
19 August 2005

Vol. 309 No. 5738
Pages 1137–1284 $10

19 August 2005

Vol. 309 No. 5738
Pages 1137–1284 $10



Automated Curve Fitting Analysis Automated Surface Fitting AnalysisAutomated Image Analysis

Systat, SigmaPlot, SigmaStat, TableCurve 2D, TableCurve 3D, PeakFit and SigmaScan are registered trademarks of Systat Software, Inc. Other product or brand names are trademarks or registered trademarks of their respective holders.

Automated Peak Separation Analysis Comprehensive Statistical Analysis

adsci

Now The Right Side Knows What 
The Left Side Is Doing.

SigmaPlot is the award-winning technical graphing and data analysis software package used by more than 100,000 researchers worldwide

who need to produce defensible research and create compelling graphs that clearly present their results for technical publications, presentations

or the web. SigmaStat 3.1 now seamlessly integrates with SigmaPlot 9.0 for deeper statistical analysis within SigmaPlot’s statistics menu.

SigmaStat guides you through your analysis:

> Suggests the appropriate statistical test

> Checks assumptions in the data to avoid statistical error

> If your data violates any of those assumptions, the Advisor

Wizard suggests another test

> Generates an intelligent report that explains your results in

plain English – not statistical jargon

> Even handles messy data with missing values

With SigmaStat you’ll have the expertise of a

professional statistical consultant at your fingertips!

Combine the Powerful Statistical Output of SigmaStat with the Publication-quality Graph Creation of SigmaPlot

SigmaPlot allows you to:

> Create graphs easily and publish your work anywhere

> Analyze and manage your data quickly and easily

> Choose over 80 different 2-D and 3-D graph types

> Customize every element of your graphs

> Instantly access SigmaPlot from Microsoft
®

Excel

> Streamline your work by automating repetitive tasks

Add SigmaStat 3.1 to get easy-to-use,

expert statistical analysis within SigmaPlot!

FREE ONLINE TUTORIALS & 30-DAY TRIAL SOFTWARE AVAILABLE AT WWW.SYSTAT.COM

http://www.systat.com


Need More Information? Give Us A Call:

Stratagene USA and Canada
Order: (800) 424-5444 x3
Technical Services: (800) 894-1304

Stratagene Japan K.K.
Order: 03-5159-2060
Technical Services: 03-5159-2070
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Stratagene Europe
Order: 00800-7000-7000
Technical Services: 00800-7400-7400

High-performance features come standard.
The best real-time PCR system just got better.

Stratagene’s Mx3005P™ Real-Time PCR System sets the next 

benchmark in real-time PCR with new high-performance features, increased

flexibility to support more applications and chemistries, and affordable 

pricing for the individual researcher (€29,900 list price*).Real-time PCR

systems starting at €24,950 list price*.

• The only instrument with five (5) color 
multiplex capability and user-selected filters

• Novel custom filter path selection for FRET 
probe chemistries

• Includes Beacon Designer™ oligo design software

Practice of the patented polymerase chain reaction (PCR) process requires a license. 
The Mx3005P™ real-time PCR system is 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.

Beacon Designer™ is a trademark of PREMIER Biosoft International

*Pricing only available in Benelux, France, Germany, Austria, and Switzerland. 

http://www.Stratagene.com


Ni Sepharose™ products from GE Healthcare give you the highest binding 

capacity available for histidine-tagged protein purification. With up to four times

the binding capacity, it’s no longer pure imagination to dramatically increase your

yield, while saving time and costs. Maximum target protein activity is assured,

thanks to tolerance of a wide range of additives and negligible nickel ion leakage.

The flexibility to use a variety of protocols ensures the highest possible purity. 

Ni Sepharose 6 FF is excellent for manual procedures such as gravity/batch and

easy scale-up, while the HP version is designed for high-performance in automated

purification systems – both are available in different formats, including prepacked

columns. Outstanding performance has never been easier to achieve.

www.amershambiosciences.com/his

4x greater binding capacity 
in histidine-tagged 
protein purification

GE Healthcare

© 2005 General Electric Company - All rights reserved. 
Amersham Biosciences AB, a General Electric company 
going to market as GE Healthcare.
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Producing proteins used to be difficult and time-consuming. Not any more. QIAGEN‘s

EasyXpress is the fast and easy way to produce proteins. 

By using EasyXpress™ Kits you get:

� Efficient in vitro synthesis — of native and posttranslationally modified eukaryotic proteins

� Application-specific labeling — for screening, protein interaction, and structural studies

� Scalable, high yields — a range of kits offering 3 μg to 5 mg of protein per reaction

� Fast procedures and easy handling — pure protein in hours, compared to weeks using

conventional methods

Trademarks: QIAGEN®, EasyXpress™ (QIAGEN Group) PROTEASY0805S1WW © 2005 QIAGEN, all rights reserved.

Systems Biology — Cell-Free Protein Synthesis

EasyXpress — the fast and easy way 

to produce proteins
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Fast procedures — from gene to
protein in a single day

To find out how fast and easy producing protein can be, visit
www.qiagen.com/EasyXpress !

http://www.qiagen.com/EasyXpress
http://www.QIAGEN.com


www.sciencemag.org SCIENCE VOL 309 19 AUGUST 2005 1143

SCIENCE EXPRESS www.sciencexpress.org

IMMUNOLOGY: Extensive Diversity of Ig-Superfamily Proteins in the Immune System of Insects

F. L. Watson et al.

Unexpectedly, insects have an alternatively spliced gene that codes for 19,000 protein isoforms that may
provide immune protection against diverse pathogens. related News story page 1166

CELL BIOLOGY: Circadian Clock Control by SUMOylation of BMAL1

L. Cardone, J. Hirayama, F. Giordano, T. Tamaru, J. J. Palvimo, P. Sassone-Corsi

The addition of a peptide to a transcription factor component of the circadian clock is required for its
own rhythmic expression and is controlled by another clock component.

ASTROPHYSICS: Bright X-ray Flares in Gamma-Ray Burst Afterglows

D. N. Burrows et al.

Unusually bright x-ray flares in the afterglow of two gamma-ray bursts may reflect strong shock waves
in the bursts and imply that energy is released over a surprisingly long time.

CLIMATE CHANGE: Late Cenozoic Moisture History of East Africa

M. H. Trauth, M. A. Maslin, A. Deino, M. R. Strecker

Lake sediments in the East African Rift indicate that three wet periods interrupted a gradual drying trend
during the past several million years, suggesting a complex relation of climate to human evolution.

TECHNICAL COMMENT ABSTRACTS

1187 PHYSICS

Comment on “Quantum State Transfer Between Matter and Light”

S. J. van Enk and H. J. Kimble
full text at www.sciencemag.org/cgi/content/full/309/5738/1187b

Response to Comment on “Quantum State Transfer Between Matter and Light”

D. N. Matsukevich and A. Kuzmich
full text at www.sciencemag.org/cgi/content/full/309/5738/1187c

BREVIA

1206 EPIDEMIOLOGY: Highly Pathogenic H5N1 Influenza Virus Infection in Migratory Birds 

J. Liu et al.

During May 2005, an outbreak of avian influenza decimated birds at a major breeding site for migratory
waterfowl in central China.

RESEARCH ARTICLES

1207 CHEMISTRY: Premelting at Defects Within Bulk Colloidal Crystals 

A. M. Alsayed, M. F. Islam, J. Zhang, P. J. Collings, A. G. Yodh 

The very beginning of melting in a bulk material can be seen in microgel colloidal particles,at defect sites where
there is additional free energy. related Perspective page 1198; Report page 1231

1210 STRUCTURAL BIOLOGY: Structure of a Synaptic γδ Resolvase Tetramer Covalently Linked to
Two Cleaved DNAs 

W. Li, S. Kamtekar, Y. Xiong, G. J. Sarkis, N. D. F. Grindley, T. A. Steitz

During chromosomal recombination, two subunits of the tetrameric resolvase rotate 180o to reposition the
DNA ends for strand exchange.

REPORTS

1215 MATERIALS SCIENCE: Strong, Transparent, Multifunctional, Carbon Nanotube Sheets 

M. Zhang, S. Fang, A. A. Zakhidov, S. B. Lee, A. E. Aliev, C. D. Williams, K. R. Atkinson, R. H. Baughman

A forest of vertically aligned carbon nanotubes can be drawn into sheets meters in length, which can be
layered and compressed to form arrays that rival the strength of steel.

1219 CHEMISTRY: Understanding the Infrared Spectrum of Bare CH5
+

O. Asvany, P. Kumar P, B. Redlich, I. Hegemann, S. Schlemmer, D. Marx 

Experiments and simulations resolve the elusive structure of protonated methane,a superacid in which H atoms
exchange rapidly between a CH3 tripod and an H2 fragment.

1223 CHEMISTRY: Ultrafast X-ray Diffraction of Transient Molecular Structures in Solution 

H. Ihee, M. Lorenc, T. K. Kim, Q. Y. Kong, M. Cammarata, J. H. Lee, S. Bratos, M. Wulff

An I-bridged intermediate is detected during the light-induced decomposition of diiodoethane to I2 and ethylene.
related Perspective page 1192

1192 &
1223
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Primary. Human. Ready to Use.

Poietics™ Differentiating Cell Systems

For more information contact us at:

www.cambrex.com

U.S. 800-638-8174 |  Europe 32 (0) 87 32 16 09

All trademarks herein are marks of Cambrex Corporation or its subsidiaries.
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.

Bone, Adipose, Neural Cells and Media Kits

• Osteoclast precursors that stain positive for TRAP and resorb bone upon differentiation.
• Preadipocytes isolated from subcutaneous and visceral fat.
• Neural progenitors stained positive for β-tubulin III and GFAP.

Hematopoietic Progenitor Cells

• Fresh unprocessed bone marrow from a wide donor selection.
• Progenitors include CD34+, CD133+, mononuclear cells, and erythroid progenitors.
• Sources include mobilized and normal peripheral blood, bone marrow, and cord blood.

Mesenchymal Stem Cells

• Highly homogeneous MSC population tested and guaranteed in 3 different lineages.
• Media kits available for the expansion of MSCs, and the differentiation of osteoblasts, 

chondrocytes, and adipocytes.

Immune Cells

• CD14+ Monocytes.
• Dendritic cells and precursors.
• CD4+ T cells and CD19+ B cells from cord blood.

Now Available!

Gene Expression Data for Prim
ary Cells

Visit the W
hat’s New section at www.cambrex.com

/bioproducts

Now Available!
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1227 CHEMISTRY: Theoretical Study of Geometric Phase Effects in the Hydrogen-Exchange Reaction

J. C. Juanes-Marcos, S. C. Althorpe, E. Wrede

The geometry of the reaction trajectory for a simple exchange between H and H2 elegantly accounts for the
lack of an expected quantum-mechanical interference. related Perspective page 1195

1231 CHEMISTRY: Colloidal Hard-Sphere Crystal Growth Frustrated by Large Spherical Impurities 

V. W. A. de Villeneuve et al.

Small impurities, because of their greater curvature, retard crystallization of colloids more than larger ones and
act to collect and fix grain boundaries. related Perspective page 1198; Research Article page 1207

1233 GEOCHEMISTRY: Osmium Isotope Evidence for an s-Process Carrier in Primitive Chondrites 

A. D. Brandon, M. Humayun, I. S. Puchtel, I. Leya, M. Zolensky

Osmium isotope data from meteorites suggest that debris from small stars with high neutron densities was well
mixed into our early solar nebula.

1236 EVOLUTION: The Illusion of Invariant Quantities in Life Histories 

S. Nee, N. Colegrave, S. A. West, A. Grafen

Apparently constant life-history ratios among species (maternal weight to weaning weight, for example)
arise from a methodological flaw, not an underlying principle. related Perspective page 1193

1239 EVOLUTION: Multiple Causes of High Extinction Risk in Large Mammal Species 

M. Cardillo et al.

Large mammals weighing more than 3 kilograms are more likely than smaller species to go extinct in response
to human-induced environmental changes.

1242 GENETICS: Genome Streamlining in a Cosmopolitan Oceanic Bacterium 

S. J. Giovannoni et al.

A marine bacterium has a miniscule genome, free of junk DNA, probably because its huge population size
allows selection against the small fitness cost of replicating nonfunctional DNA.

1245 MICROBIOLOGY: Contact-Dependent Inhibition of Growth in Escherichia coli 

S. K. Aoki, R. Pamma, A. D. Hernday, J. E. Bickham, B. A. Braaten, D. A. Low 

Showing unexpected interaction, some individual E. coli produce a large protein that inhibits the growth of
other E. coli when they are in contact.

MICROBIOLOGY

1248 Genome-Wide RNAi Screen for Host Factors Required for Intracellular Bacterial Infection 

H. Agaisse, L. S. Burrack, J. A. Philips, E. J. Rubin, N. Perrimon, D. E. Higgins

1251 Drosophila RNAi Screen Reveals CD36 Family Member Required for Mycobacterial Infection 

J. A. Philips, E. J. Rubin, N. Perrimon

An RNAi screen identifies host proteins required for infection by two different bacteria, and a comparison
identifies general and microbe-specific factors.

1253 MOLECULAR BIOLOGY: Effects of Telomerase and Telomere Length on Epidermal Stem Cell Behavior

I. Flores, M. L. Cayuela, M. A. Blasco

Telomeres, structures at chromosome ends, can regulate the mobilization of stem cells, possibly contributing
to their effects on aging and cancer.

1256 MEDICINE: Mitogenic Influence of Human R-Spondin1 on the Intestinal Epithelium 

K.-A. Kim et al.

A newly described human growth factor that causes dramatic growth of the cells that line the intestine may
be useful in counteracting some side effects of chemotherapy.

SCIENCE (ISSN 0036-8075) is published weekly on Friday, except the last week in December, by the American Association for the Advancement of

Science, 1200 New York Avenue, NW,Washington, DC 20005. Periodicals Mail postage (publication No. 484460) paid at Washington, DC, and additional

mailing offices. Copyright © 2005 by the American Association for the Advancement of Science.The title SCIENCE is a registered trademark of the AAAS.

Domestic individual membership and subscription (51 issues): $135 ($74 allocated to subscription). Domestic institutional subscription (51 issues): $550;

Foreign postage extra: Mexico, Caribbean (surface mail) $55; other countries (air assist delivery) $85. First class, airmail, student, and emeritus rates on

request. Canadian rates with GST available upon request, GST #1254 88122. Publications Mail Agreement Number 1069624. Printed in the U.S.A.

Change of address: allow 4 weeks, giving old and new addresses and 8-digit account number. Postmaster: Send change of address to Science, P.O. Box 1811, Danbury, CT 06813–1811. Single copy sales: $10.00

per issue prepaid includes surface postage; bulk rates on request. Authorization to photocopy material for internal or personal use under circumstances not falling within the fair use provisions of the Copyright

Act is granted by AAAS to libraries and other users registered with the Copyright Clearance Center (CCC) Transactional Reporting Service, provided that $15.00 per article is paid directly to CCC, 222 Rosewood

Drive, Danvers, MA 01923. The identification code for Science is 0036-8075/83 $15.00. Science is indexed in the Reader’s Guide to Periodical Literature and in several specialized indexes.

Contents continued

REPORTS CONTINUED

1242

M
IC

H
A

EL
 K

U
LW

IE
C

/D
IV

ER
S
A

 C
O

R
P
O

R
A

T
IO

N

http://www.sciencemag.org


http://www.shimadzu.com


1147www.sciencemag.org SCIENCE VOL 309 19 AUGUST 2005

sciencenow www.sciencenow.org DAILY NEWS COVERAGE

How Babies Find Their Groove
Infants appreciate nuances of foreign music—until they get older.

Buying Happiness
Money brings pleasure, but only if you’re richer than your neighbors are.

Your Career in a Number 
Researcher proposes “h index” to measure impact of scientists’ work.

science’s next wave www.nextwave.org CAREER RESOURCES FOR YOUNG SCIENTISTS

US: Careers in Geoscience and Remote Sensing A. Fazekas
Next Wave talks to geospatial information industry leaders about this rapidly growing field.

US: The Etiquette of the Job Search—Mr. Manners Hits the Interviewing Trail D. Jensen
Your manners say something about you and they can affect your job search.

UK: Your Real Alternative to a Career in Science P. Dee
Phil Dee contemplates his departure from scientific research and reflects on alternative career options.

MISCINET: Russell Stands-Over-Bull—Building Community and Developing Natural Resources
A. Sasso

A Native American geoscientist helps develop tribally owned natural resources in Montana.

GRANTSNET: International Grants and Fellowships Index Next Wave Staff
Here is the latest listing of funding opportunities and competitions happening outside the United States.

science’s sage ke www.sageke.org SCIENCE OF AGING KNOWLEDGE ENVIRONMENT

PERSPECTIVE: Making Young Tumors Old—A New Weapon Against Cancer? J. Sage
Oncogene-induced senescence acts as a tumor suppressor mechanism.

NEWS FOCUS: Beta Testing M. Leslie
Lethargic pancreas gene might unleash diabetes.

NEWS FOCUS: Hairy Breakup M. Beckman
Alone, protein that replenishes chromosome ends finds capacity to fire up hair stem cells.

science’s stke www.stke.org SIGNAL TRANSDUCTION KNOWLEDGE ENVIRONMENT

PERSPECTIVE: Checkpoints of Melanocyte Stem Cell Development L. Sommer
Intrinsic and extrinsic factors interact to regulate melanocyte stem cell self-renewal and differentiation.

PROTOCOL: Robust Enrichment of Phosphorylated Species in Complex Mixtures by
Sequential Protein and Peptide Metal-Affinity Chromatography and Analysis by Tandem
Mass Spectrometry M. O. Collins, L. Yu, H. Husi, W. P. Blackstock, J. S. Choudhary, S. G. N. Grant

These methods describe effective detection of the phosphoproteome.

Hair stem cell 
choices.

Senescence fights back.

Careers in geospatial 
information.

GrantsNet
www.grantsnet.org

RESEARCH FUNDING DATABASE

AIDScience
www.aidscience.com

HIV PREVENTION & VACCINE RESEARCH

Functional Genomics
www.sciencegenomics.org
NEWS, RESEARCH, RESOURCES
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For years, Roche has provided real-time automated PCR solutions you can

count on. Now, you can obtain the proven performance and benefits of the

original LightCycler® System in a 96- or 384-well instrument platform for high-

throughput applications – the new LightCycler® 480 Real-Time PCR System.

Speed – Save time without sacrificing the quality of your results – precise,

high-speed temperature changes maximize specificity and yield.

Accuracy – Benefit from our novel thermal block and data-capture

technologies to eliminate edge-effects for outstanding accuracy and precision.

Versatility – Combine 5 excitation and 6 detection channels, multiple probe

formats, proven analysis software, and true master mix reagents to meet your

specific application needs.

Compatibility – Take advantage of the instrument’s automation and LIMS

capabilities to interface with your current systems and future workflows.

Visit www.roche-applied-science.com/lightcycler480 for more

information.In Development. Planned introduction: September, 2005. 

For general laboratory use. 
Not for use in diagnostic procedures. 
The LightCycler® is an Authorized Thermal Cycler. Purchase and use of the LightCycler®,
in conjunction with Authorized Reagents, provides a limited license for use of the PCR
process in life science research. No rights for any application, including any in vitro
diagnostic application, are conveyed expressly, by implication or by estoppel under
patents owned by Roche Molecular Systems, Inc., F. Hoffmann-La Roche Ltd, or Applera
Corporation claiming homogeneous or real-time amplification and detection methods. 

LIGHTCYCLER is a trademark of Roche.

The technology used for the LightCycler® System is licensed from Idaho Technology,
Inc., Salt Lake City, UT, USA. 

© 2005 Roche Diagnostics GmbH. All rights reserved. 

� LightCycler® 480 Thermoblock for 96 or 384 wells,

easily exchanged by users within minutes. 

Roche Diagnostics GmbH
Roche Applied Science
68298 Mannheim 
Germany

Roche Applied Science 

LightCycler® 480 Real-Time PCR System

Rapid by nature,
accurate by design 

Visit us in Booth 412 at CHIPS TO HITS in Boston

http://www.roche-applied-science.com/lightcycler480


Polymer Production
Organic chemists have developed a wide range of techniques
for linking and functionalizing small molecules that polymer
chemists have exploited for creating larger molecules with
controlled architectures and chain lengths. A rich toolbox is
now available for making
macromolecules that
could not be made using
standard polymerization
techniques. Hawker and
Wooley (p. 1200) review
a number of key advances,
and show how these new
polymeric systems are
showing promise for ap-
plications including en-
capsulation, drug delivery,
and thin-film patterning,
as well as for the study of
fundamental polymer
properties.

Tracking a Proton
Propeller 
Discovery of superacids re-
vealed that, with a weak
enough counterion, even a
molecule as inert as
methane could bind an ex-
tra proton. The product
when methane is acidified,
the CH5

+ ion, has long puz-
zled theorists and spectros-
copists alike. The hydrogen
atoms seem to change
places with one another
too rapidly to assign the
geometry and bonding
mode reliably. Asvany et al.
(p. 1219, published online
30 June 2005) have now
measured the vibrational spectrum of CH5

+ by detecting its in-
frared-induced reaction with CO2. Comparison with simulations
supports a structure in which a CH3 tripod binds an H2 fragment
through a three-centered, two-electron bond, with a barrier for
exchange between these different sites of 0.3 kilocalorie per mole.

Melting and Freezing 
Melting and crystallization are often easier to study in colloids,
where the particles are readily visualized (see the Perspective
by Pusey). Premelting can occur at the crystal surfaces below
the bulk melting temperature, but this phenomenon has not
been observed in the bulk itself. Alsayed et al. (p. 1207, pub-
lished online 30 June 2005) studied the melting of colloidal
crystals composed of microgel particles that undergo large vol-
ume changes with small changes in temperature. Premelting
can occur in the bulk at grain boundaries and dislocations and
depends on the interfacial free energy associated with each

type of defect. The addition of impurities to a melt can stop,
slow down, or accelerate the crystallization of the bulk materi-
al. The interactions between impurity and bulk are complex, be-
cause one needs to consider differences in shape and size, as
well as the nature of the chemical interactions between the

two materials. De Villeneuve et al. (p. 1231) ex-
amine the role of curvature in which the impuri-
ties were large colloidal particles embedded in a
sea of smaller ones. The presence of impurities
did not necessarily slow down crystallization, but
the relative curvature did play a role in pinning
grain boundaries that formed. Each impurity was
surrounded by a mobile layer of small particles.

Snapshots in Solution 
X-ray diffraction has long permitted chemists to
map out the molecular structure of solids. Recently,
short and intense x-ray pulses from synchrotrons
have produced time-resolved pictures of structural
rearrangements, but the samples, such as proteins,
first had to be immobilized. Ihee et al. (p. 1223,
published online 14 July 2005; see the Perspective
by Anfinrud and Schotte) used intense 100-
picosecond x-ray pulses to probe a reaction in
solution. The sensitivity of x-rays for heavy atoms
allowed them to follow an iodine atom in the
photoinduced decomposition of diiodoethane to I2
and C2H4. Over a large solvent background, the da-
ta offer direct structural evidence for a long-
hypothesized I-bridged C2H4I intermediate.

Grainy Signatures
Grains from other stars were incorporated into our
solar nebula when it formed. Brandon et al. (p.
1233) obtained osmium isotope data from such
grains in primitive meteorites which indicate that
elements as rhenium and osmium were derived
from small stars with a higher neutron density
than that which formed our solar system. Further-
more, the data require that these and other grains

produced in our solar system were extremely well mixed in our
solar nebula when solids started forming.

Strong Thin Sheets
Exploiting the strength of carbon nanotubes in most applica-
tions will require their assembly into macroscopic films and
fibers. Zhang et al. (p. 1215) show that by attaching a sticky
sheet of paper to a forest of vertically oriented nanotubes, they
can draw them into sheets that are centimeters wide and me-
ters in length. The sheets initially take the form of a highly

anisotropic electrically
conducting aerogel, and
can be compressed into
dense, strong sheets that
are only tens of nanome-
ters thick.

www.sciencemag.org SCIENCE VOL 309 19 AUGUST 2005 1149

Resolving Resolvase 
Structure and Function 
The site-specific serine recombinase, re-
solvase, catalyzes recombination between two
sites on negatively supercoiled DNA. This
process requires double-strand cleavage at
each site, strand exchange between the two

sites, and religation. Li et
al. (p. 1210, published
online 30 June 2005)
provide insight into how
this occurs by reporting
a 3.4 angstrom resolu-
tion crystal structure of
a synaptic intermediate
of  resolvase linked to
two cleaved duplex
DNAs. The DNA duplex-
es lie on opposite sides
of a tetramer of re-
solvase. The tetramer
structure differs from a
presynaptic complex be-
tween dimeric resolvase
and DNA and places the
catalytic serine close to
the scissile phosphate.

The structure supports a
subunit rotation hypothesis that posits a 180°
rotation of two resolvase subunits to accom-
plish strand exchange. A flat interface in the
tetramer makes such a rotation feasible.

edited by Stella Hurtley and Phil Szuromi
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Why Large Size Increases Extinction Risk 
A statistical analysis of extinction risk patterns for about 4000 mammal species by
Cardillo et al. (p. 1239, published online 21 July 2005; see the 22 July news story by
Stokstad) has provided an explanation for why species of large body size suffer the
highest risk of extinction. Sensitivity to a variety of risk-promoting factors, such as low
reproductive rate and low population density, increases sharply above a threshold of
around 3 kilograms. For species below this threshold, extinction risk reflects simply
where species live; above it, extinction risk also reflects biological traits, so that larger
species are more likely to be predisposed to decline. The disproportionate disadvan-
tages of large size might accelerate the loss of large-mammal biodiversity in the face
of environmental threats.

Controlled Mobilization 
Tissue stem cells have the capacity to self-renew and generate differentiated cells that
replace lost cells as an organism ages. Quiescent stem cells typically reside in specific
microenvironments or “niches.” When needed, they begin proliferating and exit the
niche, a process thought to be controlled by extracellular cues from the niche and by

intrinsic genetic programs. Studying mouse
models, Flores et al. (p. 1253, published online 21
July 2005) now show that epidermal stem cell
mobilization is regulated by telomeres, the nucle-
oprotein structures at the ends of chromosomes.
Short telomeres impaired mobilization, whereas
overexpression of telomerase, the enzyme that
synthesizes telomeres, promoted mobilization.
The effect of telomeres on stem cell function
could potentially explain, at least in part, their
role in aging and cancer.

The Smaller the Better
Small α-proteobacteria account for about a quarter of all bacteria in the oceans.
Giovannoni et al. (p. 1242) reveal that Pelagibacter, the first isolate from this clade,
has the smallest genome yet observed in a free-living organism. Unlike many parasites
and symbionts, Pelagibacter retains a nearly full suite of biosynthetic genes, but it
shows no trace of “junk” DNA. Because of the extremely large population size, it seems
that selection can act on the very small fitness costs of replicating functionless DNA.
In contrast to Pelagibacter, other heterotrophic marine bacteria for which genome se-
quences are available have relatively large genomes.

Host Factors Required for Microbial Residence 
The host cells characteristics that allow for microbial invasion and residence are less well
defined than the virulence factors that allow microbe entry. Using a genome-wide
screening approach, Philips et al. (p. 1251, published online 14 July 2005) identified host
factors required for infection by Mycobacterium fortuitum, which divides within
vacuoles. Factors fell into two main categories: those that generally affect phagocytosis
(the process by which cells engulf extracellular particles) and those that cause a specific
defect in mycobacterial uptake or growth. A Drosophila member of the CD36 family of
scavenger receptors was specifically required for the uptake of mycobacteria. Using a
similar approach, Agaisse et al. (p. 1248, published online 14 July 2005) identified host
factors that affect intracellular infection by Listeria monocytogenes, a bacterial pathogen
that escapes from phagocytic vacuoles and replicates within the cytosol of host cells.
Several phenotypes were observed, including decreases in the percentage of host cells
infected, alterations of intracellular growth rates, and changes in subcellular location of
bacteria. The identified host factors spanned a wide range of cellular functions. Compar-
ing the two studies revealed host factors that specifically affect access to the cytosol by
L. monocytogenes and host pathways that are differentially required for intracellular in-
fection by a cytosolic versus a vacuolar intracellular bacterial pathogen.
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L
ast month, we marked Science’s 125th birthday with an issue that celebrated the great open questions that
advance science. We have pondered with interest the various responses to our anniversary edition, and here
we offer some reflections, as some of the comments get to the heart of larger issues. A quick review of what
we did: The top 25 “Big Questions” facing science were selected by a long and sometimes exhausting
conversation among our News and Editorial staffs, with input from our Board of Reviewing Editors.
To arrive at the anniversary number of 125, we added 100 slightly less central ones and also used the

EurekAlert! Kids’Portal to find out what questions youngsters were asking.*
There were welcome compliments on our choice to emphasize questions rather than answers, and some thoughtful

speculations on how long getting the answers would take. The children, in particular, produced some fascinating
responses: Can black holes suck up stars? Can artificial life-support systems
sustain human life on hostile terrains? How is nature better than technology?
There was also praise for the opening essay by Tom Siegfried that reflected on
the major questions in physics and biology that were influenced by what was
happening in 1880, when our first issue was published.

There were some complaints about the Milestone Poster produced by the
American Association for the Advancement of Science (AAAS) business
office, one pointing out that it failed to pay adequate attention to non-Western
achievements. The most troubling comments for me, however, were objections
from two female scientists to the absence of women among the photographs
associated with the Siegfried essay—concerns surfacing just when the issue
of women in science has become a topic of intense and sometimes corrosive
discussion in the academic community.

Where do we stand now in representing our enterprise to the children,
women, and minority scientists who seek entry? The practice of science in
2005 is very different from what it was in 1980, our last anniversary. More research is being done by more people,
working in increasingly larger teams, with tools that were undreamed of two decades ago. To illustrate: The average
number of authors per paper in this anniversary issue was 12, with a range from 2 to 50. Exactly 5 years earlier in
the issue of the corresponding date, the average number was only 4, and no author list was in double figures. 

Thus, more people are working, and working together, in a tight job market when funding is harder to get. And
young scholars entering universities—especially women—are not choosing science as frequently as we would wish.
Our 25 Big Questions emphasize that this is a time of great intellectual opportunity in science. These are the best of
times; so good, indeed, that we must act now to brighten the prospects for future scientists. In this work, there is surely
a role for governments in making more support available and making good science an important political priority. But
there is also a role for the community itself. We need to inspire kids—those who wrote to us and beyond. We simply
can’t afford to leave out any fraction of the eligibility pool. 

That means that we must make special efforts to make science more attractive to women by strengthening
incentives for undergraduate women to undertake doctoral work, and by ensuring that there are highly visible
women in science leadership positions to demonstrate what is possible. On p. 1190 of this issue, Jo Handelsman
and a distinguished group of senior academic women scientists provide exactly that sort of demonstration.
They step around the minefield of largely discredited intellectual differences and provide a rich assessment of the
cultural issues that may discourage women.

Finally, I refer back to the comments of the two distinguished women scientists mentioned above, one of whom
is a close colleague who was civil but unsparing in her candor. They are right in that we missed some opportunities
in our anniversary issue; for example, we should have used a picture or description of Marie Curie as one of those
pathbreaking 19th-century scientists. Handlesman et al. point out that people “who are committed to egalitarian
principles and believe that they are not biased may nevertheless unconsciously or inadvertently behave in discriminatory
ways.” A good reminder for all of us, your editors included.

Donald Kennedy

Editor-in-Chief
*www.eurekalert.org/scienceforkids/125th. EurekAlert! is a service of AAAS.

10.1126/science.1118183
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C H E M I S T RY

Designing Carbenes

In the past 10 years, N-hetero-
cyclic carbenes (NHCs) have
grown from being regarded as
chemical curiosities to
become versatile ligands
for a wide range of
homogeneously 
catalyzed reactions.
Most carbenes
(molecules bear-
ing a two-coordi-
nate divalent carbon) 
are unstable at room
temperature, but in an
NHC, the unsaturated
carbon is stabilized
by electron-donating
nitrogen atoms on
either side.

Lavallo et al. have designed
a different type of carbene,
termed a cyclic alkyl(amino)
carbene (CAAC), in which one
of the nitrogens is replaced 
by a quaternary alkyl center.
By appending bulky groups
such as cyclohexane to this
center, the authors can prepare
compounds with stabilities

comparable to those of NHCs,
but sporting distinct steric
and electronic properties.
As a ligand, the CAAC is a
strong σ-electron donor,
and crystallography of a
CAAC-coordinated palladium
complex reveals steric crowd-
ing, particularly close to the

metal center. One
practical result of

these properties is the
efficient catalysis by this

Pd complex of unactivated
aryl chloride couplings to
the α-position of aldehydes

and ketones. — JSY

Angew. Chem. Int. Ed.
10.1002/anie.200501841 (2005).

C E L L  B I O L O G Y

Minimalist Machinery

The fusion of two biological
membranes requires the 
concerted action of integral
membrane proteins (either
endogenous ones or those

carried by enveloped viruses)
that rearrange the lipid bilayers
in such a way as to facilitate
membrane merger. Top et al.
describe a recently character-
ized family of reovirus proteins
that lack a well-defined
hydrophobic fusion peptide
and hence appear to promote
fusion via a somewhat differ-
ent trigger than that utilized
by the archetypal influenza
virus hemagglutinin. These
fusion-associated small trans-
membrane (FAST) proteins
mediate efficient cell-cell
fusion when transfected 
into a variety of cells.
Furthermore, when recon-
stituted into proteo-liposomes,
a reptilian reovirus FAST 
protein promoted time- and
temperature-dependent 
liposome-cell and liposome-
liposome fusion as assessed
by the mixing of lipids and of
liposome contents.The precise
mechanism by which this
simple machine can initiate
membrane fusion remains to
be elucidated, but may
involve the combined action

of chaotropic modules in the
extramembraneous portions
of the FAST protein. — SMH

EMBO J. 10.1038/sj.emboj.7600767
(2005).

B I O M E D I C I N E

Insig(ht)s into
Metabolic Control

Cholesterol has received a lot
of bad press, but it is essential
for human health.When we
don’t get enough cholesterol
from our diet, our bodies—
specifically our liver—begin
to synthesize it. Conversely,
when we eat lots of high-
cholesterol foods, this biosyn-
thetic machinery shuts down.
How this feedback regulation
works has fascinated scientists
for over 70 years, and in the
past decade, considerable
progress has been made toward
answering that question at the
molecular level.

Among the potentially
important metabolic regula-
tors identified in studies of
cultured cells are the mem-
brane proteins Insigs-1 and -2,
so named because they are
encoded by insulin-induced
genes.The Insigs reside in the
endoplasmic reticulum, and
they appear to act in part by
trapping within this compart-
ment a transcription factor
that is required in the nucleus
to turn on the expression of
genes involved in cholesterol
biosynthesis. Engelking et al.
show that mice with liver-
specific deletions of the 
Insig genes display a severely
blunted feedback response;
that is, they continue making
cholesterol even when fed a
high-cholesterol diet.These
results establish the physio-
logical significance of the Insigs
in a whole-animal setting and
highlight the importance of
the liver as the site where the
cholesterol feedback system
operates. — PAK

J. Clin. Invest. 10.1172/JCI25614 (2005).
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E A R T H  S C I E N C E

An Impending Cloud of Death

On 12 August 1986, a deadly cloud of CO2 and water mist was released from Lake Nyos,
Cameroon, and killed more than 1700 people by asphyxiation as it spilled into adjacent valleys.
The dense cloud of gas, which was 50 m thick and traveled farther than 20 km at speeds of
20 to 50 km/hour, was produced by the dissolution of
CO2 in the deep part of the lake;a convective overturn
displaced the lower layer of the stratified lake,
causing the CO2-rich water that had been at the
bottom to degas like a bottle of fizzy water being
opened. Such events have happened before in
this region, and may happen again if steps are
not taken to prevent them.

Schmid et al. report that a similar situation is
developing at Lake Kivu, an East African rift lake
between Rwanda and the Democratic Republic of
Congo.The depths of Lake Kivu are amassing dissolved
CO2 and CH4 at a rate fast enough that CH4 concentrations
will approach saturation toward the end of this century,
making it likely that a magmatic eruption in the volcani-
cally active lake basin, or some other disturbance, could trigger overturn and the release of another
lethal CO2 cloud.Without human intervention to reduce the concentration of CH4, the 2 million
people along the Lake Kivu shoreline may suffer a catastrophic gas release. — HJS

Geochem. Geophys. Geosyst. 10.1029/2004GC000892 (2005).

Aerial and surface views
of Lake Kivu.

A rigid and bulky CAAC (nitro-
gen, blue; carbene, black).

http://www.sciencemag.org
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D E V E L O P M E N TA L  B I O L O G Y

Beams and Hangers

The fully grown oocyte of the frog
Xenopus laevis contains considerable
internal architecture—in particular, an
extensive cytokeratin network—even
though it is only a single cell. One of 
the features of this network is that it
compartmentalizes maternally encoded
RNA molecules, which are important 
for development of the embryo after 
fertilization; disruption of the network
results in release of these RNAs.

Kloc et al. show that the cytokeratin
network is also necessary for formation 
of the germinal granules during oogenesis.
A class of maternal RNA molecules forms

part of the germinal granules, which 
accumulate in the oocyte and are passed
into a small but important lineage of cells:
the primordial germ cells that will 
eventually give rise to eggs and sperm.
The cytokeratin network depends for its
own structural integrity on two molecules,

VegT and Xlsirts, and both of these 
function in this setting as RNAs, not 
as translated proteins.The structural 
components of this cellular network thus
seem to include RNA molecules as well 
as cytokeratin filaments. — PJH

Development 132, 3445 (2005).

C H E M I S T RY

Not So Inert

Sulfur hexafluoride (SF6) is so unreactive
that it can be used, among other 
applications, as a protective blanket for
processing highly reactive magnesium
metal, yet its long lifetime in the atmos-
phere (>3000 years) has caused concern
because it has the strongest greenhouse

effect known for any gas. Despite 
the reputation of SF6 for inertness,
Basta et al. report a reaction in which
it proves to be a faster fluorinating
agent than normally more reactive
compounds such as XeF2 or CoF3.
The low-valent Ti compound,Ti[1,3-
C5H3(tert-C4H9)2](6,6-dimethylcyclo-

hexadienyl)(P(CH3)3), which can be
regarded as a half-open titanocene,
reacted readily with SF6 to produce the
tetrameric product {Ti[1,3-C5H3(tert-
C4H9)2]F2}4 and the byproduct (CH3)3PS.
The authors propose that SF6 can coordi-
nate an F atom to the metal center and
drive the reaction through an oxidative
inner-sphere electron transfer. — PDS

J. Am. Chem. Soc. 10.1021/ja052214s (2005).
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Association of Xlsirts RNA (red) with
cytokeratin filament (green).

The Ligand Is a Gas

Nuclear receptors function as ligand-regulated transcription
factors, but for many members of this family, the ligands are
not known. In fact, before the fine piece of detective work

described by Reinking et al., only 1 of the 18 nuclear receptor proteins in
Drosophila had an identified ligand. The clue that led to the unexpected partner
for the receptor known as E75 was the blood-red color of the purified protein.
Electron absorption and mass spectrometry analysis revealed that the receptor
has a tightly associated heme group. Further analysis led the authors to propose
three possible functions of the receptor complex. First, heme was required for
stability of the E75 protein, and thus E75 could serve as a sensor of cellular heme
concentration. Second, heme-containing proteins are known to bind diatomic
gases, and E75 is no exception. Binding of CO and NO to E75 was detected
spectrophotometrically. E75 interacts with another nuclear receptor, HR3, and
inhibits activation of target genes by HR3. CO binding inhibited interaction of a
peptide from HR3 with E75. Treatment of cells with NO donors relieved the
inhibitory effects of E75 on HR3-induced transcription. Thus, E75 may sense CO
and NO as intracellular signaling molecules. Finally, E75 might function as a
redox sensor because only the reduced form of E75 was stabilized by interaction
with the HR3 peptide. — LBR

Cell 122, 195 (2005).
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DISEASE:
A 20-YEAR RIDDLE

YOUR OPPORTUNITY TO WIN IS NOW
The Young Scientist Award was established in 1995,
and is presented by Science/AAAS and GE Healthcare.
The aim of the prize is to recognize outstanding most
recent Ph.D.s  from around the world and reward their
research in the field of molecular biology.

This is your chance to gain international acclaim and
recognition for yourself and your faculty. If you were
awarded your Ph.D. in molecular biology* during 2004,
describe your work in a 1,000-word essay. Then submit
it for the 2005 Young Scientist Award. Your essay will 
be reviewed by a panel of distinguished scientists who
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entry form. We wish continued success to Dr. Valadkhan.
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Read Dr. Saba Valadkhan’s latest findings in RNA.
2003 Jul, 9 (7): 892-904.

Well that’s just what one young scientist did when she unlocked 

the secrets of the spliceosome, a crucial molecular machine within 

the cell. Dr. Saba Valadkhan’s breakthrough discovery won her the

2004 Young Scientist Award. 

The spliceosome plays a key role in human health. Errors in its

function are thought to cause up to 50% of all genetic disease – the

tiniest mistake can result in retinal degeneration or neurological

disease. A clear understanding of how this large and complex 

structure works had evaded scientists despite two decades of 

research. But Dr. Valadkhan has changed that with the successful 

development of a novel, minimal spliceosome stripped down to the

core elements. This is now shedding light on how spliceosome errors

translate into mistakes in gene expression. 

Dr. Valadkhan won the grand prize in the 2004 Young Scientist Award

competition with an essay based on her research in this area. She is

now an assistant professor at the Center for RNA Molecular Biology 

at Case Western Reserve University in Cleveland, Ohio (USA).

She says: “The prize has been very beneficial to my career. It has 

given me valuable new connections, and a great deal of recognition 

in the scientific community. It has also helped me see my work in 

a wider context, and understand what science is really all about.”

* For the purpose of this prize, molecular biology is defined as “that part of biology which attempts to interpret biological events in terms of the physico-chemical properties of molecules in a cell”
(McGraw-Hill Dictionary of Scientific and Technical Terms, 4th Edition).
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D ATA B A S E

Unveiling the

Deep Sky
To weed out distractions
during his search for
comets, French astro-
nomer Charles Messier
(1730–1817) tallied other
fuzzy heavenly bodies that could be mistaken for the periodic
visitors. His Messier Catalog, which you can browse at this site
from Students for the Exploration and Development of Space,
was more than a mere collection of interstellar smudges. Messier
penned the first systematic listing of “deep-sky” objects that
include star clusters, galaxies, and nebulae where new suns are
born. Among the 110 Messier objects is the Whirlpool Galaxy
M51 (above), spotted in 1773. Each object’s entry offers basic
data such as its position and apparent brightness, describes its
discovery and study, and features plenty of images.

www.seds.org/messier

L I N K S

The Social Scene
The social sciences span disciplines as diverse as
anthropology, economics, and linguistics. To find
resources in this sprawling area, check out the
Social Science Information Gateway from Bristol
University in the U.K. This vast collection of anno-
tated links includes an anthropological study of
India’s Andaman Islanders, a dictionary of phobias,
and a statistical primer for social scientists. You can
also page through a calendar of upcoming confer-
ences or find potential collaborators using the
“Likeminds” listing.

sosig.esrc.bris.ac.uk

D ATA B A S E

Follow the Money
The U.S. government pumped more than $111 billion into
research and development (R&D) in 2003 and an estimated
$121 billion in 2004. Find out how much money each agency
doles out, who gets it, and what they’re spending it on at
RaDiUS from the RAND Corp. Users previously had to pay to see
the database, but RAND made it free earlier this year.

RaDiUS compiles all nonclassified federal R&D spending
dating back to 1993. You can sift through more than 600,000
individual awards or organize them by agency, program, or
project. At $59 billion, the Department of Defense was the
largest funder in 2003, followed by the Department of Health
and Human Services and NASA. Although access is free, you’ll
still have to apply for a “site license” and wait for a RAND
employee to call with a username and password. Also note
that the URL must include “https.”

https://radius.rand.org
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Send site suggestions to netwatch@aaas.org.Archive: www.sciencemag.org/netwatch

P O D C A S T S

Audio Infection
Microbe buffs can get an earful of
information from their iPods every
day, thanks to the American Society
for Microbiology. The society has
begun podcasting its MicrobeWorld
Radio, a 90-second daily program of

microbiology news. Pod people can
automatically download new episodes

as soon as they go online, then listen to
the files on the computer or a digital audio

player. Recent MicrobeWorld Radio shows have
explored subjects such as methane on Mars, a possible indicator of life,
and antimicrobial foods such as garlic and dried plum extract.

www.microbeworld.org

I M A G E S

A Hard Rain’s A-Gonna Fall
This year’s Atlantic hurricane season opened with a roar. A record
five tropical storms and two hurricanes hit the radar screens by the
end of July.As we enter the most active part of the season, you can
get updates on current storms and learn about incipient ones at
this site, part of NASA’s Life on Earth home page.

Bulletins post fresh satellite shots and let you call up storm-
tracking maps. The site also offers plenty of data on past events
and background information on hurricanes. For example, a short
video traces the storms’ birthplace to the highlands of Ethiopia,
where winds bouncing over the rough terrain spawn air eddies.You
can also step into galleries packed with satellite photos, movies,
and diagrams such as this illustration (left) of precipitation from
Hurricane Ivan, which swept ashore in Alabama last September.
Green areas received 1.25 cm of rain or more per hour.

www.nasa.gov/vision/earth/lookingatearth/hurricane_2005.html

NETWATCH
edited by Mitch Leslie
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Immune
surprise

Crunch time
in the
Antarctic

Th is  We e k

Ten years ago, the Florida panther seemed on
the brink of extinction. Now, a new analysis
concludes that a risky experiment to reinvigo-
rate the panther population has paid off. But
both the conclusions and the methodology of
the analysis are proving controversial.

In 1995, wildlife biologists transplanted
eight female panthers from Texas to south
Florida in a last-ditch attempt to reverse the
worrisome effects of inbreeding, including
heart murmurs and defective
sperm. A team of biologists
led by ecologist Stuart Pimm of
Duke University in Durham,
North Carolina, has now ana-
lyzed a decade’s worth of pan-
ther data and concluded that
hybrid cats with Texas ances-
try are surviving better than
purebred Florida panthers and
increasing the species’ ranges
of habitat. “This will be the
strongest demonstration that a
genetic introduction program
can have a major positive
impact on an endangered
species,” says conservation
biologist Paul Beier of
Northern Arizona University
in Flagstaff. 

The work, which is being
released this week by Animal
Conservation, is not without critics. Some
doubt the introduction of Texas panthers
deserves full credit for the population rebound.
The group officially compiling the data ana-
lyzed by Pimm’s team is also crying foul.

The decision to transplant endangered ani-
mals, especially large, charismatic predators
such as panthers, is a political and scientific
hot potato. Most efforts, such as the return of
wolves to Yellowstone National Park, have
been reintroductions into areas with no sur-
vivors. One exception is an effort with the
prairie chicken, which was deemed a success
(Science, 27 November 1998, p. 1695). Pimm
had doubts that a population as inbred as the
Florida panthers would benefit, arguing that
conservation efforts ought instead to focus on
land conservation and restoration. 

After lengthy consultations with scientists

and stakeholders, state and federal agencies
permitted the taking of eight females from
Texas and releasing them in south Florida.
Biologists with the Florida Fish and Wildlife
Conservation Commission (FFWCC) joined
contractors in tracking the Texas panthers
using radio collars and studying 54 offspring
from the five Texas females that reproduced.  

FFWCC publishes an annual report on the
panthers, but it has not yet published a peer-

reviewed study of the introduction. This delay
frustrated Pimm, a conservation biologist.
Working with Oron “Sonny” Bass Jr., an
experienced panther biologist at Florida’s
Everglades National Park, and Duke doctoral
student Luke Dollar, Pimm combed through
the demographic data and movements of pan-
thers contained in the annual reports. 

Pimm’s group calculates that the survival
rate of the hybrid kittens was three times
higher than that for the 118 purebred Florida
kittens. Once adults, hybrid females also sur-
vived “considerably better” than purebreds
did, Pimm says. Hybrid males, however, had
shorter life spans than purebreds.

Still, the team concluded that hybrid males
are expanding into new habitats, such as grass-
lands. That finding is controversial because it
contradicts the long-standing policy of

FFWCC and the U.S. Fish and Wildlife Ser-
vice, which have determined that forests are
the key for panther survival, a view that was
contested by a scientif ic review team
appointed by the agencies in 2002. “You cer-
tainly don’t want to give up areas to developers
by assuming that panthers cannot occupy
them,” says Pimm. 

However, David Maehr of the University of
Kentucky in Lexington, who led the FFWCC
panther team from 1985 to 1994, maintains
that panthers depend on forests and says he has
a paper in press that will bolster this view. Any
expansion by panthers into Everglades
National Park may not last, he says: “It is dan-
gerous to suggest that these often-flooded and
low-prey-density areas will be a long-term

benefit to panther recovery.” 
Maehr and other critics

have additional bones to pick
with Pimm’s analysis. Pimm
compared purebreds to all
hybrids, irrespective of how
much Texas ancestry they had,
for example, to compare kitten
survival rates. “I would have
much more confidence if the
people who had collected the
data had made this conclu-

sion,” says Phil Hedrick, a population geneti-
cist at Arizona State University in Tempe. “I
think they’re being much more cautious than
Pimm is.” 

Darrell Land, FFWCC’s current panther
team leader, says that Pimm’s team may have
acted unethically. “We feel they are seeking to
publish other people’s data. They never talked
to us,” says Land, noting that he and others
have been working on a publication. But John
Gittleman of the University of Virginia in
Charlottesville, an editor of Animal Conser-
vation, disagrees because the data are public:
“I think that independent assessment is per-
fectly within their rights.” –ERIK STOKSTAD

‘Genetic Rescue’ Helps Panthers
But Puts Researchers on the Spot

W I L D L I F E  B I O L O G Y

Hybrid vigor. Introduction of panthers from Texas has helped
inbred Florida panthers (above) and increased survival of kittens.
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The Kansas Board of Education last week
endorsed science standards that would
allow for the teaching of alternatives to evo-
lutionary theory. Scientists say the new draft
standards are a thinly disguised attempt to
slip intelligent design (ID) into the curricu-
lum by highlighting uncertainty and gaps in
current scientific thinking. But it’s an open
question whether they will translate into
changes in the classroom.

The 6–4 vote by the deeply divided
board represents the latest skirmish in a
long-running battle that has attracted
national attention. The new standards fol-
low May hearings that were boycotted by
national scientific organizations, which saw
them as a way to confer scientif ic legiti-
macy upon ID. The hearings were scheduled
after an advisory panel set up by the board
to revise the standards voted against includ-
ing alternatives to evolution. The board is
expected to adopt the standards this fall
after an external review.

The 123-page draft document* calls on
students “to learn about the best evidence for
modern evolutionary theory, but also to learn
about areas where scientists are raising scien-
tific criticisms of the theory.” Board member
Kathy Martin, who voted with the majority,
says that “these standards will ensure that our
students learn to analyze scientific evidence
critically. … They are the best thing to have
happened to education in Kansas.”

That’s not what most scientists think, how-
ever. Although the standards do not mention
ID—the idea that some features of living sys-
tems are best explained by an intelligent
cause—the draft “is littered with language that
is routinely used by intelligent design advo-
cates,” says Steven Case, committee chair and
a biologist at the University of Kansas (KU) in
Lawrence. The Kansas draft standards, he and
others say, contain distorted definitions of
evolutionary concepts and misstatements
about biology. Biological evolution, for exam-
ple, is described as “postulat[ing] an unguided
natural process that has no discernable (sic)
direction or goal”—a statement that Case says
introduces the false idea that science
addresses the purpose and meaning of natural
phenomena. And Case says the statement that

“the sequence of the nucleotide
bases within genes is not dictated
by any known chemical or physical
law” deliberately ignores the fact
that scientists are still exploring the
organization of nucleotide bases.
“If you say the sequences are not
dictated by any known chemical or
physical law, which is itself untrue,
you could go one step further and
ask if the sequences are dictated by
a divine law,” says Case.

The new standards may not
represent anything more than a
moral victory for ID propo-
nents, however. None of the
controversial items in the standards has
been marked for assessment, which means
they won’t show up in state assessment
tests, says John Poggio, co-director of
KU’s Center for Educational Testing and
Evaluation, which designs and coordinates
those examinations. And because most
school districts tailor their curriculums to
the tests, he adds, the revisions may have
little impact on the classroom.

Even so, Poggio says test designers
might drop some evolution-related ques-
tions from the tests. Martin sees that as an
ideal solution, arguing that “some students
have deeply held convictions about this

topic, which puts them at a disadvantage
while answering questions on a test.”

Apart from battling the standards, many
scientists have also targeted a statewide
election in November 2006 involving the
seats of five board members, including four
conservatives. Sue Gamble, one of the four
board members who opposed the standards,
says that a wholesale reshuffling is the only
way to stop “this assault” on science educa-
tion. But she worries that a debate over evo-
lution might “polarize the state further” and
overshadow the bigger issue of how best to
train Kansas students for the workplace.

–YUDHIJIT BHATTACHARJEE
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Stone-cold
reality

The nuclear
option,
again

Foc u s

Costs Force NSF to Cancel Brookhaven Project
The National Science Foundation (NSF) has
withdrawn its support for a high-energy
physics project planned for the Department of
Energy’s Brookhaven National Laboratory in
Upton, New York, after deciding that its
budget couldn’t handle the soaring costs. The
decision, unusual for NSF, effectively kills the
Rare Symmetry Violating Processes (RSVP)
project just before construction was to begin
on its two massive detectors.

“These are compelling experiments, and
the scientific rationale for doing them is still
strong,” says Michael Turner, head of NSF’s
math and physical sciences directorate. “It was
a very difficult decision, but the increased
costs were too much to bear.” 

RSVP consisted of twin experiments.
One, MECO, would have examined whether

a subatomic particle called the muon could
transform into an electron, an interaction not
allowed by the prevailing theory of particles,
the Standard Model. The other, KOPIO,
would have looked for unexpected differ-
ences in the behavior of matter and antimatter
by studying a specific decay of a particle
called a K0 meson to another called a π0

meson, a neutrino, and an antineutrino. The
rare decay is allowed by the Standard Model,
but researchers hoped to see a deviation from
the predicted rate, which would be a sign of
undetected particles or interactions.

Originally approved in 2000 as a 
$145 million project at Brookhaven, RSVP
last fall received its first $15 million in con-
struction funds from Congress. That triggered
a fresh review of the project that bumped its

H I G H - E N E R G Y  P H Y S I C S

Kansas Prepares New Standards
E V O L U T I O N
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Paper threat? Board member Kathy Martin calls draft stan-
dards “the best thing to have happened to education in Kansas.”

* www.ksde .org/outcomes/scs tdwork ing
doc7122005.pdf
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construction costs to $282 million. Its life-
time operating costs tripled, from $80 million
over 5 years to $250 million over 8 years.

The main culprit in the increase was a
required upgrade of the lab’s aging Alternat-
ing Gradient Synchrotron (AGS), the acceler-
ator that would provide a beam of protons for
the experiments. Since 2002, AGS has been
used primarily to feed particles into the much
larger Relativistic Heavy Ion Collider
(RHIC), which studies nuclear physics. Not
only did AGS need to be tweaked to meet the
more exacting requirements of RSVP but
also its entire operating budget would have
fallen on RSVP if RSVP outlasted RHIC. 

