (URI), invites applications for a
tenure-track position in terrestrial ecology, with a
specialization in plant-animal interactions, available
August 2006. Ph.D. in biological sciences or related
field by August 2006 required. Postdoctoral research
and teaching experience preferred. Teaching duties
will include undergraduate and graduate courses in
ecology and area of specialization. Candidates must
demonstrate through education, publications, letters
of recommendation and/or experience, strong po-
tential for excellence in teaching, mentoring under-
graduate and graduate students, and developing a
high quality, nationally recognized and externally-
funded research program in terrestrial ecology, with
an emphasis on plant-animal interactions. Visit our
website: http://www.uri.edu/human_resources
for additional information. Qualified applicants
should send (no e-mails or faxes, please) a letter of
application, current curriculum vitae, three letters of
reference, statement of teaching experience and
philosophy, a summary of research interests and fu-
ture plans, and copies of up to three published pa-
pers postmarked by May 5, 2006, to: Dr. Frank H.
Heppner, Search Chair (Req SM011375), Uni-
versity of Rhode Island, P.O. Box G, Kingston,
RI 02881. URI is an Affirmative Action/Equal Employ-
ment Opportunity employer and values diversity and also is an
NSF ADVANCE institutional transformation university,
working to advance the careers of women faculty, especially in
the science and engineering disciplines.

BIOLOGY. The Biology Department at Whitman
College invites applications for a one-year position
as ASSISTANT PROFESSOR of biology be-
ginning August 2006. Possibility of renewal. Ph.D.
required. Duties include one section of the Depart-
ment_s required introductory biological principles
course (with laboratory), supervision of undergrad-
uate research/thesis preparation, and two courses
suitable for students in the college_s Biology and
Biochemistry, Biophysics and Molecular Biology
(BBMB) major programs. We seek applicants familiar
with the molecular, cell biological, and/or physio-
logical material covered in the biological principles
course, and who have research interests complemen-
tary to others in the Department. (Information on
this course, the Biology and BBMB programs, and
current faculty is available at website: http://
www.whitman.edu/biology.) Applicants should
send as hardcopy or e-mail attachments: applica-
tion letter, curriculum vitae, statements of research
and teaching interests, college and graduate tran-
scripts (unofficial okay), and three letters of recom-
mendation, to: Dr. Daniel M. Vernon, Biology
One-Year Search, Biology Department, Whitman
College, Hall of Science, 345 Boyer Avenue,
Walla Walla, WA, 99362. E-mail: vernondm@
whitman.edu. Deadline: April 18, 2006. Whitman
College is a top-tier undergraduate institution lo-
cated in historic Walla Walla, near the Blue Moun-
tains in eastern Washington state. No applicant will be
discriminated against on the basis of race, national or ethnic
origin, age, gender, sexual orientation, marital status, religion,
or disability.

POSTDOCTORAL RESEARCH ASSOCIATE
in molecular endocrinology and metabolism for
studies regarding the role of FoxO transcription
factors in the regulation of gene expression and
metabolism. Studies focus on identification of novel
targets and mechanisms mediating effects of FoxO
proteins on cell signaling and metabolic pathways in
liver and muscle using cell culture and transgenic/
knockout models. Ph.D. and appropriate experience
in molecular biological, cell signaling, metabolic
analysis desired. For full consideration, send cur-
riculum vitae and three letters of recommendation
by May 15, 2006, to: Dr. Terry Unterman, En-
docrine Section (M/C 640), Department of
Medicine, University of Illinois at Chicago Col-
lege of Medicine, 1819 West Polk Street, Chica-
go, IL 60612-7333; e-mail: unterman@uic.edu.
Equal Opportunity Employer.
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National Institutes of Health

Office of the Director

Chief NIH Ethics Offi cer

The Office of the Director, National Institutes of Health (NIH) in Bethesda, Maryland, is seeking a Chief NIH Ethics Officer (CNEO), who will also serve as Director 

for the NIH Ethics Office.  If you are an exceptional candidate with a M.D. and/or Ph.D. and have the vision and skills to oversee and provide strategic direction to NIH 

activities relating to ethics policy, oversight, and operations for scientific administration, we encourage your application.  

To achieve its mission of advancing biomedical and behavioral research to improve the health of the public, the NIH must have the trust of the public that the decisions and 

activities of the agency and its employees are unbiased.  The creation of the new position of CNEO is part of a comprehensive effort to strengthen the program of ethics 

oversight for NIH employees.  As CNEO, you will be responsible for the executive leadership, strategic direction, and oversight of the scientific, clinical, and administrative 

activities of NIH staff as they relate to ethics policies.  This includes: assuring compliance with Federal, departmental, and agency ethics laws, regulations, and policies 

that apply to the official-duty activities, outside activities, and financial holdings of NIH’s 18,000+ employees; overseeing a rigorous program of quality control and risk 

management including assessing the effectiveness activities of conflict of interest operations the NIH Ethics Office and the application of delegated authority; conducting 

a comprehensive ethics training program; and developing/maintaining an effective enterprise information technology system.  Additional functions include serving as the 

NIH spokesperson and principal advisor to the Director and Deputy Director, NIH on relevant NIH ethics policy and programs.  In addition, you will serve as the NIH 

Agency Research Integrity Liaison Officer (ARILO) and will be responsible for all matters related to NIH’s intramural and extramural research integrity programs to include 

oversight and coordination of NIH activities related to research misconduct and the promotion of research integrity of NIH intramural and extramural research programs. 

Understanding the value of scientific expertise for leadership of ethics at NIH, you will have the flexibility to devote up to 25% of your time to conduct or oversee research 

in an NIH intramural research laboratory or in an appropriate NIH extramural scientific programmatic role.

Salary is commensurate with experience; a full package of benefits is available, including retirement, health, life, long term care insurance, Thrift Savings Plan participa-

tion, etc. 

Applications for this position will be reviewed by a Search Committee chaired by Dr. Duane Alexander, Director, National Institute of Child Health and Human Develop-

ment.  Applicants may send a Curriculum Vitae to Teresa Leary, 31 Center Drive - MSC 2207, Room 4B-41, Bethesda, MD 20892-2207 or visit http://www.jobs.nih.

gov and apply to Announcement OD-06-109779 (for Ph.Ds) or OD-06-109626 (for M.Ds).  If you need additional information, please contact Ms. Teresa Leary at 

learyte@od.nih.gov or (301) 496-1443.  Applications must be received by close of business May 19, 2006.

Staff Clinician - Endocrinology

The National Center for Complementary and Alternative Medicine (NCCAM) seeks 

outstanding candidates for a Staff Clinician position in Endocrinology in its Laboratory 

of Clinical Investigation (LCI) on the National Institutes of Health campus in Bethesda, 

Maryland. Applicants must possess an M.D. or D.O. degree, be licensed to practice

medicine within the United States, have substantial clinical and research training in 

endocrinology, and be American Board of Internal Medicine (ABIM) eligible or certifi ed 

in endocrinology and metabolism. 

The successful candidate will be expected to contribute to existing clinical protocols in 

the Endocrine Section, LCI, and to conceptualize, write, and conduct new patient-oriented 

research studies designed to assess the potential efficacy, safety, and mechanisms of action 

of selected, complementary and alternative (CAM) modalities. A specific research inter-

est and experience in the areas of neuroendocrinology, aging and/or stress biology, and a 

strong publication record in phase I, II and/or III clinical trials, are required.

The LCI, NCCAM provides state-of-the-art research facilities in the intramural program at

NIH in addition to a collegial and nurturing working environment. The extensive clinical 

research facilities of the NIH Clinical Center will be made available to the successful 

applicant. Salary and benefits will be commensurate with experience. Applications from 

women and minorities are encouraged.

Please email your CV, bibliography, the names of three references, and a one page cover 

letter stating your scientific interests and experience to: 

nccam jobs@mail.nih.gov

Subject Line: Staff Clinician-Endo Search

Candidates needing reasonable accommodation may fax application materials to 301-

402-4741.

THIS ANNOUNCEMENT WILL REMAIN OPEN UNTIL FILLED 

MRI Scientist Position

National Institute of Neurological Disorders and Stroke

With nation-wide responsibility for improving the health and well being of 

all Americans, the Department of Health and Human Services oversees the 

biomedical research programs of the National Institutes of Health. 

The NIH MRI Research Facility (NMRF) in the National Institute of Neuro-

logical Disorders and Stroke is seeking an MRI scientist to support the human 

brain imaging studies conducted by the NIH investigators.  NMRF offers 

state-of–the-art MRI facilities for users throughout the NIH. The NMRF is a 

part of the NIH In Vivo NMR Center which houses active research programs 

in brain and cardiac MRI. Four 3T MRI (GE) scanners and a 7T MRI (GE) 

scanner are available in the NMR Center for human brain research. The suc-

cessful candidate will have a Ph.D. in a relevant field and interest in applica-

tion of MRI to study brain function and disorders. Experience in MRI pulse 

sequence design and programming is required. Knowledge and interest in

image processing or MRI hardware is desirable. In addition to collaborative 

research, the candidate will have the opportunity to initiate new projects that 

will impact ongoing research. Salary is very competitive and commensurate 

with education and experience.

Please send a CV and three letters of reference to Dr. Lalith Talagala, NIH 

MRI Research Facility, National Institutes of Health, 10 Center Drive, 

Room B1D69, Bethesda, MD 20892-1060, Email: talagala@nih.gov.
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Department of Health and Human Services

National Institutes of Health

Office of the Director

Deputy Director of NIH for Portfolio Analysis and Strategic Initiatives

and

Director, Office of Portfolio Analysis and Strategic Initiatives

The Office of the Director, National Institutes of Health (NIH) in Bethesda, Maryland, is seeking a Director for the new 

Offi ce of Portfolio Analysis and Strategic Initiatives (OPASI). If you are an exceptional candidate with an M.D. and/or 

Ph.D. and the vision and ability to integrate science across multiple disciplines, we encourage your application.

As the OPASI Director, you will serve as a Deputy Director of the NIH and directly report to the NIH Director.  As a 

prominent senior leader reporting directly to the Director of NIH, you will  be responsible for executive leadership and 

coordination of the overall NIH research portfolio analysis and strategic initiatives that fall within the OPASI’s scope. The 

OPASI’s primary objective is to develop: a transparent process of planning and priority-setting characterized by a defi ned 

scope of review with broad input from the scientific community and the public; valid and reliable information resources 

and tools, including uniform disease coding and accurate, current and comprehensive information on burden of disease; an 

institutionalized process of regularly scheduled evaluations based on current best practices; the ability to weigh scientifi c

opportunity against public health urgency; a method of assessing outcomes to enhance accountability; and a system for 

identifying areas of scientific and health improvement opportunities and supporting regular trans-NIH scientifi c planning 

and initiatives. You will serve as the principal advisor to the NIH Director on issues involving OPASI’s planning, analysis, 

and policy formulation and implementation activities, including efforts to strengthen trans-NIH strategic planning and 

funding, and improve data quality and develop analytical techniques for assessing the NIH research portfolio. 

This position requires that the OPASI Director exercise leadership, initiative, and creativity in establishing and maintaining 

relationships with key Federal and non-Federal officials, nationally and internationally recognized scientifi c leaders and 

officials of academic, research, and other institutes and organizations, and professional and advocacy groups. 

Salary is commensurate with experience; a full package of benefits (including retirement, health, life, long term care 

insurance, Thrift Savings Plan participation, etc.) is available. 