Turner says these added costs had to be
weighed against the potential scientif ic
gains from several large physical science
projects on the drawing board, including an
underground laboratory to house experi-
ments in physics, geology, and biology; a
giant segmented mirror telescope; and an
energy-recovery linear accelerator that

would power an x-ray source for
materials science research. In
addition, he says RSVP’s higher
operating costs would have eaten
into the directorate’s existing
budget for investigator grants.

Scientists involved in RSVP
say that they anticipated the
foundation’s decision after both
House and Senate spending pan-
els this spring yanked the project
from NSF’s 2006 budget request.
“Given Congress’s position, I didn’t see what
else the National Science Board could do,”
says Michael Zeller of Yale University, co-
spokesperson for KOPIO, RSVP’s matter-
antimatter experiment.

RSVP’s demise opens the field to non-
U.S.-led efforts, notably the MEG experiment

to begin next year at
the Paul Scherrer
Institute in Villigen,
Switzerland, and a
pair of proposed
experiments at the
Japanese Proton Acc-
elerator Research
Complex in Tokai.
Meanwhile, with the
exception of neutrino
experiments, all accel-
erator-based particle
physics experiments
in the United States
will likely shut down

within a few years. “To see the accelerators
coming to an end in the U.S.—if they are—
is amazing to me,” says William Willis, a
physicist at Columbia University and proj-
ect manager for RSVP. “Things looked a lot
different a few years ago.”

–JEFFREY MERVIS AND ADRIAN CHO

With one eye on its wallet and the other on
Congress, the National Science Foundation
(NSF) has decided to charter a Russian ice-
breaking vessel this winter to clear a path to
its major research station in Antarctica. The
cost-saving move appears to be at odds with

pending Senate language that
NSF should continue its his-
toric reliance on U.S. government ships 
(Science, 1 July, p. 31). But the decision dove-
tails with a new report from an NSF advisory
panel recommending less costly and more
reliable ways to resupply McMurdo Station,
the hub of NSF’s Antarctic operations.

McMurdo, the largest of NSF’s three

Antarctic stations, sits at the end of a sound
that must be cleared of ice every austral sum-
mer. The workhorses of that effort have been
two 30-year-old icebreakers owned and oper-
ated by the U.S. Coast Guard. But the NSF
panel calls this resupply system “inherently

risky.” The Coast Guard ships
are increasingly frail, it notes, a
condition exacerbated by the
calving of a massive iceberg in
2000 that produced unusually
thick and persistent sea ice in
the sound. The system is also
expensive and inefficient: In
addition to growing mainte-
nance and repair costs, the
ships themselves consume
about a quarter of the nine mil-

lion gallons of fuel
delivered each year to
operate McMurdo
and the inland South
Pole station.

Earlier this year,
NSF hired the Krasin,
a Russian-owned and
-operated icebreaker,
to help the U.S. Polar

Star crunch through the
ice (Science, 21 January, p. 338). This winter,
says NSF polar chief Karl Erb, the agency
wants to use the Krasin as the lead dog and hold
the Polar Star in reserve. “The Coast Guard
thinks we should have two icebreakers,” he
says, “but we think that one will do it because
storms have pushed the icebergs away.”

It’s a win-win situation, he says. “The
Krasin is cheaper to operate and more fuel-
efficient,” he notes. “The $5 million we’ll
save by keeping Polar Star in reserve could be
put toward fixing the Polar Sea. And the
Polar Star will be available next year [when
it’s otherwise scheduled for major repairs] if
we don’t use it this year.” Last week, the plan
was endorsed by the National Science Board,
NSF’s oversight body.

Deferring to a foreign vessel isn’t what
Senator Patty Murray (D–WA), who repre-
sents the state where the icebreakers are
berthed, was thinking when she slipped restric-
tive language into NSF’s pending 2006 budget.
“The NSF director shall procure polar ice
breaking services from the Coast Guard,” says
the Senate report accompanying the spending
bill. NSF is allowed to shop elsewhere “if the
Coast Guard is unable to provide” such serv-
ices, it notes, before adding that NSF and the
White House should “work jointly to ensure
that the Coast Guard fleet is capable of meeting
NSF’s future ice breaking needs.”

That language could be altered or dropped
in an upcoming conference to reconcile differ-
ences with the House, which told NSF in its
report to use “the most cost-effective means of
obtaining icebreaking services.” NSF Director
Arden Bement says he hopes that legislators
will see the benefits of leasing the Krasin,
which he says is consistent with existing U.S.
policy to ensure access to Antarctica and pro-
mote polar science. NSF is responsible for car-
rying out that policy in a fiscally and environ-
mentally prudent manner, he notes. The

NSF Taps Russian Vessel for Antarctic Icebreaking
U . S . P O L A R  S C I E N C E

Breaking the ice. U.S. officials
visited the Krasin last year when
the Russian icebreaker was
working in the Antarctic.

▲
European reply. An experiment in
Switzerland will explore some of the
ground that RSVP hoped to cover.

N E W S O F T H E W E E K
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Coast Guard says the decision rests with NSF;
Murray’s office declined comment.

Meanwhile, the advisory panel to NSF’s
polar programs presented Erb with 68 pages
of innovative options to reduce NSF’s depend-
ence on icebreakers and, at the same time,
improve operations throughout the Antarctic
continent. Their proposals include building a
runway that would allow the South Pole sta-
tion to be resupplied by planes from New

Zealand, improving NSF’s ability to move
supplies over land to the pole and various
remote field sites, and running a leaner opera-
tion at McMurdo. They also suggest that NSF
explore using heavy-lift blimps and contract-
ing with commercial operators to reduce its
dependence on military transportation. Even
so, the report notes that NSF may someday
need access to a new icebreaker capable of
resupplying McMurdo. –JEFFREY MERVIS
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Mars Bound
NASA’s $720 million Mars Reconnaissance
Orbiter (MRO) roared into space 12 August,
beginning a 7-month journey to the Red
Planet. If all goes well, 6 months after arriv-
ing it should settle into its orbit and start
to beam back data
on the atmosphere,
ground conditions,
and geology
beneath the rocks
and ice on the sur-
face.The successful
launch of MRO
came shortly after
NASA canceled the
Mars Telecommuni-
cations Orbiter
(MTO), designed to
handle large
amounts of data from Mars missions early
in the next decade.That mission suc-
cumbed to budget pressures being faced by
NASA’s science program (see p. 1165).
NASA still plans to launch a rover in 2007,
followed by a sophisticated Mars Science
Laboratory in 2009. NASA chief scientist
James Garvin, who called the launch
“utterly stupendous,” said that the 2009
mission could use other spacecraft to help
transmit its data upon arrival, which made
MTO expendable. But a more ambitious
effort to return a Mars sample to Earth is
still only a dream, say NASA officials.

–ANDREW LAWLER

EPA Issues Yucca Limits
Opponents of the Yucca Mountain
nuclear waste repository are gearing up
to fight new radiation limits proposed
last week by the Environmental Protec-
tion Agency (EPA).

Under the new standard, the Depart-
ment of Energy (DOE) would have to
show that, for 10,000 years, a hypotheti-
cal resident of the area would receive only
15 millirems of radiation per year above
the background exposure of 350 millirems
per year. For the next 990,000 years, the
limit would be 350 millirems per year
above the background level. EPA says that
residents of Denver, Colorado, currently
receive that yearly level of background—
whose sources include radon, cosmic rays,
and medical components—and that set-
ting acceptable limits given the vast
unknowns is arbitrary. But the Minneapo-
lis-based Institute for Energy and Environ-
mental Research said the 350-millirem
limit would be the “worst in the Western
world.”The public has 60 days to com-
ment; once finalized, DOE must prove it
can meet the limits. –ELI KINTISCH

ScienceScope

An engineer and former astronaut with a
background in biology is taking the helm of
NASA’s $6 billion science program. Mary
Cleave, who has been briefly in charge of the
space agency’s beleaguered earth science
effort, now faces the tough task of reining in
spiraling costs on several major science proj-
ects and ensuring the repair of the Hubble
Space Telescope. At the same
time, she’ll try to protect the
overall research budget from
cuts to feed the space shuttle,
station, and a new space flight
vehicle that is central to the
exploration vision of Presi-
dent George W. Bush.

Cleave is one of several
senior appointments made
last week by NASA chief
Michael Griff in, who has
known her for years. But
despite her current job, she is
not a familiar face to space
and earth scientists. “She
doesn’t have experience
doing science, and she doesn’t
have long experience work-
ing with the scientific com-
munity,” says one researcher
who has worked with Cleave.
He adds, however, that she is
“very focused” on abiding by the research
goals laid out by recent reports on long-term
planning for astronomy, solar system explo-
ration, and earth sciences from the National
Academies in Washington, D.C.

NASA chief scientist James Garvin,
who has known Cleave for a decade, pre-
dicts she will be “a strong, pro-science”
manager and that her experience with
human space flight will help her make the
case for research. Charles Kennel, director
of the Scripps Institution of Oceanography
in San Diego, California, and chair of the
NASA Advisory Council, adds that “during
the next few years, science will be the
engine of NASA’s public relations success.
[Cleave’s] job needs someone who under-
stands the science and can create the strong

support to carry out its science mission.”
Cleave studied microbial ecology and

civil and environmental engineering and
flew twice on the space shuttle in the 1980s.
She was NASA project manager for an
ocean color sensor spacecraft before joining
headquarters in 2000 and only became chief
of earth sciences last year after the office

was merged with the
space science office.
Her new deputy,
Colleen Hartman, is
a physicist who ran
NASA’s solar sys-
tem program before
working in the White
House Off ice of
Science and Tech-
nology Policy and
the National Oceanic
and Atmospheric
Administration.

One of Cleave’s
first challenges will 
be to manage the 
$1 billion cost overrun
on the James Webb
Space Telescope now
under development.
An internal report due
next month is expected

to consider alternatives that include drastically
scaling back the instrument’s capabilities.
Another challenge, the fate of the Hubble,
won’t be resolved until after the shuttle flies
again, an event that could be pushed back until
as late as next spring. Both the Webb overrun
and the Hubble mission could force Cleave to
cut back in other areas. 

Despite Cleave’s background, oversight
of biological sciences will fall not to her but
to the space operations office led by engi-
neer William Gerstenmaier, until now chief
of the space station effort. This month,
NASA began to cancel contracts to build
long-planned facilities related to biological
research on the space station, including
work on the advanced animal habitat and the
plant research units. –ANDREW LAWLER

Budget Woes Greet NASA Science Chief
S PA C E  A N D  E A R T H  S C I E N C E S

Right stuff? Ex-astronaut Mary Cleave
now heads NASA’s science programs.

http://www.sciencemag.org
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Just like people, insects get
infected by a multitude of
microbes. But unlike people,
they don’t produce millions of
distinct antibodies that can
bind to and thwart pathogens
with great specificity. Instead,
insects were thought to depend
on just a small number of mol-
ecules that recognize features
common to many microbes.

But new results published
online this week in Science
(www.sciencemag.org/cgi/
content/abstract/1116887)
from a group at Harvard
Medical School in Boston,
Massachusetts, point to a
more complex insect immune system.
Drosophila melanogaster can muster its own
army of proteins against microbial invaders,
says Harvard’s Dietmar Schmucker, a devel-
opmental neurobiologist. 

To fight infection, the fruit fly has har-
nessed a complex gene previously known for
its role in differentiating nerve cells and guid-
ing their extensions, called axons, Schmucker
and his colleagues report. The gene, called
Dscam for Down syndrome cell adhesion
molecule, stands out among genes because it
has 116 coding regions, most of which can
mix to encode up to 38,000 subtly different
proteins in neurons. “We had thought that

Dscam has a role exclusively in axon pattern-
ing,” says James Clemens, a neuroscientist at
the University of California, Los Angeles.
That the gene works in the immune system,
too, “is a very intriguing discovery.” 

Although much more work needs to be
done to establish Dscam’s immune function,
the findings hint that the gene’s molecules
function like primitive antibodies, guiding
scavenging cells to particular pathogens. “It
could be an early step” in the evolution of adap-
tive immunity, the ability of an immune system
to remember and respond ever more effectively
against infection, suggests Brian Lazzaro, an
evolutionary geneticist at Cornell University.

Over the past 5 years,
researchers have established
that the proteins made by
Dscam in insects vary from
nerve cell to nerve cell, help-
ing define neuronal identi-
ties (Science ,  6 February
2004, p. 744). This reminded
Schmucker of the specificity
seen in vertebrate immune
cells and prompted him to
look beyond the nervous sys-
tem for Dscam proteins. 

Using antibodies that
recognize such proteins,
Schmucker’s postdoc Fiona
Watson found the molecules
in fruit fly hemolymph—the

insect equivalent of blood serum—and on
the surfaces of fat body cells and immune
cells called hemocytes. Graduate student
Roland Püttmann-Holgado also showed
through microarray studies that the insect’s
immune system used a wide variety of
Dscam proteins.

When Watson inhibited Dscam expres-
sion in hemocytes using the RNA interfer-
ence technique, she found that they gobbled
up 30% fewer bacteria. In other tests, the
researchers demonstrated that the versions
of Dscam made by fruit flies bound with
different aff inities to the bacterium
Escherichia coli, possibly indicating that

Versatile Development Gene Aids Insect Immune Response
I M M U N O L O G Y

Sperm Whales Bear Testimony to Worldwide Pollution
Early results are in from the first-ever global
survey of toxic contaminants in marine
mammals—and they’re not pretty. Sperm
whales across the Pacific, even in midocean
areas thought to be pristine, are accumulat-
ing humanmade chemicals called persistent
organic pollutants (POPs). DDT was the
most common pollutant, followed by poly-
chlorinated biphenyls. The survey’s sponsor
now plans to take a similar worldwide look
at contaminants in people.

“It doesn’t matter where you are, these
animals are polluted,” says biologist Roger
Payne, president and chief scientist of the
Ocean Alliance, a Lincoln, Massachu-
setts–based conservation group that funded
the whale work. Data from the survey were
slated to be announced this week after the
research vessel Odyssey sailed into Boston
Harbor, completing its 5-year investigation of
pollution across the world’s marine food webs
(Science, 11 June 2004, p. 1584). The
Odyssey’s 12-person crew surveyed sperm

whales, which range the globe and eat fish
and giant squid. These massive mammals
were thought to accumulate POPs in their tis-
sues, making them a likely indicator of the
health of the world’s oceans.

Researchers shot nearby sperm whales
with an arrow that removes a small core of
skin and blubber without harming the
whale. Samples from 424 whales were then
analyzed by toxicologist Celine Godard of
the University of Southern Maine in Port-
land. Her preliminary findings showed that
whales in the Sea of Cortez, between the
west coast of Mexico and Baja California,
had nearly twice the levels of CYP1A1, an
enzyme that detoxif ies pollutants, as
whales in an area of the mid-Pacific thou-
sands of kilometers from land. One sus-
pected cause for the disparity is agricul-
tural runoff. (Whales near the Galápagos
Islands have even higher CYP1A1 levels,
but Payne is not sure why.) To make sure
regional variations are real, the team is

measuring contamination in tissue samples
from prey species that never leave the
region, says toxicologist John Wise of the
University of Southern Maine.

Preliminary tests by ecotoxicologist David
Evers and colleagues at the BioDiversity
Research Institute in Gorham, Maine, show
that mercury levels were higher in skin sam-
ples from sperm whales near the Galápagos
and in the Sea of Cortez compared with
whales elsewhere in the Pacif ic. Sperm
whales may provide a much-needed global
standard to compare mercury pollution in dif-
ferent regions, Evers says.

Peter Ross of the Canadian Department of
Fisheries and Oceans predicts that the results,
once published, will “build a case that these
chemicals move around the planet with rela-
tive impunity.” Payne’s team is planning to
circumnavigate the globe in 2006 and 2007 to
test for pollutants in people who live near
especially contaminated areas.

–DAN FERBER
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Seek and destroy. Fly immune cells (green) readily spread out to gobble up bacteria
(red), but not if they are lacking Dscam proteins (right).
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variants are tuned to specific pathogens.
“Maybe these [Dscam proteins] allow fruit
flies a sophistication that we haven’t seen
before,” says Schmucker. 

Vertebrate immune and nervous systems
are also known to share genes. In 2003, for
example, researchers discovered that a key
vertebrate immune system gene complex
that forms the unique MHC molecules on
the surface of T and B cells is also active in
the nervous system. “I think we will find
other examples of this,” says Clemens. 

Whereas the human version of Dscam
encodes only a few proteins and has no
obvious immune role, Schmucker notes that
flour beetles—which are separated from
fruit flies by about 250 million years of evo-
lution from their common ancestor—use
Dscam proteins in the same way as fruit
flies do. It “is clearly a very ancient
process” in insects, says Brenton Graveley,
a molecular biologist at the University of
Connecticut, Farmington.

–ELIZABETH PENNISI
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Bandazhevsky Freed
Belarusian pathologist Yuri Bandazhevsky
was released halfway through an 8-year
sentence earlier this month under a gen-
eral declaration of amnesty by Belarus
President Aleksandr Lukashenko. Ban-
dazhevsky, former rector of the Gomel
State Medical Institute, had criticized the
government’s response to thousands
affected by nuclear fallout that drifted
into the Gomel region after the
Chornobyl accident (Science, 20 April
2001, p. 424). He had been convicted in
2001 of taking bribes, but Amnesty Inter-
national and other groups called him a
political prisoner. Bandazhevsky plans to
stay in Belarus to build a biomedical lab
with French research nonprofit CRIIAD.

–BRYON MACWILLIAMS

Blue-Ribbon Blues
Does the United States need a blue-
ribbon commission to consider the per-
ilous state of its science education? Yes.
No. Maybe.When members of the
National Science Board floated the idea
at last week’s meeting, opinions were all
over the map. The board, which oversees
the National Science Foundation, dis-
cussed a proposed commission to reex-
amine training for the next generation of
scientists and engineers. But board presi-
dent Warren Washington failed miserably
to bring its 24 members anywhere near
consensus. Reactions ranged from “Let’s
start a revolution” to “Let’s stay on the
sidelines.” Some questioned whether
there was anything left to say, whereas
others argued that important messages
need to be repeated. In the end,Washing-
ton gave up on reaching an agreement by
next month’s board meeting but pledged
to continue the dialogue. –JEFFREY MERVIS

Grad Student Ranks Swell
A surge in the number of U.S. students
pursuing graduate degrees in science and
engineering has helped raise overall grad-
uate enrollment in technical fields at 
U.S. universities to a record high of
474,203 in 2003, according to a report
released last week by the National 
Science Foundation.The number, repre-
senting a 4% increase over 2002, was
reached in spite of an 8% decrease in
first-time foreign student enrollment.
That decline followed a similar drop in
2002, confirming a trend that many
attribute to the toughening of U.S. visa
policies. But a 6% increase in domestic 
students’ enrollments more than com-
pensated for the decline.

–YUDHIJIT BHATTACHARJEE

TOKYO—Astronomers trying to answer ques-
tions about the evolution of galaxies and the
mechanics of black holes cheered mightily last
month when Suzaku, a joint U.S.-Japanese
satellite, settled into its orbit around Earth.
Launched on 10 July, Suzaku was a replace-
ment for a 2000 mission lost due to a rocket
failure. For 19 days, its main instrument, the 
x-ray spectrometer (XRS), worked perfectly
during calibration tests, measuring the energy
of individual x-ray photons to an unprece-
dented level of accuracy. “We thought we were

on our way,” says Richard Kelley, XRS princi-
pal investigator for NASA, which jointly
developed the mission with the Japan Aero-
space Exploration Agency (JAXA).

Then they started noticing a glitch. To
achieve its unprecedented resolution, XRS
uses liquid helium and frozen neon packed
around the instrument in a cryogenic container
called a Dewar to maintain a supercooled tem-
perature of 0.06 kelvin. On 29 July, anomalous
temperature readings led controllers to con-
clude that helium was leaking into the Dewar’s
vacuum space. The leaks were sporadic. But in
one climactic incident last week, enough
helium entered the vacuum space to degrade its

insulating capabilities. The remaining helium
evaporated into space, rendering XRS useless.

“Now there is a lot of frontier science we
just won’t be able to do,” says Hajime Inoue,
an astrophysicist and project manager for
Suzaku at JAXA’s Institute for Space and
Astronautical Science. Timothy Heckman, an
astronomer at Johns Hopkins University in
Baltimore, Maryland, planned to use Suzaku
to study winds of hot gas ejected from galax-
ies rich with newborn stars. XRS would have
gauged the wind speeds and the specific gas

ingredients for the first time. “This
was a revolutionary capability to
help us understand how galaxies
evolve and propel heavy elements
into space,” Heckman says.

Kelley says that the spectro-
meter’s brief performance vali-
dated its design and engineer-
ing. The failure of its cryogenic
system is expected to spur a
search for alternative mechani-
cal cooling schemes on future
missions, such as NASA’s pro-
posed Constellation-X mission,
which would use similar ultra-
cooled instruments on four
satellites to measure x-rays with
exquisite sensitivity.

Suzaku carries two instru-
ments that are unaffected by the

loss of the cryogenics and are still function-
ing. One is the hard x-ray detector, and the
other is a collection of four x-ray charge-
coupled-device cameras. Together, the
instruments cover a wide energy range that
Inoue says should provide new data on vio-
lent astrophysical phenomena occurring
near black holes and within active galaxies,
which are centered on supermassive black
holes. The original observation program was
based on using XRS. Mission managers will
now select other observational targets to
make best use of the surviving instruments.

–DENNIS NORMILE

With reporting by Robert Irion.

Second Failure Cripples Suzaku Satellite
A S T R O N O M Y

Dewar die. The inability to maintain a vacuum doomed the
lead instrument on Suzaku.
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“Nuclear power faces stagnation and
decline.” So warned a group of scientists in a
sweeping review published 2 years ago by the
Massachusetts Institute of Technology (MIT)
in Cambridge.* Led by chemist John Deutch
and physicist Ernest Moniz, both of MIT, the
study concluded that nuclear power was in
trouble and deserved a helping hand from
government. Despite high construction costs,
the authors argued that the United States
should triple the number of nuclear power
plants by midcentury because they can
deliver electricity without emitting green-
house gases such as CO2. The MIT group
proposed a hefty tax on carbon emissions to
help get this cleaner energy source moving.

The political and economic environment has
changed dramatically since that report came
out. On 8 August, President George W. Bush
signed into law the first major U.S. energy bill in
a decade. Although it does not tax carbon, it
promises subsidies across the board for new
investments in renewable energy, such as wind
and solar power, and a grab bag of more than 
$6 billion in benefits narrowly tailored for
builders of new nuclear reactors (Science,
5 August, p. 863). The bill was a plum for the
nuclear power industry—one of several
events that have got people talking about a
“nuclear renaissance.” Indeed, that’s the title
of a book published earlier this year by physi-
cist and energy policy analyst William Nuttall
of the University of Cambridge, U.K. One
reason for optimism, Nuttall points out, is that
oil and natural gas prices have shot up since
2003, making non–fossil fuel energy more
attractive. Meanwhile, some public leaders
have cited nuclear power as a way to reduce

the impact of global warming—and even
some environmental advocates seem to agree.

Although a few Asian countries never got
off the nuclear bandwagon, new ones are now
climbing aboard to meet rapidly growing elec-
tricity demand. India, with the most reactors
under construction in the world, is planning a
unique system that relies mainly on thorium
rather than uranium fuel (see p. 1174). Japan
continues work on fast neutron reactors that
can “breed” plutonium (see p. 1177). And

China announced in April that it will more than
quadruple its nuclear electric capacity by
2020, buying among other designs a new
“pebble bed” reactor that shuts down if it over-
heats. Nuclear advocates in the West also hope
that advanced reactor designs can help over-
come the lingering memories of Three Mile
Island and Chornobyl (see p. 1172).

Does all of this amount to a nuclear ren-
aissance? Skeptics point out that it would take
a huge leap in the pace of plant construction
simply to maintain nuclear power’s current
global share of electric output—about 17%—
let alone increase it. Many aging U.S. and
European reactors will have to be dismantled
in the next couple of decades. Even new ones
remain more expensive than coal- or gas-
f ired systems. And governments are not
imposing stiff taxes on carbon emissions, the
one strategy the MIT report said would tip

investment decisions toward nuclear. More-
over, even if the economics were to favor
nuclear power, two issues will continue to dog
the industry: fears of nuclear weapons prolif-
eration and disputes about how to dispose of
high-level wastes (see p. 1179). 

Optimists still think that the problems can
be fixed. Reiterating his view of 2 years ago,

19 AUGUST 2005 VOL 309 SCIENCE www.sciencemag.org1168

Praise. U.S. President George W. Bush advocated subsidies for nuclear power as an “environmentally
friendly” source of electricity while visiting a reactor in Maryland in June.
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* “The Future of Nuclear Power,” funded by MIT and
the Alfred P. Sloan Foundation, MIT, Cambridge,
Massachusetts, 2003.

The threat of global warming and high fossil fuel prices have inspired talk of a revival
of nuclear power, but skeptics say it is a poor investment and a worse security risk

Is the Friendly Atom
Poised for a Comeback?

News Focus

http://www.sciencemag.org


Deutch says: “If nuclear power can get its
costs down and address the important issues
of waste management and proliferation, its
future will be very bright.” The next few years
may reveal just how bright.

Apocalypse pending

The threat of global warming is perhaps the
key factor in the rethinking of nuclear power.
The nuclear industry, in particular, has seized
on it as a reason to switch from fossil fuel to
the atom. For example, John Ritch, executive
director of the London-based World Nuclear
Association (WNA), an advocacy group
backed by power supply companies, told an
audience in Idaho last month that unless the
world cuts greenhouse gases, it will “face cat-
astrophic climate change, with the severest
consequences for sea levels, species extinc-
tion, epidemic disease, drought, and extreme
weather events that could combine to disrupt
all civilization.” 

WNA suggests that the best solution would
be to raise the number of nuclear electric plants
in the world from 441 today to 5000 by the end
of the century. That is the most ambitious
scheme anyone has proposed, but so far, it has
few takers. A more modest proposal—to main-
tain the nuclear share of electricity at the cur-
rent level as a “bridge” to future clean energy
technologies—has struck a chord, however. 

David King, science adviser to the U.K.
government, has spoken publicly about the
need to keep nuclear power as a clean energy
option. Britain, the world’s most visible cam-
paigner for action on global warming, faces a
common dilemma, as King explained to the
Independent newspaper in May. He described
a looming “gap” in clean energy production.
About 27% of U.K. electricity now comes
from nuclear power, he noted, but without a
“new build,” only one reactor unit (Sizewell
B) will still be running in 2025, producing an
estimated 4% of the needed electricity. King
said he was “not a great fan of nuclear” but
was willing to consider it because “the climate
change issue is so important.” 

A recent U.K. government forecast lends
weight to King’s analysis: Solar panels, wind-
mills, and wave-driven generators cannot pick
up the slack anytime soon. An electricity strat-
egy issued in May by the U.K. Council of Sci-
ence and Technology, which reports to King,
notes that “the existing policy to reduce CO2
will not be sufficient … since the nuclear sta-
tions are likely to be replaced by carbon-based
technology (e.g., gas) in the short term.” 

And even the United Kingdom, which has
championed the international effort to curb
CO2 emissions, is failing to meet its self-
imposed CO2 reduction goals. Physicist
David Wallace, vice president of the Royal
Society in London, warned in May that “our
emissions are clearly going in the wrong

direction,” and that U.K. government fore-
casts of achievable CO2 reductions have been
“frankly unrealistic.” Royal Society president
Robert May has written that “it is difficult to
see how we can reduce our dependence on
fossil fuels without the help of nuclear power.” 

A few leaders in the green movement have
endorsed the idea of using nuclear power as a
bridge to cleaner systems in the future—
including U.K. ecologist James Lovelock.
Creator of the “Gaia” metaphor that describes
Earth as a living organism, Lovelock pub-
lished a broad appeal last year. “Only one
immediately available source [of energy]
does not cause global warming, and that is
nuclear energy,” he wrote. “I entreat my
friends in the movement to drop their wrong-
headed opposition [to it].” A few others, such
as Greenpeace co-founder Patrick Moore,
have made similar statements. But environ-
mental advocacy groups are not following.

Stephen Tindale, executive director of
Greenpeace International in London, says it’s
“misleading” to suggest that “the green
movement is suddenly embracing nuclear
power on the back of Lovelock’s statement.”
He sees nuclear revival talk as “a big distrac-
tion” from the need to invest in moderate-
scale, renewable energy systems. He adds
that Moore is “vehemently opposed to every-
thing that Greenpeace stands for” and now
makes his living “by being anti-Greenpeace.” 

Likewise, the head of Friends of the Earth
in London, Tony Juniper, says, “we have
reviewed our position on nuclear power,” in
part because of the urgency of the climate
change issue, and concluded that it is a “false
solution” pushed as part of “a clever public

relations campaign” by “nuclear
industrial interests.”

The Natural Resources Defense
Council has also reviewed its policy
recently, says NRDC physicist
Thomas Cochran in the Washing-
ton, D.C., office, and concluded
that nuclear couldn’t survive with-
out massive subsidies. As a June
NRDC issue paper says, nuclear
“suffers from too many security,
safety, and environmental exposure
problems and excessive costs to
qualify as a leading means to 
combat global warming pollution.”

Cochran offers a scenario to
illustrate why he doesn’t see
nuclear as a good option. He
begins with a modest goal: avoid-
ing a small amount (0.2°C) of
global warming at the end of this

century. He calculates that relying on nuclear
electricity for this benefit would require
increasing the number of reactors in the world
from the current 441 to at least 700 by mid-
century and holding that number steady for
50 years. Allowing for retirement of obsolete
equipment, he suggests, this will require
building 1200 new plants in all, at a rate of
about 17 per year. The support requirements,
he argues, would be staggering: a dozen new
fuel-enrichment plants for reprocessing, the
same number of Yucca Mountain–sized waste
repositories if there were no reprocessing—or
hundreds of thousands of tons of material to
guard during reprocessing. Because just 

8 kilograms of diverted plutonium
would be enough to “take out lower
Manhattan,” a nuclear renaissance
isn’t worth the risk, Cochran says.

The MIT review 2 years ago
acknowledged that “shortcomings”
in the international safeguards on
nuclear materials “raise significant
questions about the wisdom of a
global growth scenario” for nuclear
power. It did offer a fix: Tighten up

the management of nuclear materials by the
International Atomic Energy Agency (IAEA)
and persuade France, Japan, Russia, and the
United Kingdom to cut down the traffic in
plutonium by shutting their reprocessing fac-
tories. But those changes have not occurred.

The threat of global warming may not have
sparked a nuclear renaissance yet, but it is
breathing new life into a debate over nuclear
power that, in many countries, had been quies-
cent for the past few years.   –ELIOT MARSHALL
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Condemnation. Iran resumed work at a uranium enrichment
plant this month—an “unacceptable” action, according to the
White House.

R E T H I N K I N G N U C L E A R P O W E R

“It is difficult to see
how we can reduce our
dependence on fossil fuels
without the help of nuclear
power.” —ROBERT MAY, PRESIDENT OF

THE ROYAL SOCIETY, U.K.

http://www.sciencemag.org
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Operating nuclear 

reactor

Country with an 

operating nuclear plant

Nuclear reactor

under contruction

Commercial fuel 

reprocessing program

NORTH AMERICA

121 reactors

873.9  terawatt-hours

CENTRAL AND 

SOUTH AMERICA

6 reactors

Nuclear Power’s

Expanding Territory

In the past half-century, nuclear fission has emerged from 

behind a wall of military secrecy to become a widely 

used source of commercial electricity. Despite the high 

construction costs and special risks, more than 30 nations 

now have nuclear power. Of the 441 currently working 

reactors, the United States has the largest number on line 

(104); France is second with 59 but has the highest share 

of electricity from nuclear power (nearly 80%). Investment 

in new plants slowed to a standstill in the West after the 

twin accidents of Three Mile Island in 1979 and Chornobyl 

in 1986. Since then, the global inventory of nuclear 

equipment has been drifting toward the 40-year mark, 

standard retirement age for reactors (see graph, bottom 

left). The most vigorous new growth is in Asia.

–MASON INMAN (TEXT); KELLY BUCKHEIT (DESIGN)

Nuclear Share in 

Electricity Generation, 

2004
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The nuclear industry is biding its
time. Amid all the hullabaloo
about climate change, rising
prices of natural gas, dwindling
oil stocks, and the environmental
impact of wind farms, the makers
of nuclear power plants feel that
their time is about to come. Some-
time soon, they believe, people
will realize that the only carbon-
free way to keep our society hum-
ming along—and fuel the rapidly
growing economies of China and
the developing world—is to use
nuclear reactors. “The signposts
are there for a renaissance” of
nuclear power, says Peter Wells,
marketing manager for GE
Energy’s nuclear business.

The industry has not been idle
during the 2 decades since the
Chornobyl accident brought reac-
tor building to a virtual standstill.
Designs for light water reactors
(LWRs), the main type in use
today, have been thoroughly
reworked. They are now simpler
and incorporate so-called passive
safety measures—simple systems
that automatically kick in when
something goes wrong. A trickle
of orders from countries such as
Japan, Korea, and China has kept companies
afloat, and the energy bill signed by President
George W. Bush this month contains gener-
ous measures to coax U.S. power utilities to
start building nuclear again.

But many nuclear experts think that the
coming boom will not be a simple rerun of
nuclear power’s heyday in the 1960s and ’70s.
For a start, many more countries want nuclear
power, but not all want the 1000-plus-
megawatt-sized plants favored by large
industrialized nations. They want reactors to
be quick to build and safe and easy to run,
whereas the leading nuclear nations want to
ensure that spent fuel can’t be diverted to
other purposes. In some cases, the plants may
not even generate electricity. Alternative uses
include powering desalination plants in arid
areas, providing heat for petrochemical
processes, and even generating hydrogen for
the much-touted hydrogen economy.

In such situations, some experts say,
large monolithic LWRs do not fit. Instead,

they point to the high-temperature gas-
cooled reactor. Plants cooled with air or car-
bon dioxide have been around for decades,
but a few companies are in the process of
reinventing them for the 21st century. New-
generation plants are cooled with inert
helium, which directly drives a gas turbine
to generate electricity. They work best at
smaller sizes—a few hundred megawatts—
and run at much higher temperatures than
conventional reactors, between 500° and
1000°C. High temperature makes energy
conversion more efficient and suits applica-
tions such as hydrogen production.

But perhaps their best trick is that they
go one better than passive safety: Their
cores are designed so that a runaway nuclear
reaction simply can’t happen. You can fire
up such a reactor to full power, vent away its
coolant, pull the control rods right out, and
nothing bad will result. “It’s a walkaway
reactor,” says Dave Nicholls, chief technol-
ogy officer of South African reactor builder

PBMR (named after its Pebble Bed Modu-
lar Reactor). “You can come back in a few
days and sort things out.”

Enthusiasts say gas-cooled reactors will
eventually displace LWRs. Although they
don’t achieve the economies of scale possible
with big plants, reactor builders can make a
virtue of their small size by mass-producing
components and shipping them to construc-
tion sites by road or rail. And if utilities want
big megawatts, they can install a battery of
small reactors at the same site, sharing facili-
ties. Twenty years from now, “gas-cooled
reactors will begin to dominate. Every new
reactor ordered will be gas-cooled,” says
Mike Campbell, senior vice president at U.S.
nuclear company General Atomics.

Not everyone agrees that the nuclear
industry is poised for revolution. “All big util-
ities look at the costs and want the cheapest
possible electricity,” says Philippe Garderet,
vice president for research and innovation at
French reactor company AREVA. “There just
isn’t a market” for small reactors.

The Bush Administration, however, is pre-
pared to take a gamble. The new energy bill
authorizes $1.3 billion for the Department of
Energy (DOE) to construct a new experimen-
tal nuclear reactor at the Idaho National Engi-
neering and Environmental Laboratory.
Industry watchers expect this Next Gener-
ation Nuclear Plant (NGNP) to be a high-
temperature gas-cooled reactor for producing
electricity and hydrogen. “We need to show
that gas will work. That’s why the NGNP is so
vital for the next step into gas,” says nuclear
engineer Andrew Kadak of the Massachu-
setts Institute of Technology in Cambridge.

Liquid vs. gas

Although nuclear power generation has long
been dominated by water-cooled reactors,
there have been frequent attempts to establish
gas-cooled designs. The f irst—Britain’s
Dragon reactor, which began operating in
1965—led to a number of carbon dioxide–
cooled plants in the U.K., some of which are
still in use today. General Atomics pioneered
their use in the United States, and in the early
1970s it had orders for 10 machines. All were
canceled when the 1973 oil crisis led to a col-
lapse in energy demand. Meanwhile, water-
cooled reactors were getting larger and larger
and increasingly complex. Then the twin
shocks of Three Mile Island in 1979 and
Chornobyl in 1986 caused a major rethink of
reactor design.

Most of the plants being built today in
Asia and elsewhere are “evolutionary”
improvements on the water-cooled designs
from the boom years. Westinghouse’s current
offering, the AP1000, uses gravity, natural
circulation, and compressed gas to cool its
core in an emergency. As a result, the reactor

Nuclear Industry Dares to
Dream of a New Dawn
Reactor builders think that fossil fuel prices and climate fears will revive nuclear power.
But will new reactor designs overcome the concerns of utilities and the public? 

N E W S F O C U S

End of a nightmare. Ukraine’s President Leonid Kuchma
speaks at the Chornobyl closure ceremony in Kiev in 2000.
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has 50% fewer valves, 83% less piping, 
87% less control cable, and 35% fewer pumps
than a conventional plant. With less equip-
ment, there is less to go wrong. Similarly,
GE’s latest design, the Economic Simplified
Boiling Water Reactor, holds emergency
cooling water high up in the reactor vessel. If
anything gets too hot, a release valve is auto-
matically triggered and water flows down
under gravity. “The reactor then remains
below water level, and you don’t get the core
exposed,” says GE’s Wells.

But, according to Kadak, “these evolu-
tionary designs are still too expensive. No one
is buying.” At the vanguard of the movement
to sweep aside such leviathans are two efforts
to build small gas-cooled demonstrator reac-
tors, one in South Africa and one in China, by
around 2010. Both use a reactor design that
has its origins in the postwar scramble to find
new uses for atomic power.

A rocky road

Just after World War II, researchers at what
was soon to become the Oak Ridge National
Laboratory in Tennessee investigated a reac-
tor for generating electricity designed by
physical chemist Farrington Daniels of the
University of Wisconsin, Madison. He pro-
posed encapsulating enriched fuel in small
graphite balls, placing a large number of them
in a reactor vessel, and cooling them with
helium. The design, known as a pebble bed
reactor, was considered too complicated and
was abandoned in 1948.

In the 1950s, German physicist Rudolf
Schulten resurrected the idea and
built a small demonstrator reactor
which operated from 1968 for 
22 years. In 1985, a firm in Ger-
many also built a commercial-
scale reactor, but both machines
were closed down soon after the
Chornobyl accident.

There the pebble bed story
might have ended, except that in
the 1990s, South African utility
company Eskom began looking for
new power plants. South Africa has
abundant coal, so power is cheap.
But the coalfields are all in the
high interior of the country; Eskom
wanted a new type of plant to
power coastal cities. Pebble bed
seemed to fit the bill, so Eskom
licensed the German technology.
Today the company PBMR is poised to start
building a demonstrator plant at Koeberg
near Cape Town, which it hopes to connect to
the grid in 2010. “Nuclear must change tech-
nology to meet the needs of society,” says
PBMR’s Nicholls.

The pebble bed design is simple. Tiny
flecks of low-enriched uranium are coated in

layers of silicon carbide and carbon to make
particles 1 millimeter across. Some 15,000
such particles are then mixed with graphite
powder and pressed into a sphere the size of a
tennis ball, which is again coated and hard-
ened. Each “pebble” is only 4% uranium.
When the reactor is ready for commissioning,
engineers load 456,000 pebbles into the ring-
shaped core. Control rods run through cavi-
ties in the graphite reflector material around
the edge. The helium coolant simply flows

through the pile of balls, is heated, and drives
a turbine directly connected to a generator.

One great benefit of the pebble bed design
is that it does not need to be shut down to
rearrange or renew the fuel. Instead, every day
some pebbles are taken from the bottom of the

reactor and weighed to see if they still have
usable fuel inside; those that do are fed back
onto the top of the pile. In this way the fuel is
continually moved around to achieve an even
burn and full utilization. Each pebble passes
through the reactor six times over the course
of 3 years. Much of the equipment is straight
off the shelf, Nicholls says. “We’re not trying
to push the state of the art at the component
level,” he says. “We just put it together better.”

Meanwhile, researchers at the Institute of
Nuclear and New Energy

Technology (INET) at
Tsinghua University
near Beijing, China, also
took a leaf out of Schul-
ten’s book during the
1990s and in 2003 fired
up their 10-megawatt
H i g h - Te m p e r a t u r e
Reactor. According to
INET director Zhang
Zuoyi, this experiment-
sized pebble bed has
been steadily churning
out power ever since. 
On three occasions, he
says, the team has tested
the reactor’s safety by
pulling out its control

rods and leaving it to its
own devices—producing a short-lived rise in
temperature but no danger to the reactor.

Pebble beds are considered inherently safe
because their cores are only sparsely loaded
with nuclear material; they also exploit a nat-
ural ability of uranium-238, the nonfissile
isotope that makes up the bulk of uranium
fuel. As the temperature of the reactor rises
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New ground. Pebble bed pioneer Dave Nicholls plans a new reactor here at Koeberg, South Africa.
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Ready to go. The  pebble bed design
is simpler and safer.
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above its normal operating level, uranium-
238 starts to become better at absorbing neu-
trons, the particles that spark the nuclear
chain reaction. So when the coolant or the
reaction-damping control rods are removed,
the reactor temperature begins to rise, but as
uranium-238 starts to make the core less reac-
tive, it cools naturally by radiation and con-
duction. “We can calculate the peak tempera-
ture the fuel will reach,” says Nicholls.

With this experience in its pocket, the
INET team and the company Chinergy are
planning to build a commercial prototype in
Shandong province in the east of China by
2011. INET also signed an agreement last
month to join a consortium with Westing-
house to put in a bid to build the NGNP in
Idaho. Westinghouse is one of the backers of
the PBMR, and the South African company is
part of the consortium. Pebble bed enthusi-
asts hope that their design will be chosen for
this $1.3 billion test reactor.

The pebble bed approach is not the only
way to make a high-temperature gas-cooled
reactor. General Atomics, for example, has
developed the Gas Turbine Modular Helium
Reactor (GT-MHR). As in pebble beds, the
uranium fuel starts out as tiny coated parti-
cles, but instead of pebbles, the fuel for the
GT-MHR is formed into hexagonal prisms

about the size of two large paint cans stacked
up. The prisms are arranged in an array in the
reactor core and stacked 10 high. Japanese
researchers have built an experimental “pris-
matic” gas-cooled reactor, the High Tempera-
ture Test Reactor, which has been operating
successfully since 1998.

Arkal Shenoy, director of the GT-MHR
project at General Atomics, says the design is
pretty well worked out now. “We’re waiting
for someone to say ‘Do you want to build this
thing?’ ” Shenoy says that in a conventional
reactor, one-third of all systems are safety-
related, and you hope you will never have to
use them: “We’ve eliminated the need for
safety systems. The physics is such that the
worst case of accident can never happen.” 

Idaho or bust

Despite all the advantages of the new genera-
tion of gas-cooled reactors, proponents con-
cede that utilities are going to be wary of
unproven technology. “Without a full demo
reactor, utilities won’t buy. They’re used to
90% availability. No amount of analysis will
get you this,” says Shenoy. The South African
and Chinese demo reactors are being heavily
subsidized by their governments, and U.S.
researchers hope their government will fol-
low that example. “Until the NGNP is fin-

ished, you won’t see a gas reactor being built
in the U.S. We need to reduce the risk [for util-
ities],” says General Atomics’ Campbell. “It
must be an Administration priority. Other-
wise it won’t be real.”

Researchers are also confident that DOE
will want a high-temperature gas-cooled
reactor because of its interest in hydrogen
production. “All the buzz about the hydro-
gen economy really comes from gas-cooled
reactors,” says Nicholls. There are various
ways of extracting hydrogen from water,
including electrolysis and thermochemical
splitting, and they are all much more effi-
cient at high temperature. “Nuclear is the
only really practical source of hydrogen, and
the only nuclear technology that gets you
there is the high-temperature gas-cooled
reactor,” Nicholls says.

One thing these reactors do not do is
resolve the issue of waste. The highly encap-
sulated fuel in gas-cooled reactors is very
effective at containing nasty fission products,
and it would be extremely difficult for any
potential terrorist to extract any usable bomb-
grade material from it. But the downside is
bulk. All that graphite and multiple coatings
make for large volumes of waste. The nuclear
industry in the United States has never
reprocessed its spent fuel, nor has the govern-
ment come up with an accepted solution for
long-term waste storage.

India’s Homegrown Thorium Reactor

KALPAKKAM, INDIA—For more than 5 decades, India has followed its
own path on nuclear power. After refusing to join the Nuclear Non-
proliferation Treaty and detonating a nuclear device in 1974, it was
excluded from the international group that shares fission technology.
In isolation, it launched an ambitious nuclear electric program that
relies heavily on homegrown technology.

What makes India’s strategy unique is its plan to build commercial
reactors that run not on uranium but on a lighter element, thorium-
232. India has one of the world’s largest reserves of thorium—about
225,000 metric tons—but little uranium ore. Thorium does not fis-
sion; when irradiated with neutrons from a source material such as
uranium-235, however, some of the thorium becomes uranium-233 
(U-233), which does fission and can sustain a nuclear reaction.

In 1958, India announced that it was embarking on an ambitious,
three-stage plan to exploit its thorium
reserves. The first stage required building pres-
surized heavy-water reactors powered by natu-
ral uranium; they yield plutonium as a byprod-
uct.Twelve are now operational.The plan called
for stage two to kick in after sufficient pluto-
nium had been extracted from spent cores; it
would be used as a fuel in future fast-neutron
reactors, which can irradiate thorium and pro-
duce U-233 as a byproduct. In the third stage,
Advanced Heavy Water Reactors will burn a
mixture of U-233 and thorium, generating
about two-thirds of their power from thorium.
Other nations—including the United States,
Russia, Germany, and Israel—have studied the
route but have not attempted to use it to
generate electricity.

Stage two of this grand strategy began 
officially last October. In the sleepy south-

First of a kind. Project director Prabhat Kumar at the
site of a new thorium-uranium reactor in Kalpakkam.
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Despite this, few believe the United
States should embark on fuel reprocessing
anytime soon because that would open a Pan-
dora’s box that the public is just not ready for.
An influential 2003 report on the future of
nuclear power, co-chaired by former CIA
director John Deutch, concluded that for the

next 50 years, a once-through fuel cycle was
the best option for the United States. “Once-
through will dominate for many years,” says
Regis Matzie, chief technology officer at
Westinghouse Electric. “Reprocessing is
very costly in comparison, and utilities
always take the least-cost route.”

Few, however, believe that this
situation can continue forever. “I
don’t see how we can expand
nuclear with the way we are
doing it today. We have to clean
up the fuel cycle, and [reprocess-
ing] may be the only way to do it,”
says Campbell. “It’s a 100-year
problem, not a 10-year problem.”
Farther down the road than the
NGNP, 25 or more years from
now, a new breed of reactor will
be needed that can destroy much
of its own waste. DOE has begun
looking for such designs through
a program called Generation IV
and has enlisted a handful of
other countries to collaborate.
Beginning in 2000, a panel of
more than 100 international
nuclear experts sifted through
many proposed designs and whit-
tled them down to six generic
types worthy of further study.
Some of these are quite exotic,

including one cooled by molten lead and
another in which the fuel itself is a circulat-
ing mixture of molten salts.

All but one of the six Generation IV
designs have the ability to burn up the more
long-lived products of the fission reaction.
Nevertheless, industry experts seemed
underwhelmed by the prospect of such
futuristic reactors. “They’re too far out, too
speculative, and I can’t see the advantage,”
says Matzie. But France’s AREVA, which
already has experience of building fast neu-
tron reactors for destroying waste, is looking
that far ahead. “AREVA must be ready to
produce plants with fast neutrons. We know
how to do it, but we have 20 or 30 years to
develop better, cheaper, safer technology,”
says Garderet.

U.S. reactor makers appear more focused
on the near term, waiting for that spark that
will set their industry burning again. “The
Bush Administration is clearly supportive of
nuclear power. This provides a window of
opportunity: If steps are not taken by 2008,
the opportunity will be lost,” says GE’s Wells.
Matzie agrees: “A big banner will go up when
U.S. utilities start buying again. Once the U.S.
starts building and establishes a track record,
it will be time for others to do the same.”

–DANIEL CLERY

With reporting by Gong Yidong of China Features in
Beijing.

ern township of Kalpakkam, a 
government-owned company
began building a 500-megawatts-
of-electricity (MWe) fast-breeder
reactor that will use fast neutrons
to produce U-233. In its core, the
reactor wil l  use a “seed” fuel 
containing uranium and pluto-
nium oxide; this source will send
neutrons into a surrounding 
thorium blanket.

Indian atomic energy officials
are confident that this exotic fuel
system can be scaled up from 
a smaller, 40-megawatt Fast
Breeder Test Reactor (FBTR) that
has been running in Kalpakkam
without major problems since
1985. This reactor and other
research projects at the Indira
Gandhi Center for Atomic Research in Kalpakkam have demonstrated,
IGCAR officials say, that India has mastered the new technology. In a
“bold step forward,” says Anil Kakodkar, chair of the Atomic Energy
Commission (AEC) in Mumbai, researchers at IGCAR in May of this
year successfully extracted plutonium in high purity from the unique
plutonium-rich mixed carbide fuel discharged from FBTR.

AEC anticipates that the fast breeder at Kalpakkam will cost about
$700 million and produce 500 MWe.The long-term goal, according to
Kakodkar, is to increase nuclear electric output from 3360 MW today
to “around 275 gigawatts” by the middle of this century.

Construction at Kalpakkam
ran into trouble early this year:
The 26 December 2004 tsunami
flooded the foundations of the
reactor building and set the
schedule back by 4 months,
says Baldev Raj, IGCAR’s direc-
tor. But he says that the work is
now on track and predicts that
the reactor will go critical as
planned in September 2010.

Mujid Kazimi, a nuclear engi-
neer who studies thorium fuels
at the Massachusetts Institute
of Technology in Cambridge,
says India’s approach to breed-
ing nuclear fuel from thorium is
“slightly more complicated”
than fuel breeding planned else-
where in the world. But he adds,

“everything they have reported to date indicates they are on track.”
India cannot go it entirely alone, however. It still requires uranium,

including for two boiling water reactors it bought from General Electric
in the 1960s, and that may be one reason it is interested in opening
nuclear trade with other countries.At a meeting last month with Prime
Minister Manmohan Singh, President George W. Bush called India “a
responsible state” with “advanced nuclear technology.” The opening
could lead to future exchanges of personnel and technology—and pos-
sibly fuel. Singh reassured Parliament, however, that the deal would not
undermine India’s nuclear self-sufficiency. –PALLAVA BAGLA

Proof of principle. Researchers at Kalpakkam used thorium fuels in a 
40-megawatt test reactor.
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Gentle giant.Westinghouse’s AP1000 design now has passive
safety systems using gravity and natural circulation.C
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Nuclear power may have fallen on hard times
in some parts of the world, but not in Asia.
Demand for electricity is growing steadily
across the region, and a number of countries
have seized on nuclear fission as a secure
energy source that avoids coal’s air-choking
carbon and sulfur emissions. And as oil and
gas prices rise to record high levels, nuclear
energy is starting to look more affordable.
The result—on paper at least—is a boom.
“Sixteen of the 25 nuclear power plants cur-
rently under construction worldwide are in
Asia,” says Akira Omoto, director of the Divi-
sion of Nuclear Power of the International
Atomic Energy Agency in Vienna, Austria.

China is embarking on a nuclear power
plant building spree. Korea and India are both
beefing up their nuclear electric grids. And
Japan—despite public opposition that has
blocked one project—plans an expanded
nuclear power network that includes a contro-
versial fast neutron reactor. Other novel
designs are being tried in China and India.

Steep climb

China has the most ambitious nuclear plans of
any country in the world, although it is start-
ing from a small base. Nine nuclear power
plants are operating in China today, account-
ing for about 2% of the national power output.
Two more reactors are under construction in
eastern Jiangsu Province; they will come
online by the end of this year, raising total
nuclear capacity from 6.7 billion watts, or
gigawatts, of electric power (GWe) to 
8.7 GWe. For comparison, the 104 nuclear
power plants in the United States now produce
more than 10 times as much power, about 
98 GWe. China’s target is to have nuclear
power supply 6%, or about 40 GWe, of the
nation’s electrical energy needs by 2020.

Kang Rixin, general manager of China
National Nuclear Corp. (CNNC), says meet-
ing this goal will require the construction of
about 30 new 1-GWe nuclear power plants
over the next 15 years. And many of China’s
nuclear power boosters believe that will only
be the start. Zhang Zuoyi, head of the
Tsinghua Institute of Nuclear and New
Energy Technology (INET), envisions a big-
ger leap after that: “Nuclear power generation
should reach 300 GWe by 2040, as it is the
only solution to meet demand for energy in
China.” CNNC puts the cost of 30 new plants
at roughly $50 billion. 

Xu Mi, a nuclear power engineer at the
China Institute of Atomic Energy, says China
has the technology and talent to handle the
ramp-up. He notes that France built more than
40 nuclear power plants in the 1970s and ’80s.
“Given China’s pace of development, con-

structing 30 nuclear power plants is not unreal-
istic,” Xu says. And China is ready to pay for
foreign help. AREVA in France, AtomStroy-
Export in Russia, and Westinghouse Electric
Co., which is based in the United States but
owned by British Nuclear Fuels PLC, have
submitted bids on four new 1-GWe power
plants to be completed by 2010. A decision is
expected this November.

China is sticking mainly to proven
designs: All 30 nuclear power plants planned
through 2020 are likely to be based on pres-
surized water reactors, which make up the
bulk of commercial plants worldwide.

And China is not the only country in Asia
ramping up conventional nuclear power.
Japan’s Ministry of Economy, Trade, and Indus-
try, in its 2004 nuclear power development plan,
projected conventional nuclear power increas-
ing from 25.5% of the total generated in 2003 to
40.4% in 2013. Two nuclear power plants are
being brought online this year, two more are
under construction, and another 12 are in vari-
ous stages of design. India has eight nuclear
power plants currently under construction. And
Korea is planning eight plants.

Breeders multiply

Although this growth spurt builds mainly on
conventional reactor designs, researchers in
Asia are also pushing forward with more
unusual approaches. INET is planning to
build a prototype pebble bed reactor with a
capacity of 200 MWe in east China’s Shan-
dong province by around 2011, according to
the institute’s Zhang (see p. 1172). And a
technology that has been all but abandoned in
Europe and United States—the fast neutron
reactor—will be tested in experimental or
prototype reactors in China, Japan, and India. 

Fast reactors do away with the modera-
tor—typically water—that’s used in current

commercial reactors to slow down highly
energetic neutrons in the core. Applying the
brakes increases collisions between neutrons
and the limited amount of uranium-235.
Instead, fast reactors use more highly fissile
fuels, such as plutonium or a mixture of plu-
tonium and uranium, and they can be used to
produce additional plutonium that can in turn
be recycled as reactor fuel. 

Western governments once saw the
“breeder” as a boon because it promised to
reduce the amount of raw ore needed at the
front and cut down on waste at the back end.
The United States, United Kingdom, 
Germany, France, Russia, and Japan all built
experimental or prototype reactors between
the 1970s and ’90s. France even built a 
1200-MWe commercial reactor, the Super-
Phenix, in Creys-Malville, in 1985. But the
plants were prone to leaks of the molten
sodium used as the coolant, and they relied on
complex heat-transfer systems.

Commercial interest faded as it became
clear that fast reactors would cost several times
more than a conventional light-water plant.
The critical factor, however, was public opposi-

Asia’s Demand for Electricity
Fuels a Regional Nuclear Boom
While Western governments debate the pros and cons of replacing old nuclear power
plants, India, China, and Japan are investing rapidly in new systems

On the way. China has completed a building and workshop for its experimental fast reactor; the 
system is scheduled to be commissioned in 2008.
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tion to creating and guarding stockpiles of plu-
tonium, which could potentially be diverted for
use in nuclear weapons. With the exception of
France’s small experimental Phenix, all the fast
reactors in the United States and Western
Europe have been shut down, although studies
of the technology continue. 

Although an international planning effort
known as Generation IV envisions the future
use of fast reactors, it is not clear who will be
the first to build a commercial version, or
when. Japan, China, India, South Korea, and
Russia are all building or planning new reac-
tors using this concept. 

In Asia, Japan’s fast reactor program is the
oldest and furthest along. The Japan Nuclear
Cycle (JNC) Development Institute is now
hoping to restart a prototype that’s been on pro-
longed standby. Monju, a 280-MWe unit in
Fukui Prefecture on the Japan Sea Coast, has a
troubled history. It achieved initial criticality in
1994 but in December 1995 suffered a massive
leak of sodium coolant because of a design
flaw in the piping. Plant managers tried to hide
the magnitude of the accident, making it
worse. After nearly 10 years of investigations,
redesign, negotiations with different levels of
government, and a court case, the local prefec-
ture gave the green light earlier this year to
begin modifications. If all goes smoothly,
Monju could be operating again in 2008.

“The basic design of this plant is very
old,” admits Yutaka Sagayama, director of
JNC’s studies for commercializing fast reac-
tors. But JNC is intent on running Monju to
verify its reliability and gain technical
expertise. The big challenge will be to lower
the price. Sagayama says a Monju-type 
reactor would cost in the neighborhood of 
$8000 per KW of capacity, making fast reac-
tors prohibitively expensive. 

JNC engineers have been studying more
economical fast reactors that would use lead-
bismuth and helium gas as potential coolants.
They concluded that sodium is still the most

promising option. Simplifying the cooling sys-
tem and using more compact heat exchangers
could improve efficiency. But these modifica-
tions depend on perfecting a high-chrome-
content steel alloy that at present is too brittle.
JNC is working with Japan’s steel companies
to improve it. If the materials research and
other modifications pan out, JNC’s studies
show they could build a new advanced
sodium-cooled fast reactor plant about one-
sixth the size of Monju but five times as pro-
ductive, at 1500 MWe. This would cut the cost
per kilowatt of capacity to $1600. Sagayama
says they hope to start building a demonstra-
tion commercial fast reactor in about 2015. 

The China Institute of Atomic Energy is
a few steps behind with an experimental fast

reactor with a power capacity of 20 MWe,
due to be commissioned in 2008. China
plans to follow up with a 600-MWe proto-
type by 2020 and commercial-scale fast
reactors around 2030. India is hoping to
complete a 500-MWe Prototype Fast Breeder
Reactor by 2010, and Korean researchers are
designing a 600-MWe fast reactor. 

All these countries foresee an important
role for fast reactors. Japan’s long-term plan,
Sagayama says, calls for fast reactors to
replace conventional reactors completely,
although there is no target date. And Huang
Guojun, a CNNC deputy general manager,
told a conference earlier this year that fast
reactors will be the “main type of nuclear
reactor to be used in China” by the middle of
this century. Researchers in both countries say
they will be needed to recycle scarce nuclear
fuels. Xu notes that if nuclear power accounts
for 20% of China’s power needs in 2050, the
country would have to acquire 75% of all
known easily accessible uranium deposits. 

Japan might still have a problem with pub-
lic acceptance. Hideyuki Ban, co-director of
the Citizens’ Nuclear Information Center
(CNIC), a Japanese antinuclear group, says
the delays and accidents at Monju and other
facilities make it clear that “Japan’s fast
breeder program is in trouble.” He says the
government’s main nuclear advisory com-
mission has been unwilling to “change a pol-
icy established 50 years ago,” and the pro-
gram seems to be running on inertia. 

Also targeted by critics is Japan’s large-
scale reprocessing plant at Rokkasho, at the
northern tip of Honshu Island, capable of pro-
ducing 8 tons of plutonium a year. In May
2007, the plant is scheduled to start converting
plutonium into so-called mixed-oxide fuel that
can be used in conventional reactors, a stopgap
until commercial fast reactors come online.
Ban’s bottom-line worry is that “if more and
more countries acquire [reprocessing] tech-
nologies, there will be no controlling the pro-
liferation of nuclear weapons.” CNIC is calling
for a moratorium on all plutonium production. 

In China, the public seems less aware of
such controversies, says Xue Ye, executive
director of Friends of Nature, the country’s
largest environmental organization. With just
nine plants scattered throughout the country,
“people have not felt their existence.” He
thinks that could change, however, as more
plants are constructed. “The Chornobyl explo-
sion is still vivid in the memory of most Chi-
nese,” he says. Beijing residents have protested
the construction of laboratories handling dan-
gerous pathogens near their homes; he thinks
similar protests could interrupt China’s plans
for nuclear electricity. The big question facing
Asia’s booming nuclear industry is can it stay
ahead of this nascent public opposition? 

–GONG YIDONG AND DENNIS NORMILE

Gong Yidong is a writer with China Features. C
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Watching the tides. Japan’s troubled prototype fast reactor—Monju—has remained idle on the 
scenic coast of the Japan Sea for more than 10 years.
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UNITED STATES

Reprocesses fuel: No

Status: Chose site at Yucca Mountain.
Repository being designed.

Opening date: After 2012

Capacity: 70,000 metric tons of spent fuel

Cost: $5 billion spent so far on planning

SWEDEN

Reprocesses fuel: No

Status: Site to be chosen in 2008.
Repository being designed.

Opening date: 2017

Capacity: 8000 metric tons of spent fuel

Cost: $2.5 billion

FINLAND

Reprocesses fuel: No

Status: Chose site at Olkiluoto.
Repository being designed.

Capacity: 5600 metric tons
of spent fuel

Cost: $3 billionFRANCE

Reprocesses fuel: Yes

Status: Studying candidate sites.
To decide in 2006 between repository
or surface storage.

Opening date: After 2025

Capacity and cost: No estimates

RUSSIA

Reprocesses fuel: Yes

Status: Studying candidate
sites and designs.

Opening date: After 2025

Capacity and cost: No estimates
JAPAN

Reprocesses fuel: Yes

Status: Seeking candidate sites
for a planned repository.

Opening date: Scheduled for 2035

Capacity: Undecided; by 2020 will
have 6000 m3 vitrified waste

Cost: $27 billion for 6000 m3 waste

CHINA

Reprocesses fuel: Yes

Status: Studying candidate sites
for a planned repository.

Opening date: Scheduled for 2050

Capacity and cost: No estimates

UNITED KINGDOM

Reprocesses fuel: Yes

Status: Reconsidering all disposal
options for decision in 2007.

Opening date: Undecided

Capacity: Undecided; existing plants

will produce 1500 m3 vitrified waste

Cost: No estimate

Planning for Deep Geologic RepositoriesDown to Earth: Lingering Nuclear Waste
Few countries have a concrete plan for disposing of long-lived radioactive waste,
but those that do are converging on the same idea: Dig a deep mine, store the
material in robust containers, and rely on geology to keep it out of the biosphere
for tens of thousands of years. The concept seems simple. But the potential flaws
are hotly debated, and only a few projects are under way.

First off the blocks were the United States and Finland, which have actually chosen
locations.Yucca Mountain,Nevada, in effect became the official U.S.site in 1987 but has
been delayed by continuous legal battles and scientific questions. The Department of
Energy (DOE) has spent $5 billion on planning and does not have a target opening date.

About 51,000 metric tons of high-level waste have been earmarked for Yucca Moun-
tain; if all U.S. nuclear power plants run to the end of their current licenses, DOE
spokesperson Allen Benson says, the country will have about 120,000 metric tons to dis-
pose of—70% more than the site is legally permitted to hold. But “people are just
assuming … the law will be changed,allowing Yucca Mountain to expand,”says geologist
Steve Frishman of the Nevada Agency for Nuclear Projects, which monitors the project.

DOE’s design relies on elevation and waste heat to keep water out of the repos-
itory, which would be carved into volcanic tuff. But water is its bugbear. Critics say
that the site isn’t dry enough, the rock is fractured and leaky, and the oxidizing envi-
ronment will corrode the waste containers.

Both Finland and Sweden are well along with designs much different from the
U.S. approach. Finland is planning a $3 billion repository near the community of
Eurajoki on the country’s southwestern coast, and Sweden will choose one of two
candidate sites in 2008. Their repositories are to be built in granite and maintain a
relatively cool, nonoxidizing environment that could work even if damp. The
Swedish and Finnish designs “have vastly reduced the uncertainties” about how well
they will contain the waste, says geologist Allison Macfarlane of the Massachusetts
Institute of Technology (MIT) in Cambridge. Eurajoki’s deep-bedrock repository will
hold about 5600 tons of waste, 40% more than existing Finnish plants could pro-
duce in their lifetimes. Sweden voted in 1980 to phase out nuclear power; if the deci-
sion sticks, its $2.5 billion repository will store about 8000 metric tons of waste.

France, Japan, and Russia are exploring possible burial sites but keeping wastes
near the surface indefinitely while they decide what to do next. All now reprocess
spent fuel to extract usable isotopes, which they argue conserves fuel and reduces
waste. But a blue-ribbon review published in 2003 by MIT concluded that, for many
decades, reprocessing will cost more than “once-through” use of fuel.And because
reprocessing increases the risk that material will be diverted to a dirty bomb or a
nuclear weapon, the MIT group argued that it should be stopped.

Many countries hope to reduce waste eventually through “transmutation”: bom-
barding highly radioactive elements with neutrons to convert them to less threatening
isotopes. But this method is expensive, and it may not be practical for decades, if ever.

Russia and some countries with small nuclear programs that would have difficulty
funding a repository are exploring the possibility of pooling wastes in shared, multi-
national repositories. The chief advocate of this approach is the International Atomic
Energy Agency (IAEA), in part as a way to help keep dangerous waste under lock and key.

But repository plans everywhere face a significant first hurdle in winning public
support, IAEA Director Mohammad ElBaradei has said: “Once the first country has
succeeded in placing a geological repository in service, … the road ahead for other
countries will be made much easier.” So all eyes are on the groundbreaking projects
in the United States, Finland, and Sweden. –MASON INMAN

Swedish design. Plan for a permanent waste repository.
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A Whiff of Malaria to
Whet the Appetite
Offering another example of how
shrewdly manipulative parasites can be,
researchers have discovered that 
Plasmodium falciparum, which causes
malaria, can make its human host more
attractive to Anopheles mosquitoes, thus
boosting its chances of being transferred
to another host.The “bite me”signal is
sent out only when the parasites are in 
the gametocyte stage, ready to be picked 
up by a mosquito.

Researchers had long speculated that
parasites might tinker with mosquito 
attraction.To test the idea, a team led by
Jacob Koella of the Université Pierre et Marie
Curie in Paris screened schoolchildren in a
Kenyan village for the presence of malaria

parasites.Then every day for 12 days they
selected three different children:one who was
uninfected, one who carried the parasite in

the nontransmissible
stage, and one with
parasites in the
gametocyte stage.

At sunset, the
three lay down in
three nylon tents
connected to a 
central chamber, into

which 100 uninfected mosquitoes were set
loose and given 30 minutes to choose a tent.

On average, the children carrying the 
gametocytes drew about twice as many
mosquitoes as the other two, but after the
infected subjects were treated with anti-
malarial drugs, the difference disappeared.

Presumably, the parasite triggers 
changes in breath or body odors, the
researchers report in the September issue 
of Public Library of Science:Biology.The
study has a “very, very elegant design,”
says Andrew Read, an evolutionary biologist
at the University of Edinburgh, U.K., and 
may eventually help scientists in designing 
so-called olfactory traps to catch the insects.
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RANDOM SAMPLES
Edited by Constance Holden

“It’s fine that someone has it who

will enjoy it. If I had that money, I’d

probably be buying pictures.”
—Art connoisseur James Watson, to

The New York Times, about his sometime

rival J. Craig Venter spending several

million dollars to buy a collection of 

historically important biology papers,

including an early draft of Watson’s

famous account of the discovery of

DNA’s structure.

Starvation and Schizophrenia
Epidemiologists have long suspected that malnourishment in pregnant women can raise the risk
of schizophrenia in their offspring.The hypothesis is based in part on a study showing that people
conceived in the Netherlands during the winter of 1944–45, when Hitler’s army blockaded food
supplies, were twice as likely to develop the mental disorder.

Now a new and larger analysis of people born during the Chinese famine of 1959–61 has
bolstered the connection.Geneticists David St.Clair of the University of Aberdeen,U.K., and Lin He
of Shanghai Jiao Tong University in China analyzed 3 decades of records from the Fourth People’s
Hospital, the only psychiatric hospital in the Wuhu region of eastern China, which was hit hard
by the famine. After adjusting for differing mortality rates before, during, and after the famine,
the researchers found that 2% of people conceived in the region in 1960 and 1961 developed
schizophrenia, as opposed to 0.9% of those conceived in the 3 years before or after the famine.

The study, which appeared in the 3 August issue of the Journal of the American Medical
Association,“offers a compelling confirmation” of the theory that prenatal malnutrition raises
schizophrenia risk, says epidemiologist Richard Neugebauer of the New York State Psychiatric
Institute in New York City. If animal studies can identify the key nutrients, this could yield “an

almost utopian opportunity” to reduce schizophrenia risk by ensuring that pregnant women receive adequate nutrition, he says.

Do two bands on that Southern blot in the
paper you’re reading look oddly similar? Do
the colors on a gene-expression microarray
figure appear suspiciously bright? The
federal Office of Research Integrity (ORI)
reports that, in part thanks to the wonders
of computer graphics, over the past decade
cases involving questioned images—such
as fabricated bands on a gel and cut-and-
pasted cells in a micrograph—have grown
from 4% of its caseload in 1993–94 to
more than 40%.

ORI investigator John Krueger says that
whereas the ORI cases reflect possible
deliberate fakery, in many other instances,
biologists probably are just trying to make data clearer and don’t realize they’re crossing
an ethical line. “We think there should be a broader discussion in the community about
this,” Krueger says. Some journals are trying to screen for doctored images.To help them
and anyone else who wants to play forensic scientist,ORI has posted some computer tools
and practice examples from actual ORI cases at ori.hhs.gov/tools/data_imaging.shtml.
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Personal connection.Theoreti-
cal physicist Samuel Edwards of
the University of Cambridge
last week won a prize awarded

in the name
of one of his
former teach-
ers. Edwards
(top left), who
studied quan-
tum mechan-
ics under
Nobelist Paul
Dirac as a
Cambridge
undergradu-
ate 60 years
ago, received
the Dirac
Medal from
the Interna-
tional Center
for Theoreti-
cal Physics in
Trieste, Italy,
for his work

on polymers, spin glasses, and
granular materials.

Dirac was a mediocre
instructor whose lectures 
consisted of reading aloud 
from his book The Principles 
of Quantum Mechanics, recalls
Edwards, 78.“And sometimes 
he missed pages,” he says.

The other physicist to receive
this year’s medal—awarded on

8 August, Dirac’s birthday—
was Patrick Lee (bottom left) 
of the Massachusetts Institute
of Technology in Cambridge,
honored for his work on the
localization and interactions 
of electric charges in metals.
“I’m pleased to see our field—
condensed matter physics—
get recognized,” says Lee,
58, about an award typically
given to research in particle 
theory and other esoteric fields.
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RANDOM SAMPLES

PEOPLE
Edited by Yudhijit Bhattacharjee

“The trouble with the ‘missing link’ is that it is

still missing! … The theory of evolution … has

more holes in it than a crocheted bathtub.”

—Utah state senator D. Chris Buttars in an op-ed 

published in the 9 August edition of USA Today.

Capital’s call. Keeping his lab going at Arizona
State University was a prerequisite for Jim Collins
before agreeing last week to become head of the
biology directorate at the National Science Foun-
dation (NSF) in Arlington,Virginia.“My obligations
are to the foundation, which I think is a terrific
institution,” says the 58-year-old ecologist, who
has spent 30 years at the Tempe, Arizona, univer-
sity interrupted by a 1-year sabbatical as an NSF
program manager. “But I had to convince myself
that I could still interact with students before I
decided to take the job.”His solution:a 2-year stint
as a rotator,“commuting as much as is reasonable”
to shepherd his flock of a dozen undergraduates,
grad students, and postdocs.

A longtime NSF grantee for his work on mor-
phological variation within species, using sala-
manders as a model organism, Collins has more
recently begun to explore the fledgling field of
ecological ethics. He hopes to expand biology’s interactions with NSF’s seven other directorates
and other federal agencies and says he isn’t fazed by the dim prospects for significant budget
increases. But he’s not planning to set down roots in the nation’s capital: “I love the Sonoran
Desert and my research. I certainly wasn’t looking for a change of scenery.”

J O B S

T H E Y S A I D I T

Impact factor. A theoretical physicist has proposed an index to rank the
productivity of scientists by a single number. Named “h” by its creator—
Jorge Hirsch of the University of California, San Diego—it is the largest
number such that the researcher has h papers with at least h citations. For
example, Edward Witten, a string theorist at the Institute for Advanced
Study in Princeton, New Jersey, has an h of 110 because 110 papers of his
papers have received at least 110 citations. The index favors researchers
who produce a stream of influential papers over those who publish many
quickly forgotten ones or a few blockbusters. “I can’t imagine a person
with a high h index who hasn’t done important work,” says Hirsch,
whose own h is 49.

Manuel Cardona (h = 86), a physicist at the Max Planck Institute for
Solid State Research in Stuttgart, Germany, says “the great advantage
of the index is that you can get it in about 30 seconds” using the ISI
Web of Knowledge. However, he says, researchers shouldn’t use it as
the only measure of their colleagues’ performance. The index is
described in a preprint posted at www.arxiv.org.
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The Problem of

Child Sexual Abuse

THE POLICY FORUM “THE SCIENCE OF CHILD

sexual abuse” by J. J. Freyd et al. (22 Apr.,
p. 501) provides an extremely important
call to action to the scientific community.
In 1999, James Mercy, Senior Scientist at
the U.S. Centers for Disease Control and
Prevention, noted the importance of view-
ing child sexual abuse with “new eyes” (1).
The implementation of Freyd et al.’s policy
recommendations would help us to do this.
For too long, the fact that the topic makes us
uneasy has caused too many of us to avert
our eyes. But what if child sexual abuse
were a newly discovered disease—a disease
that affects up to 20% of women and 10%
of men, a disease that forms a potent risk
factor for developing a host of mental and

physical problems, a disease that, according
to a conservative estimate by the U.S.
Department of Justice, costs society over
$24 billion each year (2)? Imagine what
we as concerned scientists would do if we
discovered such a disease decimating the
lives of our young people?

Our response to child sexual abuse thus
far “has been far from the full-court press
reserved for traditional diseases or health
concerns of equal or even lesser magnitude”
[(2), p. 317]. We have severely underesti-
mated the effects of this problem on our
children’s health. It is time to recognize that
the problem is not solely a product of the
action of a few sick individuals; child sexual
abuse is a preventable health problem that
has been allowed to spread unabated due to
scientific and social neglect.

PAUL FINK

President,The Leadership Council on Child Abuse &

Interpersonal Violence, and Past President,

American Psychiatric Association, 191 Presidential

Boulevard, Suite C-132, Bala Cynwyd, PA 19004,

USA. E-mail: Pjayfink@aol.com
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IN THE POLICY FORUM “THE SCIENCE OF

child sexual abuse” (22 Apr., p. 501), J. J.
Freyd and colleagues succinctly summa-
rized an enormous amount of research and
rightly highlighted the depressing bias of
those researchers who “emphasized false
allegations rather than false denials.” It is a
sad fact of life that after decades of ignoring
the issue altogether, research showing the
alarming prevalence of child abuse has met
with a kind of “backlash.”

Mental health professionals have a poor
track record in this field. It was only three
decades ago (1975) that the leading psychi-
atric textbook in the United States informed
students that the rate of incest was 1 case
per million (1).

If I have a criticism of the Policy Forum,
it is that the list of proven effects of child
sexual abuse did not include psychosis and
schizophrenia. Recent large-scale studies in

the UK (2) and the Netherlands (3) have
conf irmed our smaller studies in New
Zealand (4, 5) that child sexual abuse is
highly predictive of these supposedly bio-
logically based “mental illnesses.” 

JOHN READ

Psychology Department, University of Auckland,

Auckland 1020, New Zealand.
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IN THEIR POLICY FORUM “THE SCIENCE OF

child sexual abuse” (22 Apr., p. 501), J. J. Freyd
et al.assert that “[s]urveys likely underestimate
prevalence [of child sexual abuse] because of
underreporting and memory failure” There is
no way of making that inference.

Consider a 2×2 table in which we assess the
relationship between actual abuse and reported
abuse. Let a be the joint frequency with which

abuse is both actual and reported, b be the joint
frequency with which actual abuse is not
reported, c be the joint frequency with which
there is no actual abuse but a report of it, and d
be the joint frequency
with which there is no
actual abuse and no
reported abuse. The
finding that there is
“underreporting” of
abuse simply states
that the frequency of b
> 0. In contrast, the
statement that reporting underestimates actual
abuse is the statement that a + c < a + b, or c
< b. There is no way of making this inference
until there is some way of knowing the joint
frequency with which abuse does not occur but
is reported (for whatever reason). Moreover,
given that abuse (fortunately) is uncommon
(according to the authors, well less than 50% of
children are abused, i.e., fall in cells a and b), it
is plausible to hypothesize that c might be
greater than b, despite the value of b > 0. Of
course, the most accurate way to determine c
would be to survey people randomly whom we
know have not been abused and then estimate
how many nevertheless report having been
abused, a daunting task.

ROBYN M. DAWES

Department of Social and Decision Sciences,

Carnegie Mellon University, Porter Hall 208,

Pittsburgh, PA 15213–3890, USA.

THE POLICY FORUM “THE SCIENCE OF CHILD

sexual abuse” by J. J. Freyd et al. (22 Apr., p.
501) calls for more and better scientif ic
research on child sexual abuse (CSA). Yet it
misleadingly suggests that the “[c]ognitive
and neurological mechanisms that may
underlie the forgetting of abuse have been
identified.” This statement implies that the
forgetting of CSA is somehow special and
cannot be explained by the sorts of principles
familiar in the cognitive and neuroscientific
study of memory. 

The notion that individuals can develop
amnesia for seemingly unforgettable trau-
matic events, followed by “recovery” of
these memories months or years later, has
been part of the folklore of psychiatry and
clinical psychology for more than 100 years
and has been described under such headings
as “repression,” “dissociation,” and “trau-
matic amnesia” (1). But, in fact, surveys of
trauma victims show that they typically
remember their experiences all too well, and
any forgetting is easily accounted for by
organic factors or by normal memory
processes such as ordinary forgetting and
infantile or childhood amnesia (2).

LETTERS

But what if child sexual abuse were a newly
discovered disease—a disease that affects up

to 20% of women and 10% of men… a disease
that… costs society over $24 billion each year?”

–FINK
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Genuinely traumatic events—those
experienced at the time as overwhelmingly
terrifying and life-threatening—are seldom,
if ever, truly forgotten. Evidence to the con-
trary comes from methodologically weak
studies that generally fail to obtain corrobo-
ration for retrospective self-reports of either
trauma, amnesia, or both. Some investiga-
tors also confuse forgetting and amnesia
with a simple failure to disclose a memory,
or the recovery of memory with the reinter-
pretation of an event always remembered.
The study cited by Freyd et al. (3) concluded
that its results “do not support the existence
of special memory mechanisms unique to
traumatic events, but instead imply that nor-
mal cognitive operations underlie long-term
memory for CSA” (p. 117). 

These facts have long been known (4, 5),
although they are often ignored or discounted
by professionals—researchers as well as
clinical practitioners—and unappreciated
by the public at large. So far as the scientific
evidence is concerned, traumatic amnesia
appears to be a myth. Rather than searching
for the cognitive and neurological mecha-
nisms underlying a phenomenon that appears
to be nonexistent, scientists and policy-makers
might better focus their resources on the very
real problems of CSA: its causes, correlates,

and all-too-real consequences, and the most
effective means by which it can be treated
and prevented.

JOHN F. KIHLSTROM,1 RICHARD J. MCNALLY,2

ELIZABETH F. LOFTUS,3 HARRISON G. POPE JR.4

1Department of Psychology, University of

California, Berkeley, Berkeley, CA 94720–1650,

USA. 2Department of Psychology, Harvard

University, Cambridge, MA 02138, USA.
3Department of Psychology and Social Behavior,

University of California, Irvine, Irvine, CA

92697–7085, USA. 4Department of Psychiatry,

McLean Hospital, Harvard Medical School,

Belmont, MA 02478, USA.
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Response
We concur with the Letter writers that child
sexual abuse (CSA) is a serious public
health problem. We also agree with Read
that links between CSA and adult psychosis
(1) should not be overlooked. 

As Dawes indicates, one must take into
account both false allegations and denials in
determining the prevalence of sexual abuse.
However, evidence indicates that false alle-
gations occur at rates lower than nondisclo-
sure rates. Prevalence is underestimated (in
Dawes’ notation, c < b) whenever the likeli-
hood that reports of abuse are false [c/(a + c)]
is less than the likelihood that true abuse is
not disclosed [b/(a + b)]. Mechanisms of
false allegations, such as suggestive therapy
or interviewer bias, occur in a small minority
of abuse reports: 2% of survey respondents
claiming abuse report having recovered their
memory with the help of a professional or
others (2), and approximately 10% report
that the abuse was disclosed to authorities,
setting an upper bound on adult influences
(3). On the other hand, most surveys of
adults with “well-documented serious abuse
or neglect” have found nondisclosure rates
over 30% [(4), p. 270].

High rates of nondisclosure also speak to
Kihlstrom and colleagues’ assertion that sex-
ual abuse is “seldom, if ever, truly forgotten.”
Although underreporting is attributable in
part to abuse victims’ reluctance to disclose,
Williams’ (5) difficulty in eliciting abuse
reports despite extensive questioning of
women with documented abuse histories led
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Loftus et al. (6) to acknowledge that “many
children can forget about a sexually abusive
experience from their past” (p. 1177). What
Kihlstrom et al. call “folklore” is actually over
100 years of clinical and scientific evidence
for the forgetting of trauma (7). Although the
frequency and mechanisms of forgetting are

not completely clear, the basic phenomenon is
documented in dozens of empirical studies (8)
and corroborated case studies (9).

Kihlstrom et al. argue that trauma victims
typically remember their experiences “all too
well.” However, both intrusive recall and an
“inability to recall an important aspect of the

trauma” [(10), p. 428] are diagnostic of
pathological posttraumatic conditions and
may both reflect, in part, some common
underlying disregulation of memory
processes (8). Indeed, traumatized individu-
als exhibit a range of memory impairments
(11). Research on executive control over

recall of unwanted memories (12), and
research on children’s (13) and adults’
(14) encoding and memory of trauma
stimuli has provided preliminary sup-
port for models of repression and trau-
matic amnesia. The relations among
the effects of trauma on encoding,
retrieval inhibition, and memory func-
tioning are worthy of future study. 

In our Policy Forum, we recom-
mended a series of international con-
sensus panels on scientific and clini-
cal practice issues related to CSA,
expansion of the National Child
Traumatic Stress Network, and the
creation of a new Institute of Child

Abuse and Interpersonal Violence within the
NIH that would foster research on CSA and
related conditions. Claims that traumatic
amnesia rarely occurs, as well as legitimate
disagreements over the prevalence and accu-
rate recall of CSA, reinforce these recom-
mendations. Denial and underestimation of

the effects of CSA continue to be serious
obstacles to ending a preventable public
health problem. 

JENNIFER J. FREYD,1 FRANK W. PUTNAM,2

THOMAS D. LYON,3 KATHRYN A. BECKER-BLEASE,4
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A Celebration

of Ignorance

CONGRATULATIONS TO SCIENCE FOR SHIFT-
ing paradigms in the 125th Anniversary
issue (125 questions: what don’t we know?,
1 July), not only by focusing on what lead-
ing contemporary scientists “don’t know,”
but also by unabashedly labeling this col-
lection of 125 important unanswered ques-
tions as a “survey of scientific ignorance.”
Back in 1984, based on my mentor Lewis
Thomas’ whimsical suggestion (1), my
late husband and I brought ignorance out
of the closet by creating the University of
Arizona’s “Curriculum on Medical
Ignorance” (featuring a Summer Institute,

distinguished visiting “ignorami,” and
ignorance logs and exercises) to teach
medical and later undergraduate and K-12
students and science teachers how to rec-
ognize and deal with ignorance—“what we
know we don’t know, don’t know we don’t
know, and think we know but don’t”—
about a wide range of medical and scien-
tific topics (2). Our curriculum has resulted
in various ignorance-based publications,
presentations, media coverage, and prod-
ucts, earning me the dubious title of
“Ignorama Mama,” mother of the global
ignorance movement. Indeed, all learning
and discovery do take place in the terrain of
ignorance, not knowledge, and it is ques-
tions, questioning, and questioners that
impel scientific advances. These mysteries
and puzzles, not dry facts and pat answers,
should also drive science education as well
as the research enterprise. A Wall Street
Journal editorial (3) paradoxically hailed
our evolution from the Information Age to
the “Age of Ignorance,” where we can
recuse ourselves from excessive informa-
tion, admit we don’t know, and humbly
“google” or grope our way through what we
need to know. And newly minted Nobel
physicist David Gross lauded “ignorance—
the most important product of knowledge”

as “lucky for science, scientists, and the
Nobel Foundation” (4).

MARLYS HEARST WITTE

Professor of Surgery and Director of Student

Research, University of Arizona College of

Medicine, Post Office Box 245200, Tucson, AZ

85724, USA. E-mail: grace@surgery.arizona.edu
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Wyngaarden, L. H. Smith, Eds. (W.B. Saunders,
Philadelphia, PA, ed. 16, 1982), pp. xli–xliii.
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1993, p.A10.
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What Are Our

Research Priorities?

The advancement of science depends on
what James Clerk Maxwell termed “thor-
oughly conscious ignorance” (“In praise of
hard questions,” Special Section on 125 ques-
tions: what don’t we know, 1 July, p. 76). If
deepening the “consciousness” of our igno-
rance is a prerogative of scientists, then this
implies a responsibility to reflect on what to
know first or the (type of) knowledge our
world needs most urgently. Which hard scien-
tific questions should become research prior-
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ities if we take into consideration Kofi Annan’s
urgent appeal to the scientific community to
improve global human welfare (1)?

It would be fascinating to see how much
science could contribute to a research agenda
that serves mankind by making our ignorance
with respect to people, planet, and profit
more conscious. Which not, yet, answered
scientific questions could produce a genuine
breakthrough in mankind’s understanding of
sustainable development?

AD VAN DOMMELEN AND GEERT R. DE SNOO

Institute of Environmental Sciences (CML), Leiden

University, Post Office Box 9518, Leiden, The

Netherlands. E-mail: vandommelen@cml.leide-

nuniv.nl
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CORRECTIONS AND CLARIFICATIONS

Table of Contents: (22
July, p. 525). The credit
for the image of parrots
on page 529 was not
given. It should be
Roland Seitre.

Reports: “Causal protein-signaling networks
derived from multiparameter single-cell data” by K.
Sachs et al. (22 Apr. p. 523). The author names in
reference (26) were incorrect. The authors are I. M.

Ong, J. D. Glasner, D. Page.The URL for the support-
ing online material was incorrect; it should be
www.sciencemag.org/cgi/content/full/308/5721/
523/DC1.There was also a reference missing in the
last sentence of the last paragraph on page 527
that continues on page 528.The new reference (29)
is P. O. Krutzik, G. P. Nolan, Cytometry 55, 61 (2003).
The acknowledgments will now be reference (30).

Technical Comment Abstracts: “Response to
Comment on ‘Molybdenum isotope evidence for
widespread anoxia in mid-Proterozoic oceans’ “
(12 Aug., p. 1017). The first author should be A. D.
Anbar, not D. Anbar. The name appears correctly
in the full-text online version.

TECHNICAL COMMENT ABSTRACTS

COMMENT ON “Quantum State
Transfer Between Matter and
Light”

S. J. van Enk and H. J. Kimble

Matsukevich and Kuzmich (Reports,22 October 2004,
p. 663) claim to have produced several types of nearly
maximally entangled states involving photons and
atomic ensembles.We show that their experimental
evidence is insufficient to support these claims, that
their comparisons to a previous experiment are
misleading,and that their sweeping assertions related
to quantum networks are unjustified.
Full text at

www.sciencemag.org/cgi/content/full/309/5738/1187b

RESPONSE TO COMMENT ON “Quantum
State Transfer Between Matter
and Light”

D. N. Matsukevich and A. Kuzmich

van Enk and Kimble criticize several aspects of our
study but do not challenge our main result, the
achievement of quantum state transfer between
matter and light. Instead, their critique focuses on
the quantitative amount of entanglement present
in our experiment and how the vacuum should be
accounted for in these measures, both in our exper-
iment and in others. Although a careful discussion
of this topic has some value for the field, it does not
alter the conclusions of our paper.
Full text at

www.sciencemag.org/cgi/content/full/309/5738/1187c
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W
e live in a spectacular period for
paleoanthropology. Over the past
dozen or so years, newly discovered

species of fossil hominids have been reported
at the rate of about one per year. Although
doubts remain as to whether all these finds

should be granted status
as separate species—
having only bones with
which to work, we gen-
erally can’t say for sure
who could breed with
whom—a picture is
emerging of an adaptive
radiation typical of other
large carnivores. 

Time is not equally
fair to all paleontolo-
gists, however, and

there remain some irritating gaps in the fossil
record. We have, for example, very few fossil
remains of chimpanzees or gorillas, the clos-
est living relatives of modern humans. That
paucity must stem from the many obstacles to
the fossilization of forest-dwelling animals,
although some of the creatures we classify as
hominids may actually be more closely
related to chimps or gorillas than to humans.
Molecular geneticists have not yet been able
to sequence remains more than about 50,000
years old, so it is not (yet) possible to add such
evidence to our phylogenetic reconstructions. 

Perhaps naturally, most attention has
been focused on the history of our closest
kin. But a glance further back reveals other
data-poor intervals that frustrate our deci-
pherment of anthropoid phylogeny. One
such gap has been the near-total absence of
ape-like fossils from between ~12 and 7
million years ago (Ma), a period during
which monkey-like apes (or ape-like mon-
keys) must have diverged to give rise to the
ancestors of today’s remnant trident of
chimps, humans, and gorillas. 

The picture is clearer, however, if we
look back further into the Early and Middle
Miocene, an interval from about 21 to 14
Ma, when an ape-like creature known as
Proconsul lived in Africa—along with lots
of other “apes.” What exactly Proconsul
was and how we have come to know this are
the topics of The Ape in the Tree, the latest

book by Alan Walker and Pat Shipman
(paleoanthropologists now at Pennsylvania
State University). The book is, somewhat
oddly, written in the first person singular of
Walker’s voice, so I shall refer to it as his. 

Walker is probably best known for having
found the Nariokotome Boy, a 1.7-million-
year-old specimen of Homo erectus (or H.
ergaster, as the splitters have it). The discov-
ery and significance of that remarkably com-
plete hominid fossil from the western shores
of Lake Turkana are beautifully chronicled in
the authors’ Wisdom of the Bones (1), which
won the Rhone-Poulenc science books prize.
The Ape in the Tree is a successor volume of
sorts, presented with Shipman’s well-honed
flair for telling a good story. And it offers lots
of good stories: from
early carnivals with
apes (Consul was a
famous Parisian per-
forming chimp from
1903), to early fossil
hunters attacked by
hippos and eaten by
crocodiles, to Louis
Leakey’s push to find
very early cultural
hominids in Africa
(and, less sagely, even
in America, whence
his endorsement of the
bogus Calico Early Man site in California).
We read about how the 1947 Pan-African
Congress of Prehistory became a turning
point in the recognition of Africa as the birth-
place of humanity (as Darwin had predicted
and most everyone else had later denied);
about Leakey et al.’s expedition to Rusinga
Island in Lake Victoria, where Mary Leakey
in 1948 found a nearly complete Proconsul
skull; about Louis Leakey’s misfired efforts to
humanize the creature; and about how a “pot-
hole” full of fossils on Rusinga turned out to
be a hollowed-out petrified tree. 

Early on in the book, we are told that
“Proconsul is not just a human ancestor but
also an ape one, the last common ancestor to
whom we—humans and apes alike—all trace
our past.” But Walker is not particularly inter-
ested in either taxonomy or phylogeny; his
focus is more on how the creature behaved,
especially what it ate and how it moved. A
master at using bones to elucidate behavior,
Walker shows that Proconsul was probably a
slow-moving climber rather than an agile

brachiator. (In other words, it didn’t swing
through the trees.) Such inferences sound sim-
ple enough, but the techniques he has mar-
shaled to make them are remarkable. With
anatomist Fred Spoor, for example, Walker
has been looking at the semicircular canals (of
the inner ear) of different species. They find
that mammals that move quickly through the
forest tend to have canals with large radii of
curvature, a consequence of their greater need
for maintaining balance and orientation,
whereas slow-moving species (such as sloths)
have canals of much smaller radii. For his
Proconsul fossils, Walker found that their
radii of curvature (yes, these tiny canals some-
times fossilize) were more like those of a
slow-moving howler monkey than a tree-
swinging gibbon or siamang. 

Walker also makes an important point
about not getting trapped in the question of
whether Proconsul was a monkey or an ape,
the point being that these present-day cate-
gories may not do justice to organisms of the
distant past. (How far back can one call the

ancestors of today’s
whales “whales”?) The
authors repeatedly cau-
tion against this “pull of
the present”: the ten-
dency to characterize
ancient creatures in
terms we today f ind
familiar. (Historians
are familiar with this
danger and call it “pres-
entism.”) We talk about
“early apes” or “early
humans” as if these
were animals waiting to

become something they weren’t yet, when
inclusion within some modern taxon may be
misleading. It isn’t really proper to call
Proconsul an ape, a monkey, or even a 
monkey-like ape or an ape-like monkey. 
Proconsul is what it is, and our descriptors are
only useful when they don’t lead us down a
blind path of familiarity when we should be
seeing strangeness. 

The Ape in the Tree is a fine account of
new ways to puzzle out the behaviors of fos-
silized animals from odd scraps of bones.
Reading it, I got the sense that maybe we
should fuss a little bit less over genealogy
and pay more attention to ancient land-
scapes, environments, climates, diets, and
behaviors. And we really need to find a lot
more fossils.
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B R O W S I N G S

Divine Wind. The History and Science of Hurricanes. Kerry

Emanuel. Oxford University Press, New York, 2005. 295 pp. $40,
£26.99. ISBN 0-19-514941-6.

Hurricanes and typhoons are among the most destructive of nat-
ural phenomena. Emanuel interweaves scientific, historical, and cul-
tural perspectives on these intense tropical cyclones, spiral low-
pressure systems that develop heavy rainfall and
maximum sustained surface winds of at least 33
m/s. Starting with the physics of the tropical
atmosphere, he describes how the cyclones
develop and move; the rain, waves, and storm
surge they deliver; and how they are tracked,
studied, and forecast. In between these chapters,
the author offers short accounts of individual
hurricanes (from the 1502 blow that Columbus
weathered off Hispaniola to Hurricane Andrew
of 1992) and sketches of the storms’ influence
on history (from the disruption of the Mongol
invasion of Japan in 1274 through to the possi-
bility that global warming will increase hurri-
canes’ impact on coastal development). Besides
photographs and Doppler images, the illustra-
tions include folk art, classic paintings, and
recent works such as Suzette Barton Chandler’s
Storm II The Hurricane (right). Many of these
images are used effectively to illustrate passages
from poems, songs, and other literature.

The Evolutionary Biology of Flies. David K. Yeates and Brian M.

Wiegmann, Eds.Columbia University Press, New York, 2005. 439 pp.
$89.50, £58. ISBN 0-231-12700-6.

For the last 250 million years, life in terrestrial environments has
been accompanied by the buzz of flies. Today, dipterans comprise
about 15% of described animal species and are among the most abun-
dant arthropods. Their broad ecological diversity is supported by a

wide range of adult feeding strategies and the
flies’ holometabolous life cycle (larvae and adults
have quite different anatomies, behaviors, and
niches). Much has been learned from studies of
dipteran model systems (such as the fruit fly,
malarial mosquitos, medfly, and housefly). This
volume offers researchers and students a broad
comparative and evolutionary perspective on
dipteran biology. It begins with reviews of the
order’s phylogenetic position and the relation-
ships among dipteran lineages. A second section
covers genomics (especially Drosophila and
Anopheles), evo-devo, and neural development in
dipterans along with the evolutionary roles of
transposable elements and sex chromosomes.
The section on evolutionary ecology and biogeog-
raphy includes considerations of the fossil record
of dipteran-plant associations, sexual selection
and mating systems, genetics of host use, molec-
ular approaches to studying invasive species, and
a guild analysis of some rainforest faunas.
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I
t has been 25 years since Congress
passed the Women in Science and
Technology Equal Opportunity Act,

which declares it “the policy of the United
States that men
and women have
equal opportunity
in education, train-
ing, and employ-

ment in scientific and technical fields (1).”
Although there have been major advances,
academic institutions are still not fully uti-
lizing the pool of women scientists they
have produced. The difference between the
proportions of women who earn Ph.D.’s and
those who are in faculty positions at top
universities is clear in the biological and
physical sciences, as well as in engineering
(see table at right). 

Recently, much has been made of biolog-
ical differences between men and women
that might affect their representation in sci-
ence. Although there is a substantive body
of evidence indicating that overall intelli-
gence does not differ between men and
women, controversy persists as to whether
specific aspects of cognitive ability differ
(2, 3). A recent debate by experts illumi-
nates the issues and provides a summary of
the literature in the field (4). We chose not to
discuss these possible differences here for a
number of reasons. First, there is no ideal
constellation of cognitive abilities required
to be a scientist. To be successful, scientists
need deductive reasoning abilities, verbal
skills, quantitative reasoning, intuition, and

social skills. Men and women may differ, on
average, in some of these abilities, but that is
not a basis on which we can predict success
because different mixtures lead to diverse,
yet successful, approaches and styles in sci-
ence. Second, there is no convincing evi-
dence that women’s representation in sci-
ence is limited by innate ability. Between
1970 and 2003 (a time too brief for observ-
able changes in innate ability), there was a
30-fold increase in the
proportion of Ph.D.’s
granted to women in
engineering. This was a
time in which attitudes
and laws pertaining to
gender changed dra-
matically, which pro-
vides strong evidence
of the cultural and
structural impediments
to women. In this Policy
Forum, we focus on the
cultural issues that
manifest in the behav-
iors of individuals and
the policies of institu-
tions because these fac-
tors make a difference
and can be changed. 

Moral and legal
imperatives to ensure
equal opportunity pro-
vide sufficient reasons
to examine the causes
of the disparities and to
attempt to rectify them. Equally compelling
is the impact that equity will have on the
quality of our universities and the competi-
tiveness of our nation. Heterogeneity
among students, faculty, and staff strength-
ens universities in fundamental ways (5, 6).
Heterogeneous groups design more innova-
tive solutions to problems than do homoge-
neous ones (6, 7) and bring a higher level of
critical analysis to decisions (6, 8).
Furthermore, institutions that welcome
women foster more favorable working envi-
ronments for all community members (9).

The National Science Foundation (NSF)
founded the ADVANCE Institutional
Transformation Program (10) to analyze
the impact of interventions on advancement

of women in science. Many universities
have launched initiatives to enhance hiring,
promotion, and productivity of women sci-
entists, including Harvard University,
which recently committed $50 million to
this effort (11). Initial results from the NSF
ADVANCE sites and other universities sug-
gest several strategies that appear to work
(6). Detailed documentation can be found
in the supporting online material.

Barriers and Strategies to Overcome Them
The pipeline. The low number of women
trained in certain f ields is partially to
blame for the paucity of women on the
faculty. Nevertheless, many f ields con-
tinue to suffer a faculty gender imbalance
even though women compose from one-
quarter to almost half of their graduating

doctoral candidates (see table). Superb
women scientists may not pursue aca-
demic careers simply because they are not
encouraged to do so, question whether
they have what it takes to be successful, or
lack female role models who would help
them envision themselves as faculty.
Well-meaning advisers may interpret
women’s hesitation and concerns as disin-
clination and may fail  to press their
women students to consider academic
careers. Explicit encouragement of out-
standing doctoral candidates to enter the
professoriate will help close the gap.
Programs designed to prepare students to
be faculty, such as those offered by many
professional societies, universities, and
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WOMEN Ph.D.’s AND FACULTY,
TOP 50 DEPARTMENTS IN SELECTED DISCIPLINES*

Discipline Career level (% women)

Ph.D. Asst. Prof. Assoc. Prof. Full Prof.

Biology 45.89 30.20 24.87 14.79

Physical Science 24.68 16.13 14.18 6.36

Astronomy 22.88 20.18 15.69 9.75

Chemistry 33.42 21.47 20.50 7.62

Computer Science 15.27 10.82 14.41 8.33

Math & Statistics 26.90 19.60 13.19 4.56

Physics 14.78 11.15 9.41 5.24

Engineering 15.34 16.94 11.17 3.68

Electrical 12.13 10.86 9.84 3.85

Civil 17.90 22.26 11.50 3.52

Mechanical 10.93 15.65 8.89 3.17

Chemical 24.98 21.38 19.19 4.37

*Data on Ph.D.’s and faculty come from the same “Top 50” departments for each disci-
pline; departments are ranked by NSF according to research expenditures in that disci-
pline.Top 50 departments detailed at (23). Ph.D. data (24) are from 2001 to 2003; faculty
data (23) are from 2002 except Astronomy (2004) and Chemistry (2003).
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private organizations (6), can provide
access to role models and may inspire
confidence and commitment (12).

To keep women moving through the
pipeline to the senior ranks, they need
sound advice about how best to invest their
time as junior faculty. Women, more often
than men, are asked to provide campus
service on committees, as speakers, and as
advisers to students (13). To assist junior
faculty in managing pretenure activities,
Georgia Tech ADVANCE Professor Jane
Ammons developed a “speed mentoring”
workshop in which junior faculty members
consult for 15 to 20 minutes with each of
four experienced tenure case reviewers who
identify gaps and offer suggestions for
strengthening the tenure case.

Climate. Many women attribute their
exit from the academy to hostility from col-
leagues and a chilly campus climate (14).
This atmosphere is invisible to many men,
who typically describe a better climate for
women than women report experiencing, as
indicated by faculty surveys at MIT,
Princeton, the University of Michigan, and
the University of Wisconsin (6). Campus-
wide programs to educate members of the
community can identify and help eliminate
discrimination in hiring and promotion,
sexual harassment, and other illegal behav-
iors (6, 15). Faculty members can assist by
becoming educated about these behaviors
and then taking steps to discourage them,
including supporting women who voice
concerns about illegal behavior. 

Far more pervasive are the subtle effects
of exclusion from the department commu-
nity and its decision-making processes and
the slights, ridicule, and attention to
women’s sexuality in professional settings.
Although these behaviors may seem
innocuous in isolation, the cumulative
effect can be devastating (6, 16). University
administrators can set a campus standard in
fostering inclusivity. Programs to train
department chairs to recognize and combat
the isolation experienced by women may
transform local environments. The
University of Michigan’s ADVANCE pro-
gram developed an interactive theater pro-
gram that portrays typical academic situa-
tions and engages academic audiences in
discussion that helps them recognize inter-
personal behaviors that affect climate (6).

Unconscious bias. People who are com-
mitted to egalitarian principles and believe
that they are not biased may nevertheless
unconsciously or inadvertently behave in
discriminatory ways (6, 17–19). When eval-
uators rated writing skills, resumes, journal
articles, and career paths, they gave lower
ratings on average if they were told that the
subject of evaluation was a woman (6). A
study of postdoctoral fellowships awarded

by the Medical Research Council of Sweden
found that women candidates needed sub-
stantially more publications to achieve the
same competency rating as men (18). On the
basis of results in other fields, it might be
wise for scientists to consider ways to mask
applicant gender. For example, introducing a
screen to obscure the gender of musicians
auditioning for symphony orchestra posi-
tions increased the likelihood that a woman
was selected by 30 to 60% (20).

A number of interventions undertaken
through the ADVANCE programs are pred-
icated on the supposition that unconscious
bias can be redressed by awareness. The
University of Wisconsin–Madison has
designed workshops to train search com-
mittees in good search methods and to sen-
sitize them to bias (6). In these workshops,
faculty members are encouraged to recruit
women by deliberate action to overcome
unconscious biases and to cultivate profes-
sional relationships with promising women
scholars at professional meetings. Martell
(21) showed that sex bias emerged when
evaluators were under time pressure and
distracted. Consequently, the search com-
mittee training includes reminding partici-
pants of the time required to conduct a thor-
ough review and encouraging them to
devote sufficient time to the evaluation of
each individual to prevent assumptions
from substituting for data. Georgia Tech has
developed a Web-based computer instru-
ment, Awareness of Decisions in Evaluating
Promotion and Tenure (ADEPT), to aid pro-
motion and tenure committee members,
chairs, and deans to understand biases
related to gender, race and/or ethnicity, dis-
ability, and interdisciplinarity. It consists of
a downloadable application that contains
case studies and summaries of scholarly
research on bias and other materials to pro-
voke discussion (6).

Balancing family and work. The respon-
sibilities for family caretaking (for children
and aging parents) continue to fall dispro-
portionately on women (6). Young women
can be encouraged by meeting or reading
about prominent women scientists who
have families and by learning about aca-
demic programs designed to reduce the
conflicts between personal and professional
life, including dual-career hiring programs,
tenure clock extensions for childbirth and
adoption, and on-campus lactation rooms
and child care facilities. All members of the
university community can advocate for
such programs and can provide flexibility
for colleagues with family responsibilities.

Conclusion
Institutional transformation necessitates
collective examination of attitudes and the
behaviors they spawn, which can be disqui-

eting, because it requires engagement with
issues of life-style, reproduction, hiring,
and academic customs. Most uncomfortable
is the discovery that we all harbor unconscious
biases that can shape our behavior. Essential
to the process is individual ownership of the
blueprint for change. Strategies for this
blueprint exist and are being tested, but sys-
temic change can only be fostered if pro-
pelled by a vigilant and widespread cam-
paign launched by tenacious women and
men at all levels (6), and advocated by
prominent leaders of our universities (22).
Only such a campaign will fulfill the prom-
ise of the Science and Technology Equal
Opportunities Act and will create a scien-
tific community reflective of the pluralist
society that supports it.
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I
n the early 1800s, the English scientist
John Dalton postulated that matter is
made up of indestructible atoms whose

identities are unchanged by chemical reac-
tions. These atoms have a definite size and
mass, are countable, and through chemical
reactions can combine to produce mole-
cules as simple as diatomic oxygen (O2),
the vital component in the air we breathe, or
macromolecules far more complex than
myoglobin (C822H1035FeN222O220S3), an
oxygen-storage protein found in our muscle
tissue. It is the controlled structural
rearrangement of atoms and molecules that
adds value to industrial chemical feedstock,
and gives life to biological organisms. The
selectivity of the transformation from reac-
tant to product depends on the reaction
mechanism, and the structures of interme-
diates along the reaction pathway are often
hotly debated. Because the atoms are so
small (~10−10 m), and the time it takes for
them to slip past their neighbors is so short
(~10−13 s), the direct observation of these
intermediates has proven quite elusive.
Recently, researchers working at the
European Synchrotron Radiation Facility
(ESRF) rose to this experimental challenge
and pursued structural studies of photo-
chemically generated, short-lived (<10−6 s),
iodo radicals. Davidson et al. studied
diiodomethane (1), whereas Ihee and co-
workers studied diiodoethane (as reported
on page 1223 in this issue) (2). In particular,
Ihee et al. identified the structure of a radi-
cal that purportedly plays a crucial role in
certain stereoselective chemical reactions.

The old adage, “seeing is believing,”
implies that disputes are often settled with a
picture, or in the case of chemistry, with a
molecular structure. Methods capable of
extracting structural details at or near
atomic resolution include x-ray diffraction
(crystals and solutions), electron diffraction
(gas phase, thin films, and surfaces), scan-
ning tunneling microscopy (surfaces),
nuclear magnetic resonance spectroscopy
(solids and solutions), and microwave spec-

troscopy (gas phase). The diffraction meth-
ods make use of photons or particles that
can be produced in pulses shorter than 10−12

s, and are therefore uniquely suited for
structural determinations with ultrafast
time resolution. This feat has generally
been accomplished with the pump-probe
method, where a “pump” laser triggers a
reaction and a delayed “probe” pulse cap-
tures a snapshot of the transient species. In
recent years, structural changes in protein
crystals have been determined with ~5-ns
(3–5) and 150-ps (6, 7) time resolution, the
structures of short-lived intermediates in

the gas phase have been elucidated with 1-
ps time resolution (8), and photothermally
induced structural changes have been mon-
itored in solid-state materials with ~120- to
600-fs time resolution (9, 10) and on sur-
faces with 1-ps time resolution (11).

Notably absent from the recent literature
are time-resolved structural determinations
of molecules in solutions, the environment
most relevant to biology and industrially
important chemical synthesis. And for good
reason. Reagents are typically dissolved at
relatively low concentration in an ocean of
solvent whose scattering is orders of magni-
tude stronger than that from the reagents
themselves. The pump pulse deposits
energy into the probed volume, and the
resulting jump in the solvent temperature
and pressure triggers a time-dependent
change in the solvent structure and its scat-
tering signature. The pump pulse rarely
transforms 100% of the reagent to interme-
diates of interest, and the photoexcited sam-
ple volume contains a time-evolving mix-

ture of several species. The scatter-
ing from the solvation shell sur-
rounding each reacting molecule
can be as strong as that from the
molecule itself, and its scattering
signature changes as the solvent
shell adapts to the transforming
molecule. Consequently, a time-
resolved liquid diffraction experi-
ment will produce a small time-
dependent signal on a large time-
dependent solvent background, and
the weak signal of interest will gen-
erally arise from a mixture of
species with overlapping features.
To have any hope for success, it is
crucial that the time-dependent
scattering signal be recorded with
very high precision. Because the
signal-to-noise ratio for this type of
experiment is limited by photon-
counting statistics, high-precision
measurements require a very high
flux source. The ID09B time-
resolved x-ray beamline at the
ESRF, developed by Wulff et al.
(12), produces a flux well suited for
these experiments. 

When x-ray photons pass
through a liquid sample that is thin
compared to its x-ray absorption
depth, less than 1% of the photons
are scattered. Photons scattered
from atoms whose separation is
narrowly def ined by chemical
bonding or molecular packing can
interfere constructively or destruc-
tively, with the resulting scattering
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pattern appearing as a set of concentric
rings. The pump-induced change of the
radial intensity distribution is related,
through Fourier transformation, to the pair-
distribution function, and provides a “fin-
gerprint” of the characteristic interatomic
distances (see the figure). The scattering
data are one-dimensional, but a molecule’s
structure is three-dimensional. Con-
sequently, a structure “determination” from
liquid scattering data requires much help
from theory. First, the solvent contribution
to the scattering pattern must be accurately
calculated and subtracted from the data.
This procedure is far from trivial. Next, the
diffraction patterns from three-dimensional
models of putative intermediates must be
calculated and compared with the solvent-
corrected curves. Finding a match between
the experimental and theoretical curves
should not be confused with a structure
determination in the crystallographic sense;
nevertheless, a match that exhibits signifi-
cantly higher fidelity than other proposed
structures makes a compelling case for that
structural assignment.