Applications for this position will be reviewed by a Search Committee chaired by Dr. Jeremy Berg, National Institute of 

General Medical Sciences and Dr. Elizabeth Nabel, Director, National Heart, Lung and Blood Institute.

Interested applicants should send a Curriculum Vitae to Ms. Teresa Leary, 31 Center Drive – MSC 2207, Room 4B-

41, Bethesda, MD  20892-2207 OR visit:  http://www.jobs.nih.gov  and apply to Announcement OD-06-109905 

(for Ph.Ds) or OD-06-109915 (for M.Ds). If you need additional information, please contact Ms. Teresa Leary at 

learyte@od.nih.gov or by calling 301-496-1443.

Applications must be received by close of business May 19, 2006
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POSTDOCTORAL POSITIONS

To apply online and for information, see www.postdocs.stonybrook.edu
or mail résumés to: Murray Lamond, Office of the President, 

Stony Brook University, Stony Brook, NY 11794-0701. 

Equal Opportunity/Affirmative Action Employer.

The Research Foundation of Stony Brook University/SUNY anticipates the
following postdoctoral positions being available between May 2006 and Fall 2006.

• APPLIED MATH AND STATISTICS
Computational Biology: Multiscale studies of protein-protein interactions. David Green, #WC-R-3092-06-03-S

Development of quantitative studies of gene expression in the Drosophila blastoderm.
John Reinitz, #WC-R-3091-06-03-S

• BIOCHEMISTRY AND CELL BIOLOGY
Endocannabinoid metabolism. Dale Deutsch, #WC-R-3093-06-03-S

Role of MESD in folding LRP receptors and mouse development. Bernadette Holdener, #WC-R-3094-06-03-S

Biosynthesis and catabolism of glycoproteins. William J. Lennarz, #WC-R-3095-06-03-S

• CHEMISTRY
Polymer synthesis, colloids, fibers, modified fullerenes, and membranes. Ben Chu, #WC-R-3098-06-03-S

Flow-induced polymer crystallization, spinning processes, nanoparticles, biodegradable polymers, 
and nanocomposites. Benjamin Hsiao, #WC-R-3097-06-03-S

Relativistic Heavy Ion reaction studies. Roy Lacey, #WC-R-3099-06-03-S

• PHARMACOLOGY
Conduct study on molecular carcinogenesis and toxicogenomics. Arthur Grollman, #HS-R-3118-06-03-S

Molecular cellular pharmacology; molecular toxicology; structural biology; cell biology; animal pharmacology.
Jeffrey E. Pessin,  #HS-R-3106-06-03-S

WNT signaling in Development and Disease. Ken-ichi Takemura, #HS-R-3118-06-03-S

• MEDICINE
Study the role of complement receptor in inflammation. Berhane Ghebrehiwet, #HS-R-3146-06-03-S

Molecular studies of Heart Development and Disease. Hal Skopicki, #HS-R-3129-06-03-S

• PSYCHOLOGY
Operant analysis of self-control and social cooperation. Howard Rachlin, #WC-R-3103-06-03-S

• PSYCHIATRY
Neural circuitry relating biological rhythms, visuomotor function, and sleep .
Lawrence P. Morin, #HS-R-3102-06-03-S

• NEUROBIOLOGY AND BEHAVIOR
Molecular interventions to strengthen synaptic connections in injured spinal cord.
Victor Arvanian, #WC-R-3056-06-02-S

Synaptic transmission and ion channel function in retinal neurons. Gary Matthews, #WC-R-3055-06-02-S

Mechanisms regulating glutamatergic synaptic transmission in the brain. 
Lonnie Wolmuth, #WC-R-3057-06-02-S

• ANATOMICAL SCIENCES
Paleontology, Archaeology, or Geology of Africa. John Fleagle, #HS-R-3131-06-03-S

• ENVIRONMENTAL MOLECULAR
Sequestration of contaminants by natural/engineered materials. (two positions)
Richard J. Reeder, #WC-R-2962-06-04-F

• NEUROSURGERY AND RADIOLOGY
MRI flow imaging in animals and humans. Mark Wagshul, #HS-R-3100-06-03-S

• PULMONARY/CRITICAL CARE
Molecular biology, pulmonary hypertension, airway inflammation, genetics, nanotechnology, 
signal transduction. Sami I. Said, #HS-R-3104-06-03-S

• RADIOLOGY
Medical informatics virtual colonoscopy project. Jerome Liang, #HS-R-3105-06-03-S

HUMAN GENETICS
FACULTY POSITION

The Dept of Molecular Genetics at the Albert
Einstein College of Medicine of Yeshiva University
is seeking a tenure-track Asst Professor.
Applicants should demonstrate novel and
innovative approaches in genetics/genomics
research. Programs with a focus on translational
studies of common human diseases are of
particular interest.

The Molecular Genetics Dept has strengths in
developmental biology using diverse model
organisms. Additional interests include
transcriptional regulation, cancer genetics, HIV
replication, segmental aneuploidies, movement
disorders, chromatin remodeling, human genome
retroviruses and epigenomics. Siuated within the
Department are Human Genetics cores providing
FISH, aCGH, microarray, SNP genotyping ans
lymphoblastoid cell transformation.

Candidates are expected to have a PHD or MD
degree, postdoctoral experience and a strong
publication record. Exceptional candidates at a
more senior rank will be considered.

Applicants should send a CV as well as a brief
research plan of up to 4 pages in the form of a
single PDF file to:  gradus@aecom.yu.edu. Letters
from three or more references should be sent to
the same address or to: Search Committee, Dept
of Molecular Genetics, Albert Einstein College of
Medicine, Jack and Pearl Resnick Campus, 1300
Morris Park Avenue, Bronx, NY 10461 EOE

ALBERT EINSTEIN
COLLEGE OF MEDICINE
Advancing science, building careers

Scripps Institution of Oceanography
Faculty Position in Marine Organismal 

Environmental Physiology

The Scripps Institution of Oceanography of the 
University of California at San Diego invites 
applications at the Assistant, Associate, or Full 
Professor level (tenure track or tenured) in the 
area of environmental physiology of marine
animals with emphasis on whole organism or 
organ-system function. Applicants must hold a 
Ph.D. degree or equivalent and will be expected
to teach, supervise graduate research, conduct 
an active research program, and participate in 
administrative functions at SIO and UCSD.
Assistant-level applicants will be expected to 
show evidence of their potential by a publica-
tion record appropriate for their experience.
More senior applicants must show evidence
of a strong research record in their specialty. 
The level will depend on the experience of the 
successful applicant. Salary will be based on the 
University of California pay scale. 

The closing date for applications is May 15,

2006, with interviews to begin immediately
after the search is closed. Applicants should
send a letter including descriptions of their
teaching experience, research interests, a list
of publications, and the names of at least fi ve
potential referees to: Chair, SIO Graduate

Department, 0208, Scripps Institution of

Oceanography, University of California at

San Diego, 9500 Gilman Drive, La Jolla, CA

92093-0208, USA.

UCSD is an Equal Opportunity Employer 
with a strong institutional commitment to 

excellence through diversity.
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For more Information:

To apply, visit www.jobs.vt.edu and search by posting number.
To learn more about VBI and our research, please visit us at www.vbi.vt.edu

To learn more about the Interdisciplinary PhD program in Genetics, Bioinformatics, and 
Computational Biology (GBCB), visit http://www.grads.vt.edu/academics/programs/gbcb/index.html

Associate and Full Professorships 

in Bioinformatics

The Virginia Bioinformatics Institute (VBI) at Virginia Tech has built 
�� ������������		
 ��������� ��������� ������� ���� ���������� ��-
tramural funding. Areas of strength among the 16 research groups 
at VBI include infectious diseases, ranging from the molecular to 
the population scale, systems biology approaches to study stress 
response in several organisms, modeling and simulation of biologi-
cal networks, functional genomics, metabolomics, proteomics and 
bioinformatics/computational biology. Candidates are expected to 
have an established research program and a track record of exten-
sive extramural research funding.

About VBI. Established in 2000 by the Commonwealth of Virginia,
the Institute is a part of Virginia Tech (VT) and has its own 130,000 
sq ft research facility with state-of-the-art core laboratory and 
computational facilities.VBI strongly emphasizes synergistic inter-
actions among faculty and is organized around the concept of team 
science. VBI places strong emphasis on systems biology and bio-
informatics rather than organizing research according to academic 
disciplines.  Instead, research areas represented at VBI organize 
������	��� ������ ��� ������� ����� �� ���������	 �������� ����-
ects. Extensive national and international collaborations comple-
ment the expertise of the faculty, including strong interactions with 
several biomedical research centers. Faculty entrepreneurial activi-
ties are strongly encouraged and the university provides support
for the establishment of commercial ventures.

State-of-the-art facilities. VBI is currently establishing a facility in 
the Washington, DC area, as part of Virginia Tech�s expansion into 
that region. Faculty members whose programs will not require
laboratory facilities will have the option of basing their primary re-
search operation there. Faculty whose research programs require
laboratory facilities will necessarily be primarily located at VBI�s 
on-campus facility in Blacksburg, where state-of-the-art laboratory
facilities are available.The new faculty may also have the option of 

����� ���	������� ���� ����� ����������� �� �������� ���� ��� ���
prominent medical schools on the East Coast. Reference posting 
042478.

Along with a strong research environment, the Institute actively
participates in �Genetics, Bioinformatics, and Computational Biol-
ogy� (GBCB), an interdepartmental Ph.D. program, widely recog-
nized for its strengths in computational and experimental sciences,
which attracts outstanding students with an interdisciplinary re-
search focus.

Research Opportunities at VBI:

Research Opportunities
�������� ��	��
	������ ���������

Associate and Full Professorships in Bioinformatics, posting 
042478

AIDS Therapy Modeler Postdoctoral Associate, posting 042829

Bacterial Genome Annotator Postdoctoral Associate, posting 
042721

Bioinformatics Scientists, postings 060012 and 060043

Computational Biologist Postdoctoral Associate, posting 
042479

Computer Support Specialist, posting 043222

Functional Genomicist Postdoctoral Associate, posting 060336

IT Production Lead, posting 043200

Metabolomics Specialist Postdoctoral Associate, posting 041979

Metabolomics Specialist, posting 060044

������������ ��� ���� �����������
 ������	��� �����������	 
Associate, posting 043287

Molecular Biologist, posting 060045

Nucleotide Metabolism Modeler PostdoctoralAssociate,   post-
ing 060105

Proteomics Specialist, posting 042940

Software Engineer or Senior Software Engineer, posting 060286

Software Quality Engineer Lead, posting 043285

Systems Administrator, posting 043168
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Sr. Research Immunologist
Enhancing and preserving the quality of life. This is the commitment that
Merck & Co., Inc. stands on and it's what has distinguished us as the world's
leading research-driven health products company. Recently ranked by Fortune
among "America's Most Admired Companies," we discover, develop and man-
ufacture a wide range of innovative products.

Merck develops breakthrough medicines and treatments that offer a new lease
on life. At Merck, improving patient health isn't just what we do. It's who we are,
sharing a passion for life that brings out the best in a diverse workforce of
60,000 people. That's why Merck enjoys over $32 billion in annual sales as one
of America's largest pharmaceutical companies.