Ihee and co-workers chose their system
wisely. When comparing the scattering pat-
terns from bridged and anti iodoethane radi-
cals with their solvent-subtracted scattering
curves, the bridged form gave a much better
match, thereby providing the most direct and
compelling case for the structural assign-
ment of this important radical intermediate.
This achievement was aided by the fact that
iodine atoms scatter x-rays more than 10
times as strongly as methanol, thereby
enhancing the signal arising from iodo radi-
cal intermediates. Because diiodoethane
(C2H4I2) has only four heavy atoms (hydro-
gen scatters very weakly), scattering from it
and its photo-generated intermediates is rel-
atively easy to assign and interpret.
Moreover, the iodo radical intermediate is
sufficiently long-lived to be easily captured
with 100-ps time-resolved snapshots.
Finally, the radical is produced with rela-
tively high quantum efficiency, so a sizable
population could be generated and character-
ized. Although it should be possible to study
molecules that lack heavy-atom substituents,
such systems would require that the signal-
to-noise ratio of the scattering data be
improved. For example, to recover a signal
that is 10 times weaker, the data integration
time would have to be increased by at least
that factor squared, or 100 times longer. One
could envision studying more complex mol-
ecules as well; however, diffraction rings
from disordered solutions are not sharply
defined, so the amount of structural informa-
tion that can be extracted from the radial
intensity distribution is limited. Therefore,
there is a molecular size beyond which it
would prove increasingly difficult to cor-

rectly match the scattering pattern to a spe-
cific three-dimensional molecular structure. 

When seeking a match to a “fingerprint,”
the correct structure must be included in the
lineup. As more candidates are included, the
chance for a false-positive becomes greater.
As a result, one must exercise sound chemi-
cal intuition when selecting candidate struc-
tures for comparison, as was done in the
study by Ihee and co-workers. 

Although it has a few limitations, the
technique of picosecond time-resolved liq-
uid diffraction can provide an unprece-
dented glimpse into the structures of reac-
tive intermediates involved in solution-
phase chemistry. Once efforts to generate
high-flux x-ray pulses on the few-picosec-
ond (13) and the femtosecond (14–16) time
scales are realized, the time resolution of
liquid diffraction studies could be extended
to the so-called chemical time scale, where
a wealth of new insights into chemical reac-
tion pathways awaits discovery. 
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P E R S P E C T I V E S

T
here is obvious variation in the way
different animals live their lives—in
their life span, in their age and size at

maturity, and in their size as full-grown
adults, to name a few attributes. But are
there fundamental similarities in the life
history strategies that different animals
use? Charnov (1) argued that there are: He
proposed fundamental similarities—“life
history invariants”—to be a major explana-
tory ingredient of life history evolution.
Life history invariants generalize a life his-
tory model over species boundaries and
over a wide range of animal sizes, leading to
an understanding of universal life history
strategies. On page 1236 of this issue, Nee
et al. (2) call into question the principal
method to detect life history invariants. The
authors have determined that the approach
is misleading, throwing the very existence
of the concept into doubt. 

Life history invariants are dimensionless
ratios of two life history traits—for instance,

age at maturity and average length of life.
Such a ratio is used to answer questions such
as “At what relative age do animals f irst
reproduce?” Whether we talk about rabbits or
whales, we hope the ratio will enable us to
forget about differences in life span, size,
environment, and taxonomy. Thus, life his-
tory invariants point to common properties of
organisms not immediately clear from direct
observation. As such, they are potentially
very useful for understanding and modeling
life history evolution: The models are meant
to be general, doing away with the need to
model each species separately. The existence
of life history invariants is a major argument
for one general theory of life history evolu-
tion, rather than a theory as a set of recipes for
how to make species-specific models.

Life history invariants are canonically
identified from a log-log plot of two life
history traits involved in a dimensionless
ratio. In such a plot, the slope is expected to
equal 1. Consider two life history traits, a
and b, and ask whether their dimensionless
ratio a/b is a life history invariant. If their
ratio is constant (c), a log-log plot with
ln(b) on the x axis and ln(a) on the y axis
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would show points on a line def ined by
ln(a) = ln(c) + ln(b), with a slope of 1 and
intercept ln(c) (see the top figure). The line
is the regression line and the intercept can
be used to estimate the life history invari-
ant, c. A log-log plot of two traits involved
in a life history invariant leads to a slope of
1 with all variation in the dependent vari-
able on the y axis explained by the variable
on the x axis (that is, R2 = 1 for an ideal
invariant where R2 of the regression is the
proportion of the variation in the dependent
variable a explained by the variation in the
independent variable b). An empirically
determined slope of 1 at high explained
variance R2 has therefore been taken to
indicate a life history invariant. This is
common experimental logic, but treacher-
ous, as it disregards the potential existence
of other ways to arrive at the predicted
slope of 1 and very high R2. If a life history
invariant is the only way to arrive at a slope
of 1 and very high R2, then one can con-
clude from an empirical slope of 1 and very
high R2 that a life history invariant exists. 

Many such log-log plots of traits that
indicate potential life history invariants
exist. Allsop and West (3) presented data on
relative body size at sex change for animals
ranging from a 2-mm shrimp to a 1.5-m
fish. The log-log plot of body size at sex
change versus maximum body size showed
a slope of 1.05, and all the points were near
the regression line, with R2 = 0.98. The life
invariant “relative body size at sex change”
was perfectly present. 

Buston et al. (4) then threw a spanner in
the works. Commenting on Allsop and
West’s data, Buston et al. pointed out that
random distributions of both total body size
and size at sex change lead to identical
properties in a log-log plot as a life history

invariant: a slope of 1 and an R2 of >0.95.
More null models followed (5, 6), using dif-
ferent random distributions of traits. But
Nee et al. (2) describe the general rationale
of how slopes of 1 at high R2 arise in log-log
plots, independent of the distributions of the
traits. The culprit is a variable on the y axis
that is a fraction of the x-variable: The plot
is of y = cx, with c < 1. In a log-log plot of cx
versus x, a slope of 1 follows automatically.
A wide range on the x axis—from rabbit to
whale—guarantees a high R2. The evidence
for life history invariants vanishes as the
method of finding them evaporates.

Suppose full-grown body size is plotted
on the x axis, and size at maturity of the
same individual on the y axis [see the bot-
tom figure; (4)]. Size at maturity might be
any fraction of full-grown body size, with

fractions c = 0.1, 0.2, …, 0.9 in nine differ-
ent groups of animals. Each animal group
has its own relative size at maturity. Relative
size at maturity is invariant within each
group but varies among groups. All possible
combinations of full-grown body size and
size at maturity can be found over the nine
groups. When data from multiple animal
groups are plotted directly, the variance
among them is quite apparent. The same
data can be depicted in a log-log plot for the
total range of body sizes, still distinguishing
each animal group. Each group now has its
own line ln(y) = ln(c) + ln(x), all with a
slope of 1 but each with different intercepts
ln(c), again revealing variation between ani-
mal groups. However, if the same data are
again depicted on a log-log plot, but without
differentiation as to which animal group the
data points belong, a single regression line
can be drawn over all groups together that
now seems to indicate a life history invari-
ant ratio of body size at maturity to full-
grown body size over all groups. The
regression analysis is therefore misleading.

If life history invariants are important in
evolution, we expect them to surface in
models that use their component variables.
That would validate the idea of invariants,
especially if a model restricts them to cer-
tain values. Kozlowski (7) modeled growth
in animals and optimal body size. In his
model and simulation, many life history
variables that partake in life history invari-
ants can be evaluated. The slopes in log-log
plots of model values are 1 for the proposed
life history invariants. Yet very much varia-
tion in the simulated traits and their ratios
exists, and direct observation of the values
will not give the impression of life history
invariants. Kozlowski (7) concluded that
“Charnov’s life history invariants can be
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A mirage of invariance. Consider nine groups of animals that differ in whether
they mature at large or small size. In group 1, size at maturity equals one-tenth
of adult body size; in group 2, size at maturity equals two-tenths of adult body
size, and so on. [Adapted from (4)] (Left) Size at maturity is plotted as a func-
tion of body size for the nine groups and for seven body sizes: 10, 10√10, 100,
100√10, 1000, 1000√10, and 10,000. The lines give y = cx for nine values of c
(c = 0.1, 0.2, …, 0.9). (Middle) The same data are plotted on a log-log plot.The

lines are now ln(y) = ln(c) + ln(x), and all lines show a slope of 1 but possess dif-
ferent intercepts.Within each group, the relative size at maturity is invariant,
but not across groups. (Right) A log-log plot of the same data but without
assignment to different animal groups reveals a regression line with a slope of
1,an intercept of –0.88,a high R2 of 0.92,and a life history invariant of 0.42.The
estimated “life history invariant” is actually a complicated way of averaging all
nine values for c. Any conclusion that a life history invariant exists is spurious.
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called invariants only in the sense that the
regression lines between their components
have slopes close to +1 or –1.”

Life history evolution is not the only
field where invariants or universal constants
are proposed. The Universal Temperature
Dependence of metabolism proposal asserts
that the metabolism of all organisms can be
described by a single equation (8). Scaling
laws (as, for instance, basic metabolic rate
scale as mass to the power 3/4 ) are called
universal over all life (9, 10). This hankering
for universal explanations has been criti-
cized not only on technical grounds (11) but
also for ignoring biology and the variation
between organisms (12). Interesting biology
might not be in life history invariants but in
biological variation. 

Consider again the issue of relative body
size at sex change. Allsop and West (3) col-
lected data on this question and interpreted
their log-log plot as showing a life history
invariant indicating that a fundamental sim-
ilarity exists among all animals in the fit-
ness components leading to sex change.
However, looking at specific cases of sex
change does not strengthen that impression.
In both the clown fish and the bluebanded
goby, an individual’s sex is determined by
its rank in the social hierarchy. Among

clown fish, the largest fish of the group is
female, the second largest fish is male, and
lower ranking group members are queuing
for their turn to reproduce (13). Among
bluebanded gobies, the fish at the top of the
hierarchy is male and below him are several
breeding females; the group has no non-
breeding adults (14). In both fish species,
the second ranking member in the hierarchy
changes sex and starts growing in size when
the top brass exits (13, 14). The interesting
biology is to identify what determines dif-
ferences such as those between these two
fish species. 

This brings us back to species-specific
life histories and back to looking at biologi-
cal mechanisms. If a fundamental similarity
does exist among all animals in the fitness
components leading to sex change, it has to
be shown that relative body size at sex
change for both the clown fish and the blue-
banded goby can be directly described by
similar fitness relations. The model of opti-
mal relative body size at sex change (15)
must be shown to work by direct estimation
of its parameters for both fish species, not
by log-log plot. 

We should be wary of treating an aver-
age across species as an explanatory gen-
eral life history invariant. That’s not to say

that we might not keep searching for
invariants that indicate fundamental simi-
larities in the biology of all living organ-
isms. We just need to know for certain how
to identify them.
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Quantum mechanical effects such as
tunneling through a classically
impenetrable potential energy bar-

rier have long been known to occur in
chemical reactions (1). More subtle quan-
tum effects can also arise for reactions in
which two different electronic states touch
(that is, coincide in energy) to produce a
conical intersection (see the f igure). An
example is the geometric or Berry phase,
which refers to a change in sign of an elec-
tronic wave function when nuclei of atoms
involved in the reaction complete an odd
number of loops around the conical inter-
section (2–4). The effect of the geometric
phase on the energy levels of bound-state
molecules is well understood (5).
However, the conditions under which the
geometric phase effect can be detected for

chemical reactions are less certain. Studies
of this effect have largely been directed at
the simplest chemical reaction, H + H2 →
H2 + H, which serves as the benchmark for

def initive experimental and theoretical
studies of reaction dynamics. On page
1227 of this issue, Juanes-Marcos et al. (6)
provide a novel topological argument to
show when the geometric phase is likely to
be observable in this hydrogen exchange
reaction and also clarify the f indings of
previous calculations.

To understand chemical reactions, theo-
rists solve the Schrödinger equation for the
electrons to calculate potential energy sur-
faces on which the nuclei move. These sur-
faces are then used in quantum dynamical
computations that solve the Schrödinger
equation for the nuclei taking part in the
reaction at different energies (7). The nuclear
wave functions are calculated for different
values of the total angular momentum J of
the system of three hydrogen atoms, and

these partial wave functions are
summed to produce quantities
that can be observed in molecu-
lar beam experiments such as
the angular distributions of the
H2 + H products. These quan-
tum dynamical calculations can
be done with time-independent
or time-dependent theory. One
set of time-independent quan-
tum dynamical calculations on
an accurate potential energy
surface suggested that the geo-
metric phase effect might be
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observable in molecular beam experiments
of angular distributions for this reaction at
energies well below that of the conical inter-
section (8). However, other calculations that
did not account for the geometric phase gave
good agreement with measured angular dis-
tributions for this reaction at the same colli-
sion energies, which suggests that the effect
would not be detectable at these energies (9).

More recent time-independent quantum
mechanical calculations by Kendrick (10)
gave an intriguing result: Geometric phase
effects did occur for individual J values, but
the numerical results for odd and even J can-
celed out when computing the angular distri-
butions at collisional energies below that of
the conical intersection. Therefore, no over-
all geometric phase effect was predicted in
the observable quantities for these energies.
The result also held for isotopic substitution
of the hydrogen atoms by deuterium atoms in
the reaction. These findings were confirmed
in calculations that used a time-dependent
quantum dynamical theory of Althorpe (11).
The agreement of these two sets of results is
important because they were obtained using
two totally different scattering theories.

An explanation was needed, however, as
to why the effect of the geometric phase for
scattering solutions of odd and even J can-
cels out at the energies considered. These
solutions are obtained from highly complex
and computationally time-consuming
numerical calculations of the nuclear
Schrödinger equation that do not provide a
simple physical picture for the even-odd
cancellation. The paper by Juanes-Marcos
et al. provides this explanation. 

Juanes-Marcos et al. exploit the seem-
ingly abstract mathematical mapping of a
pair of connected Möbius strips onto a dou-
ble cylinder. This topological trick enables
them to show that the nuclear wave function
around a conical intersection separates into
even and odd components with a sign that
depends on the geometric phase. As shown in
the figure, there are two possible paths to
form H2 +Η products. For energies below the
conical intersection, most reaction paths pass
through just one transition state that corre-
sponds to the even or “direct” component. A
very small proportion of reactions paths can
also pass through two transition states, and
these correspond to the odd or “loop” com-
ponents. These odd and even components
can quantum-mechanically interfere. 

To understand why there is a cancella-
tion of even and odd J solutions to the scat-
tering problem, Juanes-Marcos et al. exam-
ine the direct and loop scattering amplitudes
of the angular-dependent components of the
scattering wave function at large values of
the H2-H separations. The scattering ampli-
tudes for low J contribute mainly to angular
distributions in which the reaction products

are scattered backward with respect to the H
+ H2 direction of approach, and the ampli-
tudes for high J contribute to angular distri-
butions largely in the sideways direction.
Classical trajectory calculations show that,
for low J, the direct paths scatter mainly in
the backward region, whereas the looping
paths are concentrated in the forward
region. Thus, the direct and looping scatter-
ing amplitudes do not interfere in this case.
This explains why, for smaller values of J,
no geometric phase effect is observed when
summing the squares of the scattering
amplitudes over even and odd values of J.
For larger values of J the analysis is more
involved, as the direct and looping compo-
nents do interfere. However, by making use
of a theory of angular distributions devel-
oped by Connor and co-workers (12), it is
possible to explain why the even and odd J
solutions cancel in this case also.

One of the findings of Juanes-Marcos et
al. is that the interference between the direct
and looping reaction paths should become
more pronounced at collision energies close
to the conical intersection, leading to an
observable geometric phase effect. This is
also found in the quantum dynamical calcu-
lations (11). The effect of the upper excited
electronic surface could also become
important at these energies. It would be of
interest to compare measurements of the
angular distribution in this energy region

with the calculations obtained with and
without consideration of the geometric
phase. The group of Zare has compared
their measurements with calculations on
this benchmark reaction (13), and groups so
equipped might be able to perform such
experiments at the required collision ener-
gies. It is noteworthy that the findings are
general and will be applicable to many other
chemical reactions beyond H + H2 when
conical intersections occur (14).
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E
ating, sleeping, seasonal migration,
cell proliferation—a few examples of
the many behaviors and life processes

that are driven by biological clocks. These
“chronometers” coordinate the passage of
time with orchestrated cycles that extend
from molecular through cellular and sys-
tems levels.  Timekeeping is part of the very
fabric of life, and the clocks that regulate life
processes do so over a broad range of time
scales: from millisecond oscillations of neu-
ronal activity to seasonal changes that mark
shifts in the relative amount of daylight over

the course of a year. These timekeeping
mechanisms have traditionally been studied
in isolation. But a new era in chronobiology
is emerging as unexpected interactions
among these clocks are discovered, raising
interesting questions about why life
processes are organized in this way (1).

One of the most studied biological
clocks at the genetic, cellular, and molecu-
lar levels is that which regulates the
dynamic process of eukaryotic cell division
(mitosis). Cells of different types and/or
sizes spend different amounts of time in dif-
ferent parts of the cell cycle. We know that
control of cell cycle progression requires
that key proteins, the cyclins, undergo post-
translational modif ications, including
phosphorylation, proteolysis, and spatial
targeting. The cell assesses successful com-
pletion of critical events at “check points,”
when decisions are made whether to pro-
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ceed. Is this timing mechanism influenced
by other cellular timekeepers? For example,
yeast cells oscillate between a reductive and
oxidative phase of metabolism and interest-
ingly, yeast cell replication is restricted to
the reductive phase of this metabolic cycle.
Is this just a coincidence or are the cell divi-
sion and metabolic cycles meaningfully
linked? Because similarly linked metabolic
and mitotic oscillations have been observed
in high-density cultures of human cells, a
functionally relevant interface between
these two clocks may be a general feature.
The cell division cycle has been modeled as
a relaxation oscillator of embedded nega-
tive-feedback loops involving the
cyclins (2), based on studies of bud-
ding yeast (3). Coupling of this
model with metabolic models
could reveal how these clocks are
coordinated.

Interestingly, yeast undergo a
genome-wide, high-frequency
(~40 min) oscillation in tran-
scription that is synchronized
with respiration (4). Transcripts
encoding proteins that are neces-
sary for reductive versus respira-
tory (oxidative) functions are made
at opposite points in the ensuing meta-
bolic cycles. Dividing cells may have
become tuned to metabolic oscillations in
ways that permit unwinding of the DNA
during cell division to take place during the
reductive metabolic phase in order to maxi-
mize faithful replication. 

Cycles of cell division and metabolism
also appear coordinated with the circadian
pacemaker, which has been well studied at
the cellular and genetic levels (5). The circa-
dian clock is an innate timekeeping mecha-
nism that governs a rhythmic activity cycle,
based on (roughly) 24-hour intervals, that is
exhibited by many organisms. Like the cell
cycle, the cell-based circadian clock is gov-
erned by a control point (6), where a deci-
sion is made whether to proceed with the cir-
cadian cycle. And, like the cell cycle, the
check point appears to involve posttransla-
tional modification of a clock element. The
circadian clock in mammals is primarily
located in a region of the brain called the
suprachiasmatic nucleus (SCN). Many cir-
cadian clock genes encode proteins that are
transcription factors—for example, BMAL,
PERIOD, CRYPTOCHROME, and
CLOCK—that regulate their own transcrip-
tion. Transcriptional-translational and post-
translational regulation of core circadian
clock genes forms feedback loops that gen-
erate circadian time (5).

Null mutation of the mouse circadian
Period clock genes, mPer1 and mPer2 dis-
rupts circadian rhythms of behavior (7).
Because these animals also displayed

abnormal regulation of cell proliferation
with increased hyperplasias, a link between
the cell cycle and circadian clocks was pro-
posed. Moreover, mice lacking mPer2
express altered levels of cell cycle regula-
tors such as c-Myc. The BMAL-CLOCK
heterodimeric transcriptional complex of
the circadian clock also directly controls the
expression of WEE1, a regulator of the
mammalian cell cycle (8). Microarray

analysis of mPer1, 2-null mice for changes
in other clock-controlled genes identified
Alas1 , which encodes a rate-limiting
enzyme for mitochondrial heme biosynthe-
sis (9). Interestingly, PER2 has a region
called the PAS domain that binds to heme.
Furthermore, treatment of cultured mam-
malian cells with heme synchronizes circa-
dian clock gene expression. Hence, key reg-
ulators of cell division, circadian timekeep-
ing, and metabolic state appear coupled,
suggesting that these three cycles may inter-
act such that the state of one system can
alter regulators in another (see the figure). 

A recent dramatic revelation about the
circadian cycle links it directly to the meta-
bolic cycle (10). Surprisingly, the tran-
scriptional regulators of the circadian pace-
maker control clusters of genes that encode
rate-limiting enzymes in intermediary
metabolism (11). Those clock proteins with
PAS domains are regulated, in turn, by

metabolites that oscillate over the circadian
cycle. Clustered gene expression is
observed during the metabolic cycle of
yeast, and this regulatory logic can be
extended to mammalian metabolic cycles.
Metabolic cycles can regulate circadian
cycles through sensors such as embedded
heme moieties in clock proteins, suggest-
ing that lessons learned regarding temporal
clustering of gene expression in yeast may
be fundamental and provide insights into
the structures of circadian and metabolic
oscillatory processes (10, 11).

Arguably the most familiar oscillatory
timing system in organisms is the daily

cycle of sleep and wakefulness. Studies
of human sleep, performance, and

quantitative electroencephalograms
indicate that the sleep-wake cycle is
regulated by dual brain mecha-
nisms (12). The “two-process
model” of sleep regulation inte-
grates (i) the drive to sleep, called
sleep homeostasis, that increases
with time awake and is restorative
during rest, and (ii) the circadian

process that is regulated by the
~24-hour clock in the SCN and

organizes sleep and wakefulness with
respect to night and day. Whereas cir-

cadian clock genes in the SCN have well-
established roles in determining internal
time of day, in other brain areas expression
of these core clock elements appears to
track time spent awake and allow for adapt-
ability of sleep when food is restricted (13).
Sleep homeostasis is linked directly to loss
and restoration of the brain’s energy stores.
These findings raise the possibility that cir-
cadian clock genes may play an important,
unanticipated role, interfacing with cellular
metabolism in neurons that contribute to
sleep homeostasis.

The sleep-wake cycle also controls a
cascade of oscillatory electrical activity in
the brain. These neural oscillations take
place on time scales ranging from seconds
for slow oscillations and brain rhythms to
hours for the regulation of slow wave
sleep and rapid eye movement sleep.
Traditionally, neuroscientists view sleep
oscillations through the lens of electrical
recordings, but growing evidence sug-
gests that gene regulation is involved. The
low-threshold calcium currents that are
activated during sleep oscillations allow a
massive influx of calcium ions into the
dendrites of cortical neurons of the brain.
These calcium fluxes may prepare the way
for changes in gene regulation and remod-
eling of dendrites and synapses during the
subsequent phase of slow wave sleep (14).
The relationship of these calcium fluxes to
cellular metabolism and clock gene func-
tion is unexplored.
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Biological systems must adapt on even
longer time scales. Seasonal variations in light
and nutritional environments regulate cyclic
processes in cells that affect behavioral and
developmental change. Cyanobacteria, obli-
gate phototrophs that produce 40% of the oxy-
gen in Earth’s atmosphere, exhibit a mitotic
rate that depends on light intensity. Organisms
in which the period of circadian rhythm
matches the period of the environmental light-
dark cycle are most nutritionally competitive
and less exposed to light stress. Light intensity
may determine the state of their redox pool
within the metabolic cycle, altering circadian
clock elements and global transcription (15).

Additional evidence for pleiotropy in circa-
dian clock function and time scale of action is
emerging in the responsiveness of the plant
Arabodopsis thaliana to light signals, leaf
movement, and regulation of flowering time.
Induction of flowering is a developmental
change that does not occur daily, but rather
annually, when the photoperiod lengthens (16).
Transition from producing leaf-after-leaf to
stalk-borne flowers occurs within the shoot
meristem upon temporal coincidence between
duration of day length and the circadian clock.
The clock controls timing of the expression and
the turnover of a key clock transcription factor
called timing of chlorophyll a/b binding protein

(TOC), which is a clock-controlled factor.
During long days, the circadian pattern of TOC
protein expression in the meristem moves into
daytime, when it can interact with FT, a flower-
ing transcription factor, to induce homoeotic
genes that pattern flower formation (see the fig-
ure). Remarkably, these findings at the molecu-
lar level support Bünning’s 1936 “coincidence
model” of photoperiodism for how circadian
timing controls photoperiodic timing.

Biological oscillations likely emerged
from the earliest cyclic life processes on
Earth—those of opposing metabolic states
imposed by the presence versus absence of
solar energy and light-induced stress.
Reciprocal regulation of the circadian clock
mechanism and the metabolic cycle would
ensure that these cycles, and interfacing cell
division, mesh in alignment with the external
cycle of light and darkness. As organisms
evolved and became more complex, physio-
logical and developmental systems also
became organized around the day and night
cycle, and may have incorporated elements
of the ancestral cycles in new ways for their
regulation. A consequence of these insights
is that the separate computational models
that have been developed for each of these
biological clocks will need to be integrated.

It is time to focus on the interrelationships

between the many cyclical processes in organ-
isms and how they interact across a wide range
of temporal and spatial scales. While keeping
watch over life’s diverse cyclic processes,
nature’s clocks are not oscillating in isolation. 
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W
e all have experience with liquids
that freeze and melt. Yet the
detailed mechanisms underlying

this apparently simple phase transition are
still not fully understood. Experiments on
simple liquids such as argon or water are
difficult because the molecules are small
and move rapidly. A more successful
approach examines the freezing and melt-
ing of a colloid, which can be followed
directly by video light microscopy (1);
micrometer-sized Brownian particles sus-
pended in a liquid typically join or leave a
colloidal crystal in about 1 second.
Furthermore, colloidal particles that inter-
act through a steep repulsive potential
mimic the theorists’ ideal of an assembly of
hard spheres, the simplest system to show a
freezing/melting transition. On page 1207

of this issue, Alsayed et al. (2) describe the
melting of colloidal crystals of thermosen-
sitive gel particles that interact almost as if
they were hard spheres. Through beautiful
video images, they provide what is proba-
bly the clearest direct evidence to date that
the process of melting starts by “premelt-
ing” at defects such as vacancies, disloca-
tions, and particularly grain boundaries.

The freezing transition of hard spheres
was discovered by computer simulation in
1957 (3) and confirmed some 30 years later
by experiments on colloidal suspensions (4).
The transition is driven by entropy—para-
doxically, the apparently ordered crystal has
a higher entropy than the metastable fluid
from which it grows, for example (5, 6)—
and is controlled by just one variable, the
concentration by volume, or volume frac-
tion, of the particles in the suspension. As the
concentration is increased, spheres in the
fluid become increasingly crowded by their
neighbors. By crystallizing, they gain more
freedom for local motions: While ordered on

the large scale, a crystal is locally disordered.
Above the melting concentration (volume
fraction 0.545) the entropy loss associated
with large-scale ordering is more than offset
by the entropy gain associated with
increased local freedom.

Studying the melting of hard spheres is dif-
ficult because the volume fraction of rigid col-
loidal particles cannot be changed continu-
ously in a single sample: Both the number of
particles and their size are fixed. Alsayed et al.
cleverly overcome this difficulty by using col-
loidal particles whose size, and therefore vol-
ume fraction, changes with temperature. The
particles are spherical “droplets” of a tempera-
ture-sensitive, cross-linked polymer gel.
Suspended in water, these microgel droplets
are themselves mostly water, containing only a
few percent polymer. On heating, the polymer
becomes less soluble, and the particles expel
water and shrink. A small increase in tempera-
ture, from 25° to 30°C, causes the volume
fraction of the suspension to decrease by
almost 50%, while the interaction between the
particles remains steeply repulsive.

Although a number of researchers have
studied the phase behavior and flow proper-
ties of suspensions of these temperature-sen-
sitive microgels, for example (7) (see the
first figure, lower left), Alsayed et al. are the
first to exploit the temperature dependence
of the volume fraction for a detailed study of
melting. They monitored the positions of the
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particles by video microscopy and measured
the excursions (in Brownian motion) of the
particles around their lattice sites, obtaining
the “Lindemann parameter” or L, the average
amplitude of this excursion, expressed as a
fraction of the distance between nearest
neighbors. In a crystalline sample at a low
temperature of ~ 25°C, the particles were
close-packed (volume fraction ~ 0.74) and
hardly moving (L ~ 0). As the temperature
was increased (and the volume fraction
decreased), L also increased, indicating
larger particle motions. At 28.0°C, the crys-
tal began to premelt at defects, particularly
grain boundaries, with particles jumping
from site to site (see the second figure, right).
A further small increase in temperature to
28.3°C led to complete melting. At this tem-
perature, the volume fraction of particles, ~
0.54, was close to the hard-sphere melting
value of 0.545. In the interior of a crystal, the
Lindemann parameter reached 0.085 just
before melting, while its value in the grain
boundaries was about 0.180, reflecting the

much larger particle motion there. In
fact, these two values of L span
0.125, the value found in earlier com-
puter simulations of a perfect, single,
hard-sphere crystal at melting (8).
Melting in a real polycrystalline sys-
tem is clearly quite spatially hetero-
geneous, with defects playing a
major role in determining the regions
of initial melting. It would be inter-
esting to repeat Alsayed’s experiment
on a perfect single crystal (without
defects)—allowing direct compari-
son with the early computer simula-
tion—although experimentally these
are hard to prepare.

These new results on the melting of
a three-dimensional crystal can be
compared with the classic experiments
of Zahn et al. (9) on two-dimensional
melting. These researchers also studied
colloidal particles, in this case in a sin-
gle layer confined by gravity to a flat
water/air interface. The particles were

paramagnetic, and the dipo-
lar interaction between them
was controlled by varying an
applied magnetic field. The
melting of a perfect two-
dimensional crystal closely
followed the multistage sce-
nario of Kosterlitz, Thouless,
Halperin, Nelson and Young who
predicted the creation, then separa-
tion, of pairs of dislocations (10–12).
By contrast, Alsayed et al. find that
melting in three dimensions starts at
preexisting defects.

Freezing in colloidal systems is
easier to study than melting
because rigid particles can be
used. A crystalline sample is
“shear melted” to a metastable
fluid by thorough shaking, and the
recrystallization process is fol-
lowed (1, 4). On page 1231 of this
issue, de Villeneuve et al. (13)
consider the crystallization of
rigid, hard-sphere colloids of
diameter 1.5 μm in the presence of
large spherical impurities. At a
volume fraction of ~0.55 without
impurities, crystals were nucle-
ated heterogeneously at the bot-
tom of the sample cell, and a poly-
crystalline front grew upward.
Over the next 12 hours, the system
annealed, with grain boundaries
disappearing, leaving much larger
crystallites with scattered line and
point defects. The presence of
large impurity particles, ~5 to 20
μm in diameter, in the growing
crystal front changed this scenario
in several ways. The growth of the

crystal was slowed near the impurities, and
the smaller ones slowed growth more than
the larger ones. The grain boundaries did
not anneal out with time, but were pinned
by the impurities. Unexpectedly, the first
layer of the smaller particles around the
impurities remained highly mobile through-
out the process.

With video microscopy in its various
forms now a mature, though still advanc-
ing, technology, we may expect experi-
ments on colloidal systems to continue to
illuminate important fundamental phe-
nomena, including freezing, melting, and
glass formation (14).
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Temperature-sensitive colloidal gel particles facilitate
studies of melting. Melting induced by decreasing particle
concentration is difficult to achieve experimentally (bottom,
left to right). But it can be mimicked by a more tractable,
heat-induced decrease in the size of polymer gel particles
(left, bottom to top). Concentrations by weight of polymer
are indicated; effective hard-sphere volume fractions range
from < 0.49 in the liquid samples (top and right) to > 0.55 in
the crystal (bottom left). Small crystallites appear colored
due to Bragg reflection of light (bottom left).These particles
are somewhat different from those used in (2) and exhibit a
soft interaction (6). [Adapted from (6, 15)]

Caught in the act of melting. Before completely melt-
ing, crystalline colloids premelt along grain boundaries
(diagonal rising from left to right). Near these boundaries,
the particles move rapidly and show liquidlike diffusion.
Red represents the most movement; violet, the least.
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The Convergence of Synthetic Organic and
Polymer Chemistries

Craig J. Hawker1* and Karen L. Wooley2*

Several recent conceptual advances, which take advantage of the design criteria and
practical techniques of molecular-level control in organic chemistry, allow preparation
of well-defined polymers and nanostructured materials. Two trends are clear: the
realization that synthesis of complex macromolecules poses major challenges and
opportunities and the expectation that such materials will exhibit distinctive properties
and functions. Polymer synthesis methods now being developed will yield well-defined
synthetic macromolecules that are capable of mimicking many of the features of
proteins (for example, three-dimensional folded structure) and other natural materials.
These macromolecules have far-reaching potential for the study of molecular-level
behavior at interfaces, in thin films, and in solution, while also enabling the
development of encapsulation, drug-delivery, and nanoscale-patterning technologies.

B
y varying the three-dimensional (3D)

structure and position of functional

groups, synthetic organic chemists have

developed the ability to accurately control, and

in some cases predict, the physical properties of

small molecules or their interactions with bio-

logical systems. Classic examples include the

design of volatile esters in both nature and the

fragrance industry, whose odors are directly

related to molecular shape and size, and the

discovery of numerous synthetic drugs. This

general theme of property control through

molecular design has found increasing attention

and application in polymer science during recent

years. Small changes in structure have been

shown to have dramatic effects on the proper-

ties of polymers, and one need look no further

than poly(ethylene) and poly(propylene) to

observe these effects, with poly(propylene)

having lower impact strength but superior

working temperature and tensile strength com-

pared with poly(ethylene). Increasing the so-

phistication of molecular design in polymers

through the exploitation of organic chemistry

concepts and tools is, therefore, amajor direction

of materials research with considerable potential

for cross-fertilization between disciplines.

The most profound recent developments in

polymer chemistry are based on this growing

synergy between advanced organic chemistry

and polymer synthesis. A driving force is the

realization that many of the promising applica-

tions of nanotechnology rely on extending

synthetic organic chemistry into the nanometer-

length scale, especially as nanodevices are

designed with increasing sophistication. There

is also a desire to study fundamental aspects of

polymer physics that require an exacting level of

control over the structure of a polymer molecule

to a degree that is associated traditionally with

organic chemistry. Further developments in re-

lated fields, such as the synthesis of new cata-

lysts, have also created new tools for making

complex molecules. As a result, creative ap-

proaches using organic chemistry are required

to control every facet of macromolecular struc-

ture and to enable functional groups to be in-

troduced at defined locations.

Polymer Synthesis Is Different

Although the promise of accurately controlling

chemical structure and functionality at the

macromolecular level is considerable, it should

be realized that it is not a simple process of

transferring synthetic techniques directly from

organic chemistry to polymer synthesis. Rather,

because of the distinctive features of macro-

molecules compared with small molecules (e.g.,

number of functional groups, molecular weight

distribution, and purification techniques), the

elucidation of polymer synthesis protocols that

proceed with structural fidelity and high levels

of functional group compatibility is a grand

challenge.

In general, polymerization is a multistage

process involving an initiation or oligomeriza-

tion step. Propagation, which follows, involves

the successive addition of more monomers/

oligomers to these initial activated species. Fi-

nally, a termination step halts chain growth to

produce a stable polymer.Many traditional poly-

mer syntheses are chaotic processes in which

all stages of the polymerization operate concur-

rently and growing chains can merge with or

branch off from one another. Recently, how-

ever, several polymerization systems have been

developed that offer much better control. In a

living radical polymerization (LRP), each mol-

ecule of catalyst promotes rapid initiation and

then stabilizes the growing chain to prevent

branching or termination. Thus, different types of

monomer can be added to the reaction consecu-

tively, leading to polymers with well-defined

blocks that vary in structure and function.

The discovery of simple and powerful

approaches to polymerization reactions, which

are not limited by the presence of additional

functional groups and provide accurate molec-

ular weights and narrow molecular weight

distributions, allows nonspecialists access to

well-defined materials, previously the domain

of a select few. This issue has been addressed

by the development of new chemistry and

catalysts for LRPs and ring-opening metathesis

polymerization (ROMP) (Fig. 1, Ai and Aii,

respectively). Both polymerizations are charac-

terized by a controlled-growth strategy, with

LRP involving the addition of vinyl mono-

mers (i.e., styrene) to growing polymers with

a very reactive radical chain end. Control is

afforded by the reversible capping of this

radical chain end with a mediating molecule.

In contrast, ROMP involves the ring opening

of strained olefins (i.e., norbornene) by organo-

metallic initiators and has benefited greatly by

the design of faster, more efficient initiators

that are highly selective for the ring-opening

reaction and do not undergo unwanted side

reactions with functional groups or impuri-

ties. These radical and ring-opening systems

allow for a substantial degree of control over

polymer topology and functional group incorpo-

ration through independent synthetic manipu-

lation of the initiating moiety, the terminating

unit, and the monomeric repeat units. The con-

ditions for LRP and ROMP are considerably

more user friendly (aqueous conditions and

no monomer purification) than those employed

for anionic polymerization (strictly water-free

and oxygen-free with a high level of monomer

purification), which is still the ‘‘gold standard’’

in polymer chain growth control. This fidelity

allows for their wider adoption and exploita-

tion. Moreover, the increased tolerance of func-

tional groups for these new polymerization
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processes offers opportunities for combining

different chemistries and the construction of

macromolecules with a hierarchical arrange-

ment of functional groups and branches.

Architecturally Defined
Macromolecules

The basic importance of shape in defining the

physical properties of macromolecules has

been recognized in recent years, and the study

of globular and rodlike materials has evolved

in concert with synthetic procedures and ad-

vanced architectural designs. A major effort

has been directed toward achieving accurate

control over each parameter of composition

and structure, including the chain ends and

backbone segment lengths, as well as the

overall macromolecular topology.

Traditionally, structural control could be

gained by repetitive coupling reactions to

produce macromolecules having accurate mo-

lecular sizes, compositions, and functional

group placements (1). As an example, dendritic

macromolecules, derived most often from

condensation-based syntheses, have been rec-

ognized as adopting a synthetic protein-like

structure, based on their monodisperse, globu-

lar 3D structures having diameters of a few

nanometers. This feature, combined with the

large number of chain-end functional groups,

has led to their exploitation in a number of

novel medicinal applications, for example, as

an antiviral HIV drug (VivaGel) (2).

Although stepwise, condensation growth

strategies and controlled addition chain polym-

erizations are often limited in the size to which

the macromolecules can be constructed or

the complexity of the resulting architectures,

combinations of these two mechanisms have

led to interesting new synthetic routes to dis-

tinctive macromolecular architectures. The

application of multiple synthetic methods to

construct complex macromolecules is most

effective when a target structure is identified

and then reverse engineered through a retro-

synthetic analysis. For example, the tubular,

dendronized polymers, important building

blocks for nanotechnology, are difficult to

prepare using traditional techniques involving

the direct polymerization of a monomer car-

rying the large dendritic unit (3). In contrast,

divergent and convergent chemistries have

been developed to produce such structures by

growth of the dendritic side groups or connec-

tion of preestablished dendritic units (Bi and

Bii) on a prefabricated polymer backbone.

The stepwise, divergent growth of dendrit-

ic polyesters on linear poly( p-hydroxystyrene)

by repetitive, generational coupling of benzyl-

idene acetal- or isopropylidene ketal–protected

2,2-bis(hydroxymethyl)propionyl anhydride

and acid-catalyzed cleavage of the protecting

groups allowed for the preparation of den-

dronized polymers (4). Starting with poly( p-

hydroxystyrene) of high molecular weight and

narrow molecular weight distribution, the den-

dronization procedure maintained the narrow

molecular weight distribution and chain length;

however, the macromolecule underwent an ex-

pected but interesting transformation from a

random coil (2.1 nm persistence length) to a

rigid rod (12.2 nm persistence length) as the

dendrimer generation number increased from

0 to 5. These materials represent one of the

first examples of synthetic, molecular-based

nano-objects that are nonspherical and have

well-defined and controllable dimensions. Just

as nature makes use of a variety of different

building blocks to construct more sophisticated

structures, the ability to make synthetic 3D

shapes other than simple spheres or to combine

different shapes holds enormous potential for

understanding and optimizing the properties of

G20-nm nano-objects. In addition, the effect of

these structures on physical properties, such as

increasing the strength or crack resistance of

bulk materials, holds considerable promise.

Click Chemistry for Material Synthesis

To be applicable and useful in polymer synthe-

sis, an organic reaction must proceed in high

yield with little or no by-product. Both of these

criteria are aptly fulfilled by the recent develop-

ment of the click chemistry concept by Sharp-

less (5). Originally developed for use in organic

synthesis and chemical biology, click chemistry

encompasses any reaction that proceeds with

complete specificity, 100% yield, and almost

perfect fidelity in the presence of a wide variety

of other functional groups. For example, Tirrell

has recently demonstrated a reliable and site-

specific method of labeling cell surfaces based

on Cu-catalyzed [3þ2p] cycloaddition chemis-

try that takes advantage of the benign reaction

conditions and functional group tolerance (6).

The promise of click chemistry toward mate-

rials synthesis has been demonstrated also by

the complete modification of the side-chain

functionalities of a linear polymer by reaction

with a sterically bulky dendritic unit (7). The

Cu(I)-catalyzed Huisgen [3þ2p] dipolar cyclo-

addition reactions between the alkynyl repeat

units of poly(vinyl acetylene) and the azido

focal point unit of benzyl ether dendrimers were

shown to occur with regiochemical control and

quantitative conversion for dendrimers of gen-

erations 1 and 2 and with 998% conversion for

the third-generation dendrimer (Fig. 1Bii). The

efficiency of the click reactions, in comparison,

for example, to esterification (Fig. 1Bi), allowed

for macromolecule-macromolecule couplings

to the extent that rigidified nano-objects were

obtained.

Click chemistry has also been used as a

highly efficient reaction to couple two distinct

linear polymers to make block copolymers, a
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Fig. 1. (A) Strategies for selective chain growth. (i) In LRP, the growing
polymer chain is stabilized by an end group that rapidly associates and
dissociates for controlled addition of monomers. Different monomers can be
added in batches to produce structurally distinct blocks in the polymer
backbone. The end group is either a persistent radical or an atom such as a
halogen that shuttles between the chain and a metal complex. (ii) In ROMP,
a transition metal catalyst breaks open a cyclic alkene at the carbon double
bond. The resulting complex then reacts with another cyclic alkene, and the
process repeats to yield a chain of opened rings. Current catalysts are

tolerant of a huge range of chemical groups adjacent to the double bond, so
richly substituted monomers can be prepared and stitched together. (B)
Strategies for elaborating preformed polymers. (i) Esterification is an efficient
way to add large substituents to a polymer backbone. The backbone is
prepared with pendant hydroxyl (OH) groups, which can be coupled to
carbonyl (C0O) groups attached to dendrimers or other macromolecules. (ii)
Click chemistry, or copper-catalyzed coupling of alkyne and azide groups, is
another fast and high-yielding reaction to decorate a polymer backbone or
to link two polymer chains together.
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notoriously difficult synthetic challenge because

of the reduced reactivity that occurs between

polymeric chain ends (8). Linear homopolymers

of methyl methacrylate and styrene, for which

a-alkynyl or w-azido functionalities were incor-

porated from an alkynyl-functionalized initiator

or from chain-end modification, were found

to undergo high-yielding Cu(I)-catalyzed di-

polar cycloaddition reactions to produce block

copolymers. This is a particularly elegant ex-

ample, because it illustrates chemical control

over the polymer backbone composition and

structure as well as the chain-end functional-

ities. The approach was also demonstrated for

monoalkynyl or monoazido poly(ethylene oxide)

and for telechelic azido-terminated polystyrene,

offering a general and efficient method by

which to conduct chemoselective ligation of

well-defined polymers (of any architecture)

bearing distinctive terminal or side-chain func-

tionalities (9).

The quantitative yields for these click re-

actions overcame one of the central difficulties

in translating organic chemistry to the prepara-

tion of polymeric systems, as even high yields

(i.e., 995%) can lead to decreased purity and

poor molecular level control when large num-

bers of reactions are performed on a single

macromolecule. Hawker and Sharpless have

exploited the fidelity of the click chemistry

during an accelerated dendrimer synthesis.

Their synthetic route avoided numerous time-

consuming purification steps as a result of

complete chain-end functionalization of the

acetylene-terminated dendrimer. For example,

reaction with the azidothymidine derivative has

no need for protection/deprotection strategies or

large excesses of reagents, and represented an

È99.9% yield over 12 to 48 coupling reactions

(Fig. 2) (10). In a similar vein, Matyjaszewski

prepared well-defined homopolymers and co-

polymers of acrylonitrile by atom transfer

radical polymerization, which were further

modified using a click reaction with sodium

azide and zinc chloride to yield polymeric

materials having 5-vinyltetrazole side-chain

units (9). The widespread use and availability

of poly(acrylonitrile)-based materials makes

this a simple and attractive route to function-

alized materials derived from a commodity

polymer.

Discrete Molecular Objects by
Diels-Alder Chemistry

In considering highly efficient reactions that

can be used to construct polymeric materials,

the broad scope and simplicity of operation for

Diels-Alder chemistry makes it one of the most

powerful synthetic methods and one that is

accessible to specialists and nonspecialists. The

Diels-Alder reaction consists of the cyclo-

addition of a conjugated diene to a dienophile,

typically an alkene or alkyne, with the driving

force of the reaction being the formation of new

s bonds, which are energetically more stable

than the p bonds.

This efficiency overcomes one of the key

challenges in synthetic organic chemistry—the

preparation and isolation of complex molecules

with functionalities in specific spatial orienta-

tions. Control over the spatial orientation of

functional groups becomes increasingly diffi-

cult with increasing molecular size, as confor-

mational degrees of freedom and dynamics

increase. However, a recent report by Müllen

exploits the efficiency of Diels-Alder chemistry

to construct poly(phenylene)-based molecular

objects of increasing size and sophistication and

with distinctive physical properties between

regioisomers, which allows for their separation

(11). This report is also of importance as the

first route to the preparation of desymmetrized

poly(phenylene) objects by a two-step ap-

proach, each involving Diels-Alder cyclo-

addition reactions and the extrusion of carbon

monoxide. In the first step, substoichiometric

ratios of reagents were used to generate a mono-

substituted desymmetrized core as a mixture of

two regioisomers. It was not until subsequent

reactions upon the remaining three alkynyl sites

with various cyclopentadienones and growth

of the full, shape-persistent structure that topo-

logical isolation of surface functional groups

was achieved. The chain ends then occupied

different environments, permitting chromato-

graphic separation of the regioisomers. This

discovery has been followed by the selective

placement of peptides in specific locations with-

in a 3D macromolecular framework, bring-

ing the spatial refinement of small organic

molecules to macromolecular systems (12).

Supramolecular Chemistry

The use of noncovalent interactions and supra-

molecular assembly is a recurring theme in
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many natural systems, where its full ex-

ploitation is enabled by accurate place-

ments of functional subunits at specific points

within macromolecular building blocks

such as peptide chains, oligosaccharides, or

nucleic acid sequences. Nature exploits both

intramolecular and intermolecular assem-

bly in the construction of many functional

systems, and this combination of intra/

intermolecular assembly has only recently

been addressed synthetically. Foldamers have

emerged as elegant oligomeric structures

that take advantage of the synthetic ad-

vances in preparing well-defined

materials described above. In

particular, synthetic control over

the backbone structure and side-

group presentation allows for 3D

macromolecular designs with de-

fined conformational states of the

backbone and side-chain units

similar to those found in bio-

logical materials such as proteins

(13). These structural elements

guide the intramolecular coiling

and intermolecular stacking of

the linear segments, through a

combination of intramolecular

interactions and solvent-directed

supramolecular assembly, to af-

ford interesting programmed 3D

structures.

Supramolecular assembly of

well-defined macromolecular sub-

units can also lead to the prep-

aration of functional nanoscopic

objects based on intermolecular

interactions alone. In the simplest

forms, for example, fibrillar or

core-shell micellar and vesicular

assemblies have been related to

extracellular matrix materials,

lipoproteins, and virus particles

(14–16). Recent work has included

the synthesis and use of porphyrin-

functionalized initiators for LRP of

styrene. The resulting amphiphilic

polymers underwent multimolec-

ular supramolecular assembly in

tetrahydrofuran/water to afford

structures that differed depend-

ing on the hydrophilic balance

of the porphyrin head group relative to the

apolar polystyrene chain segment (17). The

zinc metalloporphyrin was of particular in-

terest because of the ability to exchange

metal ions, altering the physical properties

and the energy transfer and catalytic proper-

ties. Additionally, polymers having the longest

apolar polystyrene chain segment aggregated

into nanoscale spherical micelles when water

was added to a tetrahydrofuran solution of

the amphiphile, whereas the fraction having

a polystyrene chain segment of comparable

radius of gyration as the porphyrin head

group assembled into microscopic hollow

spherical vesicles. This ingenious example

of functional group incorporation and its

effect on self-assembly by Nolte (17) also

demonstrates the power and enabling ca-

pability of new polymerization techniques

such as LRP. The ability of LRP to tune the

PS chain length while tolerating a wide va-

riety of functional groups, which permits

numerous well-defined materials to be easily

prepared, provides the foundation for these

structure-property studies. Using traditional

anionic procedures to prepare a similar range

of materials is structurally restrictive and not

synthetically practical.

Shapeable Molecular Objects

Shaping of prefabricated polymeric assemblies

is a process that is being developed as a new

methodology for the preparation of distinc-

tive nanostructures, a similar concept to the

foldamers but on a much larger size scale. As

described above, the large number of func-

tional groups along a polymeric backbone can

lead to difficulties during synthesis; however,

their presence can be advantageously used

during self-assembly to facilitate and enhance

phase separation. By the use of retrosynthetic

analysis, traditionally associated with small-

molecule syntheses, high levels of control

over the structure of monodisperse oligomers

and polymer molecules have recently been

achieved. This increased level of structural

perfection also facilitates the development of

an understanding of the rules that govern the

assembly of block copolymers and the funda-

mental polymer physics aspects.

Advances in synthetic organic polymer

chemistry have recently allowed a mag-

netically induced spherical to

ellipsoidal transition, predicted

theoretically for three decades,

to be confirmed experimental-

ly for nanoscale vesicles com-

prising an ABA bola-amphiphile

based on the oligio(thiophene)

derivative, 2,5¶¶¶¶¶-(R-2-methyl-

3,6,9,12,15-pentaoxahexadecyl

ester)sexithiophene prepared by

a multistep organic reaction se-

quence (18). As observed by in-

creasing birefringence, the hollow

spheres became increasingly ob-

late with increasing magnetic

field. This shaping process was

promoted by the differing degrees

of torque exerted by the exter-

nal magnetic field on each of the

molecular subunits within the dif-

ferent regions of the spherical ve-

sicular assemblies (polar versus

equatorial regions) due to the large

anisotropy in the diamagnetic sus-

ceptibility imparted by the six

thiophene repeat units (Fig. 3A).

The thermally induced shaping

of nanoscale block copolymer mi-

celle assemblies by the chemical

transformation of polymer chains

within their corona or core domains

is also an example of the importance

of controlling functional group re-

activity and protecting group strat-

egies. The synthesis and reaction

of these structures is highly reliant

on protection/deprotection strat-

egies borrowed directly from or-

ganic chemistry. A multitude of

structures can, thereby, be prepared and shaped

in solution and upon substrates, mediated by the

thermal properties of the core domains. For

crystalline core chain segments of poly(e-

caprolactone), the lamellar crystalline phase

exerts a disc-shaped morphology to each

nanoscale object, which collapses to a sphere

upon heating above the melt-transition tem-

perature (19) (Fig. 3B). The disc-shaped nano-

structure was reestablished upon cooling to

induce recrystallization of the core material.

Alternatively, a sphere to disc transition was

induced thermally upon adsorption from

Fig. 3. The physical shaping of nanostructures derived from the supra-
molecular assembly of amphiphilic linear block copolymers. (A) Application
of an external magnetic field to assemblies having hexameric thiophene
core components. (B and C) The application of heat to shell cross-linked
nanoparticles having (B) crystalline or (C) glassy core domains.
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solution onto a flat substrate (mica or graph-

ite) for core-shell nanoparticles containing

polyisoprene core materials (20) (Fig. 3C).

The programmed assembly of structurally

and compositionally detailed block copolymers

has also been studied while in contact with

various substrates, which, with subsequent

physical and chemical manipulation, has led to

important technological developments. The

physical adsorption of amphiphilic copolymers

upon CdSe/ZnS core-shell quantum dots has

been followed by covalent cross-linking to

establish robust water-soluble quantum dots,

which are of interest for a number of biological

and medical applications (21, 22). Remaining

carboxylic acid residues allow for conjugation

of targeting ligands, for example, whereas the

cross-linked polymer shell provides for a stable

barrier layer between the quantum dot and the

surrounding medium (23). Physical isolation of

gold nanoparticles has been accomplished

similarly, by the physical encapsulation of

dodecanethiol-functionalized Au nanoparticles

within mixtures of polystyrene-b-poly(acrylic

acid) and poly(methyl acrylate)-b-poly(acrylic

acid) (24). Dodecanethiol functionalization of

the Au nanoparticles allowed for hydrophobic

physisorption of the amphiphilic block co-

polymer to produce the aqueous-phase dispers-

ible encapsulated materials. These studies

confirm the need to control the nature of the

block copolymer and the interfaces with which

contact will be made to achieve the desired

nanoscale conformational and directional

alignment of the polymer chains as they adsorb

onto the substrate. Moreover, these examples

illustrate that the reversible intermolecular

interactions that drive the assembly process

thermodynamically can be supplemented by

covalent linkages to capture and stabilize the

desired morphologies.

Hybrid Synthetic-Biological
Macromolecules

The challenge of combining biopolymers with

synthetic macromolecules represents an inter-

esting and powerful opportunity formerging the

distinctive properties of each class of material

(i.e., programmed assembly of biomolecules

and synthetic versatility of synthetic polymers)

while at the same time overcoming specific

limitations (i.e., decreased stability of biopoly-

mers and poor structural control of synthetic

systems) (25). In fact, synthetic polymer-

protein hybrids (26) are already used to

increase the circulation time of medicinally

relevant proteins, such as Filgrastim, by the

covalent attachment of poly(ethylene glycol).

Recent work has substantially increased both

the complexity of the synthetic polymers and

the sophistication of the organic coupling

chemistry employed, while at the same time

strategies have been developed for the conju-

gation of these systems to specific points along

the backbone of each macromolecule.

This increase in sophistication is perhaps

best exemplified by the development of

polymer-DNA hybrids by Mirkin and

Nguyen (27, 28). In the original studies,

hydroxymethyldiphenylacetylene-functionalized

poly(norbornene) was prepared by ROMP, fol-

lowed by phosphoamidite coupling with pre-

formed oligonucleotides. Although synthetically

interesting, the promise of these hybrid systems

was not realized until the complexity of the syn-

thetic polymer backbone was increased by the

incorporation of redox active elements into a

multiblock architecture. The living nature of the

ROMP process coupled with recent break-

throughs in the design of Ru initiators allowed

low polydispersity, controlled molecular weight

ferrocenyl- and dibromoferrocenyl-substituted

poly(norbornene) blocks to be integrated into the

hybrid DNA structure. These triblock systems ex-

hibited high DNA duplex stability and unusually

sharp melting transitions with electrochemically

distinct signals for the ferrocenyl derivatives, al-

lowing single base-pair mismatches to be de-

tected on the basis of triblock composition.

The development of solid-phase techniques

for the synthesis of organic and biological

molecules has been instrumental in allowing

the coupling between biological and synthetic

macromolecules to evolve from random cou-

pling along the polymeric backbone to specific

attachment at predetermined sites. Initial work

(29) demonstrated the efficiency achieved in

biosynthetic hybrid syntheses by sequential

growth of peptide fragments from a solid-phase

support using standard chemistry followed by

initiator attachment and growth of the synthetic

polymer through LRP techniques (30–32).

Conversely, the preformed synthetic macro-

molecule can be attached to (or grown from)

the solid support and peptide fragments ex-

tended from the appropriate functional groups

along the backbone or at the chain terminus of

the synthetic system. This approach has been

developed for the preparation of amphiphilic

diblock and triblock copolymers of hydrophilic

peptide sequences and hydrophobic polystyrene

chain segments (33). By skillfully manipulating

the structure of the initial synthetic system,

Stupp has recently demonstrated the design of

‘‘reverse’’ peptide amphiphiles, constructed by

coupling at the C terminus instead of the

traditional and synthetically easier N terminus

(15). Having free N termini and opposite pep-

tide polarities, these reversed structures permit

a wider array of 3D assemblies to be prepared

with improved properties by coassembly with

the complementary structures having free C

termini. For example, nanofibers containing b

sheets prepared by mixing traditional and

‘‘reverse’’ hybrids exhibited improved stability

when compared with each parent material.

Polysaccharides represent the thirdmain class

of biomacromolecular components, and their cou-

pling strategies involve many organic reactions

developed for small-molecule oligosaccha-

rides.Aparticularly interesting development from

Haddleton’s laboratory used oligosaccharide-

functionalized initiators for LRP to place the

saccharide moiety at the synthetic polymer-chain

terminus (34). This was then extended to place-

ment at the terminus of the hydrophilic chain

segment of amphiphilic block copolymers to

decorate block copolymer micelles (35) and

cross-linked nanoparticles (36) with biologically

active sugar residues. Well-defined nanostruc-

tures bearing surface accessible and bioavailable

ligands are of interest as polyvalent containment

devices for carrying imaging labels and thera-

peutics to selective tissues for development

broadly in medical applications (30, 37).

Challenges for Polymer Design

Inmany cases, specific applications are driving

areas of research. For targeted drug delivery

and/or diagnostic agents, precisely defined

macromolecules and nanoscale objects are

needed and will require multiple functional

groups for drug payload, cell targeting, deliv-

ery, and tracking. Other diverse fields, such as

microelectronics, where the drive is to develop

G50-nm feature sizes, require polymers with

accurate control over their length, dispersity,

and functionality not only for traditional photo-

lithography but also for alternative nanopat-

terning techniques. An excellent example is the

enabling influence of functionalized block and

random copolymers, prepared by LRP, on self-

assembling block copolymer template strategies

(38–41). This synergy and molecular-level fo-

cus will be matched by a closer connection

between nanotechnology and organic/polymer

chemistry. The controlled manipulation of

nanoscale objects and patterns by predictable

changes in polymer structure is a potent con-

cept that is only beginning to be exploited.

References and Notes
1. D. A. Tomalia, J. M. J. Fréchet, J. Polym. Sci. Part A:
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Highly Pathogenic H5N1 Influenza

Virus Infection in Migratory Birds
J. Liu,1*. H. Xiao,2,4* F. Lei,3* Q. Zhu,5 K. Qin,1 X.-w. Zhang,6

X.-l. Zhang,1 D. Zhao,1 G. Wang,2,4 Y. Feng,2,4 J. Ma,2 W. Liu,2

J. Wang,6 G. F. Gao2.

Avian influenza virus (AIV) involving at least

three subtypes, H5, H7, and H9, has emerged as

an important pathogen in the poultry indus-

try and is of major current global health

concern (1). The first case

report of chicken-to-human

transmission was in Hong

Kong in 1997 (2); since

2003, H5N1, a highly path-

ogenic AIV, has emerged

in 10 Asian countries, in-

cluding Thailand, Vietnam,

and China (Fig. 1), and has

claimed at least 53 human

lives. Until recently, migra-

tory waterfowl seemed to

be exempt from widespread

infection, although sporadic

cases were recorded (3).

Here we describe an out-

break of highly pathogenic

H5N1 infection among wa-

terfowl in Lake Qinghaihu,

Gangcha County, Qinghai

Province, in western Chi-

na (Fig. 1).

On 4 May 2005, a few

birds were found dead on

Bird Island, and by the end

of June more than a thou-

sand birds were affected.

This lake is one of the most

important breeding loca-

tions for migratory birds that overwinter in

Southeast Asia, Tibet, and India (Fig. 1). Several

species were infected, including the bar-headed

goose (Anser indicus), great black-headed gull

(Larus ichthyaetus), and brown-headed gull

(Larus brunnicephalus). Two key symptoms

were noticed: abnormal neurological signs (trem-

or and opisthotonus) and diarrhea. Among the

gross lesions, pancreatic necrosis was obvious

and was confirmed by tissue section where

extensive areas of lytic necrosis were seen,

consistent with pathology observed in do-

mestic geese and ducks infected with H5N1

AIV (3). Brain sections revealed glial cell

infiltration, perivascular cuffing, and conges-

tion in the blood vessels. Serological tests (4)

from one bar-headed goose and one brown-

headed gull confirmed the presence of high-

titer antibody against H5N1 AIV.

Several H5N1 viruses were isolated from the

viscera, brain, and swabs of the oropharynx

and cloaca of sick and dead birds. Four of the

isolates from different bird species were com-

pletely sequenced (4) and appeared to be close-

ly related. None of the GenBank sequence data

for known H5N1 AIV genomes completely

matched our sequences, implying the viruses

are reassortants. Five of the eight genomic

segments (M, PA, PB1, PB2, and NS) were

closely related to a Hong Kong 2004 isolate

(A/peregrine falcon/HK/D0028/04) (3). We ob-

served several characteristics in our four iso-

lates: first, the sequence PQGERRRKKR/G,

denoting multiple basic amino acids at the

cleavage site of the hemagglutinin; second, a

virulence island in the PB2 gene, E627K, first

seen in Hong Kong in 1997 (5); and third, a

deletion of 20 amino acids in neuramidase

(amino acid positions 49 to 69), also associated

with high virulence.

To test virulence, mice and chickens were

infected with the BhGoose/QH/1/05 (4) isolate.

All eight infected chickens died within 20 hours,

and seven of eight infected mice died within

72 hours; the last died 96 hours post-infection.

Earlier isolates taken from ducks in China were

less virulent in mice and chickens (6). Hence

we speculate that viruses might be emerging

from reassortants that originate in birds over-

wintering in southeast Asia (7).

The occurrence of highly pathogenic H5N1

AIV infection in migrant waterfowl indicates

that this virus has the potential to be a global

threat: Lake Qinghaihu is a breeding center for

migrant birds that congregate from southeast

Asia, Siberia, Australia, and New Zealand.
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Fig. 1. (A) The reported H5N1 AIV prevalence sites during the 2004 outbreak in China are
highlighted in yellow (8). Arrows indicate the migratory routes of the bar-headed goose (A.
indicus) to Lake Qinghaihu. (B) A sick bar-headed goose showing typical opisthotonus before
dying. (C) Bar-headed goose pancreas with pin-point necrotic lesions (arrow). (D) Microscopic
lesions in bar-headed goose brain, showing congestion in the blood vessels (white arrows) and
glial cell infiltration (black arrow). Hematoxylin and eosin �25 (scale bar, 50 mm).
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Premelting at Defects Within

Bulk Colloidal Crystals
A. M. Alsayed,1 M. F. Islam,1 J. Zhang,1 P. J. Collings,1,2

A. G. Yodh1*

Premelting is the localized loss of crystalline order at surfaces and defects at
temperatures below the bulk melting transition. It can be thought of as the
nucleation of the melting process. Premelting has been observed at the
surfaces of crystals but not within. We report observations of premelting at
grain boundaries and dislocations within bulk colloidal crystals using real-
time video microscopy. The crystals are equilibrium close-packed, three-
dimensional colloidal structures made from thermally responsive microgel
spheres. Particle tracking reveals increased disorder in crystalline regions bor-
dering defects, the amount of which depends on the type of defect, distance
from the defect, and particle volume fraction. Our observations suggest that
interfacial free energy is the crucial parameter for premelting in colloidal and
atomic-scale crystals.

The importance of melting in nature can hardly

be overestimated, and yet a detailed understand-

ing of the mechanisms that drive this transforma-

tion is still evolving. Scientists have speculated

for more than a century about how crystalline

solidsmelt (1–3). In the process, they have gener-

ated microscopic models emphasizing the role of

lattice vibrations (4, 5), dislocations (6, 7), grain

boundaries (8, 9), surfaces (10–14), dimensional-

ity (15), and combinations thereof. In contrast to

the continuous transitions that arise in ferromag-

netism and liquid-vapor systems, a first-principle

theory of the solid-liquid transition is difficult to

derive because of long-range many-body effects,

symmetry, and a lack of universality. Further-

more, experimental investigations to test under-

lying theoretical assumptions are extraordinarily

difficult, because they must track motions of in-

dividual atoms or defects within crystals. Never-

theless, recent experiments (16, 17) and theory

(18) have shown that atomic crystal surfaces at

equilibrium below the bulk melting point often

form melted layers. This premelting lowers the

energy barrier for liquid nucleation and effec-

tively prevents superheating of the solid (16, 19).

Many theories have suggested that a similar

premelting should occur at defects such as grain

boundaries, stacking faults, and dislocations

located within the bulk crystal, but these effects

have not been observed. Simulations of grain

boundaries (20, 21), for example, have found

that the free energy of the solid-solid interface

can be larger than two solid-liquid interfaces,

thereby favoring premelting near the grain bound-

ary. In this work, we imaged the motions of

particles in three-dimensional (3D) colloidal

crystals during the melting process. The images

reveal premelting near grain boundaries and dis-

locations. Furthermore, particle tracking enabled

us to quantify the spatial extent of local particle

fluctuations near a variety of defects, as well as

within the more ordered parts of the crystal.

Increased disorder was observed in crystal-

line regions bordering the defects as a function

of defect type (e.g., grain boundaries, disloca-

tions, and vacancies), distance from the defect,

and particle volume fraction. These observations

answer longstanding fundamental questions

about melting mechanisms, suggest that grain

boundary and dislocation premelting are impor-

tant effects in the melting process, and introduce

new quantitative measures of local disorder.

Besides their intrinsic importance for colloid

science and technology, all indications suggest

that interfacial free energy is the crucial pa-

rameter for premelting. Thus, these results are

also relevant for atomic-scale materials.

The colloidal crystals used for these

studies were equilibrium systems composed

of micrometer-sized, nearly hard-sphere par-

ticles (22). At a high volume fraction, these

particles are driven entropically to condense into

close-packed crystalline solids (23, 24). A key

feature of these measurements is our use of

microgel particles (25, 26), whose diameters

depend on temperature. Thus, by slightly

changing the sample temperature, we precisely

vary the volume fraction of particles in the

crystal over a significant range, driving the

crystal from close packing toward its melting

point at a lower volume fraction.

Particle synthesis. The temperature-

sensitive colloidal particles required for this in-

vestigation were synthesized by free-radical

polymerization of N-isopropylacrylamide

(NIPA) and 2-aminoethyl-methacrylate hydro-

chloride (AEMA) and cross linked with N,N ¶-

methylene-bisacrylamide in a buffer solution

(pH 0 4.0, 50 mM acetic acid) (27). The re-

sultant particles were centrifuged down and

resuspended in a different buffer solution (pH 0

8.3, 0.1 M sodium bicarbonate).

Succinimidyl ester (TAMRA), which is a

fluorophore that reacts with the AEMA amine

group 5-(6)-carboxytetramethylrhodamine, was

added to the preparation solution for fluores-

cence studies that are not reported here. The

microgel particles with TAMRAbecame slight-

ly smaller in size, but the presence or absence of

TAMRA changed the phase behavior of the

suspension only slightly.

The particles were then cleaned cyclically,

by first concentrating them with centrifugation

and then resuspending them in a buffer solution

(pH 0 4.0, 20 mM acetic acid). Finally, in order

to minimize particle aggregates, the suspensions

were centrifuged for a few minutes, the superna-

tant was collected, and the process was repeated

(È10 times). For temperatures below32-C,NIPA

solubility increases with decreasing temperature.

Consequently, the NIPA-AEMA particle diam-

eter varies in our experimental temperature re-

gime (20- to 28-C) as a result of water moving

into and out of the microgel. The particles made

from NIPA-AEMA copolymer have higher

surface charge and are more stable against

aggregation in solution during processing than

are particles made from pure NIPA. Counterions

in the buffer solution ensure that the charges on

the particles are screened. In addition, the polym-

erization rate in our acidic solutions (pH 0 4.0)

was slow, resulting in reduced size polydis-

persity. Dynamic light-scattering measurements

at 25-C determined the particle radius to be

È375 nm, with a polydispersity less than 3%.

Microscopy and temperature control. Ex-
perimental observations were made with an up-

right microscope (Leica DMRXA2) equipped

with a 12-bit monochrome cooled camera

(QImaging RETIGA) and a motorized stage.

The dimensions of the sample chamber were 18

mmby 4mmby 0.1mm. The temperature of the

sample and objective lens (magnification �100,

1.4 numerical aperture) were controlled towithin

0.1-C and were increased in 0.1-C increments.

Samples were left to equilibrate at each temper-

ature for 1 hour. In order to track premelted

regions and defects, we took bright-field video

images for 0.6 s at 100-nm intervals throughout

theÈ100-mm-thick chamber. Because the micro-

gel particles wereÈ95%water, their refractive

index was very close to that of water, allowing

us to obtain high-quality images throughout the

sample volume. In order to track individual par-

ticle movement, we used a video shutter time

of 2 ms. Image fields were chosen to contain

È400 particles, and particle positions were

determined at resolutions much smaller than

the particle radius or crystal lattice constant
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(28). Fifteen minutes of video were recorded at

each temperature.

Sample preparation. The particle sus-

pensions were loaded into the chamber using

capillary forces at 28-C; i.e., just below the

melting temperature. In this process, the sus-

pension was sheared. Initially we found that

well-oriented face-centered cubic (fcc) crys-

tals grew from the glass coverslip surfaces and

that the middle of the sample was fluid-like.

After loading, we annealed the sample at 28-C

for 24 hours, during which the samples crys-

tallized. Bragg diffraction (Fig. 1, inset) from

various parts of the annealed sample, measured

in the microscope with a Bertran lens, exhibited

no detectable change in peak positions. The

crystal had very few defects close to the glass

walls. We never observed premelting near the

walls; it is possible the walls stabilized the

crystal or that the (111) planes near the wall

surfaces were intrinsically stable (19). Interior

crystalline regions had many more defects. A

few defects in the sample interior are shown in

Figs. 2 and 3. Most of the defects we observed

were stacking faults, which caused the forma-

tion of partial dislocations (Fig. 3) (29). We

also observed vacancies. Typically, the crystals

lost their preferential orientation after melting

and recrystallization, displaying large crystal-

line regions with different orientations sepa-

rated by grain boundaries (Fig. 2).

Premelting from grain boundaries. One
of the commonmelting mechanisms exhibited

by our colloidal crystals is illustrated in Fig. 2.

The figure shows a small-angle (È13-) grain

boundary. The grain boundary is composed of

an array of dislocations, one of which is shown

in the inset of Fig. 2A. The number of particle

nearest neighbors along the grain boundary

varies from five to seven (red and blue particles

in the inset). These packing mismatches create

stress in the crystal near the grain boundary. The

dashed line in Fig. 2A shows a Shockley partial

dislocation that continues into the grain bound-

ary. The region to the right of the dashed line is

out of focus, and the particles in this portion of

the image appear darker than average, whereas

the region to the left is in focus and the particles

appear whiter than average.

Figure 2B shows the same region at higher

temperature (lower particle volume fraction). In

order to minimize the interfacial free energy

caused by stress and surface tension, particles

near the grain boundary start to premelt. The

inset of Fig. 2B shows these particles jumping

rapidly from one site to another. In contrast,

melting is not observed near the partial dis-

location (dashed line); its interfacial free energy

is apparently less than that of the grain bound-

ary. In Fig. 2C, the temperature is slightly higher

and melting has erupted along the grain bound-

ary. At this stage, the sample volume fraction is

higher than the bulk melting particle volume

fraction, and the melted region has engulfed the

partial dislocation. The width of the premelted

region continues to increase as the temperature

is raised from 28.0- to 28.2-C (Fig. 2, B to D).

Premelting from dislocations. In addi-

tion to grain boundary premelting, the colloidal

crystals display premelting from partial dis-

locations (Fig. 3). This effect is more apparent

when the grain boundaries are relatively far

from the partial dislocations. Figure 3, A and B,

show images of the 61st layer (green) and the

62nd layer (red and yellow), respectively, of the

colloidal crystal at 25.0-C.

Figure 3C shows a superposition of these

layers. Both of these layers represent (111)

planes in the crystal. The Burger’s circuit in the

61st layer (green) yields a zero Burger’s vector,

indicating no defect in the layer. Because a dis-

location is present in the next layer, some of the

particles are slightly out of focus. The Burger’s

circuit for the 62nd layer (yellow) reveals a

Shockley partial dislocation with a Burger’s vec-

tor of 1
6
ð112Þ (29). The inset contains a 3D il-

lustration of the Shockley dislocation, showing

the 61st layer and the undisplaced particles in the

62nd to 64th layers in green and the displaced

particles in the 62nd to 64th layers in yellow.

In monodisperse nearly hard-sphere colloi-

dal crystals, the difference in the energy be-

tween fcc and hexagonal close-packed (hcp)

structures is very small (30, 31) and stacking

faults are common (32). Shockley partial dis-

locations arise as a result of these stacking

faults. Face-centered cubic crystals stack in the

pattern ABCABC along the (111) direction, and

hcp crystals stack in the pattern ABAB. The

green particles in Fig. 3A are in the A positions,

whereas the red and yellow particles are in the B

and C positions of the next layer, respectively.

This stacking fault opens up gaps between the

two close-packed structures within the crystal

(two gaps are visible in the image and make an

Fig. 1. Bright-field image of the
NIPA particle colloidal crystal
showing no defects; the slice is of
the seventh layer from the cover-
slip. Each bright spot corresponds
to the central region of a 0.75-mm-
diameter particle. Because of sam-
ple preparation and annealing, the
primary defects are partial disloca-
tions that exist in the interior of the
crystal. Scale bar, 5 mm. (Inset)
Bragg diffraction (wavelength 0

405 nm) of the same sample.

25.0oC

A

θ~13o

B

θ~13o

28.0 oC
C

θ ~13o

28.1 oC 28.2 oC

D

27.2 oC

Fig. 2. Premelting of the colloidal crystal at a grain boundary. The figure shows bright-field images at
different temperatures (i.e., particle volume fractions) of two crystallites separated by a grain boundary
(crystallites tilted at an angle q È 13- with respect to one another). (A) Sample at 27.2-C. The solid and
dashed lines show the grain boundary and a partial dislocation, respectively. The grain boundary cuts the
two crystals along two different planes (the yellow line has two slopes). It is composed of an array of
dislocations; the two extra planes are indicated by lines in the inset. (B) Sample at 28.0-C. The grain
boundary starts to premelt; nearby particles undergo liquid-like diffusion (inset). The partial dislocation,
denoted by the dashed line, is not affected. (C and D) The same sample at 28.1- and 28.2-C,
respectively. The width of the premelt region near the grain boundary increases. Scale bars, 5 mm.
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angle of 120-C with respect to one another).

Nearby particles fluctuate into and out of these

gaps. The angle the gaps make with the (111)

plane suggests that the gaps cut the crystal along

(100) planes, as shown in the 3D illustration.

Finally, Fig. 3D shows the 62nd crystal layer at

28.2-C. At this temperature, which is higher

than the grain boundary premelting tempera-

ture, the crystal has begun to premelt from the

partial dislocation.

Positional fluctuations. Using the

Lindemann parameter L, which is a mea-

sure of the particle mean square fluctuation, we

have quantified these observations as a function

of sample temperature and volume fraction (Fig.

4). Inset 1 shows the time evolution of mean

square displacement (MSD) for particles in the

bulk crystal at three different temperatures. On

short time scales, the MSD exhibits free particle

diffusion; on long time scales, the particles are

caged by nearest neighbors and the MSD asymp-

totically approaches a constant. This asymptotic

constant corresponds to twice the variance of the

particle’s displacement from its equilibrium

position (33, 34). We computed the 3D L by

using the measured 2D MSD and assuming that

particle fluctuations were isotropic. We used the

relation L 0
1
rnn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
4
r2ðt Y VÞh i

q
, where r

nn

is the crystal nearest-neighbor distance, and

br 2 (t Y V)À is the asymptotic value of the

2D particle MSD.

In the main plot of Fig. 4A, L experiences a

change in slope at 24.7-C. At this temperature,

the hydrodynamic diameter of the particles as

measured by dynamic light scattering is È754

nm (inset 2), and the nearest-neighbor distance

derived from pair correlation functions mea-

sured by microscopy is È750 nm. Thus, at this

temperature, it is reasonable to assume that the

particles are close packed with a volume frac-

tion of È0.74. Below this temperature, the par-

ticle motions are constrained, and L varies less

strongly with temperature. With this assump-

tion, we can deduce the particle number density.

This number density and the measured hydro-

dynamic radius (inset 2) determine the particle

volume fraction as a function of temperature

(upper scale of Fig. 4A). The crystal appears to

melt at a particle volume fraction of È0.54,

which is close to the hard-sphere prediction of

0.545 (24). The lattice constant in the solid

regions, derived from our measurements of

the particle pair correlation functions, also de-

creases sharply near this volume fraction. Al-

though our particles are not perfect hard spheres

(22), the melting point suggests that they may

be approximated reasonably well as such.

The Lindemann melting criterion, which pre-

dicts melting for L È 1/8 (4), continues to pro-

vide a useful benchmark nearly 100 years after it

was originally suggested. The data for L in Fig.

4A are taken from deep within the crystalline

regions of the sample, below the melting point.

At 28.3-C, the sample begins to melt, and a

coexistence of liquid and solid domains is ob-

served. In Fig. 4B, we show local measurements

of L near various crystalline defects and near

the premelt boundary just before bulk melting

(28.3-C). We find that the particle fluctuations in

the proximity of these regions are measurably

larger than those in the bulk crystal. Further-

more, we find that the magnitude of these fluc-

tuations decreases approximately exponentially

as the measurement position is translated away

from the premelt region toward the interior of

the bulk crystal. Extrapolation of our exponential

fits of L to zero distance suggest that LÈ 0.18 in

the premelt region, twice its interior value of

È0.085 at the same temperature. Evidently, the

greater number of vacancies in the premelted

region increases the free volume for particle

A B

(111)

(112)

C D

28.2oC

25.0oC25.0oC

Fig. 3. Melting of a colloidal crystal initiated at a Shockley partial dislocation in the absence of
grain boundaries. (A and B) Bright-field images of the 61st and 62nd layers at 25.0-C, respectively.
Colloidal particles fluctuate more in the 62nd layer because of the gap created by the dislocation.
(C) Superposition of 61st (green) and 62nd (red and yellow) layers. The image shows particles in
positions A (green), B (red), and C (yellow). (Inset) 3D illustration of the 61st to 64th layers
(bottom to top) showing the displacement of the yellow spheres in the 62nd to 64th layers. (D)
62nd layer at 28.2-C, where the crystal starts to premelt at the dislocation. Scale bars, 3 mm.

Fig. 4. (A) L as a
function of colloidal
crystal temperature
(and computed particle
volume fraction f).
These data are for
regions far fromdefects.
The curve exhibits a
change in slope at
24.7-C. The crystal
melts at 28.3-C, f

È0.55. (Inset 1) Time
evolution of 2D particle
MSD; L is derived from
the MSD plateau value.
The error bars for f, L,
and temperature are
0.02, 0.004, and 0.1-C,
respectively. (Inset 2)
Measured microgel par-
ticle hydrodynamic ra-
dius Rh as a function of temperature. (B) The local L as a function of distance from a vacancy, a partial dislocation, and a melt front. Within 1 mm of the defects, the
particle motion was too rapid and calculation of L was unreliable.
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movement, so that the nearby particle fluctua-

tions are large. Even the particles near isolated

vacancies have large L, but the decay of L to

bulk values is fastest from isolated vacancies.

Conclusions. We have demonstrated that

premelting occurs at grain boundaries and

dislocations located within colloidal crystals.

These observations confirm an important mech-

anism for theories of melting. The amount of

premelting depends on the nature of the in-

terfaces and defects. Particle tracking has

enabled us to study particle fluctuations both

nearby and far from these defects in ways that

are inaccessible to experimental probes of

atomic crystals, revealing the excess free energy

in these regions through higher values of L.
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Structure of a Synaptic gd

Resolvase Tetramer Covalently

Linked to Two Cleaved DNAs
Weikai Li,1 Satwik Kamtekar,1 Yong Xiong,1,2 Gary J. Sarkis,1*

Nigel D. F. Grindley,1 Thomas A. Steitz1,2,3.

The structure of a synaptic intermediate of the site-specific recombinase gd

resolvase covalently linked through Ser10 to two cleaved duplex DNAs has been
determined at 3.4 angstrom resolution. This resolvase, activated for re-
combination by mutations, forms a tetramer whose structure is substantially
changed from that of a presynaptic complex between dimeric resolvase and the
cleavage site DNA. Because the two cleaved DNA duplexes that are to be
recombined lie on opposite sides of the core tetramer, large movements of both
protein and DNA are required to achieve strand exchange. The two dimers
linked to the DNAs that are to be recombined are held together by a flat
interface. This may allow a 180- rotation of one dimer relative to the other in
order to reposition the DNA duplexes for strand exchange.

Enzymes that catalyze site-specific recombina-

tion rearrange DNA in all three kingdoms to

integrate, excise, or invert DNA segments for a

variety of biological purposes. Site-specific re-

combinases are classified into the tyrosine and

serine recombinase families, and the detailed

mechanisms by which they achieve specific

recombination are gradually emerging (1).

The gd resolvase is a 20.5-kD transposon-

encoded enzyme that belongs to the resolvase-

invertase family of serine recombinases and

catalyzes a recombination between two 114–

base pair (bp) sites (res) that are arranged in

the same orientation on negatively supercoiled

circular DNA, resulting in the formation of two

catenated DNA molecules. Each res site con-

tains three different subsites, which are called

sites I, II, and III, and each subsite binds a re-

solvase dimer (Fig. 1A). Six resolvase dimers

and two res sites assemble into a higher-order

structure called the synaptosome. Resolvase di-

mers bound at sites II and III of the two res sites

initiate the formation of this assembly and ac-

tivate the resolvase dimers bound at site I for

synapsis, strand cleavage, strand exchange, and

religation (2). Cleavage is achieved by a trans-

esterification reaction that covalently links the

Ser10 (S10) residue of each subunit to a 5¶ phos-

phate at the center of site I, freeing the 3¶ hy-

droxyl group of the adjacent nucleotide (3, 4).

While covalently linked to the protein, the

strands are exchanged with a resulting net

180- rotation (5–7). The four rearranged ends

are then joined by an attack of the free 3¶ hy-

droxyl groups on the phosphoserine linkages.

Several crystal structures of wild-type gd

resolvase have been determined, including a

domain containing the active site (8, 9), the

full-length protein (10), and a resolvase dimer

complexed with a site I DNA analog (11). gd

resolvase has an N-terminal catalytic domain

followed by an extended a-helical arm (the E

helix) and a C-terminal DNA binding domain.

Two states of the molecules have been captured

in these structures. First, crystals of the unlig-

anded gd resolvase identify one interface that

promotes the formation of a dimer via the E

helices and a second higher-order interdimer in-

terface (termed the 2-3¶) that is essential for res

site synapsis (8–10, 12, 13). Second, the struc-

ture of a wild-type gd-resolvase dimer complexed

with a 34-bp analog of site I (11) captures a state

before synapsis. In this structure, both catalytic

S10 residues are distant from the scissile phos-

phates of the site I DNA, which is consistent with

the inability of the wild-type protein to cleave

linear DNA containing only a site I sequence.

Two models have been proposed for the

structure of the synaptic tetramer bound at site

I and the consequent strand-exchange mech-

anisms (10, 11, 14). In one model, two site I

DNAs are held in close proximity inside a pro-

tein scaffold (10, 11), whereas in the other they

lie outside of a protein core and are separated

by more than 50 ) (10, 11, 14). The DNA in-

side model was initially appealing because the

DNA strands could be exchanged through sub-

tle movements of the protein and the DNA at

the cleavage sites, analogous to those subse-

quently observed with the tyrosine recombinase

Cre (15). However, DNA phasing experiments
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(16), as well as recent x-ray scattering experi-

ments (17), favor the DNA outside model. In

order to achieve recombination, substantial move-

ment of the DNA is required if it lies outside of a

protein core because of the large separation of

the DNA fragments to be religated. This would

likely be achieved by substantial movements of

the protein that is covalently linked to the DNA

during strand exchange (Fig. 1B). A subunit ro-

tation model posits a 180- rotation between

protein subunits that would both juxtapose the

DNA ends to be recombined and accomplish the

required change in DNA topology (6, 7). In con-

trast, a domain swap model (2) proposed that

only a pair of catalytic domains plus their asso-

ciated DNAs move, thus preserving the interface

between subunits and avoiding their dissocia-

tion. To resolve these debates, we have pursued

the structure of an active synaptic complex of a

resolvase tetramer bound to two site I DNAs. A

synaptic complex can be achieved by using mu-

tant enzymes that, unlike the wild-type enzymes,

are capable of recombining linear DNA sub-

strates containing only site I DNA (14, 18).

Structure of the synaptic complex. The
structures of two crystal forms of a tetramer of a

gd-resolvase mutant protein bound to two 34-bp

symmetrical analogs of res site I (Fig. 1C) have

been determined (19). This mutant of resolvase

protein contains the changes Gly101YSer101

(G101S), Glu102YTyr102 (E102Y), Met103Y

Ile103 (M103I), and Glu124YGln124 (E124Q) that

activate recombination on linear site I DNA (14),

as well as the mutations Arg2YAla2 (R2A) and

Glu56YLys56 (E56K) that improve its solubility

by suppressing the 2, 3¶ interaction between

dimers. The structure of a P3
2
21 crystal form

was determined by a combination of multiple

isomorphous replacement and multiwavelength

anomalous diffraction methods (Table 1) (20).

The phasing power for five of the heavy atom

derivatives used for phasing the P3
2
21 crystal

form ranged between 0.5 and 0.91 for the centric

data and between 1.05 and 1.7 for the acentric

data, yielding an overall figure of merit of 0.60.

Multidomain, cross-crystal averaging with the

presynaptic complex and sharpening of the

amplitudes dramatically improved phases and

electron density maps (Fig. 2) and allowed

refinement of the model to an R of 27.1% and

an R
free

of 32.4% at 3.9 ) resolution. The struc-

ture of a P2
1
2
1
2
1
crystal form was subsequently

determined by molecular replacement and re-

fined to an R of 26.3% and an R
free

of 29.4%

at 3.4 ) resolution. The tetramer in the P3
2
21

crystal form, which incorporates a crystallo-

graphic two fold, has essentially the same con-

formation as that observed in the asymmetric

unit of the P2
1
2
1
2
1
crystal form, except that the

DNA and DNA binding domains adopt some-

what different orientations.

Fig. 1. Site-specific recombination by gd resolvase. (A) Two res sites in
negatively supercoiled, closed circular DNA bind wild-type resolvase as a
dimer (blue and red spheres) at site I in the presynaptic state (dashed-line
box). The synaptosome consists of the two res sites, each containing three
resolvase dimers bound to sites I, II, and III (left) associating to form an
assembly (right). During strand exchange, a synaptic complex at site I (yellow
box) is formed by a resolvase tetramer that becomes covalently linked (black
line) to four cleaved half sites (red and green arrows). (B) A tetramer of
resolvase (left) recombines two site I DNAs [same as in (A)]. Two models of
gd resolvase strand exchange (right) are domain swap (top) and subunit
rotation (bottom). The interfaces formed by E helices (blue and red sticks) are
intact in the domain swap model but rotate relative to each other in the
subunit rotation model. (C) (Top) gd resolvase requires three sites to form the
synaptic complex but performs recombination exclusively on site I. The length
and spacing of these sites are shown. (Bottom) The sequence of the
symmetrized site I analog used, with the bases of the original sequence of site

I shown in italics above and below the mutated bases. The double-strand cleavage sites are shown in black arrows. Thymidines substituted by 5-bromo-2¶-
deoxyuridine in oligonucleotide derivatives are shown shaded in yellow. Nicks in the crystallographic substrates are opposite the dashes.

Fig. 2. Map improvement by
multidomain cross-crystal aver-
aging of the presynaptic and
synaptic complexes. The electron
density maps of the E helix region
are compared. This region has
been excluded from the averag-
ing masks; improvement of the
density in this unaveraged region
is an unbiased indication of over-
all phase improvement. (A) Be-
fore cross-crystal averaging, the
phases have been improved by
multidomain noncrystallographic
symmetry averaging within the
P3221 crystal form of the synap-
tic complex. (B) The 3.9 Å reso-
lution experimental map after
multidomain cross-crystal aver-
aging of the synaptic complex
(P3221) and the presynaptic com-
plex (P212121). The multidomain
averaging was performed on the
catalytic domains and the DNA
binding domains with the bound
DNAs.
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The catalytic domains of the activated re-

solvase form the tetrameric core of a complex

having pseudo-222 symmetry, and the site I

DNA substrates lie on the outside of the pro-

tein core (Fig. 3A and movie S1). Both strands

of the two substrate duplexes have been cleaved

by resolvase, and each of the four 5¶ ends is co-

valently linked to a resolvase subunit via a phos-

phoserine linkage (Fig. 3B). These four half sites

are well separated, and this complex thus appears

to correspond to an intermediate in the strand

exchange process. We have labeled the left and

right halves of the top and bottom DNA du-

plexes L and R (green) and L¶ and R¶ (yellow and

orange), respectively, in Fig. 3A. The distances

between the free 3¶ hydroxyl groups and the

phosphoserine bonds are 17 ), 40.5 ), and 41)

for the L-R (and L¶-R¶), L-L¶, and L-R¶ DNAs,

respectively. Further, of all possible pairs of re-

solvase subunits, the subunit interaction and

relative orientation of the L and R (blue and

green) or L¶ and R¶ (red and magenta) subunits

most closely resembles that of the resolvase di-

mer bound to the uncleaved site I (11). These

observations imply that the L and R half sites

and their attached subunits correspond to one of

the initial site I–bound dimers and that the L¶

and R¶ half sites correspond to the other, trapped

at a stage soon after cleavage or slightly before

religation. Thus, the L and R as well as the L¶

and R¶ dimers are referred to as the site I dimers.

The newly formed interface that holds to-

gether the two site I dimers in the tetrameric

complex, which we call the synaptic interface,

is extensive (1780 )2 per dimer) and consists

primarily of two four-helix bundles of D and

E helix pairs joining resolvase subunits bound

to L and L¶ (or to R and R¶) half sites. In these

four helix bundles, interactions across the

synaptic interface involve a pair of antiparallel

E helices that are associated by hydrophobic

interactions made by side chains lying be-

tween Y102 (21) to Q120 (Fig. 3C), and a pair

of antiparallel D helices that are associated via

residues lying between D72 to K81.

Comparison of presynaptic and synap-
tic complex structures. The transition from

the presynaptic dimer to the synaptic tetramer is

accompanied by dramatic changes in the ter-

tiary (and quaternary) structures of the resolvase

subunits. The differences in tertiary structure lie

primarily in the relative orientations of the cat-

alytic domain, the E helix, and the DNA bind-

ing domain (Fig. 4A), which can be seen by

superimposing either the DNA molecules or the

catalytic domains. The orientations of the DNA

binding domains also vary in different crystal

forms (11). Superimposing the catalytic domains

shows that the E helix had bent and rotated by

40- toward the D helix in the transition from the

presynaptic to the strand-exchange state (Fig.

4A) by pivoting about a flexible linker that lies

between the D and E helices at G101 and E102

(Fig. 4B) (21). These changes move the catalytic

S10 residue of the activated resolvase 12 ) to-

ward the scissile phosphate, thereby allowing

its hydroxyl group to form a covalent link

(movie S2). In contrast, S10 and the scissile

phosphate are separated by either 14 or 20 )

(11) in the inactive presynaptic state.

These changes in the tertiary structure of the

subunits are associated with a completely dif-

ferent quaternary structure. The structure of the

site I dimer of the tetramer was compared with

that of the presynaptic dimer (Fig. 4C) by align-

ing the dyad axes relating the site I dimers and

superimposing the two complexes. Whereas in

the presynaptic state, the E helices cross each

other at a 45- angle and form the primary in-

terface between dimer subunits, in the synaptic

tetramer, these two interacting E helices open

up like a scissors to produce a crossing angle of

100-. This scissoring of the E helices, together

with the subunit conformational changes, alter

and reduce the interactions seen in the pre-

synaptic dimer and create a new intricate syn-

aptic interface between site I dimers.

The changes in tertiary and quaternary struc-

ture that occur between these two states result in

a dramatically different and flat interface be-

tween the subunits of each site I dimer, which

may have implications for the mechanism of

strand exchange. In the presynaptic state, the

interface between the subunits of the dimer is

grooved, and the crossed E helices interlock

with each other in a manner that appears in-

consistent with any rotational motion between

the subunits (Fig. 4D). In contrast, in the syn-

aptic complex planarity between the subunits of

each site I dimer interface extends across the

tetramer (Fig. 4D). Fitting the coordinates of the

atoms from one of the surfaces making contact

to a plane gives a root mean square deviation of

3.0 ) from this plane for the contacting surface

of a subunit in the presynaptic state and 1.3 )

for the interface formed by an antiparallel dimer

in the strand-exchange state. This is at the

lowest limit for proteins of a similar size in the

protein interfaces database (fig. S3).

Fig. 3. The structure of
themutant gd-resolvase
tetramer covalently
linked to cleaved DNA.
(A) The two site I DNAs
(light and dark green,
yellow, and orange
coils) are cleaved into
half sites labeled L, R, L¶,
and R¶. S10 (blue and
red spheres) in each
subunit is covalently
linked to the 5¶ phos-
phate of adenine 20
(Ade20, green stick).
The subunits of the re-
solvase tetramer (blue,
green, red, and ma-
genta) can be divided
into two dimers con-
taining antiparallel E
helices (L-L¶ and R-R¶)
or two site I dimers
bound to L-R DNA or
L¶-R¶ DNA. The D and E
helices form a four-helix
bundle within the anti-
parallel dimer. The two
antiparallel E helix di-
mers interact through a
flat interface, and the
V114YC114 (21) mu-
tation in the E helix
crosslinks across the flat
interface. The position
of the missing phos-
phates resulting from
the use of symmetrized
oligos is marked by an
orange sphere; its ab-
sence does not distort
the DNA. (B) The active
site at the covalent,
cleaved DNA intermediate. A phosphoserine bond formed between Ade20 and S10. R8, D67, R68, and
the two nonbridging oxygens of the phosphoserine form a hydrogen-bonding network (blue dashed lines).
In the religation step, the free 3¶-hydroxyl attacks of the DNA to be exchanged (black arrow) is presumably
in line with the phosphoserine bond. (C) A view of the tetramer rotated by 90- from the orientation in (A)
shows the packing of four E helices and preceding loops and b strands.
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Formation of the synaptic conforma-
tion. The transition between the presynaptic

dimer and the synaptic tetramer was modeled

with use of the program MORPH (22), which

calculates stereochemically allowed structural

intermediates between two known structures.

The E helix appears to play a central role in

achieving this dramatic repacking. During this

transition the E helices, which form the dimer

interface in the presynaptic complex, open up

like scissors (Fig. 4C) and slide relative to

each other, thereby allowing the helices of one

site I dimer to interdigitate with those of the

other and creating an extensive antiparallel E-

helix interaction between dimers (movie S3).

Together, these changes create the flat inter-

face between the site I subunits (Fig. 4D).

The mutations that facilitate the formation

of the synaptic tetramer in the absence of site II

and site III complexes appear to do so by either

destabilizing the presynaptic dimer conforma-

tion or stabilizing the tetramer. The side chain of

Q120 and the mutant side chain of Y102 stabi-

lize the synaptic tetramer conformation through

their hydrophobic stacking between the anti-

parallel E helices (Fig. 4B). Because G101 has

backbone f-= angles in the dimer that are only

allowed for glycine, the serine mutation should

destabilize the presynaptic dimer conformation

as well as stabilize the tetramer through its in-

teraction with the backbone (Fig. 4B).

The active site and double strand
cleavage. A number of residues that are

highly conserved among the members of the

resolvase-invertase family either contact the

substrate at the active site or are indirectly in-

volved in maintaining the structure of the ac-

tive site and thus presumably play important

roles in the catalysis of strand cleavage. These

include R8, D67, and R68 (Fig. 3B) (21). The

guanidinium groups of R8 and R68 interact

with the nonbridging phosphate oxygens,

whereas D67 helps to position R68. R125 in-

teracts with the nucleotide containing the free

3¶ hydroxyl group that is formed by cleavage

of the DNA. R71 is another highly conserved

residue and is very close to the active site, but

it seems to interact with S43 and to not be

directly involved in catalysis.

The initial cleavage of both DNA strands

and their subsequent religation require that the

orientations of both the DNA binding domains

and DNA as well as the catalytic domains must

differ substantially from both the presynaptic and

the synaptic structures. Although the orientation

of each half site is correct for cleavage in the

synaptic tetramer, the distance of 30 ) between

the active site S10 residues of the L and R

subunits is much larger than the distance of 14 )

between the two scissile phosphates in B-form

DNA (or the 16 ) in the presynaptic complex).

This implies that, whether the two cleavage

steps occur sequentially or simultaneously, sig-

nificant alterations in the positions of the DNA,

the DNA binding domains, and the catalytic

domains from their conformations in either the

presynaptic or synaptic structures would be re-

quired. Neither simultaneous nor sequential

mechanisms can be ruled out by model building.

Strand exchange. The most interesting

question raised by this structure is the mech-

anism by which the strands are exchanged,

because the free 3¶ OH groups lie about 50 )

from the phosphoserine group they are pre-

sumed to attack in the religation step and the

space between them is filled with the catalytic

domains. This is unlike the situation with the

tyrosine recombinases Cre (15) and Flp (23),

where the DNA strands to be recombined form

a Holliday junction intermediate that, impor-

tantly, is not separated by protein and thus can

rearrange by relatively modest changes in the

DNA and protein structures. Far larger struc-

tural changes in the gd protein are necessary to

achieve strand exchange.

Analysis of the structure of this synaptic

resolvase complex strongly supports the sub-

unit rotation model of strand exchange. Al-

though this structure does not establish with

certainty which subunits contain the half sites

of DNA that are to be religated after exchange,

the expectation in the case of the wild-type

enzyme that the two site I DNAs are being

Fig. 4. Structural comparisons of the presynaptic and strand-exchange
state. (A) A superposition of the catalytic domains of the presynaptic
(red) and synaptic (blue) complexes. The relative orientations of the E
helix and catalytic domain have changed by 40-. This conformational
change is stabilized by the G101S-E102Y-M1031 mutations at the N-
terminal of E helix (dashed line circle). Ser10 (dark gray and red
spheres) is covalently linked to a scissile nucleotide Ade20 (green stick)
in the synaptic complex but is far from the same nucleotide in the
presynaptic complex. (B) A detailed view of the mutations of G101S
and E102Y (21) at the N-terminal of E helix. In the presynaptic
complex, the Ca of G101 adopts conformational angles (f 0 95- and
= 0 –162-) that are generally allowed only for glycines in a
Ramachandran plot. In the synaptic complex, S101 shows allowed f

and y angles and hydrogen bonds (orange dashed line) to the E-helix
backbone, and Y102 stacks on Q120 from another site I dimer. (C)
Comparison of site I dimers in presynaptic (left) and synaptic (right)
complexes. Site I dimers at both states are aligned by the dyad axis of
dimer. The angles between an E-helix pair and between an E and D helix
pair have changed between the two states. (D) Side views show the dimer
interfaces between the left and right subunits that lie within a 4 Å contact

distance with the E helix. A contact surface is shown for one of the interface
partners. The interface of the site I dimer is grooved in the presynaptic
state, and that of the tetramer is flat in the strand-exchange state.
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presented to this synaptic tetramer by the rest

of the synaptosome bound to sites II and III

makes it stereochemically more likely that the

two site I DNAs are binding parallel to each

other. This orientation would require a recom-

bination between the DNA half sites attached

to the diagonal subunits. If this conclusion is

correct, then the synaptic structure is entirely

compatible with a subunit rotation model, which

is particularly attractive because we have shown

that the two halves of the complex that must

move relative to each other are held together by

an unusually flat and largely hydrophobic inter-

face (Fig. 4D). This interface is formed as a

consequence of synapsis, consistent with the hy-

pothesis that it is functionally important. Fur-

thermore, because this flat interface is roughly

round, rotation of one flat interface about the

orthogonal tetramer dyad axis results in a mod-

erate variation in contact surface area from 880

)2 to 1200 )2 per dimer, consistent with the

two dimers remaining hydrophobically attached

throughout a rotation. Two complementary elec-

trostatic interactions across the flat interface be-

tween the negative patches formed by D94 and

D95 (21) and the positive patches formed by

R125 and R121 that lie outside the hydrophobic

patch could re-form after a 180- rotation to pro-

vide the recombinants the correct relative subunit

orientation that would facilitate religation. Nega-

tive superhelicity of the DNA presumably drives

the direction of rotation. Lastly, if the interme-

diate states of a subunit rotation are modeled and

an energy minimization refinement carried out by

using the program CNS (24), the energy is cal-

culated to remain constant throughout the rota-

tion (fig. S5). Only small motions of side chains

are required to avoid steric clashes (movie S4).

A subunit rotation model for strand exchange

is consistent with experiments on the topological

changes associated with strand exchange (5–7)

as well as with several crosslinking experiments.

Mutation of V114 (21) to cysteine on the E

helix results in crosslinking of the E helices

across the flat interface when the C114 residues

are oxidized (20). The crosslinked protein is able

to cleave DNA to form the covalent intermediate

but is unable to form the recombinant DNA

product. Reducing the disulfide crosslinks re-

stores the recombination activity. Because the sul-

fur atoms of the C114 residues are separated by

about 4.0 ), it seems unlikely that formation of

the crosslink substantially distorts the protein con-

formation. It thus appears that strand exchange

requires the movement of one antiparallel pair of

subunits relative to the other pair that lies across

the flat interface. This is consistent with a subunit

rotation model of recombination. Furthermore,

a Q-to-C mutation of Hin recombinase at an E

helix residue that is homologous to residue 136

in gd resolvase efficiently crosslinks when

oxidized; oxidation stops religation of the cleaved

DNA (25). Similarly, mutation of K136 to C136

in an activated gd resolvase also crosslinks (fig.

S4). The ability of Q134YC134 Hin or

K136YC136 resolvase to be crosslinked can

be explained by subunit rotation. Indeed, the

two pairs of 136 residues are far apart in the

present synaptic structure (Fig. 3C) but could be

within crosslinkable distance across the flat in-

terface after a 75- rotation of one antiparallel

dimer relative to the other. The inability of

crosslinked Hin Q134C to religate the covalent-

ly attacked, cleaved DNA is consistent with the

crosslink stabilizing a rotated intermediate.

There are two issues that also need to be

accommodated by the subunit rotation model.

The products of recombination by the wild-type

resolvase retain superhelicity, indicating that no

dissociation of subunits occurs during strand ex-

change (2). Furthermore, the products are almost

exclusively the result of a single 180- rotation

(2). What prevents dissociation, and what lim-

its the rotation? The total hydrophobic surface

area buried upon formation of the flat interface

varies from 1760 to 2400 )2, which is larger

than the 1390 )2 buried upon formation of

the trypsin-pancreatic trypsin inhibitor complex,

whose dissociation constant is 10j13 M (26),

which corresponds to a dissociation rate of about

a day. Thus, it is plausible that the recombina-

tion rate is far faster than the rate of dissociation.

Second, although the negative superhelicity of

the DNA explains the direction of a single 180-

rotation, subunit rotation does not easily explain

why a single rotation dominates in a recombina-

tion assay using wild-type protein and res sites.

Perhaps the protein assembly at sites II and III

plays an unexplained role in controlling the

change in linking number.

A domain swapmodel, which posits tetramer

contacts are maintained by the E helices while a

portion of the catalytic domain and the DNA

are exchanged, is hard to reconcile with the cur-

rent structure. First, the flexible linker (G101 and

E102) through which two catalytic domains are

to be swapped are 30) apart. Substantial unfold-

ing of the E helix or catalytic domain would be

required before the swap. Additionally, the DNA

Table 1. Crystallographic data and structure refinement statistics. MAD, multiwavelength anomalous
diffraction; SAD, single wavelength anomalous diffraction; SIR, single isomorphous replacement; N/A, not
applicable; blank entries, data not collected.

Space group P3221 P212121

Unit cell dimension (Å) 125 by 125 by 127 117 by 125 by 138
Solvent content (%) 72 68
Native data

Resolution (Å) 3.9 3.4
Rsym (overall/last shell) 0.094/0.738 0.068/91.0
I/s (overall/last shell) 11.9/1.5 25.7/2.0
Completeness (%) 94.9 99.8
Redundancy 2–3X 7–8X
Unique reflections 10,987 33,091

Derivative data
Pb(NO3)2 3 wavelength MAD
Resolution (Å) 4.1, 4.4, 4.6
Cross R (%) 18.8–20.5
Phasing power (centric/acentric) 0.83/1.21

K2PtCl6 3 wavelength MAD SIR
Resolution (Å) 3.8, 4.0, 4.2 3.4
Cross R (%) 19.9–20.4 24.8
Phasing power (centric/acentric) 0.73/1.42 1.20/2.13

KAu(CN)2 SAD
Resolution (Å) 4.2
Cross R (%) 21.3
Phasing power (centric/acentric) 0.73/1.05

Bromine erivative 1 SAD
Resolution (Å) 4.5
Cross R (%) 25.0
Phasing power (centric/acentric) 0.91/1.44

Bromine derivative 2 SAD
Resolution (Å) 4.8
Cross R (%) 20.2
Phasing power (centric/acentric) 0.50/1.71

Se-Met derivative SAD
Resolution (Å) 5.8
Cross R (%) 24.6
Phasing power (centric/acentric) N/A

Overall figure of merit 0.60 0.42
Refinement statistics

Resolution range 41–3.9 41–3.4
No. of atoms (protein/DNA) 2837/1428 5673/2847
RMSD bond length 0.009 0.009
RMSD bond angle 1.327 1.454
R 27.1 26.3
Rfree 32.4 29.4
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would have to dissociate from the DNA binding

domain. Second, a processive 360- rotation, or

multiples thereof, has been observed when using

an artificial substrate that has two sites mismatch-

ing in the central region of site I (27) and is not

easily explained by the domain swap model.

The synaptosome. How this synaptic tet-

ramer bound to site I can be accommodated in

a model of the complete synaptosome is un-

clear. The relationship between the synaptic

tetramer seen here and the rest of the complex

must differ from the model proposed earlier (14)

for a synaptosome structure. That model was

constructed making the assumption, on the basis

of extensive genetic data (12, 13), that dimers

bound to sites I, II, and III of the same res site

DNA are making the 2, 3¶ interactions. There

are, however, no biochemical or structural data

to support the proposed interaction between the

three resolvase dimers bound to each of the two

res sites. Our attempts to model the synaptic

complex at site I (via the R and R¶ subunits)

onto the structure of a site II and III complex

presumed in earlier models (10, 14) show that,

although the dimensions roughly match, an in-

teraction of the 2, 3¶ type cannot be made.

We presume that resolvase dimers bound

to sites II and III of two res sites contained in

negatively supercoiled DNA are able to syn-

apse and present two dimers bound to site I

DNAs in such a manner that they promote the

formation of the synaptic complex structure

seen here. Perhaps two resolvase dimers are

bound to the two site I DNAs in a presynaptic

conformation initially and then form a synaptic

tetramer at site I, facilitated by an increase in

the local concentration and orientation of site I

dimers by the rest of the synaptosome. How-

ever, the transition to the tetramer structure by

the site I–bound resolvase subunits is likely

accompanied by release of their 2,3¶ inter-

actions with the rest of the complex. It will

doubtless be necessary to determine the struc-

ture of the whole synaptosome in order to un-

derstand how resolvase dimers bound to sites

II and III promote synapsis at site I.
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Individual carbon nanotubes are like minute bits of string, and many trillions of
these invisible strings must be assembled to make useful macroscopic articles.
We demonstrated such assembly at rates above 7 meters per minute by co-
operatively rotating carbon nanotubes in vertically oriented nanotube arrays
(forests) and made 5-centimeter-wide, meter-long transparent sheets. These
self-supporting nanotube sheets are initially formed as a highly anisotropic
electronically conducting aerogel that can be densified into strong sheets that
are as thin as 50 nanometers. Themeasured gravimetric strength of orthogonally
oriented sheet arrays exceeds that of sheets of high-strength steel. These nano-
tube sheets have been used in laboratory demonstrations for the microwave
bonding of plastics and for making transparent, highly elastomeric electrodes;
planar sources of polarized broad-band radiation; conducting appliqués; and
flexible organic light-emitting diodes.

Carbon nanotube sheets are usually made using

techniques from the ancient art of paper-

making, typically by a week-long filtration of

nanotubes dispersed in water and then peeling

the dried nanotubes as a layer from the filter

(1, 2). Variations of the filtration route produce

ultrathin nanotube sheets that are highly

transparent and highly conducting (3, 4). Al-

though filtration-produced sheets are normally

isotropic within the sheet plane, sheets having

partial nanotube alignment result from the

application of high magnetic fields during

filtration (5) and from mechanical rubbing of

nanotubes that are vertically trapped in filter

pores (6). In other important advances, nano-

tube sheets have been fabricated from a

nanotube aerogel (7), by Langmuir-Blodgett

deposition (8), by casting from oleum (9), and

by spin coating (10).

We produced highly oriented, free-standing

nanotube sheets by a solid-state process that

appears to be scalable for continuous high-rate

production. This development builds on previ-

ous advances in the dry-state spinning of

nanotube yarns from forests (11) and the

introduction of twist to increase sheet strength

a thousandfold (12).
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These transparent nanotube sheets were

drawn from a sidewall of multiwalled nanotube

(MWNT) forests that were synthesized by

catalytic chemical vapor deposition, using

acetylene gas as the carbon source (12). The

MWNTs were È10 nm in diameter, and the

range of investigated forest heights was 70 to

300 mm. Draw was initiated using an adhesive

strip, like that on a 3M Post-it Note, to contact

MWNTs teased from the forest sidewall.