The Department of Immunology within Merck Research Laboratories is seeking
a highly motivated and innovative scientist with a strong track record of success
in Immunology, Inflammation, and/or Experimental Hematology to conduct
basic research in support of drug discovery initiatives. The research will be
aimed at the development of novel therapeutic agents for the treatment of dis-
eases impacted by dysregulation of the immune system. The position involves
participation in and leadership of cross-functional teams seeking to validate
novel biological targets and to identify new chemical and biologic entities suit-
able for clinical testing. The position also involves the initiation and coordination
of external research collaborations with thought leaders in the field.

Qualifications include a Ph.D. and /or M.D. with a background in
Cellular/Molecular Biology and experience in Immunology, Inflammation or
Hematology. A minimum of 2 years of additional postdoctoral research experi-
ence is required. The successful candidate will have strong research achieve-
ments and a solid publication record. Experience with in vivo models of disease
is advantageous. Prerequisites also include excellent interpersonal and pres-
entation skills and an ability to work in a highly collaborative team setting.

We offer a competitive salary, an outstanding benefits package and a profes-
sional work environment with a high growth company. To apply, please visit
www.merck.com/careers and reference BIO001067. We are an Equal
Opportunity Employer, M/F/D/V.

MERCK RESEARCH LABORATORIES
Our work is someone's hope. Join us. 

DIRECTOR 
Chemical Sciences, Geosciences 

and Biosciences Division

The US. Department of Energy, Offi ce of Science, Offi ce of Basic Energy 
Sciences is seeking candidates for the position of the Director, Chemi-
cal Sciences, Geosciences and Biosciences Division. This position is a 
Senior Executive Service position located in Germantown, Maryland. 
The incumbent of this position provides leadership and direction in
establishing vision, strategic plans, goals, and objectives for the research
activities in the area of responsibility; plans, develops, and implements 
vital, productive, forefront research programs conducted in DOE labo-
ratories, universities, and other public and private institutions; assures 
adequate fi nancing for the activities, sets priorities for activities, and 
apportions available funding among them; manages the budget in accor-
dance with prescribed practices set forth by the Offi ce of Science and 
the DOE; reviews and makes fi nal approvals on staff recommendations 
concerning research agreements and individual proposals for research 
projects; implements rigorous merit evaluation for all new and ongo-
ing activities in accordance with the federal requirements for the grant 
program and published guidelines for DOE laboratory programs and 
facilities; assists in the formulation and management of new programs 
and policies; coordinates research activities with those of other Federal 
agencies; represents the Division, the Offi ce, and DOE on professional 
societies, committees, task forces, etc.; supervises a staff of professional,
scientifi c and administrative employees. 

For more detailed information on this position, go to the website:
http://jobsearch.usajobs.opm.gov/. Go to Search Jobs and in the Key 
Word Search box type 06PH-ES-22-001.

For information on how to apply for this position, please follow the 
instructions as stated in the following website: http://jobsonline.doe.gov.
NOTE: Applications must be submitted online.

Structural Biology Opportunities

Extraordinarily gifted structural biologists are sought

to join a rapidly growing New York–based research

group that is pursuing an ambitious, long-term strat-

egy aimed at fundamentally transforming the process

of drug discovery.

Candidates should have world-class credentials in

structural or computational biology, and must have

unusually strong research skills. Relevant areas of

experience might include structural bioinformatics,

computational studies of biomolecular interactions,

X-ray crystallography, and NMR spectroscopy—but

specific knowledge of any of these areas is less criti-

cal than exceptional intellectual ability and a demon-

strated track record of achievement. Current areas of

interest within the group include the application of

simulation methods to both fundamental and prac-

tical problems in molecular biophysics, such as

dynamics and allostery. Systems of interest range

from ultrafast-folding proteins to functionally signifi-

cant biomolecules such as protein kinases and 

membrane transporters.

This research effort is being financed by the 

D. E. Shaw group, an investment and technology

development firm with approximately $19 billion in

aggregate capital. The project was initiated by the

firm's founder, Dr. David E. Shaw, and operates

under his direct scientific leadership. 

We are eager to add both senior- and junior-level

members to our world-class team, and are prepared

to offer above-market compensation to candidates of

truly exceptional ability. 

Please send your curriculum vitae (including list of

publications, thesis topic, and advisor, if applicable)

to sciencemag-bio@career.deshawresearch.com.

D. E. Shaw Research, LLC does not discriminate in employment matters 

on the basis of race, color, religion, gender, national origin, age, military

service eligibility, veteran status, sexual orientation, marital status, 

disability, or any other protected class. 

D. E. Shaw Research, LLC
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A postdoctoral position is available in mouse genetics to study the
neuropathology of tuberous sclerosis complex (TSC), an autosomal
dominant disorder responsible for seizures, developmental delay
and autism. Mutations in the TSC2 gene, encoding tuberin, are one
cause of TSC. While recent work has placed the TSC2 gene in the
mTOR pathway, the role of TSC2 in normal brain development, as well
as the molecular perturbations that occur in TSC are not well under-
stood. We have generated a conditional disruption of the TSC2 in the
mouse to aid in the understanding of the normal brain function of
TSC2 as well as TSC pathogenesis. We are currently using several
Cre driver mice to investigate disruption of Tsc2 in specific neuronal
populations. Current work will focus on characterizing mice with
brain specific Tsc2 disruptions. Long term goals will be to better
understand the genetic networks important for TSC pathogenesis,
normal brain development, and to shed light on complex genetic dis-
orders such as autism. The position is suited to individuals who have
experience in mouse genetics, neuroscience, and microarray analysis.

Applications, including a curriculum vitae, three letters of reference,
and a brief summary of accomplishments and future research direc-
tions should be sent by regular mail or e-mail to: Michael J.
Gambello, M.D., Ph.D., Department of Pediatrics, Division of
Medical Genetics, 6431 Fannin, MSB 3.144, Houston, TX 77030. 
E-mail: Michael.J.Gambello@uth.tmc.edu.

A postdoctoral position is available immediately at The
University of Texas Medical School at Houston in the
Department of Pediatrics. Several ongoing projects relat-
ing to lung development, biology and immunology with
emphasis on pulmonary surfactant proteins and airway
epithelial cells provide various venues of investigations;
(1) the identification and characterization of mRNA-bind-
ing proteins that regulate the stability of surfactant protein
mRNA and (2) the characterization of both lung biology
and the regulation of surfactant proteins in response to
environmental insults such as viruses and pollutants.
These positions require knowledge of molecular and tech-
niques in RNA analysis, knowledge of analytical tech-
niques used in protein purification and characterization,
or knowledge of analytical techniques used in investigat-
ing proteolytic pathways. Applicants should also have
prior experience in molecular biology and cell culture
techniques. 

Please send curriculum vitae, letter of interest, names and
contact information of three references to: Joseph Alcorn,
Ph.D., Department of Pediatrics, 6431 Fannin, MSB 3.222,
Houston, TX 77030. E-mail: Joseph.L.Alcorn@uth.tmc.edu.

A postdoctoral position is available in human genetics to study tuber-
ous sclerosis complex (TSC). TSC is a single gene disorder of benign
tumors that can affect any organ system. The most serious medical

consequences involve the brain with affected individuals potentially

having any of the following symptoms: seizures, mental retardation,

autism and a variety of psychiatric disorders. Mutations in either of

two genes, TSC1 and TSC2, can result in the disease. The project will

involve searching for modifier genes affecting the phenotype. The

TSC1 and TSC2 genes form a complex within the cell that is important

in down-regulating small G-protein RHEB in the mTOR cell signaling

pathway. The TSC1/TSC2 complex is also known to affect functioning

in the Wnt/βcatenin pathway and the functioning of several small 

G-proteins (Rho, RAC, RAP1A, RAB5). We have a large cohort of

affected individuals and their family members with identified TSC1 or

TSC2 mutations. By utilizing this resource, we would like to identify

other genes that affect the phenotypic expression. The long-term

goal is to identify pharmacologic targets for treatment strategies.

Applications, including a curriculum vitae, three letters of reference,

and a brief summary of accomplishments and future research directions

should be sent by regular mail or e-mail to: Hope Northrup, M.D.,
Department of Pediatrics, Division of Medical Genetics, 6431 Fannin,
MSB 3.144, Houston, TX 77030. E-mail: Hope.Northrup@uth.tmc.edu.

A postdoctoral position is available to study the mecha-
nisms by which mutations in cartilage oligomeric matrix
protein (COMP) genes affects transport and processing of
extracellular matrix proteins. We have human and murine
reagents ready for these studies. Candidates should pos-
sess a Ph.D. degree in molecular biology, cell and or carti-
lage biology or a related field. Experience in transgenic
and knockout mice is desirable. The University of Texas
Medical School at Houston is situated in the Texas
Medical Center, the largest medical center in the world
composed of 35 medical and research facilities including
The University of Texas M. D. Anderson Cancer Center, The
University of Texas School of Public Health at Houston,
and Harris County Hospital District. Facilities within the
university include state-of-the-art genomics, proteomics,
histopathology and mouse cores and vivarium. 

Applicants should send a letter of application that includes a
summary of career aspirations, curriculum vitae and names
and addresses of three references to: Dr. Jacqueline T.
Hecht, The University of Texas Medical School at Houston,
Department of Pediatrics, P.O. Box 20706, Houston, TX 77225.
E-mail: Jacqueline.T.Hecht@uth.tmc.edu.

POSTDOCTORAL POSITIONS

The Division of Medical Genetics in the Department of Pediatrics at UT Health Science Center at Houston is an interactive and collegial research environment
with state-of-the-art facilities including transgenic/knockout technology and core facilities for microarray and gene expression analysis. We are located in the
Texas Medical Center, a rich environment for a multitude of research collaborations.

Women and minority candidates are encouraged to apply. The University of Texas Health Science Center at Houston is an EO/AA employer. M/F/D/V. This is a
security sensitive position and thereby subject to Texas Education Code §51.215. A background check will be required for the final candidate.
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The University of Michigan Department of 
Medicine, Division of Infectious Diseases
seeks Ph.D., M.D., or M.D./Ph.D. candidates 
for tenure-track positions at the Assistant, 
Associate, or Full Professor rank to develop 
and conduct independently funded basic and/
or translational research programs in the fi eld 
of viral or bacterial pathogenesis. Investiga-
tors will join a growing and interactive group 
of researchers with close ties to both basic
science and clinical departments within the 
University, and joint appointments within
graduate departments of the University of
Michigan are available. Physician-scientists 
who are board certifi ed/eligible in Infectious 
Diseases are encouraged to apply and will
be provided protected time to conduct their 
research.  

Interested individuals should submit a cur-
riculum vitae, summary of research and
career goals for junior applicants, and con-
tact information for three references to: Powel 

Kazanjian, M.D., Professor and Chief Divi-

sion of Infectious Diseases, Department of 

Internal Medicine, 1500 E. Medical Center

Dr, 3120 Taubman Center, Ann Arbor, MI 

48109-0378.

The University of Michigan is an Equal 
Opportunity Employer, women and other 

minorities are encouraged to apply.

People depend on our products — we depend on

our people. We are Forest Laboratories, a thriving

pharmaceutical company focused on helping

people enjoy healthier, more fulfilling lives. If you’re

inspired by innovative approaches and determined

to achieve in a collaborative environment, then

we may have an ideal position for you. 

We attribute our growth and success to three

invaluable, proven assets: the caliber of our

resources, the strength of our strategies and the

talent of our employees.

We are a company of varied personalities and skills,

all working as one to provide superior products that

improve quality of life. Our diverse product portfolio

includes Lexapro®, Namenda®, Benicar®, Campral®

and Combunox™, treating such conditions as

depression, Alzheimer’s disease, hypertension,

alcohol dependence, acute pain and others. And

with a strong new product pipeline, we’re just

getting started.