Meter-long sheets, up to 5 cm wide, were

then made at 1 m/min by hand drawing (Fig.

1A and movie S1). Despite a measured areal

density of only È2.7 mg/cm2, these 500-cm2

sheets were self-supporting during draw. A

1-cm length of 245-mm-high forest converts to

about a 3-m-long freestanding MWNT sheet.

The sheet production rate was increased to

5 m/min by using an automated linear trans-

lation stage to accomplish draw (Fig. 1B) and

was increased to up to 10 m/min by winding

the sheet on a rotating centimeter-diameter

plastic cylinder. The sheet fabrication process

is quite robust, and no fundamental limita-

tions on sheet width and length are apparent:

The obtained 5-cm sheet width equaled the

forest width when the draw rate was about

5 m/min or lower. At constant draw rates above

È7 m/min, the sheets progressively narrowed,

and MWNT fibrils began to break at the

intersection between the sheet sides and the

forest.

This draw process does not work for all

MWNT forests, and the maximum allowable

draw rate depends on the structure of the forest.

Intermittent bundling within the forest seems

to be important, in which individual nanotubes

migrate from one bundle of a few nanotubes to

another. Bundled nanotubes are simultaneous-

ly pulled from different elevations in the forest

sidewall, so that they join with bundled nano-

tubes that have reached the top and bottom of

the forest, thereby minimizing breaks in the

resulting fibrils (Fig. 1, B and C). Disordered

regions exist at the top and bottom of the

forests, where a fraction of the nanotubes

form loops, which might help maintain con-

tinuity. For forests having similar topology,

the highest forests were easiest to draw into

sheets, probably because increasing the nano-

tube length increases interfibril mechanical

coupling within the sheets.

Nanotube orientation is evident in the

micrograph of Fig. 1B and in ultraviolet

(UV)–visible absorption and Raman scattering

measurements for as-drawn single MWNT

sheets and sheet stacks. Depending on the

sample, the ratio of Raman intensity (632.8-nm

excitation) of the G band for polarization

parallel and perpendicular to the draw direc-

tion is between 5.5 and 7.0 for the VV

configuration (parallel polarization for inci-

dent light and Raman signal), which cor-

responds to polarization degrees of 0.69 and

0.75, respectively, for the investigated four-

sheet stacks (fig. S1). Ignoring the effect of

light scattering, the ratio of absorption coef-

ficients for parallel and perpendicular polar-

izations for the as-drawn single sheet was 4.1

at 633 nm and monotonically increased to 6.0

at 2.2 mm.

The thickness of the as-produced MWNT

sheet increased with increasing forest height

and was È18 mm in scanning electron micros-

copy (SEM) images of a sheet drawn from a

245-mm-high forest. From this thickness and

themeasured areal sheet density ofÈ2.7 mg/cm2,

the volumetric density was 0.0015 g/cm3.

Hence, the as-produced sheets are an elec-

tronically conducting, highly anisotropic aero-

gel. These sheets, which can easily be stacked

(Fig. 1D), can support millimeter-sized liquid

droplets that are 50,000 times more massive

than the supporting sheet region in contact

with the droplet (Fig. 1E).

We can easily densify these highly aniso-

tropic aerogel sheets into highly oriented sheets

having a thickness of 50 nm (13) and a den-

sity of È0.5 g/cm3. We obtain this 360-fold

density increase simply by causing the as-

produced sheet to adhere to a planar substrate

(such as glass, many plastics, silicon, gold,

copper, aluminum, or steel) by contact, ver-

tically immersing the substrate with the at-

tached MWNT sheet in a liquid (such as

ethanol) along the nanotube alignment direc-

tion, and then retracting the substrate from the

liquid. Surface tension effects during ethanol

evaporation shrink the aerogel sheet thick-

ness to È50 nm. SEM micrographs taken nor-

mal to the sheet plane suggest a decrease in

nanotube orientation as a result of densifica-

tion. This observation is deceptive: The col-

lapse of È20-mm sheets to È50-nm sheets

without changes in lateral sheet dimensions

means that out-of-plane deviations in nano-

tube orientation become in-plane deviations

that are noticeable in the SEM micrographs.

The aerogel sheets can be effectively glued

to a substrate by contacting selected regions

with ethanol and allowing evaporation to

densify the aerogel sheet. Adhesion increases

because the collapse of aerogel thickness in-

creases the contact area between the nano-

tubes and the substrate.

The sheet resistance in the draw direction

changes by G10% upon sheet densification by a

factor of È360, which increases sheet trans-

parency (Fig. 2, A and B). Although the

Fig. 1. MWNT forest conversion
into sheets and assemblies of
those sheets. (A) Photograph of
a self-supporting 3.4-cm-wide,
meter-long MWNT sheet that
has been hand drawn from a
nanotube forest at an average
rate of 1 m/min. Its transparen-
cy is illustrated by the visibility
of the NanoTech Institute logo
that is behind the MWNT sheet.
(B) SEM image, at a 35- angle
with respect to the forest plane,
capturing a MWNT forest being
drawn into a sheet. (C) SEM
micrograph showing the cooper-
ative 90- rotation of MWNTs in a
forest to form a sheet. (D) SEM
micrograph of a two-dimensionally
re-reinforced structure fabricated
by overlaying four nanotube sheets
with a 45- shift in orientation
between successive sheets. The
dark circle is the shadow of the
in-lens detector. (E) Photograph
showing two orthogonal as-drawn
nanotube sheets supporting drop-
lets of water (È2.5 mm in diam-
eter), orange juice, and grape juice,
where the mass of the droplet
is up to 50,000 times that of
the contacting nanotube sheets.
The aerogel sheet regions under
the aqueous droplets are densi-
fied during water evaporation.
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anisotropy ratio for sheet resistance decreases

from 50 to 70 for the undensified sheets to

10 to 20 for the densified sheets, this anisot-

ropy ratio for the densified sheets is nearly

temperature-invariant. In fact, the temperature

dependence of sheet resistivity is nearly the

same for the forest-drawn densified nanotube

sheets and for sheets made by the filtration

route using the same forest-grown MWNTs,

and is much smaller than for single-walled

nanotube (SWNT) sheets fabricated by filtra-

tion (14) (Fig. 2A). In addition, the low-

frequency (f ) noise power density in the draw

direction for a densified forest-drawn sheet is

104 and is 10 times lower than for ordinary

filtration-produced sheets of SWNTs and

MWNTs, respectively (Fig. 2C). The litera-

ture reports high 1/f noise for individual

SWNTs and SWNT mats (15) and low noise

having either a 1/f (16) or a 1/f 2 dependence

(17) for individual MWNTs. In contrast with

the latter single-MWNT results, the noise

power density for our densified MWNT sheets

has a 1/f frequency dependence.

A possible explanation for these electronic

properties is found in SEM micrographs (fig.

S2), which indicate that up to È50-nm-wide

fibrils (containing many bundled MWNTs)

laterally fork and then eventually recombine

with the forked legs of other fibrils to form a

laterally extended network. High resistance of

interfibril contacts formed during densification,

as comparedwith thosewithin the original fibril

network, might explain why sheet resistance

changes little as a result of over 300-fold sheet

densification. Because low-frequency noise

inversely depends on the number of atoms at

resistive contacts (15), the low 1/f noise of the

solid-state fabricated MWNT sheets could re-

sult from the long path length where MWNTs

overlap within the fibril network. Whatever

the explanation for these properties, the low

electrical noise and low temperature co-

efficient of resistivity for the forest-drawn

sheets could be important for electronic ap-

plications such as chemical sensors.

The densified nanotube sheets showed high

transparency in combination with usable elec-

trical conductivity, a combination needed for

such applications as displays, video recorders,

solar cells, and solid-state lighting (3). The

sheet resistivity was È700 ohms per square in

the draw direction before and after densifica-

tion for the forest-drawn sheets, and 10 to 20

times higher in the orthogonal in-plane di-

rection for the densified sheet. The transmit-

tance for the densified MWNT sheet was

985% for perpendicular polarization, 965%

for parallel polarization between 400 nm and

2 mm, and 985% for unpolarized radiation

between 1.5 and 10 mm (Fig. 2B). These

MWNT sheets will adhere to transparencies

made of poly(ethylene terephthalate) and to

silicone rubber sheets, thereby providing

transparent bilayer composites that can be

bent in any direction without causing a

substantial decrease in electrical conductivity

(movie S2). This ability to bend without deg-

radation of electronic conductivity is impor-

tant for flexible electronic circuits and is not

found in conventional transparent conductors

such as indium tin oxide (ITO).

After an initial conditioning strain cycle, in

which conductivity decreased È6% with in-

creasing strain, the nanotube/elastomer sheet

was repeatably deformable over 100% strain

(fig. S3) without causing a substantial change

in conductance (18). Ordinary conductors can-

not undergo nearly such large strains without

losing electrical contact with the actuating

material. Although conducting greases are used

to maintain electrical contact to electrostric-

tive actuator materials that generate 100% or

higher strains (19), these greases are not suit-

able for use as electrodes for stacks of elec-

trostrictive sheets that can generate large forces

and high strains without requiring several-

thousand-volt applied potentials.

Although no alternative solid-state conduc-

tors combine elastic deformability to 100%

strain and essentially constant electronic con-

ductivity, transparent doped SWNT sheets

having È20 times higher electrical conductiv-

ity are known (3). The transparency of those

SWNT sheets (either doped or undoped)

strongly depends on wavelength in the visible

and near-infrared. Thus, the monotonic in-

crease in transmittance with increasing wave-

length (Fig. 2B) of our MWNT sheets provides

an advantage for broadband applications. Also,

the electrical conductivity of those SWNT

sheets decreases 10 times upon dedoping. Ex-

tension of the present solid-state sheet fabrica-

tion technology to doped MWNTs and doped

SWNTs is desirable in order to increase

electrical conductivity for transparent conduc-

tor applications, and even the latter appears

feasible because of the recent development of

2.5-mm-high nanotube forests comprising

SWNTs (20).

The forest-drawn MWNT sheets can be

conveniently assembled into biaxially reinforced

sheet arrays (Fig. 1D) and as conducting layers

on nonplanar surfaces, such as by helically

wrapping a sheet strip on a millimeter- or

larger-diameter cylinder (fig. S4). Chiral struc-

tures, which will likely be optically active for

long infrared and microwave wavelengths, can

be made by stacking parallel sheets so that the

orientation direction varies helically along the

stack thickness and then densifying the stacked

array so that the individual sheet thickness is

È50 nm.

Especially considering the absence of poly-

mer binder, the mechanical properties of the

Fig. 2. Electronic and optical properties. (A) Sheet
resistance R(T) measured in vacuum, normalized with
respect to R(300 K), versus temperature, showing
that the as-drawn MWNT sheet (blue symbols) has
a much lower temperature dependence of electrical
conductivity than does an isotropic SWNT sheet
(red symbols) made by the standard filtration pro-
cess. The inset shows the nearly identical temperature
dependence of sheet resistance in the draw direction
for forest-drawn sheets before (red symbols) and after
(blue symbols) densification, in the orthogonal di-
rection for the densified forest-drawn sheet (brown
symbols), and for a filtration-fabricated sheet of
forest-grown MWNTs (green symbols). (B) Optical
transmittance versus wavelength for a single MWNT

sheet, before and after densification, for light polarized perpendicular to (±) and parallel to (¬) the
draw direction and for unpolarized light (the two curves on the right), where the arrow points from
the data for the undensified sample to those for the densified sample. (C) Noise power density (SV,
measured in air for 10-mA biasing) versus frequency ( f ) for a densified forest-drawn MWNT sheet
(open circles), compared with that for ordinary filtration-produced MWNT sheets (solid circles) and
SWNT sheets (solid rectangles) having the same 40-ohm resistance. The dashed lines are data fits for
a 1/f

a

dependence, where a is 0.98 T 0.04, 0.97 T 0.02, and 1.20 T 0.02 for the lower, middle, and
upper data sets, respectively. The lower-limit noise power at temperature T (the product of 4 kT and
the sample resistance R, where k is Boltzmann’s constant) is indicated by the horizontal dotted line.
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aerogel-like and densified MWNT sheets are

unexpectedly high, which is probably a conse-

quence of the interconnected fibril network

(fig. S2). The density-normalized mechanical

strength is much more accurately determined

than mechanical strength, because the sheet

thickness is less reliably measured than the

ratio of maximum force to mass-per-length in

the stretch direction. Stacks of undensified

sheets have an observed tensile strength of

between 120 and 144 MPa/(g/cm3) (fig. S5, A

and B). A densified stack containing 18

identically oriented sheets had a strength of

465 MPa/(g/cm3), which decreased to 175

MPa/(g/cm3) when neighboring sheets in the

stack were orthogonally oriented to make a

densified biaxial structure. These density-

normalized strengths are already comparable

to or greater than the È160 MPa/(g/cm3)

strength of the Mylar and Kapton films used

for ultralight air vehicles and proposed for use

in solar sails for space applications (21) and

those for ultra–high-strength steel EÈ125

MPa/(g/cm3)^ and aluminum alloy EÈ250

MPa/(g/cm3)^ sheets.

Sheets generally have much lower limiting

strengths than do fibers of the same material.

However, at a value of 465 MPa/(g/cm3), the

tensile strength of the densified MWNT sheet

is comparable to or exceeds reported values

for nanotube fibers and yarns that do not

include a binding agent: 575 MPa/(g/cm3) for

forest-spun twisted MWNT yarns (12), 500

MPa/(g/cm3) for aerogel-spun yarns (7), 105

MPa/(g/cm3) for SWNT yarns spun from

superacids (22), and 65 MPa/(g/cm3) for

SWNT yarns spun using an acidic coagulation

bath (23). Order-of-magnitude or greater in-

creases in mechanical strength have been

observed when internanotube coupling is en-

hanced by polymer incorporation into nano-

tube sheets and yarns (23–26), and similar

strength increases might be achievable by in-

filtration of suitable polymers into the present

MWNT sheets.

Initial results suggest additional promising

applications. One is as a stable planar source of

polarized UV, visible, and infrared incan-

descent light (Fig. 3, A and B) for use in

sensors, infrared beacons, infrared imaging,

and reference signals for device calibration.

The degree of polarization of emitted ra-

diation for 2.5% stretched as-drawn sheets

increases from 0.71 at 500 nm to 0.74 at 780

nm (Fig. 3B), which is substantially higher

than the degree of polarization (0.33 for 500

to 900 nm) previously reported for a 600-mm-

long MWNT bundle with an emitting length

of È80 mm (27). The wavelength dependence

of light intensity for both polarizations fits the

functional form expected for black-body ra-

diation, and the degree of polarization does

not significantly depend on sheet temperature

for the observed temperature range between

1000 and 1600 K. Cost and efficiency bene-

fits result from decreasing or eliminating the

need for a polarizer, and the MWNT sheet

provides spatially uniform emission over a

broad spectral range that is otherwise hard

to achieve. The low heat capacity of these

very-low-mass incandescent emitters means

that they can turn on and off within the ob-

served 0.1 ms or less in vacuum and provide

current modulated light output on a shorter

time scale.

By simply contacting the as-drawn

MWNT sheets to ordinary adhesive tape, we

have made optically transparent adhesive

appliqu2s that could be used for electrical

heating and for providing microwave absorp-

tion (14). Because of MWNT sheet porosity,

the peel strength is largely maintained when

an undensified MWNT sheet is laminated

between an adhesive tape and a contacted

plastic or metal surface (14) (fig. S6). We

have used the known microwave absorption

capability of MWNTs (28, 29) to demonstrate

another possible application: polymer welding

through heating of a transparent MWNT sheet

that is sandwiched between plastic parts (14).

Figure 3C shows two 5-mm-thick Plexiglas

(polymethyl methacrylate) plates that were

welded together using microwave heating of

a sandwiched undensified MWNT sheet to

provide a strong, uniform, and transparent

interface in which nanotube orientation and

sheet electrical conductivity are little changed.

The combination of high transparency and ul-

trahigh thermal stability provides advantages

Fig. 3. Application as a broadband source of polarized incandescent light and for the microwave
welding of plastics. (A) Photograph showing a free-standing undensified MWNT sheet (16 mm
by 22 mm) used as a planar incandescent light source that emits polarized radiation. The
background color of the unheated sheet (left) and the incandescent sheet (right) differs because
of reflected incandescent light from a white paper sheet that is behind the light source. (B)
Spectral radiance in directions parallel to (¬) and perpendicular to (±) the draw direction of an
as-drawn undensified MWNT sheet after an added inelastic stretch in the initial draw direction
of 2.5%. The luminance polarized parallel to the sheet draw direction for the indicated spectral
range is 6.1 times higher than for the perpendicularly polarized luminance, which corresponds to
a polarization factor of 0.72. The inset shows these data on a semilogarithmic scale. Underlying
solid lines (largely obscured by coincidence with the data points) are data fits assuming black-
body radiation with T 0 1410 K. (C) Photograph of two 5-mm-thick Plexiglas plates that have
been welded together by microwave-induced heating of an as-drawn MWNT sheet strip that
was sandwiched between these plates. The nanotube sheet strip at the welded interface (see
arrow for vertical extension) remains oriented, highly conducting, and transparent, as indicated
by the visibility of ‘‘UTD’’ printed on an underlying paper sheet.
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for microwave-based welding not found in the

conducting polymers (30). This microwave

heating process could be used to make

polymer composites from stacks of polymer

sheets that are separated by nanotube sheets,

car windows that are electrically heated, or

antennas in car windows that have high

transparency.

The work function of these transparent

MWNT sheets (È5.2 eV) is slightly higher

than that of the ITO typically used as the

transparent hole-injecting electrode in organic

light-emitting diodes (OLEDs), and these

sheets have the additional benefits of being

porous and flexible. MWNT sheets made with

previous techniques have not been successfully

used for optically transmissive, hole-injecting

layers in OLEDs: The sheet thickness and

surface roughness dwarf the typical 100-nm

layer thickness of emissive layers needed for

OLEDs (31), thereby causing interelectrode

shorts; and in thicker devices, the unbalanced

hole and electron currents prevent light

emission. However, black sheets of solution-

spun MWNTs have been used as nontrans-

missive hole-collecting electrodes in solar

cells (10), and transparent p-type SWNT

sheets have been used as hole-injection elec-

trodes in inorganic LEDs based on gallium

nitride (32).

We have taken advantage of the nanometer-

scale thickness, transparency, flexibility, poros-

ity, and high work function of our densified

MWNT sheets to demonstrate polymer-

based OLEDs on both flexible plastic and rigid

glass substrates (14). Hole injection occurs

over the high-surface-area interior of the

nanoporous nanotube electrode, as opposed

to at a planar interface in the previous

inorganic LEDs (32). The onset voltage for

emission is quite low (2.4 V, about the same

as for the highest-performance ITO in

similar devices), and rather bright electro-

luminescence was obtained (up to 500 cd/m2)

(fig. S7). The emitted light is slightly po-

larized, but in an orthogonal direction from

that for the above incandescent light source,

because the MWNT sheet acts as a polariz-

er. If a polymeric light-emitting layer were

aligned using known methods (33) to pro-

vide emission in the same polarization di-

rection, absorption due to the MWNT hole

injector could be minimized, which is not

possible for conventional ITO hole-injecting

electrodes.

Although solution- or melt-based pro-

cessing becomes increasingly difficult as nano-

fiber length increases, the opposite is true for

the present solid-state sheet fabrication pro-

cess: 300-mm-long nanotubes are easier to

convert into sheets than are 70-mm-long nano-

tubes. Also, ultrasonication used for nanotube

dispersion in solution-based processing de-

creases nanotube length, and this degradative

step is absent from the present sheet fabrica-

tion process. These are important advantages

of the present technology, because long, high-

perfection nanotubes are needed for max-

imizing electrical and thermal conductivities

and mechanical properties.
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Understanding the Infrared

Spectrum of Bare CH
5
þ

Oskar Asvany,1* Padma Kumar P,2* Britta Redlich,3

Ilka Hegemann,2 Stephan Schlemmer,1,4 Dominik Marx2.

Protonated methane, CH5
þ, continues to elude definitive structural assignment, as

large-amplitude vibrations and hydrogen scrambling challenge both theory and
experiment. Here, the infrared spectrum of bare CH5

þ is presented, as detected by
reaction with carbon dioxide gas after resonant excitation by the free electron
laser at the FELIX facility in the Netherlands. Comparison of the experimental
spectrum at È110 kelvin to finite-temperature infrared spectra, calculated by ab
initio molecular dynamics, supports fluxionality of bare CH5

þ under experimental
conditions and provides a dynamical mechanism for exchange of hydrogens
between CH3 tripod positions and the three-center bonded H2 moiety, which
eventually leads to full hydrogen scrambling. The possibility of artificially freezing
out scrambling and internal rotation in the simulations allowed assignment of the
infrared spectrum despite this pronounced fluxionality.

Protonated methane, CH
5
þ, is of great in-

terest in vibrational spectroscopy (1–4) as the

prototype of hypercoordinated carbon and

three-center two-electron bonding (5, 6). The

equilibrium structure—that is, the global min-

imum of its potential energy surface (PES)—

can be viewed as a CH
3
tripod with a H

2

moiety attached to the carbon in an eclipsed

C
s
configuration, e-C

s
, via a three-center bond

(7). However, rapid hydrogen scrambling has

called into question the notion of assigning it

such a traditional molecular structure (8–11),

despite the stability of CH
5
þ once it is formed

(12). This fluxionality has been traced back
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to an unusually shallow PES (13–15). A

staggered structure, s-C
s
, only È0.1 kcal/mol

higher in energy (15) than e-C
s
, is reached by

internal rotation of the H
2
moiety about the

quasi-C
3
axis while keeping the three-center

bonding pattern. Most important, a structure

where the H
2
moiety is broken apart—a C

2v

first-order saddle point characterized by four-

center four-electron bonding (7)—is only

È0.8 kcal/mol (corresponding to È300 cmj1

or 0.03 eV) above the e-C
s
ground state (15).

This allows for large-amplitude motion upon

quantum mechanical and/or thermal rotational-

vibrational excitation (16–23).

Without direct access to real-space struc-

ture and dynamics (24), the only link between

experiment and theory to date has been spec-

troscopy. After considerable experimental effort

(1, 2), including a pioneering infrared (IR) study

(3) of the microsolvated cation CH
5
þ
I(H

2
)
nQ1

,

the high-frequency wing of the C-H stretch-

ing band of bare CH
5
þ was recently published

(4). However, no assignment or even qualita-

tive understanding could be offered (4); hence,

clear evidence of fluxionality, challenged by

mass spectrometric data (25, 26), is still lack-

ing. On the other hand, given a molecule that

continuously changes not only its shape and

the symmetry of its instantaneous structure but

also its chemical bonding topology through

rapid intramolecular dynamics, it is unclear

how the IR spectrum would look or how such

a spectrum could be assigned once known.

Here, the IR spectrum of bare, cold CH
5
þ

could be studied by combining a low-temperature

22-pole ion trap with the large tuning range

of the free electron laser (FEL) at the FELIX

facility (27, 28) and the laser-induced reaction

(LIR) technique. In LIR, infrared excitation

induces a bimolecular reaction of the parent

molecule, CH
5
þ, and the amount of product

formed is a measure of the absorption intensity

as a function of the excitation wavelength.

The major benefits of LIR are the storage of

mass-selected ions at variable temperatures,

10 to 300 K, in conjunction with mass analysis

of product ions that are detected with close

to perfect efficiency. Thus, LIR can be much

more sensitive than traditional absorption de-

tection techniques. The experimental spectra

are complemented by the calculation of an-

harmonic IR spectra via ab initio molecular

dynamics (29–31). Dissecting the trajectories

obtained in full dimensionality elucidates

the scrambling mechanism and its effect on the

spectrum. Furthermore, comparison of the com-

puted and the measured stretching and bending

modes strongly supports fluxionality of bare

CH
5
þ under experimental conditions. Most no-

tably, the computational strategy of artificially

freezing out scrambling and internal rotation

paves the way for assigning the IR spectrum.

In the experiment, mass-selected ions are

stored in a variable-temperature 22-pole ion

trap (Fig. 1). In the trap they interact with re-

actant gas of constant number density and

with the radiation field of an IR laser held at a

constant wavelength. After a trapping time of

several seconds, reactant and product ions are

extracted, mass-analyzed, and detected with

near-100% collection efficiency. An action

spectrum of the parent ion is obtained by

recording the number of mass-selected product

ions as a function of the IR wavelength. In

previous LIR benchmarks (32–34), a small

endothermicity hindered the reaction of inter-

est but was overcome by the resonant ex-

citation of the parent ion. For the spectroscopy

of CH
5
þ, the endothermic proton transfer reaction

CH5
þ
þ CO2Y

hn

CH4 þ OCOHþ was chosen

(35). The difference in proton affinities of CO
2

and CH
4
amounts to an endothermicity of È0.7

kcal/mol , 250 cmj1, implying that the reac-

tion proceeds very slowly at the trap tem-

perature of 110 (T5) K. With each filling of the

22-pole trap, an ensemble of about 3000 CH
5
þ

ions was stored for 4 s in the cold CO
2
gas

environment and exposed to the tunable IR

light of the FELIX FEL (27, 28). After this

storage period, the number of OCOHþ ions

produced by LIR was recorded, the laser was

tuned to the next frequency, and the trap was

filled again. The FEL was operated at its max-

imum repetition rate of 10 Hz with pulses

having a typical length of 7 ms and an energy

content varying from 10 to 30 mJ (at user sta-

tion) depending on the wavelength region. The

bandwidth of the FELIX FEL is adjustable but

always transform-limited; here, the resolution

was set to È0.5% full width at half maximum

of the central frequency at a given wavelength.

The product ion counts were background-

corrected and divided by the spectral energy

density r 0 P/(A I c I Dn), where P, A, and Dn

are the power, area, and bandwidth of the laser

beam, respectively, and c is speed of light. The

resulting normalized action spectrum corre-

sponds to the product of the Einstein B(n) co-

efficient, the population g of the accessible

rotational states, and the reaction probability of

the excited CH
5
þ with neutral CO

2
gas (35).

To a first approximation, this reaction proba-

bility is proportional to the rate coefficient

k*(n) of the excited ion, which, unfortunately,

is unknown. Because of the limited resolution

of the laser, Dn º n, an increasing number of

rotational states is excited simultaneously with

increasing photon energy, hn. Assuming a

linear relationship between g and the laser

bandwidth, g È Dn È n, the LIR signal should

be proportional to the product of the absorption

cross section a(n) and k*(n).

The resulting experimental spectrum (Fig.

2A) consists of a very broad high-frequency

band extending from about 2200 cmj1 beyond

3200 cmj1; only the dominant peak close to

3000 cmj1 was observed earlier (3, 4). The

frequency range probed here reveals important

additional features: Substructures extending

down to about 2200 cmj1 are discernible at

the low-frequency wing of the dominant C-H

stretching peak. Furthermore, a broad and fea-

tureless unimodal bending band is found near

1250 cmj1. Note that the reaction probability

1Leiden Observatory, 2300 RA Leiden, Netherlands.
2Lehrstuhl für Theoretische Chemie, Ruhr-Universität
Bochum, 44780 Bochum, Germany. 3FELIX Facility,
Foundation for Fundamental Research on Matter
(FOM) Institute for Plasma Physics ‘‘Rijnhuizen,’’
3430 BE Nieuwegein, Netherlands. 4I. Physikalisches
Institut, Universität zu Köln, Zülpicher Strasse 77,
50937 Köln, Germany.

*These authors contributed equally to this work.
.To whom correspondence should be addressed.
E-mail: dominik.marx@theochem.rub.de

Fig. 1. Schematic of the 22-pole ion trap as used for LIR. The mass-selected ensemble of ions is
injected into the trap from the left and kept there for several seconds. Once captured, the ions are
cooled down to the trap temperature (110 K) by a short, intense helium pulse. In the trap, the ions are
exposed to reactant gas molecules and tunable laser light (coming from the right through the axially
transparent setup). The result of this interaction is detected by extracting the stored ion cloud to the right
into amass filter and counting the number of product ions. An action spectrum of the stored parent ions is
recorded by repeating this process while scanning the IR laser. Color code: orange, carbon; red, hydrogen;
blue, oxygen.
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(and thus the a priori sensitivity of the experi-

ment) decreases with decreasing frequency, ap-

proaching the small thermal rate coefficient k

observed without laser excitation Ek*ðnÞY
nY0

k;

see dashed line in Fig. 2A^; thus, features at

much lower frequencies are difficult to detect.

To link these experimental data to a mo-

lecular picture, we computed the IR spec-

trum of bare CH
5
þ at finite temperatures from

the Fourier transform of the classical time-

autocorrelation function of the total dipole

moment, subject to a quantum correction most

suitable for vibrational spectra including an-

harmonic floppy modes (36). The underlying

trajectories were generated by ab initio molec-

ular dynamics (29–31) relying on a density

functional approach (17, 18) well-tested for

comparable benchmark structures and energies

(14, 15). The absorption cross sections a(n)

shown in Fig. 2, B and C, denoted Bhigh[-

and Blow[-temperature spectra, were obtained

as a canonical average based on independent

microcanonical trajectories sampled from Nos2-

Hoover chain (30) constant-temperature runs

at 300 and 50 K, respectively. The high-

temperature simulations at 300 K lead to a

behavior known to emulate closely the true

ground-state quantum behavior (17, 18), where-

as at È50 K hydrogen scrambling is frozen and

the internal rotation of the H
2
moiety is partly

frozen.

This freezing restriction clearly is an ar-

tifact, because it is known that the molecule

scrambles even in the ground state once

nuclear quantum effects are accounted for

(9, 17, 18). However, at the same time, it is

an extremely useful computational trick for

separating the impact of hydrogen scrambling

and internal rotation from trivial effects due

to small-amplitude motion. Thus, the Blow-

temperature[ spectrum is not the expected

experimental one for bare CH
5
þ at that

temperature, but rather is a simplification for

understanding the spectral features of the

computed Bhigh-temperature[ spectrum, which

in turn should approximate the measured one.

In addition, standard power spectra or vibra-

tional densities of states (VDOS), based on

suitably defined velocity autocorrelation func-

tions of (quasi-) local modes, are of great help

in assigning the spectrum.

Overall, the computed spectrum depicted

(Fig. 2B) compares favorably with experiment

(Fig. 2A). In particular, there are three sub-

peaks contributing to the broad band extend-

ing from about 2200 to 3400 cmj1 in addition

to a rather symmetric peak close to 1200 cmj1;

note that the usual frequency scaling (14, 37)

by an empirical correction factor of typically

0.91 to 0.95 would yield quantitative agree-

ment. Generally, the corresponding VDOS

above and below 2000 cmj1 can by approxi-

mation be decoupled upon projection onto C-H

stretching and H-C-H bending coordinates, re-

spectively; the broad feature near 1200 cmj1,

which comprises five modes in the harmonic

approximation (14, 19), is close to the highly

degenerate bending mode of CH
4
. Further de-

composition of the high-temperature spectrum

(Fig. 2B) is hampered by the fact that the

instantaneous arrangement of atoms (i.e., the

molecular structure) is constantly changing

as a result of hydrogen scrambling (23).

Fortunately, the artificial cooling of the mol-

ecule to a sufficiently low temperature results in

freezing of the scrambling dynamics. In this

nonscrambling regime (Fig. 2C), the most

prominent peak splits into a triplet centered

near 3220 cmj1, which is close to both the

experimental and calculated (, 3210 cmj1)

C-H stretching frequency of CH
4
; we also note

the good agreement of the low-temperature IR

peak positions in Fig. 2C with the resonances

of the low-energy power spectrum (19) ob-

tained from a PES at the MP2/cc-pVTZ level

of theory. Most interesting, however, is the

qualitative agreement of the triplet structure

(due to tripod stretching modes; see below)

observed only in the nonscrambling regime

with the emergence of a three-peak character-

istic in the measured IR spectrum (3) under

progressive microsolvation of bare CH
5
þ by

H
2
, which has been interpreted as being caused

by a slowing down of the scrambling dynamics.

Extended time intervals exist in the non-

scrambling regime where the internal rotation

of the H
2
moiety about the pseudo-C

3
axis is

either free or hindered. In the latter so-called

librational regime, only librational motion in

the e-C
s
minimum is possible, whereas in the

former (rotational) regime, full rotation is ac-

tivated, thus interconverting the e-C
s
and s-C

s

structures (Fig. 3). Decomposition of the VDOS

reveals that the central peak of the triplet gains

intensity in the rotational regime, where all

three tripod hydrogens are statistically equiv-

alent. This dynamical degeneracy, however, is

lifted in the librational regime, which favors

the eclipsed equilibrium structure, e-C
s
, and

results in red- and blue-shifted satellites. The

central peak and its blue-shifted satellite are

respectively assigned to symmetric and anti-

symmetric stretches of the tripod hydrogens

that are instantaneously non-eclipsed by the

H
2
moiety, whereas the red-shifted satellite is

due to stretching of the eclipsed tripod hy-

drogen (14). Despite the observed pronounced

mixing of stretching and bending modes due to

anharmonicity, the peak doublet around 2425

and 2700 cmj1, which is a well-separated

feature only in the nonscrambling regime, can

approximately be assigned to those antisym-

metric and symmetric stretching modes that in-

volve only the H
2
moiety in agreement with the

harmonic analysis (14).

Thus, the protons forming the H
2
moiety

and those engaged in the CH
3
tripod lead to

three well-separated stretching peaks in the

low-temperature regime, the prominent one of

highest frequency (tripod modes) having a

triplet substructure. In the high-temperature

regime where the computed spectrum matches

closely the experimental one, the lifetime of

the H
2
moiety is È55 fs, allowing for several

C-H stretching vibrational periods in C
s
-like

structures. In comparison, the time spent close

to the transition state for scrambling (see be-

low), corresponding to the lifetime of C
2v
-like

structures, is considerably shorter: È10 fs.

Thus, the three-center two-electron bonding

pattern, characterizing the C
s
-like ground-state

structure and the resulting correlated motion

of the five protons around the central carbon

A

B

C

Fig. 2. IR spectra of bare CH5
þ. (A) Experimental LIR spectrum. The number of injected CH5

þ parent ions
is 93000, the OCOHþ signal ion count had a maximum of È500 at the C-H bend frequency (1250
cmj1), and the data were normalized as described in the text. The LIR rate coefficient k*(n)/k*(3000
cmj1), shown by dashed line, was calculated on the basis of the heat capacity of CH5

þ, the
temperature of the experiment (110 K), and the endothermicity of the LIR reaction (35). (B and C)
Absorption cross sections from high-temperature (B) and low-temperature (C) ab initio simulations;
see text for details.
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nucleus, is the key to understanding the IR

spectrum, despite the underlying scrambling

dynamics.

Having identified hydrogen scrambling as

the dominant dynamical process, the underlying

rearrangement path can be analyzed with the

help of Fig. 3. An effective PES, U, as explored

by the two sets of simulations, is shown in a

subspace spanned by D 0 Tkd
12

j d
23
k (where

d
ij
is the distance between H(i) and H(j)) and V 0

n̂
1,2
Ir̂
3
(where n̂

1,2
is the unit normal to the

plane containing r̂
1
and r̂

2
, and r̂

i
denote the

unit vectors along the C-H(i) bonds) averaged

over the fluctuations in all remaining degrees

of freedom. The three protons H(1), H(2), and

H(3) are those that are instantaneously in-

volved in hydrogen scrambling events, as

identified before and after every such event

by analyzing the configurational trajectories.

Briefly, V measures deviations of the three

scrambling protons from coplanarity (where

V 0 0), whereas D is sensitive to their de-

viations from the C
2v
saddle point arrangement

(where D 0 0). In the low-temperature limit of

artificially frozen hydrogen scrambling (lower

graph in Fig. 3), only internal rotational motion

of the H
2
moiety is possible, interconverting

the e-C
s
and s-C

s
structures without breaking

up the H
2
moiety. This restriction leads to two

steep, fully disconnected, horseshoe-like valleys,

implying that the molecule never explores the

PES close to (D,V ) 0 (0,0).

Upon activating scrambling (23) by in-

creasing the temperature (upper graph), the

two valleys broaden and become connected

by an extremely flat ridge, thus yielding an

unusually shallow PES in the scrambling

coordinates. In particular, the most probable

connecting path passes through (D,V ) ,

(0,0), which characterizes the C
2v

first-order

saddle point. Thus, this analysis of the PES

topology strongly supports the idea that the

C
2v

structure can serve as a meaningful ap-

proximation to the transition complex struc-

ture for the scrambling motion in CH
5
þ,

although deviations very large in amplitude

(i.e., V d 0) are observed in view of the flat-

ness of the ridge. In the scrambling regime,

the effective barrier for this process is È0.3

kcal/mol, versusÈ0.6 kcal/mol obtained along

the minimum-energy path from the static e-C
s

and C
2v
structures. This low value implies that

fluctuations of the remaining degrees of free-

dom suppress the effective barrier to hydrogen

scrambling considerably, calling into question

reduced-dimensionality theories.

Together, these experiments and simula-

tions clearly indicate full hydrogen scrambling

of bare CH
5
þ at experimental conditions. In

addition to describing the scrambling mecha-

nism in atomic detail, the presented methods

offer an understanding of the measured IR

spectrum despite the underlying rapid proton

motion that dynamically interconverts struc-

tures of different symmetry and chemical

bonding pattern. In particular, the fact that

the C-H stretching modes of the H
2
moiety

and CH
3
tripod resolve into distinct peaks is

arguably an experimental support for three-

center two-electron bonding being operative

in bare CH
5
þ under experimental conditions.

The current approach to IR spectra could

guide future studies on cold molecular ions

in general, exploiting the use of deuterated

species, overtone spectroscopy, microsolva-

tion, and double-resonance techniques.
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Fig. 3. Top: Eclipsed (e-C
s
) and

staggered (s-Cs) structures
with CH3 tripod (black and
gray) and H2 moiety (blue);
saddle point structure (C2v)
with three coplanar hydro-
gen atoms (blue). Bottom:
Effective PES U as a function
of the generalized coordinates
D and V (see text), shown at
high (upper graph) and low
(lower graph) temperature,
corresponding to the scrambling
(23) and nonscrambling regime,
respectively. For the purpose
of presentation, U (D,V ) is
smoothed and set to a constant
value above 4.75 kcal/mol
in the upper graph and 1.00
kcal/mol in the lower graph.
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Ultrafast X-ray Diffraction

of Transient Molecular

Structures in Solution
H. Ihee,1* M. Lorenc,2 T. K. Kim,1 Q. Y. Kong,2 M. Cammarata,2,3

J. H. Lee,1 S. Bratos,4 M. Wulff2

We report direct structural evidence of the bridged radical (CH2ICH2I) in a
polar solution, obtained using time-resolved liquid-phase x-ray diffraction.
This transient intermediate has long been hypothesized to explain stereo-
chemical control in many association and/or dissociation reactions involving
haloalkanes. Ultrashort optical pulses were used to dissociate an iodine atom
from the haloethane molecule (C2H4I2) dissolved in methanol, and the
diffraction of picosecond x-ray pulses from a synchrotron supports the
following structural dynamics, with È0.01 angstrom spatial resolution and
È100 picosecond time resolution: The loss of one iodine atom from C2H4I2
leads to the C-I-C triangular geometry of CH2ICH2I. This transient C2H4I then
binds to an iodine atom to form a new species, the C2H4I-I isomer, which
eventually decays into C2H4 þ I2. Solvent dynamics were also extracted from
the data, revealing a change in the solvent cage geometry, heating, and
thermal expansion.

The prediction of molecular structures during a

chemical reaction has progressed substantially

because of advances in computational chemis-

try and molecular dynamics simulations (1). In

contrast, direct structural characterization of

short-lived reaction intermediates has only

recently become accessible, with the advent of

picosecond electron (2–5) and x-ray (6–11)

diffraction techniques. These experiments are

conducted using the pump and probe method:

An ultrashort laser pulse initiates a reaction, and

as it progresses, the diffraction signal from a

delayed electron or x-ray pulse probes the

change in the spatial correlations between

atoms and molecules. Because the scattering

cross section of electrons is high, electron

diffraction is particularly useful for atoms and

molecules in the gas phase (4, 5), thin films (3),

and surfaces (2). However, the high cross

section translates into shallow sample penetra-

tion, which makes it difficult for electrons to

probe condensed samples such as liquids.

The scattering cross section of hard x-rays is

six orders of magnitude lower than for elec-

trons. Thus, x-rays can probe bulk samples,

provided that the pulse intensity is sufficiently

high, as is the case in our study using

synchrotron radiation (5 � 108 photons per

pulse at 18 keV). The main difference between

gas-phase and solution-phase diffraction is the

relative concentration of excited molecules. In

solution studies, scattering from the laser-

excited solutes is typically well below 1% of

the diffraction signal from the solvent. With a

typical pump-pulse excitation efficiency of

10%, only about 1 in 1000 molecules is

excited. The laser-induced signal is thus

embedded in a strong background from non-

excited molecules, which limits the signal-to-

noise ratio of the diffraction data. In addition,

structural rearrangements in the solvation shell

complicate deconvolution of the solute and

solvent signals.

Most reactions relevant to biology and

industrial applications occur in the solution

phase, and the chemistry of reactions in solution

is extremely rich because of the complex

solvent interactions with the solute. Although

ultrafast optical spectroscopy (12, 13) has

provided a wealth of information regarding the

time scale for these processes, x-ray diffraction

offers direct insight into the three-dimensional

(3D) structures of transient intermediates, as

well as solvent shell rearrangements.

We have applied time-resolved liquid-phase

x-ray diffraction to the elimination reaction of

1,2-diiodoethane (C
2
H
4
I
2
), which gives an

iodine atom and a short-lived iodoethyl radical

(CH
2
ICH

2I) intermediate in solution (14).

Haloethyl radicals such as CH
2
ICH

2I play a

crucial role in the stereoselectivity of certain

chemical processes (15–19). Skell and co-

workers proposed a bridged structure for the

radical, which is distinct from the classical

anti structure, in order to explain the stereo-

chemistry of free-radical addition reactions

(20). However, despite numerous theoreti-

cal (21–23) and experimental investigations

(14, 24–26), direct structural evidence for the

bridged structure has been lacking. Here, time-

resolved x-ray diffraction data provide such

evidence, together with the associated solvent

dynamics.

To follow the structural dynamics during the

course of the reaction, we collected time-

resolved diffraction data for time delays of –3

ns, –100 ps, 100 ps, 300 ps, 1 ns, 3 ns, 10 ns,

30 ns, 50 ns, 70 ns, 100 ns, 300 ns, 1ms, and 3ms.

The data point at –3 ns served as a (nonexcited)

reference point, and another point at negative

time delay (–100 ps) was collected to check

the timing at high resolution. To recover the

changes from the laser excitation only, differ-

ence signals were generated by subtracting

the reference data at –3 ns from the data at any

other time delay (27).

The image at –100 ps shows no difference

intensity, as expected (Fig. 1). At positive

times, difference features emerge and progress

with time. After radial integration of the 2D

difference images to 1D difference curves,

DS(q), these curves were multiplied by q to

magnify the intensity at high scattering angles

Eq 0 (4p/l)sin(2q/2), where l is the x-ray

wavelength and 2q the scattering angle^. The

qDS(q) curves contain direct q-space informa-

tion on the structural changes in the solute and

in the solvent. It is more intuitively helpful to

examine the sine-Fourier transforms, rDS(r), of

the qDS(q) curves, where r is the interatomic

distance. This representation corresponds to

the change in the atom-atom pair distribution

functions during the course of the reaction (28)

and is a measure, biased by the x-ray form

factor, of the change in the electron density

around an (average) excited atom, as a function

of r. There are three contributions to the

measured signal (Fig. 2, A and B): the

structural change in the solute, the change in

the solvation cage caused by solute/solvent

interaction, and the bulk solvent response to

heating and thermal expansion.

To explain the experimental data theoreti-

cally and fit the measured signal, we included

all known components to the signal. Specifical-

ly, we included not only the contributions from

the solutes, but also the contribution to the

signal from the heating of the surrounding

solvent by calculating the temperature and

density of the bulk solvent as a function of time

(27). For the solute, we considered all possible

reaction pathways. Upon photoexcitation, the

parent solute molecule C
2
H
4
I
2
can dissociate

through three possible channels: (i) a new

transient species C
2
H
4
I and an I atom, (ii)

C
2
H
4
þ 2I, and (iii) C

2
H
4
þ I

2
. Because

C
2
H
4
I is not stable, it can further dissociate

into C
2
H
4
þ I, or it can bind to a free I atom

to form a C
2
H
4
I-I isomer. In summary, we

can have the following solute species: C
2
H
4
I
2
,

C
2
H
4
I, C

2
H
4
, C

2
H
4
I-I, I, and I

2
.
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Theoretical scattering curves from these

species, which include the change in solute

and solvent cage structure, were obtained

from molecular dynamics (MD) simulations

(11), in which the system was set up to be

in quasi–thermodynamic equilibrium at all

times. Perturbation of the solvation cage can

be expressed as a change in the atom-atom

distance distribution between solute/solvent

pairs. The changes in solute structure account

for only part of the total signal, because of

the presence of the solvent. In addition, the

energy released from the photon-absorbing

solute molecules causes a change in the tem-

perature, pressure, and density of the sol-

vent as a function of time. The shifts in

intermolecular positions in the solvent are very

small, on the milliangstrom length scale, but

given the huge excess of solvent molecules

over solutes, the integrated solvent signal can

be comparable to or larger than the solute

signal. A quantitative description of these sol-

vent effects was also obtained from MD sim-

ulations (11).

Once all the components were obtained

from MD simulations, the experimental data

were fit to a sum of these components, with

constraints to ensure conservation of total

energy in the x-ray–probed volume (27). The

hydrodynamics of the solvent, expressed

through the time-dependent solvent tempera-

ture and density, were mathematically related

to the solute dynamics through time-dependent

solute concentrations, which lead to release of

energy into the solvent during the solute

reactions. Instead of fitting the data at each

time point separately, data at all time delays

were linked and fitted globally. Global fitting

parameters included the rate coefficients. In

Fig. 1, the fitting results for all time points are

shown; more detailed depictions are given

for the 100-ps time delay in Fig. 2, A and B.

More detailed decompositions for other

time points are given in (27). The fit yields,

as a function of time, the change in con-

centration of putative solutes and the change

in temperature and density of the bulk sol-

vent (Fig. 2, E and F).

Figure 2, C and D, shows the major

components in the fits. The first two curves

from the top represent the change in the bulk

solvent AqE¯S(q)/¯T^
V

and qE¯S(q)/¯r^
T
Z,

where T is temperature, r is density, and V is

volume. The other three curves represent the

change related to the reaction channels:

(C
2
H
4
I
2
Y C

2
H
4
I þ I), (C

2
H
4
I
2
Y C

2
H
4
I-I),

and (C
2
H
4
I
2
Y C

2
H
4
þ I

2
). These curves bear

imprints of the change in both solute and cage

structure. According to the result of the least-

square fit, C
2
H
4
I and I are the dominant solute

species at 100 ps, and the formation of C
2
H
4

or I
2
is not observed. This new transient C

2
H
4
I

does not decay through the formation of C
2
H
4

þ I; rather, it reacts with an iodine atom to

form a new species, the C
2
H
4
I-I isomer, with a

bimolecular rate constant of 2.1 (T0.3) � 1012

Mj1sj1, which is larger by two orders of

magnitude than the rate constant for non-

geminate formation of molecular iodine (29).

The nascent isomer becomes the dominant solute

species after a few nanoseconds. Eventually, this

isomer also decays into C
2
H
4
þ I

2
in micro-

seconds, with the rate constant of 4.8 (T0.9) �

105 sj1.

The characteristic (Gaussian-like) time con-

stant of the solvent density changewas 33 T 5 ns

and depends on the size of the laser beam and

the speed of sound in the solvent (27); the fit

gives 83 T 10 mm (full width at half maximum)

for the size of the laser beam, which is in

agreement with the valuemeasured by scanning

the laser profile.

Initially (G10 ns), the temperature and pres-

sure of the solvent build up at fixed volume and

density, a process expressed in the first com-

ponent, qE¯S(q)/¯T^
V
, in Fig. 2, C and D. The

peaks and valleys in r space are mainly

ascribed to a broadening of the atom-atom

distributions O I I IO and O I I IC (where I I I indi-

cates an interatomic pair) at constant volume

between adjacent methanol molecules. Then

the thermal expansion progresses with the ob-

served time constant, and the solvent eventu-

ally returns to ambient pressure at a slightly

expanded volume (and therefore decreased

density) after about 100 ns Athe second curve,

qE¯S(q)/¯r^
T
, in Fig. 2, C and DZ. The peaks

and valleys are caused by shifts in the inter-

atomic distributions of O I I IO and O I I IC in the

solvent.

After the thermal expansion, the solvent

density has decreased by 2.1 kg m–3 (0.26%),

which corresponds to a temperature rise of 1.8 K.

Because we have determined the concentration

of the end product C
2
H
4
þ I

2
to be 3.3 mM,

and given that each decay C
2
H
4
I
2
* Y C

2
H
4
þ

I
2
(where * indicates an excited state) releases

4.30 eV of energy, these transitions account for

a temperature rise of 0.68 K in the solvent

rather than the observed 1.8 K. We assign this

difference to an invisible component in this

experiment at 100-ps resolution: fast geminate

recombination of C
2
H
4
I
2
*, which loses energy

to the solvent through collisions in a few

picoseconds (vibrational cooling). Consequent-

Fig. 1. Time-resolved diffraction signal as a function of time delay for C2H4I2 in methanol. (A) Raw
difference images for selected time delays (time t 0 –100 ps, 100 ps, 10 ns, and 1 ms). (B)
Difference diffraction intensities, qDS(q), excited minus nonexcited. These are radial averages of
the 2D images from (A). Least-square fits to a theoretical model are also shown. Error bars
represent the experimental error associated with each scattering angle. (C) Difference radial
density functions, rDS(r). These are sine-Fourier transforms of the difference intensities in (B). Error
bars are also given to indicate the error in the real space representation.

R E P O R T S

19 AUGUST 2005 VOL 309 SCIENCE www.sciencemag.org1224

http://www.sciencemag.org


ly, 60% of the initially excited C
2
H
4
I
2
*

molecules decay directly to the ground state

Esee (27) for details on the analysis of this

contribution^.

After the major thermal expansion has

started, the change in bulk density dominates

the signal. However, at early times, the struc-

tural change in the bulk is relatively smaller

than at later times, and the solute and cage

dynamics dominate because of the heavy iodine

atoms in the solute. The data can therefore be

decomposed into the change in the solute only,

the change in the solvation cage, and the solvent

response (Fig. 2, A and B). This decomposition

helps the assignment of the peaks and valleys in

Fig. 2B. The negative peak around 5 ) is

mainly due to the change in the solute only,

and the positive peak around 7 ) is mainly

due to the change in the solvation cage. The

positive peak near 4 ) is due to the change in

the solvent. One cage splits into two smaller

cages, with the overall effect of increasing

the solute/solvent coordination number and

shifting the distance distribution between

the solute and solvent. As a consequence,

the relative population of I I I IO
solvent

and

I I I ICsolvent distances increases around 4, 7,

and 11 ) and decreases around 9 and 13 )

(Fig. 2B). The data offer a direct visualiza-

tion of the change in the solvent cage; i.e., the

change in solvent packing around the excited

solutes.

In view of the complex interplay of factors

contributing to these data, we could not refine

molecular structures comparably to a single-

crystal study. Instead, we compared our data to

the calculated (ab initio and density functional

theory) lowest-energy bridged and anti geom-

etries. Figure 3 shows the ratio of the statistical

significance, c
2, for the fit using the bridged

model and that using the anti model for all

investigated time delays. As the concentra-

tion of C
2
H
4
I decreases, the ratio expectedly

approaches 1. However, below 1 ns, where

C
2
H
4
I is the major component, the ratio is

significantly less than 1. To be sure that the

experimental setup did not bias the result, we

collected, in a separate experiment with a

modified setup, the time delays ranging from

–100 ps to 1 ns in steps of 25 ps, and the

results are shown in the inset of Fig. 3. All

time points below 1 ns have the ratio well below

1, thus confirming that the bridged structure

reproduces the experimental curves with higher

fidelity than does the anti structure. The

apparent falling edge between –50 and 50 ps

is due to the temporal profile of the x-ray pulse.

Fig. 2. Time-resolved structural dynamics of the solute and
the solvent for C2H4I2 in methanol. The curve fitting is based
on MD simulation and includes intra- and intermolecular
contributions from solutes and the solvent. The experimental
(black, with experimental errors) and theoretical (red)
difference diffraction intensity (A) and difference radial
distribution function (B) at 100 ps are shown. Also shown
are decomposed components: solute without cage (orange),
cage effects (blue), and solvent contribution (green). Differ-
ence diffraction intensities (C) are from MD simulations and
corresponding radial density functions are shown in (D). The
assignments of the main component for major peaks and
valleys are given as follows: (a) OIIIO, (b) CIIIC, (c) OIIIC, (d)

OIIIO and OIIIC, (e) CIIII of C2H4I2, (f) IIIIOsolvent and IIIICsolvent, (g) IIIII of C2H4I2, (h) IIIII of C2H4I-I, and (i) IIIII of I2. (E) The population change of the
transient C2H4I (black), the intermediate isomer C2H4I-I (blue), and the final product, I2 (red), as a function of time delay. (F) The change in the solvent
density (black) and the solvent temperature (red). This time behavior is well described by an exponential function with a time constant of 33 T 5 ns,
which is typical of thermal expansion. Arrows point to the corresponding axis of each curve.
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If we include a mixture of the anti and bridged

forms in the fit, the fraction of the anti form

converges to zero.

The distinction between fits to the bridged

and anti forms is emphasized when the

contribution of C
2
H
4
I alone is carefully ex-

tracted, by subtracting from the original data

other contributions of solvent, cage, and other

nascent solutes, and the high q range is used to

deduce the transient-only structural changes.

This approach allows the transient C
2
H
4
I to be

modeled as a naked gas-phase structure (11).

For the data at 100 ps, the experimental and

theoretical curves for the putative reaction

channels (Fig. 4) visually demonstrate the

validity of the bridged structure against the

classical anti structure. The negative peak near

5 ) corresponds to the depletion of the I I I I I

internuclear distance in the parent molecule.

This feature is common for all reaction

channels, and both models agree with the data

in this region. The peaks between 1 and 3 )—

the fingerprint region—are sensitive to the

position of the I atom relative to the two

carbon centers. The bridged structure gives

only a single peak in the fingerprint region,

and our data reproduce the feature with high

accuracy, whereas the anti structure gives two

overlapping peaks, which is in stark contrast to

the experiment. We consider the formation of

C
2
H
4
Iþ ions, rather than neutral radicals,

unlikely, because the C-I distance for the ion

(È2.25 )) is much smaller than that deter-

mined for the radical (È3.06 )) from our data

(30).

References and Notes
1. P. Allen, D. J. Tildesley, Computer Simulation of

Liquids (Clarendon Press, Oxford, 1989).
2. C.-Y. Ruan, V. A. Lobastov, F. Vigliotti, S. Chen, A. H.

Zewail, Science 304, 80 (2004).
3. B. J. Siwick, J. R. Dwyer, R. E. Jordan, R. J. D. Miller,

Science 302, 1382 (2003).
4. H. Ihee et al., Science 291, 458 (2001).
5. R. C. Dudek, P. M. Weber, J. Phys. Chem. A 105, 4167

(2001).
6. C. Rischel et al., Nature 390, 490 (1997).
7. F. Schotte et al., Science 300, 1944 (2003).
8. I. V. Tomov, D. A. Qulianov, P. Chen, P. M. Rentzepis,

J. Phys. Chem. B 103, 7081 (1999).
9. C. Rose-Petruck et al., Nature 398, 310 (1999).

10. C. W. Siders et al., Science 286, 1340 (1999).
11. A. Plech et al., Phys. Rev. Lett. 92, 125505 (2004).
12. S. Gnanakaran, R. M. Hochstrasser, J. Am. Chem. Soc.