Vis i t  us  onl ine  

a t  www.f rx .com

Committed to continuing
diversity at work.

Ph.D. Scientist Internship, CNS

Psychiatry Clinical Development

We are seeking a junior-level scientist for a 1-year appointment, at

which time he or she may be qualified to apply for a Clinical Scientist

role at Forest. The Internship scientist must possess significant

intellectual independence, a keen interest in pharmaceutical clinical

research, advanced research, analysis and writing abilities, and the

ability to quickly pick up significant knowledge in a therapeutic area.

The position will consist of approximately 30% literature research to

support study design and in-licensing needs, 30% data analysis,

regulatory response, and marketing support, 30% involvement in a

clinical study, and 10% participation in seminar series and journal clubs.

Requires a PhD in a basic biomedical science, plus either neuroscience

research experience or some postdoctoral experience in addition to

PhD work, preferably both.

Forest looks for talent, drive and dedication because our work demands

it 100% of the time. In return, we offer generous compensation and

benefits packages.

To learn more about the opportunities currently available at Forest,

visit www.frx.com. To apply, e-mail your resume, including code

CNS Intern in the subject line, to staffing_nj@frx.com.

P h a r m a c e u t i c a l  D e v e l o p e r  ·  M a n u f a c t u r e r  ·  M a r k e t e r

we know no other way

Assistant Professorship in Functional Neurogenetics

Center for Population Genomics & Pharmacogenetics in the 
Duke Institute for Genome Sciences & Policy 

and
The Joseph & Kathleen Bryan Alzheimer's Disease Research Center  (Bryan ADRC) 

Division of Neurology
Department of Medicine

Candidates should have a Ph.D and/or M.D. and the potential for outstanding achievement in neurogenetics.
We seek a highly motivated individual with a strong background in molecular biology to investigate the 
functional effects of genetic polymorphisms on complex neuropsychiatric conditions.  The background 
of the candidate may be in any area of neuropsychiatry, but it is expected that the successful candidate 
would emphasize work related to neurodegenerative dementia.

The successful applicant will benefi t from participation in a broad range of studies relating genetic varia-
tion to neuropsychiatric conditions including epilepsy, schizophrenia, and in particular the resources 
and personnel dedicated to Alzheimer’s dementia in the Bryan ADRC (http://adrc.mc.duke.edu). It is 
expected that the successful candidate would carry out independent research that would help elucidate 
how specifi c gene variants infl uence both disease risk and disease sub phenotypes using a broad range 
of in vitro functional assays as well as in vivo assays of tissue specifi c expression levels, including 
the study of how genetic variation infl uences alternative splicing. Experience in a range of techniques 
suitable to assessing possible effects of variants on splicing, mRNA expression, protein expression or 
function (such as in situ hybridization, real-time PCR, Western blotting, exon trapping, enzyme activity 
assays etc) is desirable.  

The position will be within the Division of Neurology and state of the art space and computing facilities will
be provided in newly refurbished space within the Center for Population Genomics & Pharmacogenetics 
within the Institute of Genomic Sciences & Policy (www.genome.duke.edu).   

Electronic applications (PDF fi les), including curriculum vitae, a brief statement of research interests and
plans, and the names and contact details of three referees should be sent to: Faculty Search Committee, 

c/o Dr. David Goldstein, igspsearch@genome.duke.edu.

Informal enquiries about the position may be addressed to Dr. David B. Goldstein or Dr. Warren Strittmatter
d.goldstein@duke.edu; warren@neuro.duke.edu. Review of applications will begin in May 2006.

Duke is an Equal Opportunity Employer/Affi rmative Action Employer.  
Female and minority candidates are especially encouraged to apply.
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Colipa has immediate openings for:

Only candidates fulfilling these requirements

should apply � clearly specifying the reference of

the position applied for - by sending an

introductory letter in English and a full c.v., which

will be treated in the strictest confidence, to:

MrsDanièle VRANKEN-MARTEAUX,Director,

Finance &Administration,COLIPA,

Avenue Herrmann-Debroux, 15a,

B-1160 Brussels (Auderghem), Belgium

Email: dmarteaux@colipa.be

DEADLINEFORAPPLICATIONS: 30 April 2006

Telephone enquiries cannot be answered.

Colipa, the Brussels based European trade association

of the cosmetic industry represents 23 national

associations and 21 international companies. It covers

a wide range of regulatory issues impacting the

cosmetic industry.

2. Issue Manager Science and

Research
Permanent position -
Reference 2006/03/IMSR

As a member of the Directorate Science and
Research, the successful IssueManager contributes
to an effective management of scientific and
regulatory issues, relevant for thecosmetics industry.

Main responsibilities:
� To contribute to the development of issue related

strategies and objectives;

� To implement work plans and strategies;

� To effectively prepare and implement projects;

� To build and maintain a successful network with

stakeholders (notably European institutions),

scientific circles and other industry sectors;

� To represent the association to external audiences

in the area of responsibility;

� To support project teams and task forces in the

association;

� To identify pertinent trends in the area of science

and research, relevant for the industry and act as

adviser to membership.

Required Qualifications and Skills
� Relevant University Degree in a scientific discipline

(chemistry, biology, toxicology);

� 2-3 years working experience in a company or

industry association;

� Knowledge of the cosmetics industry desirable;

� Excellent knowledge of English, good command of

a second major European language is a plus;

� Team player, excellent communication skills;

� Attention to detail, �hands on� mentality, creativity

and problem solving skills.

1. Project Manager Alternative

Methods to Animal Testing
Temporary assignment -
Reference 2006/02/PMAMAT

The role of ProjectManager involves effective

management of a portfolio of R&D projects in the

field of alternative methods to animal testing. The

successful Project Manager will contribute to a

wider recognition of the industry sector�s efforts

in the development of alternative methods.

A three years� - renewable - contract is offered.

Main Responsibilities:

� To co-ordinate and pro-actively manage the R&D

programme together w ith the associat ion

management and membership;

� To ensure delivery of the agreed programme

according to the milestones and timelines agreed

with members and research partners;

� To develop an overall administrative framework for

the R&D programme and implement effective

management processes/tools for init iat ing,

monitoring and report ing on progress of the

research projects, including contractual

negotiations with research collaborators and the

planning, monitoring and reporting of the annual

research budget;

� To organise meetings, including the preparation of

documents, production of minutes, monitoring

progress with actions, and general support for

industry working groups;

� To effectively liaise with relevant regulatory bodies

(e.g. European Commission, OECD), scientific

circles and other industry sectors.

Required Qualifications and Skills

� Degree in a biology/toxicology related discipline;

� Excellent knowledge of English, good command of

a second major European language is a plus;

� A team player, having at least five years experience

with research project management;

� Excellent communication skills (oral and in writing);

� Attention to detail; a �hands on� mentality; creativity

and problem solving skills.
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FACULTY POSITIONS IN 

MICROBIOLOGY & IMMUNOLOGY

Department of 
Microbiology and Immunology

Jefferson Medical College
of Thomas Jefferson University

The Department is recruiting for two tenure-track faculty

positions. Candidates for Assistant or Associate Professor

levels will be considered. We seek individuals with interest

in the area of host pathogen interactions; however, highly

qualified candidates with interests in any aspect of

microbiology and immunology are welcome to apply. The

interests of members of the Department can be found at

www.jefferson.edu.

The Department hosts large graduate and postdoctoral

programs supported by NIH training grants. The Kimmel

Cancer Center also provides a variety of core facilities to

Departmental investigators. All facilities are described at

www.kimmelcancercenter.org. Applicants should send

curriculum vita with a description of research interests

and three letters of reference via email to: 

Yuri Sykulev, MD/PhD, Chair, Search Committee

Department of Microbiology and Immunology

Jefferson Medical College

233 South 10th Street, Philadelphia, PA 19107

Y_Sykulev@mail.jci.tju.edu 

Jefferson Medical College is located in Center City

Philadelphia, adjacent to a variety of cultural, entertain-

ment and historical attractions.

Affirmative Action/Equal Opportunity Employer
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Expect More From Your Career.®

R&D &
YOU & US

PGRD
Pfizer Global Research & Development

Imagine a career that touches the lives of people everywhere. Imagine an opportunity to reach beyond your area of expertise
to make an impact on something greater than the bottom line. Imagine playing a key role in some of the most critical issues
facing health care today. This is your career at Pfizer—a career unlike any other.  Our department of Pharmacokinetics,
Dynamics and Metabolism has multiple opportunities for enthusiastic scientists at our state-of-the-art laboratories in California,
Connecticut, Michigan, Missouri and the United Kingdom. 

Senior Scientists
As a vital member of a multidisciplinary project team, you’ll work on the discovery and development of new drug candidates
in a therapeutically aligned environment. You’ll be responsible for:

• Defining a strategy to understand ADME liabilities of newly synthesized compounds in early discovery 
• Planning, developing and conducting in vivo and in vitro drug metabolism as well as pharmacokinetic 

studies in support of identification and nomination of drug candidates or IND/NDA submissions 
• Author ADME sections of internal decision making documents, INDs, IBs, etc.

These studies are directed at understanding PKPD relationships in preclinical species and predicting the metabolism,
pharmacokinetics and dosing regimen in humans. This focus is achieved through utilization of the latest in vitro and
computational models along with bioanalytical tools and close interaction with colleagues to further the learning and growth
in ADME sciences.

Our ideal candidates possess one or more of the following characteristics:

• Ph.D. in Pharmaceutics, Pharmacology, Medicinal Chemistry or related discipline or BS/MS with 10 years of 
DM/PK experience

• Experience in bioanalysis (extraction, chromatography, mass spectrometry), dosing and sample collection in 
animal models and in vitro ADME studies

• Strong interpersonal and communication skills
• Knowledge of ADME regulatory requirements desired
• Significant experience with the design and analysis of preclinical PK/PD experiments in drug discovery desired
• Ability to work with databases, web based applications and pharmacokinetic data processing tools 

(e.g., WinNonLin) preferred 
• Experience with development and use of computational ADME models preferred 
• Supervisory experience a plus

We offer competitive compensation, full benefits and talented professional colleagues… some of the best 
and brightest in the research field today. To find out more about these positions, visit our website at:
www.pfizer.com/careers and search by req number 53197. While there, you can submit your resume and find out about
the benefits you’ll enjoy with a career at Pfizer.

Pfizer is proud to be an Equal Opportunity Employer and welcomes applications from people with different experiences,
backgrounds and ethnicities.

www.pfizer.com/careers
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U.S. Daryl Anderson
phone: 202-326-6543

e-mail: danderso@aaas.org

Europe and International
Tracy Holmes

phone: +44 (0) 1223 326 500

e-mail: ads@science-int.co.uk

Japan Jason Hannaford
phone: +81 (0) 52 789-1860

e-mail: jhannaford@sciencemag.jp

To advertise in this
issue, please contact:

Aging

Research

Careers

Get the experts behind you.

Advertising Supplement

Be sure to read this
special ad supplement
devoted to aging research
opportunities in the
upcoming 21 April issue
ofScience.

You can also
read it online at
www.sciencecareers.org.

Do you do
aging research?

Director

Brookhaven Science Associates LLC (BSA) announces the search for Director of the Brookhaven 
National Laboratory (BNL). The BSA Board comprises representatives from the partners Stony Brook 
University and Battelle Memorial Institute as well as from the six collaborating universities that are core
participants in the missions of the Lab: Columbia, Cornell, Harvard, MIT, Princeton, and Yale. 

Founded in 1947, Brookhaven National Laboratory is located on Long Island in Upton, New York, 
and is one of fi ve multipurpose laboratories operated by the Offi ce of Science of the U.S. Depart-
ment of Energy. The Laboratory’s primary mission is scientifi c research in fi elds frequently requiring 
the design, construction and operation of complex facilities for external users as well as for its own 
scientists. BNL scientifi c programs are organized in fi ve directorates: Basic Energy Sciences, Energy/
Environment/National Security, High-Energy and Nuclear Physics, Life Sciences, and Light Sources. 
Major facilities include the Relativistic Heavy Ion Collider (RHIC), the National Synchrotron Light 
Source (NSLS), and the Center for Functional Nanomaterials (CFN). The Laboratory has over 2,600 
employees, an annual budget of approximately $500 million, and more than 4,500 scientifi c users of 
its facilities per year. 

The Director of Brookhaven National Lab also serves as President of BSA. The new director must 
have strong scientifi c credentials, experience in developing and operating a complex scientifi c orga-
nization, and demonstrated success in engaging all the stakeholders associated with the functioning 
of such an organization.

Nominations and expressions of interest should be submitted, in total confi dence, to: 
Shelly Weiss Storbeck, Managing Director

A.T. Kearney Education Practice

333 John Carlyle Street,

Alexandria, VA 22314

Telephone: 703-739-4613

Fax: 703-518-1733

E-mail may be addressed to BNL@es.atkearney.com

For best consideration, please submit applications or nominations no later than May 15, 2006. Electronic
submissions are particularly encouraged.

Further information about BNL can be found on the website: www.bnl.gov.

Vice-Chair for Research
In Reproductive Science and Medicine
Department of Reproductive Medicine

University of California, San Diego

The University of California, San Diego, Department of Reproductive Medicine, is seeking a leading PhD
and/or PhD/MD investigator in Reproductive Biology/Medicine to become the Vice-Chair for Research.
The responsibilities and duties of the Vice-Chair for Research will augment one of the open positions cur-
rently under recruitment and posted at http://academicaffairs.ucsd.edu/offi ces/adeo/recruitment/.

The Department of Reproductive Medicine is presently engaged in a major expansion of its renowned 
reproductive research programs, with plans to recruit up to six basic/translational scientists. Ample 
recruitment packages have been assigned by the Dean, UCSD School of Medicine, for this effort and 
excellent research space is available. The department is particularly interested in scientists with interests 
in developmental biology, placentation, ovarian biology or cancer, neuroendocrinology of reproduction, 
and germ cell - stem cell research. 

The Vice Chair for research will lead and coordinate these recruitment efforts, assist existing programs 
in expanding their funding base and develop new research programs relevant to reproductive biology. 
He or she will also be expected to serve in a broader leadership role in the scientifi c enterprise within the 
department and the School of Medicine.  Applicants should have senior academic experience in obtain-
ing extramural support as an independent investigator and have a currently funded established research 
program in the reproductive sciences. Proven teaching skills in Reproductive Physiology/Medicine, 
outstanding scholarly achievements, a deep commitment to academic excellence, strong leadership and 
administrative skills, and a vision for basic science and translational research in an academic setting are 
expected. The candidate should be committed to furthering interdisciplinary research, both within the 
department and in the larger institutional setting.  

Applicants are encouraged to directly contact Thomas R. Moore (trmoore@ucsd.edu), MD, Professor 

and Chair, Department of Reproductive Medicine, or submit a letter of interest, curriculum vitae, 
separate statements of research and teaching interests, a statement of administrative philosophy, and a 
list of fi ve references to: Ms. Jackie McElveny (jmcelveny@ucsd.edu), The University of California,

San Diego, Department of Reproductive Medicine, 9500 Gilman Drive, La Jolla, CA 92093-8433.
Review of applications will continue until the position is fi lled.

The University of California, San Diego, is one of the ten campuses in the University of California, the 
largest higher education system in the world. It is located in the heartland of La Jolla surrounded by the 
Salk/Scripps/Burnham Institutes and 500-plus biotechnology companies.  

The University of California, San Diego is an Equal Opportunity/Affi rmative Action Employer with a 

strong institutional commitment to the achievement of diversity among its faculty and staff.
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The Stanford University School of Medicine 
Career Center is pleased to invite you to the 

second annual 

Biotech Industry Day

Thursday, April 20th 2006
1-5 PM

Stanford Medical Campus

Sponsored by

For further information and to register go to 
http://med.stanford.edu/careercenter

Registered Companies: 
(To date)

Agilent 

Alexza Pharmaceuticals

Codexis • Entelos • Genentech

Genitope • InnoCentive

Jazz Pharmaceuticals 

Monsanto

Nektar Therapeutics

Schering-Plough Biopharma

SRI International • Theravance

STANFORD UNIVERSITY SCHOOL OF MEDICINE 
CAREER CENTER
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Cincinnati Children’s Hospital Medical Center and Cincinnati Children’s Research 
Foundation, University of Cincinnati College of Medicine

Division of Pathology and Division of Experimental Hematology

Cancer Pathobiology Program Faculty Positions

We seek to fi ll one senior and three junior faculty positions (M.D., Ph.D. or D.V.M.) with faculty 
interested in basic or translational research in hemato- or neuro- pathology,  molecular pathology 
of leukemia and blood diseases, proteomics, and stem cell biology (both embryonic stem cells 
and adult stem cells - including gut stem cells). Close collaboration is available with members 
of the Cancer Biology, Stem Cell Biology, Gene and Molecular Therapy, Cell Signaling and
Leukemia Biology programs in the Division of Experimental Hematology (http://www.cincin
natichildrens.org/research/div/exp-hematology/), the Developmental Biology Division (http:
//www.cincinnatichildrens.org/research/div/dev-biology/) and with clinical/translational cancer
programs in the Division of Hematology/Oncology (http://www.cincinnatichildrens.org/research/
div/hem-onc/) in the Department of Pediatrics. For further information on the exciting research 
opportunities at Cincinnati Children’s Research Foundation, please refer to: www.cincinnatichil
drens.org/research/div/exp-hematology/.

To apply, please forward your CV and a brief statement of your research interest to:
David.Williams@cchmc.org and David.Witte@cchmc.org

David A. Williams, M.D., Director, Division of Experimental Hematology

and

David Witte, M.D., Director, Division of Pediatric Pathology

Cincinnati Children’s Hospital Medical Center

Cincinnati Children’s Research Foundation

3333 Burnet Ave., Cincinnati, OH 45229-3039

The Children’s Hospital Medical Center is an Equal Opportunity Employer 
and encourages applications from women and minorities.

The Faculty of Biology at the Albert-Ludwigs-University Freiburg invites applications for the posi-
tion of

Professor (W3) in Computational Neuroscience

starting as soon as possible. This position involves directing the newly established Bernstein
Center for Computational Neuroscience (www.bccn-freiburg.de), funded by the German Federal

Ministery of Education and Research (BMBF). Close cooperation with the theoretical and experi-
mental research groups of the Center is expected.

The applicant’s research focus should be in one of the following areas: neurophysiology- and neu-

roanatomy-oriented modeling of higher brain functions and behaviour, relations between struc-

ture, dynamics and function in biological neural networks, development of new methods for

experiment-oriented analysis and simulation of complex neural systems and their application.

The tasks associated with the position include teaching neurobiology students. New contributions

to the teaching and training program in Computational Neuroscience are expected. German

Habilitation or proof of equivalent scientific qualification is required.

Please submit your application in English (with curriculum vitae, structured list of publications,

short description of previous and future research and teaching activities, copies of three most

important publications) no later than May 15, 2006, to:

Dean of the Faculty of Biology

Albert-Ludwigs-University Freiburg
Schaenzlestraße 1

D-79104 Freiburg, Germany

The University of Freiburg aims  to increase  the percentage of women in research and tea-

ching, and therefore encourages female candidates meeting the above qualifications to apply.

Equally qualified handicapped candidates will be considered preferentially.

In the first instance, appointment will be made for a limited period, although exemption from this
rule is possible. A subsequent transfer to permanent status, either as civil servant or employee,

will not require a new appointment procedure.

Immunology/
Infectious
Disease
Research
Careers

Get the experts behind you.

Advertising Supplement

Be sure to read this special
ad supplement devoted to
immunology and infectious

disease career opportunities

in the upcoming 5 May issue
ofScience.
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www.sciencecareers.org.
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Fred Patterson Endowed Chair: 
Translational Genomics for Crop Improvement

Associate/Full Professor (Tenure track, academic year appointment)

Purdue University (Posting 001597-2006) 

Position available September 2006

To further strengthen a comprehensive plant genetics/genomics/crop improvement program, Purdue 
Agronomy Department seeks to fi ll a tenure track endowed chair position with a mid-career scientist 
in translational genomics of crops. The Fred Patterson Endowed Chair provides recurring funds to the 
successful candidate for the development of a strong crop research program in translational genom-
ics. The successful candidate is expected to provide leadership and interact with a dynamic group of 
scientists engaged in plant genomics research and crop improvement. Research foci could encompass, 
but are not limited to, genetics of seed biochemistry/metabolism/development, biofuels, biotic and 
abiotic stress tolerance, or developing creative molecular/quantitative approaches for the exploitation 
of genomics and genomic data in germplasm enhancement and improvement of economically important
crops. The incumbent must have a proven track record of grantsmanship and scholarly publication, 
experience in interdisciplinary research, and ability to interact with a diverse group of researchers and 
clientele groups. Although experience in the genetic improvement of crop plants is desired, persons 
who have established excellent research programs in the genetics or genomics of other plant systems 
but with a desire and plan to develop a successful interdisciplinary program in crop improvement will 
also be considered. The successful candidate will be expected to teach and mentor undergraduate and 
graduate students, as well as participate in outreach activities.

Applicant must hold a PhD in plant genetics, genomics, plant breeding, or related fi eld. A record of 
excellence in research, mentoring of graduate students, and engagement in outreach activities is required.
Interest and/or experience in the international dimensions of the discipline is desirable. The candidate 
must be committed to expanding and fostering diversity. Salary is commensurate with experience. 
Compensations include an excellent fringe benefi t package with TIAA-CREF retirement program, as 
well as medical, life and disability insurance and sabbatical leave program. 

Qualifi ed persons are requested to send a letter of application including a statement of research goals 
and teaching philosophy, curriculum vitae, and representative examples of their scholarly work to: 
Dr. Craig Beyrouty, Head, Department of Agronomy; 915 W. State St., Purdue University, West 

Lafayette, IN 47907-2054; Phone: 765-494-4774. Application review will begin June 1, 2006 and 
continue until a successful candidate is identifi ed. For more information, contact Search Chair,Gebisa
Ejeta (gejeta@purdue.edu) or Craig Beyrouty (beyrouty@purdue.edu), Department Head.

Purdue University is an Affi rmative Action/Equal Access/Equal Opportunity Employer. Women and 
individuals in underrepresented groups are encouraged to apply.