123, 12886 (2001).
13. A. B. Vakhtin, J. E. Murphy, S. R. Leone, J. Phys. Chem.

A 107, 10055 (2003).
14. M. Rasmusson, A. N. Tarnovsky, T. Pascher, V. Sundstrom,

E. Akesson, J. Phys. Chem. A 106, 7090 (2002).
15. J. K. Kochi, Ed., Free Radicals (Wiley, New York,

1973), vol. II.
16. A. L. J. Beckwith, K. U. Ingold, in Rearrangements in

Ground and Excited States, P. d. Mayo, Ed. (Academic
Press, New York, 1980), vol. 1, pp. 273–275.

17. J. Fossey, D. Lefort, J. Sorba, Eds., Free Radicals in
Organic Chemistry (Wiley, New York, 1995).

18. H. L. Goering, P. I. Abell, B. F. Aycock, J. Am. Chem.
Soc. 74, 3588 (1952).

19. W. Thaler, J. Am. Chem. Soc. 85, 2607 (1963).
20. P. S. Skell, D. L. Tuleen, P. D. Readio, J. Am. Chem.

Soc. 85, 2849 (1963).
21. B. Engels, S. D. Peyerimhoff, J. Mol. Struct. 138, 59

(1986).
22. F. Bernardi, J. Fossey, J. Mol. Struct. 180, 79

(1988).
23. H. Ihee, A. H. Zewail, W. A. Goddard III, J. Phys.

Chem. A 103, 6638 (1999).
24. A. J. Bowles, A. Hudson, R. A. Jackson, Chem. Phys.

Lett. 5, 552 (1970).
25. D. J. Edge, J. K. Kochi, J. Am. Chem. Soc. 94, 6485

(1972).
26. S. Paul Maj, M. C. R. Symons, P. M. R. Trousson,

Chem. Commun. 561 (1984).
27. Materials and methods are available as supporting

material on Science Online.
28. S. Bratos, F. Mirloup, R. Vuilleumier, M. Wulff, A.

Plech, Chem. Phys. 304, 245 (2004).
29. S. Aditya, J. E. Willard, J. Am. Chem. Soc. 79, 2680

(1957).
30. The least-squares fit gives a C-I bond length of 3.06 T
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Theoretical Study of

Geometric Phase Effects in the

Hydrogen-Exchange Reaction
Juan Carlos Juanes-Marcos,1 Stuart C. Althorpe,1* Eckart Wrede2

The crossing of two electronic potential surfaces (a conical intersection)
should result in geometric phase effects even for molecular processes
confined to the lower surface. However, recent quantum simulations of the
hydrogen exchange reaction (H þ H2 Y H2 þ H) have predicted a cancellation
in such effects when product distributions are integrated over all scattering
angles. We used a simple topological argument to extract reaction paths with
different senses from a nuclear wave function that encircles a conical in-
tersection. In the hydrogen-exchange reaction, these senses correspond to paths
that cross one or two transition states. These two sets of paths scatter their
products into different regions of space, which causes the cancellation in geo-
metric phase effects. The analysis should generalize to other direct reactions.

Recent work (1) has established that conical

intersections (CIs) play a central role in the

dynamics of many chemical reactions and

photoprocesses. At a CI, two electronic states

touch, so that the Born-Oppenheimer approx-

imation (that electronic and nuclear motion

are separable) breaks down. A system with a CI

can therefore convert rapidly between elec-

tronic states by passing through the intersec-

tion. Such rapid switching is exploited in

many light-harvesting and charge-transfer

processes. Another consequence of the Born-

Oppenheimer breakdown is the geometric

(2–6) Eor Berry (7)^ phase (GP), which occurs

even if the system is confined to the lower

electronic surface and avoids the neighborhood

of the conical intersection. The GP is the sign

change (or p phase shift) acquired by the

electronic wave function F, when the nuclei

complete an odd number of loops around the

CI. The GP produces a corresponding sign

change in the boundary condition of the nu-

clear wave function Y (4–6), in order to make

the total wave function (FY) single-valued

(i.e., uniquely specified at each nuclear geom-

etry). As a result, even without electronic ex-

citation, the vibrational and rotational motions

on the lower electronic state are changed by

the proximity of a CI. The implications of

such changes for chemical reactivity are poorly

understood.

In isolated molecules, the effects of the GP

are reasonably well understood, thanks mainly

to detailed experiments and theoretical predic-

tions on Jahn-Teller systems (6, 8). In the

simplest Bparticle on a ring[ system, the effect

of the GP is to switch the allowed quantum

numbers of the nuclear wave function from

integer to half-integer values. Comparable shifts
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versity Park, Nottingham, NG7 2RD, UK. 2Depart-
ment of Chemistry, University of Durham, South
Road, Durham, DH1 3LE, UK.
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Fig. 1. (A to D) Schematic
representation of a generic
chemical reaction with a CI.
The shaded areas represent the
accessible region of the po-
tential energy surface, which
permits the nuclear function to
encircle the CI (the dot at the
center). (A) The reagent en-
trance channel is at the top,
and the product exit channel is
on the bottom right. The angle
f represents the path around
the CI (such that f 0 0 Y 2p

is one complete revolution).
(B) The potential is extended
to the artificial f 0 0 Y 4p

double-cover space. The red
line is a schematic representa-
tion of the (artificial) nuclear
wave function Ye(f). Scat-
tering boundary conditions
are applied at the entrance
channel (top) and at each of
the three exit channels. Wavy lines are used to distinguish exit paths in the
2p Y 4p sector from those in the 0 Y 2p sector. (C) The symmetrized
combinations 1/¾2[Ye(f) T Yo(f)] of Ye(f) (red) and Yo(f) (blue), with the
arrows removed for clarity. (D) The same functions in the 0 Y 2p space,
showing that they are the solutions YN(f) (no GP) and YG(f) (GP) of Eq. 1.
(E) A cut through the H3 reactive potential energy surface, showing the
position of the three H þ H2 arrangements, transition states (-), and the CI

(�). Representative direct (red) and looping (blue) reaction paths are also
shown. The cut was obtained using the hyperspherical coordinate system of
Kuppermann, which represents all different geometries of the three H
nuclei, at a given overall separation r [defined by Kuppermann (28)], which
is here set to 3.9 bohr. The center of the circle is the equilateral triangle
geometry, and the geometries become flatter as they move outwards to
the perimeter, which represents linear arrangements of the three nuclei.

×
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in the allowed energy levels occur in more

realistic systems. However, the effect of the

GP on chemical reactions is less well understood

(5, 9–16). It is known (4) that the GP will only

affect observables if the nuclear wave function

encircles the intersection and that including the

effect of the GP is equivalent to including a

vector potential in the nuclear hamiltonian. If

the encirclement is produced by a symmetry

transformation, then one can predict the effects

of the GP using symmetry arguments (17).

However, in general, it is not known how the

GP affects the wave functions of encircling

reaction paths.

Recent calculations by Kendrick (11, 12)

explored the hydrogen-exchange reaction, the

simplest reaction whose ground state potential

energy surface has a CI (2). The results of

theory agree very closely with detailed exper-

imental data (15, 18–21) for the state-to-state

reaction H þ H
2
(v, j,k

j
) Y H

2
(v¶, j¶,k

j
¶) þ H,

where v, j, and k
j
are the vibrational and

rotational quantum numbers of the H
2
mole-

cules. Kendrick_s calculations, which two of us

later reproduced (22), reported small GP effects

in the state-to-state reaction probabilities ex-

pressed as a function of the total angular mo-

mentum quantum number J. However, when

these probabilities were summed over J to give

the state-to-state integral cross section (ICS)

(the amount of product integrated over all

scattering angles), the GP effects cancelled.

The cancellation occurred for all tested initial

and final states, collision energies, and iso-

topic substitutions of the nuclei. This con-

sistency suggested that the cancellation was

caused by a general aspect of the GP in re-

active systems that was not understood. We

now demonstrate that the cancellation occurs

because of a general topological effect of the

GP on the nuclear wave function of a reac-

tive system. To explain the effect, we make a

simple application of the familiar mapping of

two connected MPbius strips onto a double

cylinder (23).

Figure 1A shows the potential energy sur-

face for a general reactive system with a CI.

The reagents enter at the top (f 0 0, where f

is the encirclement angle) and can leave ei-

ther at the bottom right (to form products) or

at the top again (to give inelastically scat-

tered reagents). The aim is to predict how the

nuclear wave function Y
G
, computed with the

GP boundary condition of inverted phase

EY
G
(f) 0 jY

G
(f þ 2p)^, differs from the

nuclear wave function Y
N
, computed with

the normal boundary condition of conserved

phase EY
N
(f) 0 Y

N
(f þ 2p)^. To accomplish

this task, we consider an artificial system

(Fig. 1B) in what is known topologically as

a Bdouble-cover[ space (23), obtained by

Bunwinding[ the potential surface, so that two

complete revolutions (i.e., f 0 0 Y 4p) are

represented as one revolution on the page. We

then consider the nuclear wave function Y
e
(f)

(this notation will become clear shortly), com-

puted in this double space, using the boundary

condition Y
e
(f) 0 Y

e
(f þ 4p). This condition

differs from both the Y
G
(f) and the Y

N
(f)

boundary conditions, and in fact Y
e
(f) is a

completely artificial nuclear wave function,

which describes a system in which the f 0

0 Y 2p section is physically distinct from the

f 0 2p Y 4p section.

However, it is easy to construct Y
G
from

Y
e
. The potential surface in Fig. 1B has a

twofold axis of rotational symmetry, passing

through the CI. We may therefore construct

linear combinations 1/¾2EY
e
(f) T Y

o
(f)^,

where Y
o
(f) 0 Y

e
(f þ 2p); these linear

combinations are symmetric and antisym-

metric, respectively, under f Y f þ 2p (Fig.

1C). It is then clear that these functions sat-

isfy Y(f) 0 TY(f þ 2p), and therefore it

follows that

YN 0
1ffiffiffi
2

p EYe þ Yo^

YG 0
1ffiffiffi
2

p EYe j Yo^

ð1Þ

and that we can represent these expressions

in the original 0 Y 2p space (Fig. 1D). Thus,
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we have demonstrated that the nuclear wave

function around a CI splits into two com-

ponents, Ye and Yo, and that the sole effect

of the GP is to change their relative sign.

A related argument is given in the Feynman

path integral literature (24–26), where it has

been applied to a model system in which an

electron encircles a magnetic solenoid and

acquires a geometric phase. When the final

result of the latter argument is compared with

Eq. 1 and Fig. 1, it yields the simple inter-

pretation thatY
e
(Y

o
) contains all the Feynman

paths that complete an even (odd) number of

clockwise loops about the CI and an odd

(even) number of counterclockwise loops. In

the language of topology, Y
e
and Y

o
contain

paths from different sets of homotopy classes

(23) (meaning that paths in Y
e
cannot be

continuously deformed into paths in Y
o
).

This simple result accounts for the cancella-

tion of GP effects in the Hþ H
2
reaction. In the

H
3
potential energy surface (27, 28) (Fig. 1E),

the CI is at the center (which is a cut through the

line that links all the equilateral triangle ge-

ometries), and the three different exit channels

lie near the perimeter, at f 0 0, 2p/3, 4p/3. If the

reagents enter the H
A
þ H

B
H
C
channel (29) (at

the top) and if we detect the H
B

þ H
A
H
C

products, then most of the reaction paths will

pass over just one transition state (Fig. 1E,

red line). These are the Y
e
paths; we will

also call these the Bdirect[ paths Y
dir
. When

the total energy is greater than È2 eV above

the potential minimum, a tiny proportion of

paths Eless than 1% (9, 30)^ will pass over two

transition states (Fig. 1E, blue line). These

are the Y
o
paths, which we will also call the

Blooping[ paths Y
loop

. It is the interference

of the direct and looping paths that gives an

encircling nuclear wave function, which must

manifest the GP effects predicted by Kendrick

(11, 12).

To understand what causes the cancellation

in GP effects, we need to extract the direct and

looping paths from the wave function and

follow them as they scatter their products into

space. In general, extracting different reaction

paths from a scattering wave function is diffi-

cult, if not impossible, because the two sets of

paths become inextricably mixed together. How-

ever, fromEq. 1, we have simply to compute the

scattering amplitudes f
G
(q) and f

N
(q). These

functions are the long-range parts of Y
G
and

Y
N
, whose square moduli yield the angular dis-

tributions of the scattered products Eas a function

of q, the angle between the product and reagent

velocity vectors, in the center-of-mass frame

(31)^. Using Eq. 1, we then evaluate

fdirðqÞ 0
1ffiffiffi
2

p E fNðqÞ þ fGðqÞ^

floopðqÞ 0
1ffiffiffi
2

p E fNðqÞ j fGðqÞ^ ð2Þ

where fdir(q) and floop(q) are the scattering

amplitudes of, respectively, the direct and loop-

ing paths; their square moduli yield the corre-

sponding angular distributions.

We decided to split the scattering ampli-

tudes into low-impact (0 e J G 10) and high-

impact (10 e J G 40) parameter contributions,

Fig. 4. Representative classi-
cal trajectories for the H þ

H2(v 0 1, j 0 0) reaction,
illustrating why the direct
and looping reaction paths
scatter their products in
opposite directions. Both
trajectories lead to H2(v¶ 0
2, j ¶ 0 6) products and a
scattering angle of 72-. (A
and B) A direct trajectory.
The positions of the atoms
(HA, solid circles, HB, open
circles, HC, dotted circles)
are plotted at constant time
intervals of 4.1 fs on top of
the potential energy surface
in a space-fixed frame cen-
tered at the reactant HBHC
molecule. The locations of
the CI are indicated by
crosses (�). (C) Direct tra-
jectory in hyperspherical
coordinates (cf. Fig. 1E),
showing the different H þ

H2 arrangements (open dia-
monds) at the same time
intervals as (A) and (B); the
potential energy contours
correspond to an overall sep-
aration of r 0 3.9 bohr (an
average value for the trajec-
tory). The CI is located at the
center with the transition
states (-) indicated by dotted
lines. (D to H) As above, for
the looping trajectory.
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which correspond to, respectively, head-on and

glancing collisions (31). The low-impact

amplitudes give angular distributions concen-

trated mainly in the backward (q 0 180-)

direction (with respect to the initial H
2
@ H

approach velocity vector), and the high-impact

amplitudes give angular distributions concen-

trated mainly in the sideways (q 0 90-)

direction (11, 12, 15, 16, 20–22). One reason

for splitting the calculation is that the GP effects

cancel in the low-impact parameter angular

distribution (11, 12, 22) but not in the high-

impact parameter angular distribution (22). In

both cases, the GP effects cancel completely on

integrating over q, as integration yields the ICS.

In the low-impact regime, it is clear imme-

diately from Fig. 2 why GP effects appear in

the reaction probabilities for individual J states

(Fig. 2A) but cancel in the angular distributions

(Fig. 2C): The direct paths scatter their products

mainly in the backward (q 0 180-) hemisphere,

whereas the looping paths scatter mainly in the

forward hemisphere (q 0 0) (Fig. 2D). Thus, the

amplitudes f
dir
(q) and f

loop
(q) cannot interfere,

and so the angular distributions produced by

f
G
(q) and f

N
(q) are identical (Fig. 2C). When

the J states are not superposed, however, the

Y
dir

and Y
loop

contributions do interfere, be-

cause they then have the same angular distri-

bution, determined by J; this interference gives

rise to the differences between the GP and non-

GP probabilities (Fig. 2A). As a check, these

differences are seen to disappear when the

forward part of f
N
(q) is multiplied by j1 and

projected back onto the angular momentum

wave functions (Fig. 2B). The differences al-

ternate with J, because f
dir
(q) and f

loop
(q) have

opposite signs in the forward hemisphere and

the same sign in the backward hemisphere,

and the angular momentum functions are even

functions of q for even J and odd for odd J.

In the high-impact regime, there are evi-

dently GP effects in the angular distributions

(Fig. 3A), which could potentially be observed

in a scattering experiment (with sufficient

angular resolution). These effects are produced

by the overlap and interference of f
dir
(q) and

f
loop

(q) (Fig. 3B). To explain why these effects

cancel out upon integration over q to give the

ICS, we plotted the phases of f
dir
(q) and f

loop
(q)

(Fig. 3D). The slopes of these phases depend in

opposite senses on q. As a result, the interfer-

ence term f
dir
(q)*f

loop
(q) is highly oscillatory

(with a period of È10-) and cancels out upon

integration over q. Analysis of Fig. 3D, using

well-known scattering theory (31, 32), indicates

that the direct and looping paths scatter in

opposite directions (positive and negative de-

flection angles Q, respectively). Hence, if the

collision were initiated with a plane wave

confined to the upper hemisphere, then the di-

rect and looping paths would avoid each other,

and there would be no GP effects in the re-

sulting scattering amplitudes (Fig. 3C). In the

full collision, however, the initial plane wave

covers both hemispheres, so that each scatter-

ing angle q contains contributions from both

positive and negative deflection angles (q 0

kQk). Interference from these deflection angles

produces the GP effects. Thus, just as in the

low-impact collisions, the direct and looping

paths scatter their products into opposite hemi-

spheres, cancelling theGP effects on integration

over all scattering directions.

To investigate why the direct and looping

paths scatter their products in opposite directions,

we ran classical trajectories on the same potential

surface (27) used to calculate the scattering

wave functions in our earlier work (22). Al-

though these simulations cannot predict a quan-

tum effect such as the GP, they are expected to

describe correctly the underlying dynamics

(which are essentially semiclassical). Of a total

of almost 1.1 million reactive trajectories with a

total energy of 2.3 eV, È99.6% reacted through

one transition state (the direct paths of Fig. 1E)

and only 4065 (È0.37%) through two transition

states (the looping paths of Fig. 1E). As in the

quantum calculations, the direct and looping

paths scattered their products in opposite

directions, with the low-impact products going

into the backward and forward hemispheres

and the high-impact products being scattered

sideways.

Figure 4 shows a comparison between typ-

ical direct and looping trajectories. Both trajec-

tories lead to the same product quantum state,

(v¶ 0 2, j ¶ 0 6), and the same scattering angle,

q 0 72-, and would thus give f
dir
*f
loop

interfer-

ence in the quantum picture (cf. Fig. 3C). The

minimum energy of the CI is 2.75 eV. At a total

energy of 2.3 eV, the system lacks sufficient

energy to reach the CI, which in the context of

these trajectories is just a large mountain on the

potential energy surface. The direct trajectory

passes very near to the linear transition state

(Fig. 4A), and the product is scattered directly

into the positive (upper) hemisphere (Fig. 4B).

In the looping trajectory, the atom H
A
(Fig. 4D,

solid circles) approaches the CI and first forms

a temporary bond with atom H
B
(Fig. 4D, open

circles). As the H
B
–H

C
bond stretches, the gap

between the molecule and the CI widens, and

H
A
inserts between H

B
and H

C
(Fig. 4E) to form

the final bond with H
C
(Fig. 4F). This insertion

path deflects the H
A
atom toward the center of

the reactant H
B
H
C

molecule, which leads to

scattering into the negative (lower) hemisphere

(Fig. 4G). This insertion path is common to the

majority (È90%) of looping trajectories at this

energy. A second mechanism, in which the H
A

atom first migrates around one end of the H
2

molecule before insertion, also leads to scat-

tering into the negative hemisphere. The direct

and looping nature of the reaction paths, which

is not apparent in the scattering plots, becomes

obvious if the trajectories are plotted in hyper-

spherical coordinates (Fig. 4, C and H).

The above topological analysis should prove

useful when investigating GP effects in other

reactive systems. In particular, there should be

similar reductions or cancellations of GP effects

in other significantly direct reactions, such as

Hþ O
2
(33) and triplet (Hþ H

2
)þ (34), which

do not scatter their products over the full sphere.
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Colloidal Hard-Sphere Crystal

Growth Frustrated by Large

Spherical Impurities
Volkert W. A. de Villeneuve, Roel P. A. Dullens, Dirk G. A. L. Aarts,

Esther Groeneveld, Johannes H. Scherff, Willem K. Kegel,

Henk N. W. Lekkerkerker*

Impurities affect the nucleation, growth, and structure of crystals. Here we
report the effect of large, spherical, polymethylmethacrylate impurities on the
crystal growth of monodisperse, hard, polymethylmethacrylate colloids in a
density- and optically matching apolar solvent mixture. Crystal growth, initiated
at the bottom of the sample, was studied by imaging sequences of two-
dimensional xy slices in the plane of the impurity’s center with a laser scanning
confocal microscope. Impurities form the center of grain boundaries, and a
single fluid particle layer around the impurity persists in all cases. The growth
rate sensitively depends on the impurity’s size. Crystal growth is inhibited to a
greater extent near smaller impurities, pointing to local crystal frustration
induced by the curvature of the impurity.

Impurities substantially affect crystal nuclea-

tion and growth, whether present as an un-

avoidable nuisance or intentionally added to

modify a product or process. Depending on the

nature of both the impurity and the main com-

ponent(s), nucleation and crystal growth are

either inhibited, suppressed, or promoted (1–5).

Great effort has been put into understanding

many of these altered processes, which are

crucial to areas as diverse as the pharmaceutical

industry (6), mineralogy (7), semiconductors (8),

single-crystal production (1, 2), polymer pro-

cessing (9), and protein crystals (10).

We consider the introduction of a large hard

sphere, which is the simplest conceivable im-

purity, into a growing crystal of hard spherical

particles. The particle sizes and time scales in

colloidal systems enable real-time studies down

to the particle level and are therefore excellent

model systems for such studies. The impurity

(i)/particle (p) diameter ratio a K (s
i
/s

p
) is a crit-

ical factor for such systems: In two-dimensional

(2D) binary arrays, translational order is sub-

stantially reduced (11) and crystal nucleation

can be inhibited in polydisperse 3D systems

(12). In contrast, a single impurity in a meta-

stable fluid phase may induce crystallization

by heterogeneous nucleation (3). A sphere with

infinite diameter (that is, a flat wall) can induce

a pre-freezing transition (13, 14). We studied

the influence of impurity curvature on a crystal

growing around impurities with ratios of a 0

5 to 21, which is a different scenario than a

crystal nucleating on a curved surface (3).

We obtained very large, polydisperse, flu-

orescently labeled polymethylmethacrylate

spheres (PMMA) with diameters ranging from

100 nm to 100 mm from a synthesis following

the method of (15). A small amount (G0.1

weight %) of these particles, size-fractionated

by sedimentation, was mixed with 6% poly-

disperse 1.5-mm-diameter PMMA particles in an

apolar solvent mixture of tetraline, cis-decaline,

and tetrachloromethane (solvent volume frac-

tions 0 0.35/0.30/0.35; density difference Dr ,

0.01 g/ml; and refractive index mismatch Dn
D
,

0.005) (16), with a 5-mm sample height. At a

0.55 volume fraction, the high viscosity mini-

mizes impurity diffusion. The crystal nucleates

heterogeneously at the glass sample bottom and

grows upward, as shown by a control experi-

ment without impurities (Fig. 1A and supporting

online material). Homogeneous nucleation oc-

curs only far from the wall. The impurity locks

into its current position and moves less than the

colloidal particle diameter over several hours. In

a sense, this is the reverse scenario from (17),

where a crystal is disturbed by an external

pressure after it has formed. Sequences of 2D xy

slices were imaged in the plane of the impurity’s

center; near impurities with a 0 5, 10, È13, and

È 21 (referred to as I
5
, I

10
, I

13
, and I

21
, re-

spectively); 15 to 25 mm above the glass sample

bottom; at a rate of three to six slices per min-

ute; up to 2 hours after homogenization. Im-

aging was performed with a Nikon Eclipse

TE2000U confocal microscope with a Nikon

C1 scanning head.

Representative confocal slices of crystal

growth near impurities are shown in Fig. 1, B

to E. Around impurity I
5
, crystal growth is

initially observed only far from the impurity

(Fig. 1B1). The crystal front subsequently grows

toward the impurity but is clearly frustrated

(Fig. 1B). Frustration is characterized both by

limited growth near the impurity (dynamic frus-

tration) and by persistant grain boundaries di-

rected toward the impurity (static frustration). In

Fig. 1, C and D, frustration near I
10

and I
13

is

reduced: A crystal front is present, but crystal

growth is observed near the impurity_s shell as

well (Fig. 1, C2 and D1). Particles in the first

layer around the impurity do not crystallize at

all; particles in the second layer crystallize only

very slowly (Fig. 1, C2 and D2). Here, a rel-

atively low degree of crystallinity during late

stages of crystal growth is observed (Fig. 1, C3

and D3). Finally, crystal growth near I
21
occurs

all through the field of view (Fig. 1E). Particles

neighboring the impurity are far more dynamic

than bulk particles and appear fluidlike (Fig.

1E). Other impurities appear in the field of view

through diffusion and sedimentation for this

particular sequence. These clearly affect crystal

growth, as observed from the grain boundaries

connecting impurities. This is not apparent in all

cases, because some impurities lie outside the

field of view. Grain size seems to scale with

impurity size, but the limited data set prohibits

statistical analysis. The control experiment also

reveals that samples with and without impurities

initially have a comparable number of grain

boundaries (Fig. 1, A to E, and fig. S1). At low

impurity concentrations, the impurities therefore

pin the grain boundaries but do not increase

their quantity. The grain boundaries gradually

anneal in a sample without impurities (Fig. 2C

and fig. S3), but persist in between impurities

(Fig. 2A).

Several trends are obtained frommere visual

comparison of the slice sequences for different

values of a. Crystal growth in the first few

layers around the impurity seems to proceed

faster as a increases. In all sequences, the grain

boundaries are directed toward the impurities.

The grain boundaries are a consequence of both

simultaneous crystal growth at different loca-

tions and structural frustration caused by the

impurity (Fig. 2, A and B). The first layer

around the impurity fails to crystallize: 18

hours after homogenization the fluidlike char-

acter of the first layer is still observed (Fig.

2D). At different volume fractions, the same

scenario occurs; although at lower volume

fractions, sedimentation of the impurity makes

experiments difficult. At higher volume frac-

tions, a transition to a glassy state occurs.

To quantify the impurity_s effect on local

crystal growth, we use the local orientational

bond order parameter y
6
(18)

y6ð r
Y
Þ 0

1

N

XN
j

e6iqð rj
Y
Þ

ð2Þ

where y
6
0 1 for a perfect 2D hexagonal crys-

tal. The summation j runs over all N next neigh-

bors of a given particle. The angle between the

bond vector connecting the particle with next

neighbor j and an arbitrary fixed reference axis

is defined as q(rj
Y

). Particle coordinates are ob-

tained by methods such as those in (19). The

minimal translation and rotation of the impu-
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rity are tracked as well. Particles are divided in

shells around the impurity, based on the dis-

tance to its shell. Averaging over all particles of

shell s, its hexagonal order parameter bky
6
kÀ
s

is obtained, which is used to obtain a time-

dependent crystal growth profile per shell. The

presence of other impurities in the I
21
sequence

was Bfiltered out[ (Fig. 3A).

Typical crystal growth profiles of shells 5.0

mm thick around I
10

are shown in Fig. 3B. All

shells start crystallizing simultaneously. The

shells evolve from a fluid bky
6
kÀ
s
, 0.4 into a

more crystalline bky
6
kÀ
s
, 0.8, where bky

6
kÀ
s

reaches a plateau. A constant bky
6
kÀ
s
value is

not reached for the first shell during the image

sequence. Crystal growth clearly takes place

more rapidly further away from the impurity.

An inner shell will have a larger proportion of

its shell made up of grain boundaries than will

an outer shell. This contributes to the lower

observed growth rate close to the impurity.

Similar initial and final bky
6
kÀ
s
values are

observed for all a. The degree of crystallinity

rises faster with distance to the impurity as

a increases, however. This is nicely illus-

trated in Fig. 3C for the 15- to 20-mm shell,

where t
0
indicates the time at which bky

6
kÀ
s

starts steadily increasing. Crystal growth

sets in before I
5
has been locked at its posi-

tion at depths above È10 layers. The im-

purity slowly moves downward because of

gravity, which limits the sequences to rel-

atively short intervals, and these are there-

fore not shown.

The increase in bky
6
kÀ
s
is approximately

linear right after the initial rise. We use this

to define the 2D growth rate r
C
of shell s

Fig. 2. Grain boundaries
and the persisting fluid
layer. (A) Grain bound-
aries connect impurities
[height, 10 mm; time (t),
17 hours]. (B) Voronoi
representation of (A).
Voronoi polygon centers
are particle positions.
The number of vertices
equals the number of
next neighbors graphi-
cally represented by the
color coding in the im-
age. The defects nicely
depict the grain bound-
ary. (C) In a sample
without impurities, grain
boundaries have an-
nealed (height, 20 mm;
t, 13.5 hours). (D) The
mobile layer of single-
particle thickness around
an impurity with diam-
eter ratio a 0 13 ap-
pears fluidlike (height,
38 mm; t, 18 hours).
Heights are distances
to the sample bottom.
Times are the times after
sample homogenization.

Fig. 1. Confocal images of crystal growth in a sample without impurities (A)
and near spherical impurities (B to E). (A) 22 mm above the sample bottom at
(A1) 40 min, (A2) 48 min, and (A3) 55 min. (B) I5 at (B1) 31 min, (B2) 50 min,

and (B3) 90 min. (C) I10 at (C1) 68 min, (C2) 86 min, and (C3) 103 min. (D)
I13 at (D1) 41 min, (D2) 57 min, and (D3) 82 min. (E) I21 at (E1) 74 min, (E2)
82 min, and (E3) 94 min. Times are the times after sample homogenization.
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(during linear rise) as r
C
0 Dbky

6
kÀ
s
/Dt. The

effect of an impurity_s size on the local growth

rate can now be compared quantitatively (Fig.

3C, inset). Several general trends can be ob-

served. First, a larger a results in a higher rate

close to the impurity. Second, the rate rises

faster per shell as a increases. Finally, the

rates for different a apparently approach a dif-

ferent maximum rate at less than È17 particle

diameters instead of converging to a bulk

growth rate of È0.02 minj1
Emeasured at 5 to

25 mm above the sample bottom in the control

sample (fig. S2) and at sample locations far

(940 mm) from impurities^. Relatively far from

the impurity (98 s
p
), a trend is observed be-

tween the growth rate and a. We argue that

grain boundaries are pinned by impurities (Fig.

2, A and B): If nearby impurities are present,

more boundaries appear. To approximate the

ideal case of no nearby impurities, the image is

filtered (Fig. 3A); grain boundaries leading to

impurities further away are not included. The

obtained increase of r
C
by a factor of 1.6 for

the filtered I
21

sequence therefore is too high,

whereas not filtering leads to values that are

too low. We therefore expect the rates to con-

verge at sufficient distance, which might very

well be beyond È17 particle diameters. Fur-

thermore, the growth rate in the first layer is

about zero for all a—a confirmation of the

observed fluid layer (Fig. 2D).

Using laser confocal scanning microscopy,

we have shown that the bulk crystal growth

rate is substantially reduced near impurities.

The extent to which the growth rate is reduced

decreases with distance to the impurity. The size

ratio a is a critical factor; the (local) curvature of

an impurity is therefore crucial for real hard-

sphere–like systems such asmetals. Grain bound-

aries are pinned by the impurities, and the first

particle layer around the impurity remains fluid.

Impurities locally substantially frustrate the

crystal growth and structure of hard-sphere sys-

tems, the very same impurities that, in a

different scenario, can induce heterogeneous

crystal nucleation (3).
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Osmium Isotope Evidence

for an s-Process Carrier in

Primitive Chondrites
A. D. Brandon,1*. M. Humayun,2. I. S. Puchtel,3 I. Leya,4

M. Zolensky5

Osmium extracted from unequilibrated bulk chondrites has isotope anomalies
consistent with an insoluble s-process carrier, termed Os(i) here. Osmium from
metamorphosed bulk chondrites does not have isotope anomalies, implying that
the Os(i) carrier was destroyed by metamorphism. The isotopic homogeneity of
metamorphosed bulk chondrites is consistent with extremely effective mixing of
presolar grains from varied sources in the nebula. Osmium in the Os(i) carrier is
likely from nucleosynthetic sites with a neutron density about two to four times
as high as that of the average solar s-process Os.

Presolar grains (such as SiC and nanodi-

amonds) are prevalent in unequilibrated

chondrites and preserve material from nucleo-

synthetic processes occurring in the stars from

which these grains formed (1, 2). The degree

to which these grains and solar material were

mixed in the solar nebula is uncertain but

important for discerning solar system pro-

cesses. Isotopic anomalies have been identified

in presolar grains and Ca-Al–rich inclusions

(CAIs) in chondrites (1–4). We measured Os

isotopes to assess heterogeneities in bulk

chondrite meteorites: 184Os is produced by

the p process only; 186Os Ep-process contribu-

tion 1.1% relative (5)^ and 187Os are produced

by the s process and radiogenic decay from

A
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C
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0.4
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-10 0 10 20 30 40

70 80 90 100

Fig. 3. Quantitative analysis of crystal growth.
(A) Filtering: Areas affected by other impurities
(with a diamenter sh) are not taken into account
by excluding the shaded area for analysis. (B)
Crystal growth profiles of shells around I10: 0 to
5 mm (crosses), 5 to 10 mm (squares), 10 to 15
mm (circles), and 15 to 20 mm (plus signs). (C)
Crystal growth profile of the 15- to 20-mm shell
for I5 (squares, inset only), I10 (circles), I13
(diamonds), and I20 (triangles). (Inset) Frustration
of crystal growth increases both as the impurity is
approached and as a is decreased. rC close to I5 is
È0, because no local increase of order occurs
during the recorded image sequence. Rates at
0.5, 1.5, and 2.5 sp are based on shells of sp

thickness. Other rC values are obtained from
shells 5 mm thick: rC at 5 sp corresponds to the
5- to 10-mm shell.
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190Pt and 187Re, respectively; 188Os, 189Os,
190Os, and 192Os are produced partly by the s

process but are dominanted by the r-process Pt

peak (6–8) (Fig. 1). Stellar nucleosynthetic

processes release their products to the inter-

stellar medium as both gas and grains. Os-

mium condenses as an ultrarefractory metal

alloy with Re and W, and behaves as one of

the most refractory elements during condensa-

tion of stellar outflows. Ultrarefractory grains

are more likely to survive nebular thermal

processing. We studied seven ordinary chon-

drites: Chainpur LL3.4, Parnellee LL3.6,

Sharps H3.4, St. Marguerite H4, Forest Vale

H4, Allegan H5, and Weston H5; three

enstatite chondrites: Daniels Kuil EL6, Yilmia

EL6, and Indarch EH4; and three carbona-

ceous chondrites: Tagish Lake C2, Ornans

CO3, and Allende CV3. Together, these chon-

drites span a wide range of compositional

groups and metamorphic grades.

The measured Os isotope data (9) are dis-

played in epsilon units (Fig. 2), where e
Os

is

104 parts deviation from the mean of H-group

ordinary chondrites measured in this study.

This is because of the overlap of the H-group

Os isotope ratios with those of the terrestrial

materials, which are interpreted as bulk solar

values (Fig. 2). The e
186

values are corrected

for 190Pt decay over 4.558 billion years to

initial values (e
186i

; Fig. 2 and table S1). This

results in a systematic È1.1-epsilon correction

for all chondrite samples. Because 189Os and
192Os are used for correcting for instrumental

mass fractionation, all data have e
189

and e
192

of zero. The 189Os and 192Os isotopes were

chosen for normalization because in solar sys-

tem Os, these isotopes contain the smallest con-

tribution of s-process nucleosynthesis E4.8%

and 0.4%, respectively (6–8)^. This normaliza-

tion best illustrates variations in the s-process

components relative to those in r-process

components (10).

Tagish Lake (C2), and to a lesser extent

Ornans (CO3), display deficiencies in the s-

process isotopes relative to most of the or-

dinary and enstatite chondrites measured, with

anomalies in the order: 186Os 9 188Os 9 190Os

(Fig. 2). These deficiencies correlate with the

s-process abundances of each isotope. Also,

Parnellee (LL3.6) and Indarch (EH4) exhibit

small negative e
186i

(98.9% s-process isotope)

anomalies.

The variations observed in e
Os

could result

from cosmic-ray exposure effects, incomplete

digestion of insoluble Os carrying phases, or

inhomogeneous distribution of the s- and r-

process isotopes in the solar nebula. The ef-

fects on Os isotopes from cosmic-ray exposure

can be estimated (11). For an exposure age of

100 million years, the effect should be from

0.2 to 1 epsilon units for burnout and produc-

tion of the different Os isotopes. The exposure

age for Tagish Lake calculated from 21Ne is

7.8 million years (12), and hence, the effects

for cosmic-ray exposure should be negligible.

Osmium is hosted in Fe-Ni alloy, refractory

metal nuggets, and possibly in presolar SiC or

graphite, similar to Ru (13–15). To determine

whether incomplete digestion of an Os carrier

was responsible for the effect, we performed a

digestion of Tagish Lake using sealed metal

jackets with CO
2
overpressure, at temperatures

of 325-C for 1 week (9, 16), compared with no

overpressure, 240- to 270-C, and 48 to 72

hours for the other digestions. The Os isotopic

data for this digestion retains the Os isotopic

anomalies (Fig. 2) but not to the same extent

as the other digestions for this rock. In addi-

tion, the four separate digestions of different

clasts from the Tagish Lake meteorite show

variable anomalies with systematic depletions,

where 186Os 9 188Os 9 190Os. These observa-

tions imply that there is an s-process deficit in

1NASA Johnson Space Center, Mail Stop KR, Houston, TX
77058, USA. 2National High Magnetic Field Laboratory
and Department of Geological Sciences, Florida State
University, 1800 East Paul Dirac Drive, Tallahassee, FL
32310, USA. 3Department of Geology, University of
Maryland, College Park, MD 20742, USA. 4Physikalisches
Institut, Universität Bern, Sidlerstrasse 5, CH-3012 Bern,
Switzerland. 5NASA JSC, Mail Stop KT, Houston, TX
77058, USA.
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Fig. 1. The s-process pathway in the W-Os region. Stable isotopes are indicated in black letters with
their isotopic abundances given below the nuclide symbol. Long-lived radioactive elements are
indicated in white letters on gray background, and short-lived radioactive elements are indicated in
gray letters with their half-lives shown below the nuclide symbol; radionuclides that are not part of
this discussion are left blank. The s-process pathway comes through monoisotopic 181Ta, branches first
at 185W, and then again at 186Re. Both branches combine at 188Os. Three processes occur at 186Re: b

–

decay to 186Os (92%), electron capture to 186W (8%, lower at stellar temperatures), and neutron
capture to 187Re. The r process is shown as oblique long arrows emerging from the lower right corner
of the field and terminating at the first stable nuclide. Isotopes shielded from the r process include
186Os and 187Os; 184Os is a p-only isotope; 192Os is an r-only isotope (s-process contribution ¡1%
relative). Z, atomic number; N, neutron number.
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Fig. 2. (A) Normalized Os isotopic compositions
of H-group (diamonds) and LL-group (circles)
ordinary chondrites. (B) Normalized Os isotopic
compositions of enstatite chondrites. Open
triangles, EL6; solid triangles, Indarch EH4. (C)
Normalized Os isotopic compositions of the
carbonaceous chondrites Allende (open squares),
Ornans (half-solid squares), and Tagish Lake (TL)
(solid squares). The 187Os data are not shown
because of large variable contributions from ra-
dioactive decay (9). The shaded regions are the
T2s error envelope on 39 runs of the terrestrial
standard (external precision). Terrestrial mantle
samples (table S1) all plot within these enve-
lopes. Individual data points for each sample
have T0.25 eOs (2s) or better uncertainties. The
calculated atomic percentage of s and r pro-
cesses for each isotope listed are based on mod-
els from Beer et al. (8).
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Os extracted from Tagish Lake and suggest

that whatever phase is carrying the s-process

Os, it is either heterogeneously distributed or

variably accessed by the digestions. From the

s-process anomalies observed in Tagish Lake,

it can be estimated that 30 to 50 parts per

million (ppm) of the total Os (14 to 24 pg/g

out of 476 ng/g) are located in the s-process

carrier. If the carrier phase is presolar SiC,

present at È5 to 8 ppm by weight of Tagish

Lake (17), then the s-process Os concentration

is È1 to 5 ppm. The actual Os concentration

could be higher because isotopically normal Os

is incorporated from the stellar atmosphere.

Elemental abundances in presolar SiC by

synchotron x-ray fluorescence for Ru (2 to 57

ppm) and Mo (1 to 54 ppm) (15) are of the

same order of magnitude as the mean Os

abundance (5 to 8 ppm, if SiC is assumed as

the carrier phase) in the s-process carrier

inferred here. The chemical similarity of Os to

Ru indicates that some Os may occur in SiC,

even though neither element is known to form

carbides. Osmium occurs as refractory metal

inclusions within presolar graphite grains (14),

raising the prospect that SiC acts as a protective

coating (against acid attack) for ultrarefractory

metal condensates. Graphite is soluble in nitric

acid, and Os alloys are expected to dissolve in

aqua regia, so these grains are not the likely

carriers of the observed anomaly given that

such grains would have been consumed in the

digestions carried out here, unless shielded in a

resistant phase such as SiC.

Chondrite metamorphism has been docu-

mented to destroy presolar graphite and SiC

(18). SiC typically has not survived to higher

metamorphic grades of 93.8 for ordinary

chondrites, and È5 for enstatite chondrites

(19, 20) consistent with such samples showing

no Os isotope anomalies (Fig. 2). Thus, the

likely interpretation is that an undigested car-

rier phase, probably SiC, retains the presolar s-

process Os required to yield the solar s/r ratio

for Os exhibited by H-group ordinary chon-

drites and terrestrial samples (Fig. 2). This is

supported by the observation that two chon-

drites that underwent less metamorphism—

Parnellee (LL3.6) and Indarch (EH4)—show

s-process anomalies in their Os isotope pro-

files, but less so than Tagish Lake (C2) and

Ornans (CO3). Presolar SiC is present in

Indarch and some unequilibrated ordinary

chondrites (19, 20). Sharps (H3.4) and Chain-

pur (LL3.6) do not exhibit Os isotope anom-

alies but instead plot within the range of

epsilon values exhibited by the other H-group

ordinary chondrites in Fig. 2.

Although most of Os originates in the r

process (90%), about 10% of the solar system

Os is produced by the s process (6–8). Cor-

related trends between e
186i

, e
188

, and e
190

can

be used to evaluate the nature of the anoma-

lous Os isotopic component (Fig. 3). Mixing

lines between average s-process Os isotopic

composition (8) and average solar Os (i.e.,

e
186i

, e
188

, and e
190

0 0) are resolvable from

the correlations of the chondrite data for e
188

to

e
186i

and e
190

to e
186i

but match the e
188

to e
190

correlation within error of the measurements

(Fig. 3). This implies that the 186Os/188Os

ratio of the anomalous s-process component

was lower relative to average solar system s-

process Os. Here, we term this insoluble Os

component Os(i). There are two branches in

the s-process pathway at 185W and 186Re that

allow the s process to flow to 186W, 187Re,

and then to 188Os (Fig. 1). Neutron capture on
185Re forms 186Re that decays 92% of the

time by b
– (half-life of 3.8 days) to 186Os. The

two branch points are relatively insensitive to

stellar temperature but sensitive to stellar neu-

tron density. These branch points have been

used to estimate that the neutron density

for average solar s process is 4 � 108 n/cm3

(5, 21). The Os(i) fraction of the solar s

process requires a stellar source with higher

Fig. 3. (A and B) e190
versus e188 and (C and
D) e186i versus e188 for
carbonaceous chon-
drites (solid squares),
ordinary chondrites
(open diamonds), and
enstatite chondrites
(open triangles). Solar
values are at zero. The
solid lines are for a re-
gression between solar
values at zero and
three model solar s-
process (7, 8) values,
which are solid dia-
monds plotted at times
10j4 of their respective
values. In (B) and (D)
the T2s error bars are
shown based on repli-
cate measurements of
the terrestrial standard
(external precision).
The dashed lines are
regressions between
the Tagish Lake data
and solar values at
zero. Any component
not accessed in the
Tagish Lake digestions should lie along these lines at positive values. The Tagish Lake regression line
agrees within error of the solar s-process regression line for e188 versus e190. However, the Tagish Lake
regression line for e188 versus e186i is resolvable from the solar s-process regression line and trends
toward positive values with a depletion in e186i at a given e188, relative to the solar regression line.

Fig. 4. The s-process
186Os/188Os ratio de-
picted as a function of
stellar neutron den-
sity. The input data,
including decay con-
stants and n-capture
cross-sections, were ad-
justed for stellar tem-
perature and the curves
are shown for T 0 1 �

108 K (solid black curve)
and for T 0 3 � 108 K
(dashed curve). The av-
erage solar s-process
186Os/188Os (7, 8) is
shown as the gray
shaded band, the r-
process 186Os/188Os È

0, and the Tagish Lake
Os(i) component has 186Os/188Os È 0.48. The range of neutron density implied by the model for
the average solar s process is shown by the double-arrow compared with the result from Käppeler
et al. (21), which is shown as an error bar. The range of neutron density required to explain the
missing component in Tagish Lake is about 2 to 4 times as high as the solar value.
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neutron density. The neutron density (n
n
) of

the source was modeled by solving the simul-

taneous linear equations describing s-process

flow with b
– decay branching to yield

bsÀNsð Þ186Os

bsÀNsð Þ188Os

0
lb

j

lb
j þ nTnnbsÀ

� �

185W

�
lb

j

lb
j þ nTnnbsÀ

� �

186Re

� k
A0188

A0185

1 þ
1

t0bsÀAi

� �
ð1Þ

where v
T
is the thermal neutron velocity, l is

the decay constant, N
s
is the s-process abun-

dance, bsÀ is the maxwellian-averaged neutron

capture cross-section, and t
0
is the average

neutron exposure (21). The branching decay of
186Re to 186W by electron capture was ne-

glected for this calculation, because electron

capture is diminished at the higher degree of

ionization prevailing in stellar interiors (22).

Using cross-sections, decay constants, and t
0

typical of the s process (5, 21, 22), we cal-

culated 186Os/188Os ratios as a function of stel-

lar neutron density and temperature (Fig. 4).

The calculated neutron density for solar s pro-

cess is similar to that obtained in (21). The
186Os/188Os È 0.48 in Tagish Lake Os(i) is

matched at stellar neutron densities of 6 � 108

to 10 � 108 n/cm3.

There are two major neutron sources for

the s process produced by helium-burning

stellar reactions (a capture): 13C(a,n)16O

and 22Ne(a,n)25Mg. The 13C-source operates

at T È 1 � 108 K and the 22Ne source

operates at T È 3 � 108 K (8, 23). Coupled

models of stellar evolution and nucleosynthesis

in low-mass asymptotic giant branch stars

indicate that during a double neutron pulse the
22Ne source contributes importantly to the

abundances of nuclides produced at high

neutron densities (up to 1010 n/cm3) (23). This

has been identified with the meteoritic Ne-E(H)

component (23) and may also contribute the

Os(i) component in Tagish Lake. Likely, the

main component of s-process Os (and other

heavy elements) may be resolved to be a mix-

ture of varied neutron density sources operating

in multiple low-mass stars with variable

metallicity. Our technique resolved solar s-

process Os in primitive chondrites into two

components: Os(i) that is likely trapped in SiC

grains, and aqua regia–soluble Os that is hosted

by other phases (magnetite or Fe sulfides),

which provide insights into the galactic chem-

ical evolution of Os. The extractable Os either

condensed into acid-soluble minerals from

stellar outflows with C/O G 1, or it initially

condensed in SiC grains which were then

selectively destroyed in the interstellar medium

(possibly older grains).

This interpretation—that the anomalous

Os isotopic composition in unequilibrated

chondrites results from incomplete access of

up to 50 ppm of the total Os present during

digestion—has important ramifications to

understanding the presence or absence of

isotopic anomalies in bulk meteorites for other

elements, including Zr,Mo, and Ru (4, 24–29).

Because the Os abundance in bulk meteorites

is small (e1 ppm) and because Os is one of

the first elements to condense, mixing within

the solar nebula before condensation into

planetesimals must have been extremely ef-

ficient in order to result in a homogeneous Os

isotopic composition of T0.25 epsilon units

(i.e., T25 ppm) observed in chondrites with

greater metamorphic equilibration.
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The Illusion of Invariant

Quantities in Life Histories
Sean Nee,1* Nick Colegrave,1 Stuart A. West,1 Alan Grafen2

Life-history theory attempts to provide evolutionary explanations for variations
in the ways in which animal species live their lives. Recent analyses have
suggested that the dimensionless ratios of several key life-history parameters are
the same for different species, even across distant taxa. However, we show here
that previous analyses may have given a false picture and created an illusion of
invariants, which do not necessarily exist; essentially, this is because life-history
variables have been regressed against themselves. The following question arises
from our analysis: How do we identify an invariant?

Key parameters that determine how species

live their lives are the size at which weaning

and sexual maturity occur, the number of off-

spring produced per year, and life span,

among others (1–3). A recent approach to

understanding the evolution of such life-

history parameters has been to show how

these analyses can be simplified by examining

dimensionless ratios of these parameters, such

as the ratio of offspring weaning weight to

maternal weight (1). This approach has been

stimulated by analyses that suggest that these

dimensionless ratios can be the same for

different species, within and even across taxa

(Table 1) (1, 4–13). These life-history invar-

iants can be extremely striking, with the

regression analyses used to test for them

usually explaining 70 to 97% of the variation

(1)
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in the data. Such strong correlations are ex-

ceptional for evolutionary or ecological studies,

where the average study explains approximate-

ly 5% of the variation in the data (14).

It has been argued that the existence of

these invariants implies Bsymmetry at a deeper

level of causal factors[ molding life-history

evolution (1). Potentially, such invariants, along

with other dimensionless ratios that can be

derived from them, could underpin the form

and shape of the tradeoffs that constrain life-

history evolution. Consequently, invariants pro-

vide the basis of a unified approach to the

study of the evolution of life histories, rather

than a mixed basket of species-specific models.

This potential importance has led not only to a

considerable effort being devoted to measuring

these invariants empirically (Table 1) (1, 4–13)

but also to a substantial body of theory that

attempts to explain their existence and con-

sequences (1, 6, 7, 15–29).

However, we show here that previous

analyses may have given a false picture and

created an illusion of invariants that do not

necessarily exist. We start by considering the

clearest case, where one of the variables being

examined is necessarily a fraction of the other

variable. For example, consider offspring-

weaning weight, w, and maternal weight, m,

measured for a number of species, with the

dimensionless ratio w/m postulated to be an

invariant (24, 25, 30). The standard methodol-

ogy used to test for life-history invariants is to

test whether the regression slope of the

relationship between ln(w) and ln(m) equals

1.0. This is because if the ratio w/m is invariant

and equal to some constant c, then a regression

of ln(w) versus ln(m) would have a slope of

1.0, and an intercept of ln(c). Although this is

true, the converse is not; i.e., a slope of 1.0

does not imply invariance.

Consider the extreme case where the ratio

w/m is not invariant and is actually a random

variable drawn from a uniform distribution

between 0 and 1, which we represent by the

variable c. The model is ln(w) 0 ln(m) þ

ln(c), which is in the form of a simple linear

regression with slope 1.0, y 0 x þ e, where

ln(c) is the non-normally distributed error

term e. A regression analysis of data sim-

ulated according to this model would return

a slope not significantly different from 1.0.

Suppose, for the sake of simplicity, that a

regression analysis returns a slope of exact-

ly 1.0. Then the R2 of the regression, which

is the proportion of the variation (var) in

the dependent variable y, explained by the

variation in the independent variable x, is

given by

An example of an analysis performed on sim-

ulated data is given in Fig. 1A. This analysis

returns a regression slope of 1.0 and an R2 of

0.94. Figure 1B makes clear that the ratio w/m

is far from invariant. Hence, this approach to

identifying invariants is invalid.

For this class of so-called invariants, the

slope of 1.0 arises because we are, in effect,

regressing a variable, X, on X. What accounts

for the high R2? When c is drawn from a uni-

form distribution between 0 and 1, ln(c) has a

variance of 1.0. What accounts for the fact that

varEln(m)^ d 1.0? The short answer is that we

assumed it does; we simulated data with a var-

iance of 9 (Fig. 1). In real studies, a large var-

iance arises when the data vary over several

orders of magnitude; loosely speaking, when

the ratio of the largest to the smallest is high.

The relationship between orders of magnitude

and the variance of a log-normal distribution is

as follows. For reasons of familiarity, we will

discuss this in terms of log
10
transformations. If

two data values differ by a factor of 10, an

order of magnitude, this is their ratio and it is

dimensionless. The value of varEln(m)^ is also

independent of the scale of measurement. If we

plot the logarithmically transformed data, each

unit increment on the log
10
scale corresponds to

a factor of 10. 95% of the data lie between T2

SD (s) of the mean. If on the arithmetic scale,

the bulk of the data span M orders of magni-

tude, then the variance of the data s
2 , (M/4)2.

Hence, if m varies over many orders of

magnitude, then varEln(m)^ d1.0, and our R2

is guaranteed to be high. The most notable

invariants are typically taken to be those that

hold over several orders of magnitude of

variation in the value of the biological char-

acters; we now see that it is this wide var-

iability of the characters that inevitably makes

the invariants notable. (The converse also

holds: Data that do not span several orders

of magnitude may be highly likely to dis-

play a slope numerically different from 1.0

and may have a low R2.) The R2 in this

particular example would be even higher if

we chose values of c from more realistic

uniform distributions, such as from the range

0.3 to 1.

The above argument applies to a number of

other proposed life-history invariants, where

one variable is a simple fraction of the other;

for example, size at sex change divided by the

maximum body size, or the body size at

maturity divided by the maximum asymptotic

body size (Table 1).

However, this argument can be readily

generalized to other biological variables that

involve somewhat more complicated relation-

ships. Consider, for example, the relationship

between age at maturity, a, and average adult

life span, A, the ratio of which has been argued

to be invariant within several taxa (Table 1).

Let T be the average total life span of members

of a species. Let p be a uniform random

number between 0 and 1, so that a 0 pT and

A 0 (1 – p)T, giving

a

A
0

p

1 j p
ð2Þ

Clearly the ratio a/A is not an invariant.

However, our model is again of the form

ln(a) 0 ln(A) þ ln(p) – ln(1 – p), so we expect
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R2
0

varElnðwÞ^ j varElnðcÞ^

varElnðwÞ^

0
varElnðmÞ^

varElnðmÞ^ þ varElnðcÞ^
ð1Þ

Table 1. Life-history invariants. Shown are some of the dimensionless ratios that have been shown to be
life-history invariants, with the use of the regression analysis described in the text.