The Medical College of
Georgia Vascular Biol-
ogy Center is recruiting
two pulmonary vascular

biologists at the Assis-

tant, Associate or Full

Professor levels, tenure-
track. The successful candidates will have an 
earned Ph.D., M.D. or M.D./Ph.D. degree.
They will join an active group of extramurally 
funded vascular biologists (currently about $8
million annually, see: http://www.mcg.edu/

centers/VBC/index.html) in recently reno-
vated laboratories utilizing state-of-the-art
equipment. They will have the opportunity
to participate in the two institutional pre- and 
post-doctoral training programs in Integrative
Cardiovascular Biology.Ample opportunities 
for collaborative basic and clinical research 
are available and encouraged. The candidates 
are expected to have and further develop an 
active, extramurally-funded research program
in aspects of pulmonary vascular disease.
Highly competitive salary and start-up pack-
age, commensurate with prior experience,
will be provided.

Applications should include detailed CV,
statement of career goals and names of three 
references and be e-mailed to: JohnD. Catra-

vas, Ph.D. (jcatrava@mcg.edu).

The Medical College of Georgia is an 
AA/EOE. Applications from women and 

under-represented minorities are 
particularly encouraged.

Recruitment of the President of the Cyprus Institute (CyI)

The objective of the CyI project is the establishment in Cyprus of a novel non-profit research and educational institution, with a scientific and technological

orientation, the highest standards of excellence and an emphasis on international partnerships with world-class universities and research organizations. The

Cyprus Institute was launched in January 2005, with the support of the government of Cyprus and the Cyprus Development Bank, and is being developed at the

initiative of the Cyprus Research and Educational Foundation (CREF), governed by a Board of Trustees -chaired by Prof. Edouard Brézin, president of the French

Science Academy- and advised by an international council -chaired by Prof. JoseMarianoGago,Minister of Science and Technology of the government of Portugal.

Its development is planned in three successive phases: the progressive implementation of several cross-disciplinary research centres, followed by the establishment

of a Graduate College, and later on of an Undergraduate College. The first research centre will deal with Energy, Environment and Water; it has been planned

under the leadership of Prof. Ernest Moniz, Professor at the Massachusetts Institute of Technology and former Undersecretary for Energy of the US government.

The President of CyI will be instrumental in realizing this centre and in developing the ensuing research centres. The Institute is intended to serve as an important

research and educational resource for the Eastern Mediterranean, Middle East, and North Africa and to serve as a gateway between the EU and the region for

addressing areas of mutual interest on the basis of science, technology and analysis. Further information can be found at www.cyprusinstitute.ac.cy

Position Description:

The incumbent will be the President of the Cyprus Institute, he/she will be responsible for the conduct of all affairs of the Institute, in collaboration with the Board

of Trustees of CREF. He/she will work in Cyprus, and will be offered a 5-year appointment, renewable upon mutual agreement, with a very attractive salary and

benefits package, commensurate to his/her high degree of responsibility and qualification.

Responsibilities:

The incumbent will be directly responsible for developing strategies and actions, as appropriate to the Institute�s missions and objectives.

He/she will be responsible for:

- keeping the Board informed of all relevant affairs, and for executing all decisions of the Board.

- developing organisational structures for the appropriate functioning of CyI, as well as coordinating such structures and their activities.

- raising financial and other resources for the needs of CyI.

- recommending the recruitment of future employees, and generally supervising the human resources of CyI.

He/she will have authority and responsibility for all members of CyI, and represent the Institute in high-level external contacts.

Profile:

The incumbent should be an outstanding individual of international calibre, with a minimum of 5 years� experience in research management. He/she must have

a strong vision of the role of research and education and of the importance of science and technology capacity building in Europe in the 21st century. Previous

responsibility for institution building and/ormanaging complex projects from development to implementation would be a strong advantage. Proficiency in spoken

and written English is indispensable, while knowledge of theGreek language would be an advantage but is not a requirement. The incumbentmust have excellent

interpersonal skills, with strong capacities for managing human resources, and for generating and maintaining contacts in the academic, business, political and

governmental circles, as well as obtaining support from them for the Institute.

Please reply before 15/05/2006 to Dr. Michalis Yangou � CREF, PO Box: 22745, CY 1523 Nicosia, Cyprus.

Tel: +357 22 761101 Telefax: +357 22 447800     email: sec.cref@cytanet.com.cy
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U.S. Department of Health and Human Services
Food and Drug Administration

MICROBIOLOGISTS

The Food and Drug Administration, Center for Drug Evaluation and Research, 
Division of Special Pathogen and Transplant Products is recruiting Microbiolo-
gists to serve as Review Microbiologists to provide scientifi c and regulatory 
guidance to sponsors through all phases of drug development, including the 
review of the activity of the product (in vitro and animal studies, clinical micro-
biology which includes setting of interpretive criteria and the mechanism by 
which drug exhibits its effect), overall microbiological drug development
programs and evaluation of the results.

QUALIFICATIONS: Basic Requirements: Degree: microbiology; or biology, 
chemistry, or basic medical science that included at least 20 semester hours in 
microbiology and other subjects related to the study of microorganisms, and 
20 semester hours in the physical and mathematical sciences combining course 
work in organic chemistry or biochemistry, physics, and college algebra, or 
their equivalent. Candidates for Civil Service or U.S. Commissioned Corps 
must be U.S. citizens. Permanent U.S. residents may apply for staff fellowship 
appointments.

HIGHLY DESIRABLE: A doctorate degree with at least two years experi-
ence in clinical microbiology and/or immunology. Also desirable is experience 
in assessment of the mechanisms of actions and resistance to anti-infectives;
epidemiology of infectious diseases; work with animal models of infectious 
diseases; evaluation of clinical/microbial effi cacy data from clinical trials; and 
determining in vitro susceptibility test interpretive criteria.

CIVIL SERVICE SALARY: GS-12/13 $65,048 - $100,554

HOW TO APPLY: Submit curriculum vitae with cover letter to source code 
# 06-009-1 via e-mail by May 31, 2006 to: Employment@cder.fda.gov or
send hard copies to: U.S. FDA/Center for Drug Evaluation and Research,

Offi ce of New Drugs/Program Management Team, Attn: Dwayne Keels,

10903 New Hampshire Ave, Bldg#22, Rm 6445, Silver Spring, MD 20993.

For additional information, please contact the Offi ce of NewDrugs’Program

Management Team at 301-796-0800.

FDA IS AN EQUAL OPPORTUNITY EMPLOYER WITH

A SMOKE FREE ENVIRONMENT.

EU Marie-Curie Early Stage Research Training

INTCHEM – Non-Covalent Interactions in

Chemistry and Biochemistry

8 PhD Fellowships funded under the Marie Curie Actions from

October 2006

_interactions of small organic molcules with RNA

_complementary recognition of single-stranded DNA

_host-guest interactions

_interactions of ions and proteins

_interactions of proteins and solvents

_interactions in model peptides

_interactions between proteins

Doctoral research is accompanied by an intensive theoretical

and practical training programme in state-of-the-art analytical

and synthetic methods.

Applicants will preferably hold an excellent M.Sc. degree in

chemistry, biochemistry, molecular biology or physics.

Applications must be received by 31st May 2006. Details of the

eligibility requirements are available at the website. Fellowship

salaries amount to ca. 1’300 Euros p.m. after tax and social

contributions.

Contact: Graduate School of Chemistry and Biochemistry
Ruhr-Universität Bochum | NC 02/169 | D-44780 Bochum | Germany
Tel.: +49-234-32-24374 | Fax.: +49-234-32-14749 |
E-mail: gscb@rub.de
www.rub.de/gscb/intchem

Graduate School of Chemistry and Biochemistry

RUHR-UNIVERSITÄT BOCHUM

Bring your career concerns to

the table. Dialogue online with

professional career counselors

and your peers.

Visit ScienceCareers.org and start an online dialogue.

• How can you write a resume that stands out in a crowd?

• What do you need to transition from academia to industry?

• Should you do a postdoc in academia or in industry?

Science Careers Forum

Let a trusted resource like ScienceCareers.org help you
answer these questions. ScienceCareers.org has partnered
withmoderator Dave Jensen and three well-respected advisers
who, along with your peers, will field career related questions.
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POSITION IN COMPUTATIONAL NEUROSCIENCE

CENTER FOR NEUROSCIENCE, SECTION OF NEUROBIOLOGY,
PHYSIOLOGY AND BEHAVIOR

DEPARTMENT OF OPHTHALMOLOGY AND VISION SCIENCES

UNIVERSITY OF CALIFORNIA, DAVIS

The Center for Neuroscience, Section of Neurobiology, Physiology and 
Behavior, (College of Biological Sciences), and the Department of Oph-
thalmology and Visual Science (School of Medicine) at the University 
of California, Davis, invite applications for a tenure-track position at
the assistant professor level in the area of computational neuroscience. 
Candidates specializing in analytical approaches and predictive modeling
of perceptual visual and/or visuomotor circuitry in vertebrates are encour-
aged to apply. Two or more years of postdoctoral experience are required.
Candidates should be able to incorporate neurophysiological, neuroana-
tomical, psychophysical, and/or cognitive-experimental techniques to
test models. The appointee will be expected to teach undergraduate and 
graduate level courses in his/her areas of expertise. The University of 
California is interested in candidates who are committed to the highest 
standards of scholarship and professional activities. 

This position is open until fi lled, but applications must be received by 
October 31, 2006, to be assured full consideration. Applicants should send
a letter describing their research and teaching interests, a curriculum vitae,
bibliography, copies of representative publications, and the names of at 
least three persons from whom references can be obtained to: Edward
G. Jones,MD, PhD,Director, Center for Neuroscience, 1544 Newton

Ct, University of California, Davis, CA 95616.

The University of California is an Equal Opportunity/Affi rmative 
Action Employer with a strong institutional commitment to the 

achievement of diversity among its faculty and staff.

The EUROCORES Scheme
The aim of the ESF European Collaborative Research (EUROCORES) Scheme is to enable researchers in different European countries to develop 
collaboration and scientific synergy in areas where European scale and scope are required for leading-edge research. This should create the critical 
mass necessary for scientific excellence. The scheme provides a flexible framework which allows national basic research funding organisations to 
join forces to support top class European research in and across all scientific areas.

Eligibility criteria
Proposing groups must include scientists and/or representatives from national funding organisations from at least 4 different countries within 
ESF membership.

Criteria for the selection of EUROCORES themes
Scientific quality, novelty and feasibility of the EUROCORES theme proposal
Requirement for European collaboration
Relationship to other ongoing/planned research initiatives in the field (national, European, international)
Qualification of the proposers
Appropriateness of funding requested

How to submit a EUROCORES theme proposal
EUROCORES theme proposals must be received by 1st June 2006 (midnight) by e-mail in one single pdf attachment to eurocores@esf.org. 
The title of the EUROCORES theme should appear in the subject line.

The full Call with detailed information and proposal guidelines can be found at: www.esf.org/eurocores or contact:

EUROCORES Scheme – eurocores@esf.org

The EUROCORES Scheme is currently supported by the EC Sixth Framework Programme under Contract no. ERAS-CT-2003-980409.

Call for EUROCORES themes
ESF is looking for new ideas for collaborative research at the European level

The European Science Foundation (ESF) is an association of 78 member organisations in 30 European countries 
devoted to the coordination, implementation, networking and science policy development in the basic sciences 
(www.esf.org). The ESF wishes to contribute to the European Research Area with its EUROCORES Scheme. It is 
inviting well developed proposals for new EUROCORES Programmes (EUROCORES themes).

Harold M. Weintraub Graduate Student 

Awards – 2006

The Fred Hutchinson Cancer Research Center congratulates the fol-
lowing recipients of the 2006 Harold M. Weintraub Graduate Student
Award in recognition of outstanding achievement during Graduate 
Studies in the Biological Sciences.

Melissa W. Adkins University of Colorado Health Sciences Center
David M. Altman    Stanford University
Brenda L. Bloodgood  Harvard University
Curtis R. Chong Johns Hopkins University School of Medicine
Sophie Dumont University of California, Berkeley

Liang Feng Princeton University

Ryan C. Heller    Cornell University

Takaki Komiyama    Stanford University

Yoontae Lee Seoul National University
Anna V. Molofsky University of Michigan
Ying Peng    Brandeis University
Ryan T. Phan    Columbia University
Benjamin A. Pinsky    Fred Hutchinson Cancer Research Center
Daniel R. Rhodes University of Michigan
Sarah E. Siegrist University of Oregon
Tomomi Tsubouchi Yale University

The recipients will participate in a Symposium this spring honor-
ing Hal Weintraub and his commitment to innovative science. 
More information on this award can be found at:

http://www.fhcrc.org/science/basic/weintraub

ANNOUNCEMENTS

ANNOUNCEMENTS 
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POSITIONS OPEN

CORE LABORATORY MANAGER

The Institute of Human Virology (IHV), Univer-
sity of Maryland Biotechnology Institute, invites
applications for a Core Laboratory Manager at its
MicroQuant Core facility. The successful applicant
will manage and perform routine core activities and
services to IHV investigators. Qualifications: Advanced
degree in biological sciences, molecular biology or
immunology; or B.S. with significant experience with
cores. Capability to manage infrastructure and logis-
tics; to interact effectively and efficiently with a variety
of investigators; and to manage the financial aspects
of the core. Experience to include cell stock prepara-
tion, HIV virus stock preparation and characteriza-
tion, cell culture-based assays, ELISAs and other
immunochemical assays, routine protein purification,
quantitative PCR and maintenance of common use
equipment. Experience in core services and core fa-
cility management, and in developing novel purifica-
tion techniques and immunoassays preferred. Please
send resume and three references referencing Posi-
tion 300278 to: Debi Delker, Institute of Human
Virology, UMBI, 725 West Lombard Street, Balti-
more, MD 21201, or e-mail: delker@umbi.umd.
edu. The University of Maryland Biotechnology Institute is
an Equal Opportunity/Affirmative Action Employer. Women,
minorities, veterans, and candidates with disabilities are en-
couraged to apply.

NEURAL CIRCUITS
University of Pittsburgh

The Department of Neurobiology, University of
Pittsburgh School of Medicine, in conjunction with
the Center for the Neural Basis of Cognition and the
new Systems Neuroscience Institute, invites appli-
cations for a TENURE-TRACK POSITION at all
ranks. The position is designed to complement cur-
rent Departmental strengths in the analysis of neural
circuits mediating sensory/motor and related func-
tions in higher vertebrates. Preference will be given
to candidates investigating neural circuit function
in in vivo rodent systems using cellular physiolog-
ical approaches in combination with anatomical
and/or computational methods. The position re-
quires a Ph.D. or M.D. with at least two years of
postdoctoral experience. Competitive salary sup-
port and startup funds will be made available. Ap-
plicants should submit curriculum vitae, a statement
of present and future research goals, representative
recent publications, and names and addresses of three
references to: Dr. Daniel Simons, Chair, Neural Cir-
cuits Search, Department of Neurobiology, Uni-
versity of Pittsburgh School of Medicine, E1440
Biomedical Science Tower, Pittsburgh, PA 15261.
The application deadline is July 1, 2006. The University
of Pittsburgh is an Affirmative Action, Equal Opportunity
employer.

Pending final budgetary approval, Drake Univer-
sity invites applications for a full-time, nine-month,
nontenure-track position as VISITING ASSIST-
ANT PROFESSOR of microbiology/virology,
beginning fall semester 2006. Teaching responsibil-
ities include microbiology for pharmacy students,
virology, and two specialty courses, one preferably
with a broad interest in environmental health issues.
Qualifications include a Ph.D., with postdoctoral ex-
perience desirable. A commitment to inquiry-based
teaching in an interdisciplinary setting is expected,
along with research that can engage undergraduates.
Please send curriculum vitae, e-mail addresses of ref-
erences, philosophical statement on teaching and
research, publication sample, and transcripts, to:

Dr. Richard Wacha
Chair, Department of Biology

Drake University
2507 University Avenue
Des Moines, IA 50311

Review of applications begins May 1, 2006, and
continues until filled. E-mail: richard.wacha@drake.
edu. Website: http://www.drake.edu. Drake Univer-
sity is an Equal Opportunity Employer and actively seeks ap-
plicants who reflect the diversity of the nation.

POSITIONS OPEN

CANCER BIOLOGY AND IMMUNOLOGY

The Department of Pathology and Microbiology at
the University of Nebraska Medical Center (UNMC)
invites applications from experienced RESEARCH-
ERS with a research program in cancer biology and
molecular genetics with a special emphasis on lym-
phoma and leukemia or in areas of immunology
relevant to lymphoid malignancy. Individuals with
peer-reviewed funding and a strong track record of
research will be given preference.

UNMC provides a vibrant and interactive com-
munity of researchers with a wide range of interests
and particular strengths in cancer biology and trans-
plantation research. There are state-of-the-art core
facilities. The successful faculty candidate will be pro-
vided a modern laboratory in the newly-established
Center of Research in Leukemia and Lymphoma and
a generous startup package. Clinical and research fac-
ulties in the Center have a long track record of strong
collaborative research.

Send curriculum vitae, statement of research in-
terests and the names of at least three references to:
Samuel Cohen, M.D., Ph.D., Chair, Department
of Pathology and Microbiology, University of Ne-
braska Medical Center, 983135 Nebraska Medical
Center, Omaha, NE 68198-3135.

University of Nebraska Medical Center is an Equal Oppor-
tunity/Affirmative Action Employer. Minorities and women
are encouraged to apply.

NONTENURE RESEARCH ASSISTANT
PROFESSOR/ RESEARCH ASSOCIATE/
SENIOR POSTDOCTORAL FELLOW

POSITION
Department of Environmental

and Occupational Health
Graduate School of Public Health

University of Pittsburgh

Several positions are available in the laboratory of
Dr. Valerian E. Kagan (Center for Free Radical and
Antioxidant Biochemistry, Department of Envi-
ronmental and Occupational Health, University
of Pittsburgh). Candidates with interests in research
on: (1) mass spectrometry/oxidative lipidomics/
metabolomics, (2) mass-spectrometry and oxida-
tive neurolipidomics, (3) lipid signaling in apo-
ptosis and phagocytosis (from nematodes to
humans), (4) effects of nano-particles on cells in
vitro and in vivo are invited to apply. Participation
in ongoing collaborations with laboratories in
Sweden and the United Kingdom is possible.
Candidates should have Ph.D. with background
in analytical biochemistry/chemistry, molecular/
cell biology, redox biochemistry/biophysics or
related fields. Experience with mass spectrometry
of lipids and other small molecules, analytical
chemistry/biochemistry as well as live cell (fluores-
cence) microscopy, immunoblotting, immuno-
cytochemistry, DNA transfection are desirable.
Interested applicants should send curriculum vitae
and names of three references to: Dr. Valerian E.
Kagan, e-mail: vkagan@eoh.pitt.edu. University of
Pittsburgh is an Equal Opportunity, Affirmative Action
Employer.

ENVIRONMENTAL MODELER for Cincin-
nati, Ohio. Will develop quantitative structure
activity relationship (QSAR) models to predict
toxicities for cancer and noncancer health endpoints;
identify and develop algorithms to calculate param-
eters that contribute to each endpoint including
quantum chemical and Kier and Hall type parame-
ters. Competitive wages, requires Ph.D. in environ-
mental science, statistics, chemistry or equivalent
with one year of experience, programming experi-
ence. Send resume to: Pegasus Technical Services,
e-mail: asit@pegasustechserv.com.

POSITIONS OPEN

FACULTY POSITION IN INFECTIOUS
DISEASE

Georgia State University

The Molecular Basis of Disease Area of Focus
(MBD) at Georgia State University invites applica-
tions for an anticipated senior level, Tenure-Track
Faculty position in the area of infectious disease. The
MBD is an interdisciplinary program that includes
faculty and students in several departments. Applica-
tions are sought from individuals with research in-
terests that complement those of the current faculty
in the MBD. The successful applicant will have a
primary appointment in the Department of Biology.
The successful applicant should have an established,
externally funded research program, to collabo-
rate with other MBD faculty, to direct independent
graduate student research, and instruct appropriate
upper level undergraduate and graduate courses.
The Department has excellent research facilities.
For more information, consult the Department_s
website: http://biology.gsu.edu. Review of appli-
cations will commence as soon as possible and will
continue until the position is filled; the position is
available for a start date of August 2006. Applica-
tions including curriculum vitae, reprints, statement
of research interests and plans, and three letters of
recommendation should be sent to: Chair of Mo-
lecular Basis of Disease Search Committee, Attn:
Ms. Tara Alexander, Department of Biology, P.O.
Box 4010, Georgia State University, Atlanta, GA
30302-4010. Georgia State University, a Research Uni-
versity of the University System of Georgia, is an Equal Op-
portunity Employer.

A POSTDOCTORAL POSITION in microbial
pathogenesis is available to investigate virulence mech-
anisms of Haemophilus ducreyi, the etiologic agent
of chancroid. Emphasis will be placed on the
elucidation of the genetic regulatory mechanism(s)
by which H. ducreyi controls the differential ex-
pression of the LspA1 and LspA2 proteins; these
exoproteins are major virulence determinants. Posi-
tion requires a Ph.D. in microbiology, biochemistry,
genetics, or a related biological science and experi-
ence with recombinant DNA techniques. Position
includes salary, fringe benefits, and the opportunity
to work in a dynamic research environment. Position
available immediately. Send curriculum vitae and the
names and telephone numbers of three references to:

Dr. Eric J. Hansen
Department of Microbiology

The University of Texas Southwestern Medical
Center at Dallas

5323 Harry Hines Boulevard
Dallas, TX 75390-9048
Fax: 214-648-5905

E-mail: eric.hansen@utsouthwestern.edu

UT Southwestern is an Equal Opportunity/Affirmative
Action Employer.

FACULTY POSITION
Environmental and Evolutionary Biology

University of Louisiana, Lafayette

The Department of Biology at the University of
Louisiana (UL) at Lafayette invites applications for a
tenure-track position at the ASSISTANT or AS-
SOCIATE level. The candidate must have a Ph.D.
in a biological science and a strong track record of
funding for research and support of graduate stu-
dents. Substantial postdoctoral experience is pre-
ferred. This tenure-track position will support our
doctoral program in Environmental and Evolution-
ary Biology; the specific area of research is open.
Candidates should send curriculum vitae and state-
ments of research and teaching, and arrange to have
three letters of recommendation sent to: Biology
Search Committee, Department of Biology, Uni-
versity of Louisiana at Lafayette, P.O. Box 42451,
Lafayette, LA 70504. Review of applications will
begin immediately and continue until a suitable
candidate is identified. Inquiries regarding this po-
sition may be sent to: Joe Neigel, Chair, Biology
Search Committee, e-mail: jneigel@louisiana.edu.

UL Lafayette is an Equal Employment Opportunity/
Affirmative Action employer.

14 APRIL 2006 VOL 312 SCIENCE www.sciencecareers.org316

YYePG Proudly Presents, Thx for Support

mailto:delker@umbi.umd.edu
mailto:delker@umbi.umd.edu
mailto:richard.wacha@drake.edu
mailto:richard.wacha@drake.edu
http://www.drake.edu
mailto:vkagan@eoh.pitt.edu
mailto:asit@pegasustechserv.com
http://biology.gsu.edu
mailto:eric.hansen@utsouthwestern.edu
mailto:jneigel@louisiana.edu
http://www.sciencecareers.org


“Bernstein Award” 2006

Young Scientists Research
Award in Computational

Neuroscience

The German Federal Ministry of Education and

Research (BMBF) has established the �National

Network for Computational Neuroscience� with

four high-performing �Bernstein Centers for

Computational Neuroscience� as the major

structural elements.

The �Bernstein Award� is equipped with up to

1.250 Mio � in the form of a grant over a period

of five years. It will be awarded to a highly

qualified young researcher, considering the

candidates� verifiable research profile in the field

of computational neuroscience and the scientific

concept for a future young research group.

Young researchers can apply for their own

position and group. The group funded by the

�Bernstein Award� will become an integral part

of the National Network for Computational

Neuroscience. Future announcements of the

�Bernstein Award� are in the scope of the

Ministry�s planning.

The grant is provided for a scientific project of a

young research group headed by a postdoc

regardless of nationality. The project will be

conducted at a German university or research

institution � within or outside the Bernstein

Centers. It is a prerequisite for funding that the

university or research institution concerned

employs the young researcher during the

funding period and supports him/her with the

basic equipment in terms of laboratory space

and other infrastructure. A statement made to

that effect by the receiving institution must be

includedwith the project outline to be submitted.

Deadline for applications is June 30th, 2006.

For more detailed informat ion about the

�Bernste in Award� inc luding app l icat ion

conditions please visit

www.bernstein-centers.de
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POSITIONS OPEN

DIRECTOR, OFFICE OF SCIENCE
AND TECHNOLOGY

National Oceanic and Atmospheric Administration
National Marine Fisheries Service

The Department of Commerce, National Oceanic
and Atmospheric Administration_s National Marine
Fisheries Service is advertising to fill the vacant Di-
rector, Office of Science and Technology position in
the Agency_s headquarters office in Silver Spring,
Maryland. This is a senior executive position with a
salary range of $109,808 to $162,000. The Direc-
tor, Office of Science and Technology provides na-
tional oversight and coordination for the planning,
development, and execution of a multi-disciplinary
program of research, fisheries landing data, long-
term science and technology strategy. The incum-

bent monitors national and international trends in
science and technology, ensures a sound scientific
basis for Agency science programs in resource con-
servation and management decisions. Additional
primary responsibilities may be reviewed in the va-
cancy announcement. The announcement number is
NOAA#06-13.NJH and may be accessed via website:
http://www.USAJOBS.opm.gov. Please contact:
Gloria Thompson, Office of the Assistant Admin-
istrator for Fisheries, at telephone: 301-713-2239
if you require additional information.

POSTDOCTORAL FELLOWSHIPS
Immunology

NIH-funded Postdoctoral Fellow positions are
available in the Department ofMicrobiology and Im-

munology at Drexel University College of Medicine,
Philadelphia, Pennsylvania, United States. Projects
include the investigation of defects of virus-specific
CD8þ T cells in Human Immunodeficiency virus
(HIV)-infected humans and SIV-infected nonhuman
primates.Other projects available examine the role of
dendritic cells and costimulation in virus-specific
CD8þ T cell responses using influenza virus- and
HSV-infected mice. Experience in immunological as-
says and flow cytometry will be a plus. For further in-
formation please contact: Peter D. Katsikis, M.D.,
Ph.D., Department of Microbiology and Immu-
nology, Drexel University College of Medicine,

e-mail: peter.katsikis@drexelmed.edu.

POSTDOCTORAL POSITION immediately
available to develop novel therapeutic modalities for
the treatment of Graft-versus-Host Disease (GVHD)
in the context of allogeneic hematopoietic stem cell
transplantation by targeting inflammatory signal-
ing pathways. Requirements: M.D. or Ph.D. degree
in immunology, cell biology, or molecular biology.
Strong background in murine models, molecular bi-
ologic methodologies, and flow cytometry is highly
desirable. Curriculum vitae with names, telephone
numbers, and e-mail addresses of three references
should be sent to: Markus Y. Mapara, M.D., Ph.D.,
Division of Hematology-Oncology, University of
Pittsburgh Cancer Institute. E-mail: maparamy@
upmc.edu. Telephone: 412-623-1112.

The Department of Ecology and Evolutionary
Biology at Tulane University has up to three VISIT-
ING ASSISTANT PROFESSOR positions for
2006-2007 (see website: http://www.tulane.edu/
Èebio/). Applications should include a statement
of teaching philosophy, list of courses one could
teach, curriculum vitae, and three letters of reference
addressing one_s teaching experience and capabil-
ities. Send applications via e-mail: jbattis@tulane.
edu or by mail to: Visiting Assistant Professor
Search, Department of Ecology and Evolutionary
Biology, Tulane University, New Orleans, LA
70118. Tulane University is an Affirmative Action/Equal
Employment Opportunity Employer.

POSITIONS OPEN

The Mayo Clinic Section of Scientific Publications
seeks a full-time MANUSCRIPT EDITOR. The
Section has offices at Rochester, Minnesota, Jack-
sonville, Florida, and Scottsdale, Arizona, and is one
of the largest academic departments of biomedical
editing in the United States. This position supple-
ments the current seven biomedical editors and 20

editorial assistants and proofreaders. Candidates
should have significant experience in editing peer-
reviewed manuscripts, book chapters, and NIH

grants. A relevant Ph.D. degree or substantial aca-
demic editing experience is required. Candidates will
be expected to furnish examples of their work so that
the edited manuscript can be compared with the
unedited copy. Successful applicants will hold a fac-
ulty position at Mayo Clinic College of Medicine
(level commensurate with experience). Excellent sal-
ary and benefits.

Send curriculum vitae to:

Rosemary Perry
Administrative Assistant
Scientific Publications

Plummer Building, S-10
200 First Street SW

Rochester, MN 55905

E-mail: perry.rosemary@mayo.edu

Mayo Foundation is an Affirmative Action and Equal Op-
portunity Employer and Educator.

STAFF FELLOWSHIP OPPORTUNITY
Immunity to Influenza Virus Infection

A Staff Fellowship or Visiting Scientist position is
available in the Center for Biologics Evaluation and
Research, FDA, on the main NIH campus, to study
control of influenza virus infection by vaccination.
Experimental vaccines under study use highly con-
served viral features shared by different strains and
even different subtypes of influenza A. They induce
broad cross-protection in animals against challenge
infection with divergent subtypes. Qualifications:
Ph.D. in immunology, molecular biology, virology,
or related fields; excellence, productivity, and long-
term interest in laboratory research. Willingness to
learn and perform animal procedures. Previous post-
doctoral experience expected but not required. Proof
of U.S. citizenship or permanent residency required.
Salary is dependent on qualifications and number of
years of postdoctoral experience.

In addition to research, the Staff Fellow will have
opportunities to learn and perform regulatory review
work in the Division of Cellular and Gene Therapies.
For more information about the regulatory over-
sight by this Division, please see website: http://
www.fda.gov/cber/gene.htm.

To apply, send curriculum vitae and names and
contact details for three references to:

Suzanne Epstein, Ph.D.
FDA/CBER/OCTGT/DCGT

HFM-730

1401 Rockville Pike
Rockville, MD 20852

E-mail: suzanne.epstein@fda.hhs.gov
Fax: 301- 827-0450

Equal Opportunity Employer.

UNIVERSITY OF PENNSYLVANIA
School of Medicine

POSTDOCTORAL POSITION in signal trans-
duction to examine the role of prolyl hydroxylases in
the regulation of Hypoxia Inducible Factor (see Yu
et al., PNAS 98: 9630, 2001; Percy et al., PNAS
103: 654, 2006). Experience in molecular biology
required, and with mouse models preferred. Send
curriculum vitae and names of three references to:
Dr. Frank Lee, Department of Pathology and Lab
Medicine, University of Pennsylvania School of
Medicine, 605 Stellar Chance Labs, Philadelphia,
PA 19104. E-mail: franklee@mail.med.upenn.edu.
Affirmative Action/Equal Opportunity Employer.

POSITIONS OPEN

TENURE-TRACK FACULTY position in skel-
etal biology is available in the Schulich School of
Medicine and Dentistry at the University of Western
Ontario (London, Canada). The successful candidate
will join an outstanding research group with state-of-
the-art infrastructure for molecular, cellular, and in
vivo approaches. Applications will be accepted until
the position is filled. For more details, go to website:
http://www.cihrskeletal.ca.

Find out about jobs before you get your issue.
Sign up for customized e-mail notification of jobs
at website: http://www.sciencecareers.org by
clicking on Job Alerts. You can also post your re-
sume (open or confidentially) and check how many
employers have viewed your resume at your own
convenience.
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TaqMan® / LNA™ probes

FRET probes

Molecular / NASBA® Beacons

for real time qPCR

Toll Free : (800) 980 - CHEM

Tel: (858) 451-7400

ChemBridge

Corporation

Diverse Small Molecules
Ready for Screening

High Quality &
Drug-Like

Pre-Plated in DMSO

Very Competitively

Priced

Upwards of 200,000

Compounds

Website: www.chembridge.com

Email: sales@chembridge.com

Modifi ed Oligos
@

Great Prices

Get the Details

www.oligos.com

TheMidland Certified Reagent Co, Inc.
3112-AWest CuthbertAvenue

Midland, Texas 79701
800-247-8766
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For more information contact us at:

www.cambrex.com

U.S. 800-638-8174 | Europe 32 (0) 87 32 16 11

For Research Use Only. Not for Use in Diagnostic Procedures.

Cambrex Bio Science Walkersville, Inc.

8830 Biggs Ford Road | Walkersville, MD 21793

Cambrex, the source for Clonetics® and Poietics™ Cell Systems, BioWhittaker™ Classical Media, SeaPlaque® and NuSieve® Agarose, and PAGEr® Precast Gels.

Primary Cells for Pioneering Research

Clonetics® Primary Cell and Media Systems

Our Clonetics Primary Cell and Media Systems 

are optimized and guaranteed for maximum 

performance. These primary cell systems 

are convenient, easy to use and provide 

physiologically relevant tools to accelerate 

your work. Select from a variety of optimized 

cell and media systems to suit your research needs including:  

• Human Smooth Muscle Cells and Media

• Human & Animal Microvascular Endothelial Cells and Media

• Human Mammary Epithelial Cells and Media

• Human & Animal Vascular Endothelial Cells and Media

• Human Bronchial Epithelial Cells and Media

Poietics™ Progenitor Cells and Media

We offer a variety of products centered around 

adipose research and its applications in obesity,

type II diabetes, cardiovascular disease, and 

other related disorders. Our products are tested 

and guaranteed to the highest level of industry 

standards. Our adipose product offering includes:

• Cryopreserved subcutaneous preadipocytes isolated from abdominal fat. 

• Cryopreserved visceral preadipocytes isolated from fat surrounding kidney or bladder.

• Matched sets of subcutaneous and visceral preadipocytes from the same donor.

• Preadipocyte Growth Medium-2 (PGM-2) BulletKit® for the best proliferation and 

differentiation of these cells on the market.

• AdipoRed™ Assay Reagent for a simple, quantitative measure of lipid accumulation.

Primary Leader Primary Choice

Primary Research Primary Source
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