Dimensionless ratio
Taxa within which invariance has
been demonstrated

References

Weaning weight (w)/maternal weight (m) Mammals (1, 8, 9)
Average adult life span (A)/age at maturity (a) Mammals, angiosperms,

snakes, lizards,
shrimps, nematodes

(1, 6, 10, 11)

Mortality rate (M)/growth coefficient (K) Fish, shrimps, snakes,
lizards, sea urchins,
turtles

(1)

Length at maturity (l
a
)/

maximum asymptotic length (l
V
)

Fish, lizards, snakes (1, 35)

Yearly fecundity (b) � age at maturity (a) Mammals (1)
Yearly fecundity (b)/mortality rate (M) Birds, bats (1, 9, 13)
Maximum asymptotic length (l

V
)/

growth coefficient (K)
Fish genera (1)

Size at sex change (L50)/maximum size (Lmax) Animals (fish, crustaceans,
mollusks, echinoderms)

(4, 7)

Age at sex change (t)/age at maturity (a) Fish (5)
Fraction of body mass to reproduction

per unit time (C)/average adult life span (A)
Fish, birds, mammals (29)
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a regression slope of 1.0, because we are

regressing X on X, and we expect an R2 of

R2
0

varElnðAÞ^

varElnðAÞ^ þ varEln p

1 j p

� �
^

ð3Þ

Once again, R2 will be high if A is highly

variable.

Some invariants require a moment_s re-

flection before it is seen how they fit into this

framework. Consider, for example, the rela-

tion between a bird_s yearly clutch size, b, and

adult mortality rate, M. Suppose that a bird

species has E eggs in total over its adult

lifetime of Y years; then its yearly clutch size

b is E/Y and its annual mortality rate M is 1/Y.

Therefore, b 0 ME, a regression of ln(b)

against ln(M) is expected to have a slope of

1.0, and

R2
0

varElnðMÞ^

varElnðMÞ^ þ varElnðEÞ^
ð4Þ

Charnov Etable 1.1 and fig. 1.2 in (1)^ carries

out this regression analysis on data on b andM

and finds a slope not significantly different

from 1.0. When we compute E 0 b/M from his

tabulated data, we can use the above formula

to calculate that the R2 should be 0.84, which is

what Charnov found it to be. More generally,

it can be shown that all of the other so-called

invariants listed in Table 1 are amenable to

the same treatment we have illustrated here.

The studies in Table 1 all explicitly use the

regression analysis we have described to

demonstrate that a ratio is invariant. From

the time of the introduction of invariants,

many other studies and discussions have ac-

cepted their existence on the basis of these

sorts of demonstrations and attempted to

explain them theoretically or infer their con-

sequences (6, 15–23, 26, 27). For example, in

his review of the canonical monograph on life-

history invariants (1), Maynard Smith refers to

the M/b data we have just discussed and says

BM/b is approximately constant (,0.2) for

species as different as the tree sparrow and

wandering albatross[ (31). This is in spite of

the fact that the data to which he is referring

show the ratio varying between 0.1 and 0.5.

Maynard Smith was not the only reviewer to

accept that this ratio is constant (32), and the

status of these life-history invariants is such

that they have now found their way into the

popular physics literature (33). In fact, in a

population of constant size, the ratio M/b is,

essentially, the probability of surviving from

egg to breeding age and therefore is con-

strained to be between 0 and 1.

Given the clear invalidity of using the

regression analysis described, a major un-

resolved problem is how we should search

for invariants. One approach that has been

suggested is to continue using such analyses,

but to compare the R2 generated by an explicit

null model, similar to that used to produce

Fig. 1, with that generated by the actual data.

Invariance is then accepted if the real data

produce an unusually high R2 (24, 25, 30).

However, there is an obvious difficulty with

this approach. How does one choose the null

model for comparison (25)? In Fig. 1, we used

a uniform distribution between 0 and 1, but we

could have equally argued for a uniform

distribution between, say, 0.5 and 0.9. In addi-

tion, the uniformity of the data is not relevant

to the question of invariance, because non-

uniform distributions can be highly variable,

whereas a uniform distribution may have tight

bounds. An alternative approach is to examine

the covariation between the proposed invariant

and other traits considered to be of general

importance to life history, such as body size. If

covariance is found, the candidate invariant

can be rejected (34). However, the lack of any

systematic variation in a trait, although it is

potentially interesting, is very different from a

lack of any variation.

We believe that the best way forward in

addressing the existence and importance of

invariants is to develop procedures to compare

the relative variation in the proposed invariant

across species to variation in other scale-free,

but not necessarily invariant, measures. If pro-

posed invariants can be expressed in terms of

other scale-free measurements, randomization

procedures can be used to determine whether

the observed values of the invariant are a par-

ticularly constrained subset of those that are

obtained when the scale-free measurements

are allowed to vary independently. Further-

more, this emphasizes that although life-history

invariants are often seen as the flagship of the

dimensionless approach, the two are in fact

separate, and there is no doubt that the di-

mensionless approach is useful for organizing

life histories and looking for general differences

across taxa (1, 6, 29). There may even be a

benefit to generalizing the study of dimension-

less quantities beyond simple ratios to other

homogenous functions of degree zero. Al-

though the dimensionless numbers being exam-

ined may not be invariant, the mean values

may still differ in interesting ways across taxa.

For example, the relationship between the age at

maturity, a, and the average adult life span, A,

groups taxa into poikilothermic indeterminate

growers (fish, nematodes, and shrimp), mam-

mals, and birds (1, 10). Such analyses suggest

differences that are likely to reflect major

differences in the forms of the underlying

tradeoffs and open up an array of questions that

are more specific (6).
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Multiple Causes of High Extinction

Risk in Large Mammal Species
Marcel Cardillo,1,2* Georgina M. Mace,2 Kate E. Jones,4.
Jon Bielby,2 Olaf R. P. Bininda-Emonds,5 Wes Sechrest,4-

C. David L. Orme,1 Andy Purvis1,3

Many large animal species have a high risk of extinction. This is usually thought
to result simply from the way that species traits associated with vulnerability,
such as low reproductive rates, scale with body size. In a broad-scale analysis of
extinction risk in mammals, we find two additional patterns in the size
selectivity of extinction risk. First, impacts of both intrinsic and environmental
factors increase sharply above a threshold body mass around 3 kilograms.
Second, whereas extinction risk in smaller species is driven by environmental
factors, in larger species it is driven by a combination of environmental factors
and intrinsic traits. Thus, the disadvantages of large size are greater than
generally recognized, and future loss of large mammal biodiversity could be far
more rapid than expected.

A major challenge for conservation biology is

to explain why some species are more likely to

be threatened with extinction than others (1).

One of the traits associated most often with

high extinction risk among animal species is

large body size (2). In mammals, for example,

declining species considered threatened with

extinction are an order of magnitude heavier

(1374 T 1.43 g), on average, than nonthreat-

ened species (139 T 1.13 g) (3). Futhermore,

the size selectivity of the current extinction

crisis echoes past extinction events such as that

of the late Pleistocene, which dispropor-

tionately affected larger species (4, 5). How-

ever, it is not clear which mechanisms are

primarily responsible for the association be-

tween body size and extinction risk (5–9), and

a thorough investigation requires large com-

parative data sets for sizable groups of species

spanning a wide range of body sizes. Here, we

investigate the association between size and

risk with the use of a data set including nearly

4000 species of nonmarine mammals, a group

spanning eight orders of magnitude in body

mass, from the 2-g least woolly bat to the

4000-kg African elephant.

We used multiple linear regression on phy-

logenetically independent contrasts (10) to test

associations between extinction risk and a

range of predictor variables. As our measure

of extinction risk, we followed previous studies

in the use of classifications based on criterion

A of the IUCN Red List (3), converted to a

numerical index from 0 to 5 (11–13). This

corresponds to a coarse but quantitative mea-

sure of the rate of recent and ongoing decline

and excludes those threatened species listed

simply on the basis of small geographic distri-

bution or population size (3). Potential pre-

dictors of extinction risk can be grouped into

three broad types: (i) environmental factors,

where the size and location of a species_

geographic range determines the environmen-

tal features and human impact to which it is

exposed; (ii) species_ ecological traits, such as

population density; and (iii) species_ life-

history traits, such as gestation length. To

represent each of these types, we selected six

key predictors Egeographic range size, human

population density, an index of external threat

level, population density, gestation length, and

weaning age; see (10) for justification^.

Extinction risk shows a positive association

with adult body mass Et 0 3.86, degrees of

freedom (d.f.) 0 1530, P 0 0.0001, controlling

for geographic range size^. In separate regres-

sion models, each key predictor except wean-

ing age is also significantly associated with

extinction risk (Table 1). When a term de-

scribing the interaction between body mass

and the key predictor is added to each model, a

significant interaction is found in every case

except in the model for geographic range size

(Table 1). In every model, the sign of the

interaction term indicates that the slope of

extinction risk against the key predictor

becomes steeper with increasing body mass.

The effects of risk-promoting factors on ex-

tinction risk, therefore, become stronger as

body mass increases.

To visualize the effects of these interactions

between body mass and the key predictors on

extinction risk, we fitted models within a slid-

ing window with a width of 2 units on the

scale of ln(body mass) and moved the window

along the body-mass axis at increments of 0.5

units (Fig. 1). For all predictors, slopes of

extinction risk varied substantially along the

body-mass axis, confirming the significant

body-mass interactions in the regression mod-

els. In all cases, there was a sharp increase in

slope toward the upper end of the body-mass

scale, with steepest slopes found in or near the

largest body-mass interval. For weaning age,

population density, and external threat, this

sharp increase in slope occurs at around 3 kg;

for gestation length and geographic range size,

it occurs above 20 kg. The slope of extinction

risk against human population density in-

creases steadily at smaller body sizes, then

drops sharply at around 3 kg, although the

steepest positive slope is nevertheless found in

the largest body-mass interval (Fig. 1).

1Division of Biology, Imperial College London, Silwood
Park, Ascot SL5 7PY, UK. 2Institute of Zoology, Zoo-
logical Society of London, Regent’s Park NW1 4RY, UK.
3Natural Environmental Research Council (NERC)
Centre for Population Biology, Imperial College London,
Silwood Park, Ascot SL5 7PY, UK. 4Department of
Biology, University of Virginia, Charlottesville, VA
22904–4328, USA. 5Lehrstuhl für Tierzucht, Technical
University of Munich, Alte Akademie 12, 85354
Freising-Weihenstephan, Germany.

*To whom correspondence should be addressed.
E-mail: m.cardillo@imperial.ac.uk
.Present address: Earth Institute, Center for Environ-
mental Research and Conservation, Columbia Uni-
versity, 1200 Amsterdam Avenue, MC5556, New
York, NY 10027, USA.
-Present address: World Conservation Union (IUCN)
Global Mammal Assessment, c/o Center for Applied
Biodiversity, Conservation International, 1919 M Street
N.W., Suite 600, Washington, DC 20036, USA.

R E P O R T S

www.sciencemag.org SCIENCE VOL 309 19 AUGUST 2005 1239

mailto:m.cardillo@imperial.ac.uk
http://www.sciencemag.org


Dividing mammal species into small-bodied

and large-bodied subgroups at a cutoff of 3 kg,

we used multiple regression with model sim-

plification to find the sets of predictors, se-

lected from a wide range of variables (table

S1), that independently contribute to extinction

risk in each subgroup (Table 2). For species

smaller than the cutoff body mass, the min-

imum adequate regression model includes no

intrinsic biological traits, only environmental

factors determined by the size and the location

of species_ geographic ranges (size and median

latitude of geographic range and human

population density and external threat level

within the geographic range). For species

larger than the cutoff body mass, intrinsic

biological traits (population density, neonatal

mass, and litters per year), in addition to envi-

ronmental factors, are independent, significant

predictors of extinction risk. This basic result

is robust to bracketing the small-large cutoff

below and above 3 kg; the sets of significant

predictors vary only slightly in each case (10).

Large size has often been linked to elevated

extinction risk in mammals because larger

species tend to exist at lower average popula-

tion densities (14), the intrinsic rate of popu-

lation increase declines with body mass (15),

and larger species are disproportionately ex-

ploited by humans (16, 17). However, our

models reveal further complexity in the as-

sociation between size and extinction risk and

provide a compelling explanation for the strong

size selectivity of the current extinction crisis

that goes beyond a simple scaling of risk-

promoting factors with body size. Intrinsic

factors predict extinction risk only in species

weighing more than 3 kg; above this size, sus-

ceptibility to both intrinsic and external threats

increases sharply. This may represent the

approximate body mass above which extinction

risk begins to be compounded by the cumula-

tive effects of multiple threatening factors. For

example, forest fragmentation elevates the sen-

sitivity to hunting pressure of populations of

medium- and large-sized vertebrates (18), and

larger body sizes demand larger home ranges,

bringing individuals into increasing contact with

people in fragmented habitats (19). Above cer-

tain critical body sizes, species become targets

for increased hunting pressure: in neotropical

forests, subsistence hunter preference increases

abruptly for mammal species above about

6.5 kg (16). Those species with low population

densities or slow life histories, which tend to

be of larger size, are the most vulnerable to

population declines caused by hunting (17).

The reason for the sharp dip in the slope of

extinction risk against human population den-

sity around the same body mass that the slopes

of other predictors increase is less intuitive. It

could represent the effects of an extinction

filter, whereby the most susceptible species

have long since disappeared from regions of

highest human population density, leaving

behind a fauna consisting of species more

robust to extinction (20). This scenario is sup-

ported by evidence for widespread disappear-

ance of mammal populations from regions of

high human population density (21).

Our results also suggest that, as human

impacts on natural environments continue to

increase, declines toward extinction will be

more rapid, on average, in large species com-

pared with small species with similar biolog-

ical characteristics or that are exposed to

similar amounts of human impact. This can be

illustrated with the use of our model predicting

extinction risk from the level of external threat

(Table 1 and table S2). We predicted extinction

risk for two hypothetical species that vary in

body mass but are identical in other respects

(we assigned both species the median values

for all mammals of geographic range size and

degree of exposure to external threat). From

this model we obtained a predicted extinction

risk index value of 1.00 for a species of 300 kg

compared with only 0.38 for a species of

300 g. The difference in predicted risk stems

solely from the difference in body size and the

interaction between body size and external

threat. This, together with the interactions be-

tween other risk-promoting factors and body

Table 1. Separate regressions of key predictors against extinction risk. Each test includes geographic range
size as a covariate; tests for weaning age, gestation length, and population density also include adult body
mass as a covariate. For clarity, only results for key predictors and interaction terms are shown here;
quadratic and cubic terms are shown where significant. Full model results are in table S2. HPD, mean human
population density; ETI, external threat index (10). Dagger indicates P e 0.1; single asterisk, P e 0.05; double
asterisks, P e 0.01; triple asterisks, P e 0.001. Blank entries indicate terms that were not measured or not
significant in a particular model.

Predictors

Predictors tested without
body-mass interaction

Predictors tested with
body-mass interaction

d.f. slope t d.f. slope t

Weaning age 674 0.034 0.5 673 –0.344 –2.87**

Weaning age:body mass 0.074 3.8***

Gestation length 748 –5.754 –3.34*** 747 –1.447 –2.96**

(Gestation length)2 0.666 3.5***

Gestation length:body mass 0.183 4.19***

Population density 570 –0.058 –3.35*** 569 0.064 1.73.
Population density:body mass –0.015 –3.73***

Geographic range size 1625 0.311 1.61 1623 0.305 1.52
(Geographic range size)2 –0.043 –2.47* –0.042 –2.36*

(Geographic range size)3 0.001 2.37* 0.001 2.26*

Geographic range size:body mass 0.0004 0.12
HPD 1595 –0.154 –2.95** 1594 –0.075 –0.63
HPD2 0.024 3.14** –0.053 –1.34
HPD3 0.008 2.06*

HPD:body mass 0.018 3.51***

ETI 1592 –0.562 –1.32 1589 –5.783 –4.45***

ETI2 1.02 3.6*** 6.256 3.48***

ETI3 –1.941 –2.71**

ETI:body mass 0.366 5.73***

Table 2. Minimum adequate regression models of extinction risk. Results shown are models where each
predictor is significant at P e 0.05 after model simplification (10). Dagger, P e 0.1; single asterisk, P e 0.05;
double asterisks, P e 0.01; triple asterisks, P e 0.001. Blank entries indicate terms that were not measured or
not significant in a particular model.

Predictors
Small species (G3 kg)

(d.f. 0 1207)
Large species (Q3 kg)

(d.f. 0 131)
All species
(d.f. 0 404)

slope t slope t slope t

Geographic range size –0.142 –14.03*** –0.165 –3.9*** –0.516 –2.52*

(Geographic range size)2 0.016 2.13*

Latitude 0.01 5.49***

HPD –0.084 –2.1* 1.65 5.36***

HPD2 0.03 3.48*** –0.081 –3.81***

ETI 0.629 3.71*** 1.82 2.99**

Weaning age 0.3 3.46***

Neonatal mass 0.401 2.09*

Litters per year –0.618 –2.04*

Population density –0.111 –0.27** –0.148 –0.45***

(Population density)2 0.013 2.91**

Geographic range size:HPD –0.087 –4.62***

Geographic range
size:population density

–0.045 –3.03**
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size, suggests that the ongoing loss of the

world_s large mammal biodiversity could be

far more rapid than currently predicted Efor

example, by extrapolating from current extinc-

tion risk levels (22, 23)^. The likelihood of this

loss being highly selective and clustered in

large-bodied groups, such as ungulates and

primates, means the concomitant loss of mam-

malian evolutionary history and ecological

diversity could also be greater and more rapid

than currently expected (24, 25).

A recurring question in the study of ex-

tinctions, both recent and prehistoric, has been

whether species that have declined or gone

extinct have been the victims of bad genes or

simply bad luck (26, 27). Our results suggest

the answer to this question may be different for

small and large mammals. Smaller species are

more likely to become threatened simply

through environmental disadvantage: that is,

the size and location of their geographic ranges

and the levels of human impact to which they

are exposed. For larger species, intrinsic

biological traits become a significant determi-

nant of extinction risk in addition to environ-

mental factors: Large species are thus more

likely to be evolutionarily predisposed to

decline. One implication this has for conserva-

tion is that it provides a possible means of

reconciling opposing views over whether area-

based or species-based approaches to conser-

vation are most effective (28). Smaller species

should, in general, benefit more from the

conservation of important threatened areas,

whereas larger species will tend to benefit

most from a conservation approach that also

singles out individual species for particular

attention. We do not suggest that detailed eco-

logical studies of small mammal species are

unimportant; in conservation planning, there is

no substitute for a thorough knowledge of each

species_ unique circumstances. However, analy-

ses of global patterns of extinction risk from

large-scale comparative studies such as ours

can lead to a better general understanding of

the underlying causes of decline and, impor-

tantly, of the selectivity of decline among dif-

ferent species. This may help to identify those

species likely to be most susceptible to future

decline, providing the basis for a more pre-

emptive approach to conservation planning.

References and Notes
1. M. L. McKinney, Annu. Rev. Ecol. Syst. 28, 495 (1997).
2. D. O. Fisher, I. P. F. Owens, Trends Ecol. Evol. 19, 391

(2004).
3. IUCN, 2003 IUCN Red List of Threatened Species

(IUCN, Gland, Switzerland, 2003).
4. P. S. Martin, in Pleistocene Extinctions: The Search for a

Cause, P. S. Martin, H. E. Wright, Eds. (Yale Univ. Press,
New Haven, CT, 1967), pp. 75–120.

5. C. N. Johnson, Proc. R. Soc. Lond. Ser. B 269, 2221 (2002).
6. M. Cardillo, L. Bromham, Conserv. Biol. 15, 1435 (2001).
7. J. H. Lawton, in Extinction Rates, J. H. Lawton, R. M. May,

Eds. (Oxford Univ. Press, Oxford, 1995), pp. 147–163.
8. S. L. Pimm, The Balance of Nature? (Univ. of Chicago

Press, Chicago, 1991).
9. S. L. Pimm, H. L. Jones, J. Diamond, Am. Nat. 132,

757 (1988).
10. Materials and methods are available as supporting

material on Science Online.
11. M. Cardillo et al., PLoS Biol. 2, 909 (2004).
12. K. E. Jones, A. Purvis, J. L. Gittleman, Am. Nat. 161,

601 (2003).
13. A. Purvis, J. L. Gittleman, G. Cowlishaw, G. M. Mace,

Proc. R. Soc. Lond. Ser. B 267, 1947 (2000).
14. J. Damuth, Nature 290, 699 (1981).
15. T. Fenschel, Oecologia 14, 317 (1974).
16. A. Jerozolimski, C. A. Peres, Biol. Conserv. 111, 415 (2003).
17. R. E. Bodmer, J. F. Eisenberg, K. H. Redford, Conserv.

Biol. 11, 460 (1997).
18. C. A. Peres, Conserv. Biol. 15, 1490 (2001).
19. R. Woodroffe, J. R. Ginsberg, Science 280, 2126 (1998).
20. A. Balmford, Trends Ecol. Evol. 11, 193 (1996).
21. G. Ceballos, P. R. Ehrlich, Science 296, 904 (2002).
22. M. L. McKinney, Anim. Conserv. 1, 159 (1998).
23. G. J. Russell, T. M. Brooks, M. L. McKinney, C. G.

Anderson, Conserv. Biol. 12, 1365 (1998).
24. J. Jernvall, P. C. Wright, Proc. Natl. Acad. Sci. U.S.A.

95, 11279 (1998).
25. A. Purvis, P.-M. Agapow, J. L. Gittleman, G. M. Mace,

Science 288, 328 (2000).
26. D. M. Raup, Extinction: Bad Genes or Bad Luck?

(Oxford Univ. Press, Oxford, 1993).
27. P. M. Bennett, I. P. F. Owens, Proc. R. Soc. Lond. Ser.

B Biol. Sci. 264, 401 (1997).
28. G. M. Mace, J. L. Gittleman, A. Purvis, Science 300,

1707 (2003).
29. We thank S. Adamowicz, L. Bromham, B. Collen, T.

Coulson, J. Gittleman, C. Godfray, M. Hassell, E. J.
Milner-Gulland, and I. Owens for comments and
discussions and R. Beck, E. Boakes, C. Carbone, T.
Clary, C. Connolly, M. Cutts, J. Davies, J. Foster, R.
Grenyer, M. Habib, V. Kanchaite, R. Liu, M. Miyamoto, J.
O’Dell, C. Plaster, S. Price, E. Rigby, J. Rist, M. Tambutti,
A. Teacher, and R. Vos for contributing to the con-
struction of the databases. This work was funded by
grants from NERC (U.K.) to G.M.M. and A.P. (NER/A/S/
2001/00581 and NE/B503492/1), from NSF to J.L.G.
(DEB/0129009), from Bundesministerium für Bildung
und Forschung (Germany) to O.R.P.B. (031U212E), and
by an Earth Institute Fellowship to K.J.

Supporting Online Material
www.sciencemag.org/cgi/content/full/1116030/DC1
Materials and Methods
Figs. S1 to S3
Tables S1 to S3
References and Notes

13 June 2005; accepted 8 July 2005
Published online 25 July 2005;
10.1126/science.1116030
Include this information when citing this paper.

A B

C D

E F

weaning age

population density

external threat index human population density

geographic range size

gestation length

Lower bound of body mass interval (kg)

S
lo

pe
 o

f p
re

di
ct

or
 a

ga
in

st
 e

xt
in

ct
io

n 
ris

k

Fig. 1. (A to F) Slopes of key predictors against extinction risk at different body masses. Each point
is located at the lower bound of a body-mass interval of width 2ln(g). Triangles indicate slopes
significantly greater or less than zero (P e 0.05); circles, slopes not significantly different from zero.
Lines are Lowess smoothers fitted through the points with span of 0.3. Solid squares indicate
slopes (T1 SE) of the predictor against extinction risk for small (G3 kg) and large (Q3 kg) species,
respectively. Dashed horizontal lines indicate slopes of zero. Note that the y axes in (C) and (D)
have been inverted to improve the visual clarity of the pattern.
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Genome Streamlining in a

Cosmopolitan Oceanic Bacterium
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Jonathan Eads,3 Toby H. Richardson,3 Michiel Noordewier,3

Michael S. Rappé,4 Jay M. Short,3 James C. Carrington,2
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The SAR11 clade consists of very small, heterotrophic marine a-proteobacteria
that are found throughout the oceans, where they account for about 25% of
all microbial cells. Pelagibacter ubique, the first cultured member of this clade,
has the smallest genome and encodes the smallest number of predicted open
reading frames known for a free-living microorganism. In contrast to parasitic
bacteria and archaea with small genomes, P. ubique has complete biosynthetic
pathways for all 20 amino acids and all but a few cofactors. P. ubique has no
pseudogenes, introns, transposons, extrachromosomal elements, or inteins; few
paralogs; and the shortest intergenic spacers yet observed for any cell.

Pelagibacter ubique, strain HTCC1062, be-

longs to one of the most successful clades of

organisms on the planet (1), but it has the

smallest genome (1,308,759 base pairs) of any

cell known to replicate independently in nature

(Fig. 1). In situ hybridization studies show

that these organisms occur as unattached cells

suspended in the water column (1). They grow

by assimilating organic compounds from the

ocean_s dissolved organic carbon (DOC) reser-

voir, and can generate metabolic energy either

by a light-driven proteorhodopsin proton pump

(2) or by respiration (3). The marine plank-

tonic environment is poor in nutrients, and the

availability of N, P, and organic carbon typ-

ically limits the productivity of microbial com-

munities. P. ubique is arguably the smallest

free-living cell that has been studied in a lab-

oratory, and even its small genome occupies a

substantial fraction (È30%) of the cell volume.

The small size of the SAR11 clade cells fits a

model proposed by Button (4) for natural selec-

tion acting to optimize surface-to-volume ratios

in oligotrophic cells, such that the capacity of

the cytoplasm to process substrates will be

matched to steady-state membrane transport

rates.

Surprisingly, this genome appears to en-

code nearly all of the basic functions of a-

proteobacterial cells (Table 1). The small

genome size is attributable to the nearly com-

plete absence of nonfunctional or redundant

DNA and the paring down of all but the most

fundamental metabolic and regulatory func-

tions. For example, P. ubique falls at the ex-

treme end of the range for intergenic DNA

regions, with a median spacer size of only three

bases (Fig. 2). Intergenic DNA regions vary

considerably among bacteria and archaea, even

including parasites that have small genomes (5).

No pseudogenes, phage genes, or recent gene

duplications were found in P. ubique.

To further explore this trend, we inves-

tigated paralogous gene families by means of

BLAST clustering with variable threshold

limits. The genome had the smallest number

of paralogous genes observed in any free-

living cell (Fig. 1) (fig. S1). A steep slope in
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Fig. 1. Number of pre-
dicted protein-encoding
genes versus genome
size for 244 complete
published genomes from
bacteria and archaea. P.
ubique has the smallest
number of genes (1354
open reading frames) for
any free-living organism.
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the decline of potential paralogs with increas-

ing gene pairwise similarity threshold, relative

to other organisms, suggested that the few

paralogs present in P. ubique are descended

from relatively old duplication events, and that

steady evolutionary pressure has constrained the

expansion of gene families in this organism (fig.

S2). Furthermore, there was no evidence of

DNA originating from recent horizontal gene

transfer events. The presence of DNA uptake

and competence genes (PilC, PilD, PilE, PilF,

PilG, PilQ, comL, and cinA) in the genome

suggests that P. ubique has the ability to acquire

foreign DNA. These data are consistent with

the hypothesis that cells in some ecosystems

are subject to powerful selection to minimize

the material costs of cellular replication; this

concept is known as streamlining (5).

Several hypotheses have been used to ex-

plain genome reduction in prokaryotes, partic-

ularly in parasites, which have the smallest

cellular genomes known. The relaxation of pos-

itive selection for genes used in the biosynthesis

of compounds that can be imported from the

host, together with a bias favoring deletions

over insertions in most or all bacteria, appear to

account for genome reduction in many parasites

and organelles (5). The streamlining hypothesis

assumes that selection acts to reduce genome

size because of the metabolic burden of repli-

cating DNA with no adaptive value. Under this

hypothesis, it is presumed that repetitive DNA

arises when mechanisms that add DNA to

genomes—for example, recombination and

the propagation of self-replicating DNA (e.g.,

introns, inteins, and transposons)—overwhelm

the simple economics of metabolic costs.

However, evolutionary theory predicts that

the probability that selection will act to

eliminate DNA merely because of the meta-

bolic cost of its synthesis will be greatest in

very large populations of cells that do not ex-

perience drastic periodic declines (6).

The streamlining hypothesis has been used

to explain genome reduction in Prochloro-

coccus, a photoautotroph that reaches popula-

tion sizes in the oceans that are similar to

those of Pelagibacter (7–9). Prochlorococcus

genomes range from 1.66 to 2.41 million base

pairs (Mbp). Many organisms with reduced

genomes, including some pathogens, also have

very low G:C to A:T ratios (10) (fig. S3),

which can be attributed to biases in mutational

frequencies, but alternatively might convey a

selective advantage by lowering the nitrogen

requirement for DNA synthesis, thereby re-

ducing the cellular requirement for fixed forms

of nitrogen (7). N and P are both proportion-

ately important constituents of DNA that are

frequently limiting in seawater. The P. ubique

genome is 29.7% GþC. Of four complete Pro-

chlorococcus genome sequences, the two that

lack the DNA repair enzyme 6-0-methylguanine-

DNA methyltransferase also have very low

G:C to A:T ratios. In the absence of this enzyme,

the extent of accepted G:C to A:T mutations in-

creases; however, theP. ubique genome encodes

this enzyme, which suggests that other factors

are the cause of its low G:C to A:T ratio.

Annotation revealed a spare metabolic

network encoding a variant of the Entner-

Duodoroff pathway, a tricarboxylic acid (TCA)

cycle, a glyoxylate bypass, and a typical elec-

tron transport chain (Table 1). Anapleurotic

pathways for cellular constituents, other than

five vitamins, appeared to be complete, but

genes that would confer alternate metabolic

lifestyles, motility, or other complexities of

structure and function were nearly absent. Con-

spicuous exceptions were genes for carotenoid

synthesis, retinal synthesis, and proteorhodop-

sin. P. ubique constitutively expresses a light-

dependent retinylidine proton pump and is the

first cultured bacterium to exhibit the gene

that encodes it (2). The genome also contained

genes for type II secretion (including adhe-

sion) and type IV pilin biogenesis. Examina-

tion of gene distributions among metabolic

categories (fig. S4) supported the conclusion

that genome reduction in P. ubique has spared

genes for core proteobacterial functions while

reducing the proportion of the genome devoted

to noncoding DNA. Relative to other a-

proteobacterial genomes, the proportions of

P. ubique genes encoding transport functions,

biosynthesis of amino acids, and energy me-

tabolism were high (table S3).

The sheer size of Pelagibacter populations

indicates that they consume a large proportion

of the labile DOC in the oceans. The global

DOC pool is estimated to be 6.85 � 1017 g C

(11), roughly equaling the mass of inorganic

C in the atmosphere (12). Examination of the

P. ubique genome revealed that about half

of all transporters, and nearly all nutrient-

uptake transporters, are members of the

ATP-binding cassette (ABC) family (table

S1). ABC transporters typically have high

substrate affinities and therefore provide an

advantage at the cost of ATP hydrolysis. In-

ferred transport functions included the uptake

of a variety of nitrogenous compounds: ammo-

nia, urea, basic amino acids, spermidine, and

putrescine. Broad-specificity transporters for

sugars, branched amino acids, dicarboxylic and

tricarboxylic acids, and a number of common

osmolytes (including glycine betaine, proline,

mannitol, and 3-dimethylsulfoniopropionate)

were found in the genome. Autoradiography

with native populations of SAR11 has dem-

onstrated high uptake activity for amino acids

and 3-dimethylsulfoniopropionate (13). Hence,

efficiency is achieved in a low-nutrient system

by reliance on transporters with broad sub-

strate ranges (14) and a number of specialized

substrate targets, in particular, nitrogenous

compounds and osmolytes.

Table 1. Metabolic pathways in Pelagibacter.

Pathway Prediction

Glycolysis Uncertain
TCA cycle Present
Glyoxylate shunt Present
Respiration Present
Pentose phosphate cycle Present
Fatty acid biosynthesis Present
Cell wall biosynthesis Present
Biosynthesis of all 20 amino acids Present
Heme biosynthesis Present
Ubiquinone Present
Nicotinate and nicotinamide Present
Folate Present
Riboflavin Present
Pantothenate Absent
B6 Absent
Thiamine Absent
Biotin Absent
B12 Absent
Retinal Present

Fig. 2. Median size of
intergenic spacers for
bacterial and archaeal
genomes. Inset shows
expanded view of range
for organisms with
the smallest intergenic
spacers.
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The genome encoded two sigma factors,

the heat shock factor s
32 and a s

70 (rpoD), but

no homolog of rpoN, the gene for the nitrogen

starvation factor s
54 (table S2). Only four two-

component regulatory systems were identified,

three of which match the only two-component

regulatory systems in Rickettsia (15). The

presence of homologs to PhoR/PhoB/PhoC,

NtrY/NtrX, and envZ/OmpR suggested reg-

ulated responses to phosphate limitation, N

limitation, and osmotic stress. The only addi-

tional two-component system, RegB/RegA, has

been implicated in the regulation of cellular

oxidation/reduction processes in phototrophic

a-proteobacteria (16). A gene encoding a ferric

iron uptake regulator was also present.

In its simplicity the P. ubique genome is

unique among other heterotrophic marine bac-

teria, such as Vibrio sp. (17), Pseudoalteromo-

nas (18), Shewanella (19), and Silicibacter

(20), which have considerably larger genomes

(4.0 to 5.3 Mbp) and global regulatory systems

that enable them to implement a variety of

metabolic strategies in response to environ-

mental variation. We hypothesize that P.

ubique makes use of the ambient DOC field

(21), whereas heterotrophic bacterioplankton

with larger genomes are poised to rapidly

exploit pulses of nutrients (22) at the expense

of replication efficiency during the interven-

ing periods (23). This hypothesis is consistent

with the observation that P. ubique has a sin-

gle ribosomal RNA (rRNA) operon and a low

growth rate (0.40 to 0.58 cell divisions per

day) that does not vary in response to nutrient

addition. In contrast, heterotrophic marine bac-

teria with large genomes have some of the

highest recorded growth rates and are very re-

sponsive to nutrient concentration.

Like some other a-proteobacteria and es-

pecially archaea, HTCC1062 has an alternate

thymidylate synthase for thymine synthesis,

Fig. 3. Maximum likelihood phy-
logenetic tree for the gene encod-
ing RNA polymerase subunit B.
Sequences represented by acces-
sion numbers are environmental
sequences from the Sargasso Sea
(19). The sequence indicated by a
star is part of the 5.7-kb contig
IBEA_CTG_2159647 that is part of
a conserved gene cluster also
present in Pelagibacter ubique.
Numbers indicated by solid ar-
rowheads represent amino acid
percentage identity to the Pelagi-
bacter gene. For comparison, the
identity between two species of
Mesorhizobium is also indicated
(open arrowhead). Bootstrap sup-
port (100 maximum-likelihood
replicates) is indicated for the
major clades (* if less than 50).
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thyX (24). As in other strains that lack the

most common thymidylate synthase (thyA)

but have thyX, HTCC1062 also lacks the di-

hydrofolate reductase folA (25). Evidence

suggests that the gene encoding thyX can sub-

stitute for folA (24). A full glycolytic pathway

was not reconstructed because of the con-

founding diversity of glycolytic pathways

(26). Five enzymes in the canonical glycolytic

pathway were not seen, including two key

enzymes involved in allosteric control: phos-

phofructokinase and pyruvate kinase. An en-

zyme thought to substitute for pyruvate kinase

(27), known as PPDK (pyruvate-phosphate

dikinase), was found. Some but not all of the

enzymes for the nonphosphorylated Entner-

Duodoroff pathway, considered more ancient

than canonical glycolysis (26, 28), were de-

tected, as well as a complete pathway for glu-

coneogenesis, also considered more ancient

than canonical glycolysis (29). Sugar trans-

porters with best BLAST hits to maltose/

trehalose transport were found, so presumably

a complete glycolytic pathway does function

in this cell.

Whole-genome shotgun (WGS) sequence

data from the Sargasso Sea segregated at

high similarity values, relative to other a-

proteobacteria and proteobacteria, in a BLASTN

analysis of the P. ubique genome (fig. S4).

Sequence diversity prevented Venter et al.

(19) from reconstructing SAR11 genomes

from the Sargasso Sea WGS data set, although

SAR11 rRNA genes accounted for 380 of

1412 16S rRNA genes and gene fragments

they recovered (26.9%), and the library was

estimated to encode the equivalent of about

775 SAR11 genomes. Three Sargasso Sea

contiguous sequences (contigs) that were long

(5.6 to 22.5 kb) and highly similar to the P.

ubique genome were analyzed in detail. Genes

on these contigs were syntenous with genes

from the P. ubique genome, with amino acid

sequence identities ranging from 68 to 96%

(fig. S5). Phylogenetic analysis of four con-

served genes from these contigs (those en-

coding RNA polymerase subunit B, Fig. 3;

elongation factor G, fig. S6; DNA gyrase

subunit B, fig. S7; and ribosomal protein

S12, fig. S8) showed them to be associated

with large, diverse environmental clades that

branched within the a-proteobacteria. We hy-

pothesize that evolutionary divergence within

the SAR11 clade and the accumulation of neu-

tral variation are the most likely explanations

for the natural heterogeneity in SAR11 ge-

nome sequences.

Metabolic reconstruction failed to resolve

why P. ubique will not grow on artificial me-

dia. When cultured in seawater, it attains cell

densities similar to populations in nature, typ-

ically 105 to 106 mlj1 depending on the water

sample (3). No evidence of quorum-sensing

systems was found in the genome, and exper-

imental additions of nutrients supported the

results from metabolic reconstruction, which

suggests that an unusual growth factor may

play a role in the ecology of this organism.

P. ubique has taken a tack in evolution

that is distinctly different from that of all other

heterotrophic marine bacteria for which ge-

nome sequences are available. Evolution has

divested it of all but the most fundamental

cellular systems such that it replicates under

limiting nutrient resources as efficiently as

possible, with the outcome that it has be-

come the dominant clade in the ocean.
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3. M. S. Rappé, S. A. Connon, K. L. Vergin, S. J. Giovannoni,

Nature 418, 630 (2002).
4. D. K. Button, Appl. Environ. Microbiol. 57, 2033 (1991).
5. A. Mira, H. Ochman, N. A. Moran, Trends Genet. 17,

589 (2001).
6. M. Kimura, The Neutral Theory of Molecular Evolu-

tion (Cambridge Univ. Press, Cambridge, 1983).
7. A. Dufresne, L. Garczarek, F. Partensky, Genome Biol.

6, R14 (2005).
8. B. Strehl, J. Holtzendorff, F. Partensky, W. R. Hess,

FEMS Microbiol. Lett. 181, 261 (1999).
9. G. Rocap et al., Nature 424, 1042 (2003).

10. D. W. Ussery, P. F. Hallin, Microbiology 150, 749
(2004).

11. D. A. Hansell, C. A. Carlson, Global Biogeochem.
Cycles 12, 443 (1998).

12. D. A. Hansell, C. A. Carlson, Deep Sea Res. 48, 1649
(2001).

13. R. R. Malmstrom, R. P. Kiene, M. T. Cottrell, D. L.
Kirchman, Appl. Environ. Microbiol. 70, 4129 (2004).

14. D. K. Button, B. Robertson, E. Gustafson, X. Zhao,
Appl. Environ. Microbiol. 70, 5511 (2004).

15. S. G. Andersson et al., Nature 396, 133 (1998).
16. S. Elsen, L. R. Swem, D. L. Swem, C. E. Bauer,

Microbiol. Mol. Biol. Rev. 68, 263 (2004).
17. E. G. Ruby et al., Proc. Natl. Acad. Sci. U.S.A. 102,

3004 (2005).

18. B. D. Lanoil, L. M. Ciufettii, S. J. Giovannoni, Genome
Res. 6, 1160 (1996).

19. J. C. Venter et al., Science 304, 66 (2004); published
online 4 March 2004 (10.1126/science.1093857).

20. M. A. Moran et al., Nature 432, 910 (2004).
21. C. A. Carlson, H. W. Ducklow, A. F. Michaels, Nature

371, 405 (1994).
22. F. Azam, Science 280, 694 (1998).
23. J. A. Klappenbach, J. M. Dunbar, T. M. Schmidt, Appl.

Environ. Microbiol. 66, 1328 (2000).
24. H. Myllykallio et al., Science 297, 105 (2002); published

online 23 May 2002 (10.1126/science.1072113).
25. H. Myllykallio, D. Leduc, J. Filee, U. Liebl, Trends

Microbiol. 11, 220 (2003).
26. T. Dandekar, S. Schuster, B. Snel, M. Huynen, P. Bork,

Biochem. J. 343, 115 (1999).
27. R. E. Reeves, R. A. Menzies, D. S. Hsu, J. Biol. Chem.

243, 5486 (1968).
28. E. Melendez-Hevia, T. G. Waddell, R. Heinrich, F.

Montero, Eur. J. Biochem. 244, 527 (1997).
29. R. S. Ronimus, H. W. Morgan, Archaea 1, 199 (2003).
30. Supported by NSF grant EF0307223, Diversa Corpo-

ration, the Gordon and Betty Moore Foundation, and
the Oregon State University Center for Gene
Research and Biotechnology. We thank S. Wells, M.
Hudson, D. Barofsky, M. Staples, J. Garcia, B. Buchner,
P. Sammon, K. Li, and J. Ritter for technical assist-
ance and J. Heidelberg for advice about genome
assembly. We also acknowledge the crew of the R/V
Elakha for assistance with sample and seawater
collections, the staff of the Central Services Labora-
tory at Oregon State University for supplementary
sequence analyses, and the staff of the Mass
Spectrometry Laboratory at Oregon State University
for proteomic analyses. The sequence reported in
this study has been deposited in GenBank under ac-
cession number CP000084.

Supporting Online Material
www.sciencemag.org/cgi/content/full/309/5738/1242/
DC1
Materials and Methods
Tables S1 to S3
Figs. S1 to S9
References

26 April 2005; accepted 11 July 2005
10.1126/science.1114057

Contact-Dependent Inhibition of

Growth in Escherichia coli

Stephanie K. Aoki, Rupinderjit Pamma, Aaron D. Hernday,

Jessica E. Bickham, Bruce A. Braaten, David A. Low*

Bacteria have developed mechanisms to communicate and compete with each
other for limited environmental resources. We found that certain Escherichia

coli, including uropathogenic strains, contained a bacterial growth-inhibition
system that uses direct cell-to-cell contact. Inhibition was conditional,
dependent upon the growth state of the inhibitory cell and the pili expression
state of the target cell. Both a large cell-surface protein designated Contact-
dependent inhibitor A (CdiA) and two-partner secretion family member CdiB
were required for growth inhibition. The CdiAB system may function to
regulate the growth of specific cells within a differentiated bacterial population.

Bacteria communicate with each other in

multiple ways, including the secretion of sig-

naling molecules that enable a cell population

to determine when it has reached a certain

density or that a potential partner is present for

conjugation (1, 2). Cellular communication can

also occur through contact between cells, as has

been shown for Myxococcus xanthus, which

undergoes a complex developmental pathway

(3, 4). Here we describe a different type of in-

tercellular interaction in which bacterial growth

is regulated by direct cell-to-cell contact.

Wild-type Escherichia coli isolate EC93

inhibited the growth of laboratory E. coli K-12
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strains, such as MG1655, when the bacteria

were mixed together in shaking liquid culture

(Fig. 1A). In contrast, E. coli K-12 strains in

general (e.g., EPI100) did not express growth-

inhibitory activity (Fig. 1A). We isolated

genes from strain EC93, cdiA and cdiB, that

when expressed in E. coli K-12 conferred a

growth-inhibitory phenotype (Fig. 1A).

Growth inhibition was dependent upon the

growth state of the inhibitory cells, occurring

in logarithmic but not stationary phase. Target

cells, however, were inhibited regardless of

their growth phase (fig. S1). Protein synthesis

also appeared to be required for inhibition,

because cdiAþBþ E. coli inhibitor cells pre-

treated for 2 hours with chloramphenicol did

not have measurable inhibitory activity (fig.

S2). Experiments measuring the inhibitor-to-

target ratio over time (fig. S3) indicate that

one cdiAþBþ E. coli cell inhibited the growth

of multiple target cells. Starting at an initial

ratio of 1 inhibitor to 10 target cells, after 1

hour this ratio increased more than a thou-

sandfold (fig. S3). In contrast, a control

experiment with cdiAB-negative cells in place

of cdiAþBþ inhibitory cells showed that the

control-to-target ratio was not altered over the

3-hour time course (fig. S3).

The growth-inhibitory activity did not

appear to be a colicin, which is a secreted

antimicrobial peptide, because supernatant

solutions from logarithmic phase EC93 cul-

tures lacked inhibitory activity even when a

known inducer of colicin synthesis, mitomycin

C, was present (5, 6). To test the possibility

that induction of inhibitory activity might

occur only when target cells are present, we

prepared conditioned medium from a mixed

culture of cdiAþBþ inhibitor cells and E. coli

K-12 target cells (with a 10:1 inhibitor-to-

Fig. 1. Contact-dependent inhibition of bacterial
growth. (A) Target E. coli MG1655 tetR cells
were mixed with the following test strains: E.
coli EC93 inhibitory cells (squares); E. coli K-12
EPI100 strR containing pDAL660D1-39 (cdiAþBþ,
triangles); and control E. coli K-12 EPI100 strR

(circles). The inhibitor-to-target ratio for these
experiments was 10:1. At the times indicated,
viable target cell counts were obtained. CFU,
colony-forming units. (B) E. coli CDIþ K-12
(DL4577) or CDI– E. coli K-12 (DL4527) were
grown to logarithmic phase and added to the
top chamber of a six-well plate containing either
a 0.4-mm (solid bars) or an 8-mm (open bars)
PET membrane. Target E. coli MG1655 tetR cells
were added to the bottom well (in a 20:1
inhibitor-to-target ratio). Viable counts for the
top and bottom chambers were measured after
incubation (hours). Data are means T SEM; n 0 2.

Fig. 2. FACS analysis of contact-dependent
growth inhibition. FACS and cell viability analyses
of GFP- and DsRed-labeled E. coli were carried out
as described (7). The relative fluorescence is in-
dicated on the x and y axes with the filters shown.
(A) CDIþ inhibitor cells ‘‘I’’ constitutively express-
ing GFP (DL4905). (B) E. coli target cells ‘‘T’’
constitutively expressing DsRed (DL4920). (C) The
inhibitory and target cells described above were
mixed at a 1:4 inhibitor-to-target ratio and
analyzed after 16 min of growth with shaking at
37-C. The aggregated cell population ‘‘A’’ con-
tained at least one inhibitor cell and one or more
target cells per particle. The target population
contained free target cells that were not asso-
ciated with inhibitor cells. (D) FACS sorting was
used to isolate the free and inhibitor-bound
target populations after the times of incuba-
tion indicated. Viability was scored as CFUs per particle sorted from each gated population. Free target cells are shown as open bars, and inhibitor-
bound target cells are shown as solid bars. (E) As in (D), except that CDI– E. coli containing cdiA-FLAG1 (DL4955) was mixed with target cells (DL4920).
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target ratio). Target cell viability was reduced

more than a thousandfold after 1 hour of

incubation (fig. S4A), indicating substantial

growth inhibitory activity. Conditioned medi-

um from this 1-hour mixture, when added to

fresh K-12 target cells, did not affect cell

growth compared to conditioned medium

from control cdiA–B– cell mixtures (fig. S4B).

We tested the possibility that growth

inhibition might occur through cell-to-cell

contact by separating cdiAþBþ inhibitory cells

from target cells, using polyethylene tereph-

thalate (PET) porous membranes in a six-well

plate (Fig. 1B). Growth inhibition was not ob-

served when contact between inhibitory cells

and target cells was blocked by 0.4-mm pores;

however, growth inhibition (È1000-fold) was

observed when 8-mm pores were used, allow-

ing inhibitor and target cell mixing. Addition

of cdiAB-negative control E. coli did not affect

growth of target cells, regardless of pore size

(Fig. 1B). We obtained similar results using

EC93, from which the cdiAB genes were iso-

lated for cloning into E. coli K-12 (5). A

potential caveat is that a secreted inhibitory

molecule might bind to the PET membrane

and be sequestered or inactivated. However,

addition of excess PET membranes did not

affect the ability of cdiAþBþ E. coli K-12 to

inhibit cell growth (fig. S5). Similar results

were obtained with polycarbonate membranes

(5). These results support the hypothesis that

growth inhibition mediated by cdiAB requires

cell-to-cell contact, designated as contact-

dependent inhibition (CDI).

It is possible that the inhibitory factor could

be an unstable secreted molecule that is only

effectively delivered to target cells in close

proximity. To address this possibility, we

mixed fluorescently labeled cdiAþBþ inhib-

itory cells Egreen fluorescent protein (GFP)–

labeled^ with E. coli K-12 target cells

EDiscosoma red (DsRed)–labeled^, and after

incubation with shaking, the cell mixtures

were sorted by fluorescence-activated cell sort-

ing (FACS). We observed three cell popula-

tions, corresponding to green inhibitory cells,

red target cells, and cell aggregates containing

at least one inhibitory and one target cell per

aggregate particle (Fig. 2, A to C). The ap-

pearance of the aggregated particles was de-

pendent upon cdiAB, indicating that CdiAB

mediates intercellular binding (5). If cell-to-

cell contact were required for growth inhibi-

tion, then the viability of target cells bound to

inhibitory cells should decrease more rapidly

than the viability of free target cells (Fig. 2D).

The viability of aggregated targets compared

with free targets decreased at time points of 8

min and longer, indicating that observable

growth inhibition occurred after 4 to 8 min of

contact. Although the viability of free targets

was only marginally reduced at times up to 8

min, at later times viability was significantly

reduced, albeit at a lesser rate than for ag-

gregated targets (Fig. 2D). It is likely that the

observed reduction in viability of Bfree[ target

cells was primarily the result of prior contact

with cdiAþBþ inhibitory cells and release from

cell aggregates.

The rapid decrease in viability of the

aggregated targets might be due to a non-

specific effect of intercellular binding. FACS

analysis was carried out using a cdiA mutant

(Fig. 3A, cdiA-FLAG1) that no longer con-

ferred CDI but retained intercellular adhesion.

Under these conditions, the viability of ag-

gregated target cells was not reduced com-

pared to free target cells over the same time

course (Fig. 2E), showing that the rapid

decrease in viability of target cells bound to

inhibitory cells required CDI activity. These

results strongly indicate that CdiAB mediates

growth inhibition through cell-to-cell contact.

We cloned a DNA region from E. coli

EC93 that conferred a CDIþ phenotype to E.

coli K-12 and generated 15 base-pair (bp)

insertions within the region (7). Stop codon

insertions within open reading frames (ORFs)

designated cdiA and cdiB (GenBank accession

no. DQ100454) abolished CDI activity (Fig.

3A), showing that the cdiA and cdiB ORFs

were necessary for CDI. In addition, we iden-

tified a small ORF (Fig. 3A, cdiI) adjacent to

cdiA that conferred full immunity to CDI (fig.

S6), explaining why cells expressing cdiAB do

not inhibit their own growth. The translated

cdiA and cdiB ORFs showed significant amino

acid sequence identity with two-partner secre-

tion proteins (fig. S7) that are proteolytically

processed during export to the cell surface (8).

Using FLAG epitope tagging (Fig. 3A), we

found that CdiA was expressed as a 303-kD

protein on the cell surface (5), which was then

processed to 284-kD and 195-kD proteins (Fig.

3B). A FLAG insertion in the cdiB ORF yielded

a 56-kD protein, consistent with the predicted

Fig. 3. Identification of CdiA and CdiB proteins
required for contact-dependent inhibition. (A)
15-bp linkers were inserted randomly into the
cdiAB DNA region (7), generating either stop
codons (top triangles) or 5 amino acid non-
polar insertions (bottom triangles). FLAG tags
were introduced within each of these nonpolar
insertions (table S2). Solid triangles indicate
insertions that did not affect CDI, whereas
open triangles indicate insertions that dis-
rupted CDI. Potential CdiA processing sites

(arrows) were predicted from the estimated protein sizes obtained in (B). (B) E. coli containing
CdiA and B proteins labeled with FLAG tags (lanes 1 to 6) or no FLAG tag control (lane C) were
analyzed by SDS–polyacrylamide gel electrophoresis and immunoblotting with monoclonal anti-
serum to FLAG. A molecular weight ladder and CdiA and CdiB protein positions are shown. Asterisks
indicate CdiA fragments, and CDI phenotypes are shown at the bottom. (C) cdiB homologs from five
UPEC isolates and cdiB from EC93 were cloned in plasmid pCC1 and tested for CDI complementation
in cdiAþB– E. coli (DL4958). Vector control plasmid pCC1 is shown (control).

Fig. 4. Effect of Pap pili expression on CDI.
E. coli HB101 rifR target cells lacking pili
(18) were transformed with plasmids
expressing P pili, S pili, type 1 pili, or
plasmid vector alone (pili minus) as
indicated at the bottom. Target cells were
incubated with CDIþ inhibitory E. coli
DL4577. Viable target cell counts at 0 and
3 hours are depicted by open and solid
bars, respectively.
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size of CdiB. Proteolytic fragments of CdiA

were detected in the growth medium (5) but

were not growth-inhibitory (fig. S4), indicating

that the secreted forms of CdiA are inactive.

High amino acid sequence identity was

found between CdiA/CdiB and predicted

proteins from uropathogenic E. coli (UPEC),

including strain 536 (9). Complementation

analysis indicated that UPEC 536 and four

additional UPEC strains contain genes that are

functional homologs of cdiB (Fig. 3C) and

cdiA (fig. S8). Bioinformatic analysis showed

that Yersinia pestis (plague) and Burkholderia

pseudomallei (melioidosis) also encode possi-

ble CdiAB homologs (fig. S7). Filamentous

hemagglutinin from Bordetella pertussis

(whooping cough) appeared more distantly

related, sharing sequence identity to CdiA

primarily in the N-terminal portion of the

protein (fig. S7).

The cdiAB homologs in UPEC 536 are

present within pathogenicity island II (10),

but a cdiI homolog is not present, nor is it

found in the sequenced genome of UPEC

CFT073, which also contains a cdiAB homo-

log (11). This observation suggests that cdiAB

expression in UPEC strains would inhibit

their growth. Pathogenicity island II in UPEC

536 also contains a pyelonephritis-associated

pili (pap) operon closely linked to cdiAB.

Because Pap pili are expressed at the cell

surface, we tested the possibility that pili

expression might affect CDI because contact

between CdiA and the target cell surface

could be blocked. E. coli K-12 constitutively

expressing P pili (12) or S pili (13) showed

resistance to CDI, whereas cells expressing

type 1 pili were 1000- to 10,000-fold more

sensitive to growth inhibition (Fig. 4). Thus,

resistance to CDI conferred by P and S pili

involves specific interaction(s) and is not

likely to be the result of nonspecific steric

hindrance that blocks cell-to-cell contact.

ManyUPEC strains contain fim (type 1 pili),

pap (P pili), and sfa (S pili) operons (10, 11).

The expression of these pili types is normally

subject to reversible off/on switching, gen-

erating diversity within bacterial populations

by a differentiation mechanism (14, 15). Such

a mechanism might play a role in the tem-

poral control of the differentiation observed

for UPEC strains inside bladder cells, during

which the bacteria progress through distinct

developmental stages, including a quiescent

growth state (16). E. coli K-12 cells inhibited

by CDI appear to be nonviable because of

their lack of growth on agar medium.

However, CDI-inhibited cells appeared to be

viable because they excluded propidium

iodide (5), a standard criterion for distinguish-

ing viable cells from nonviable cells (17). The

identification of this sophisticated mechanism

in E. coli, with possible homologs in a broad

range of species, opens the door for explora-

tion of the potential roles of CDI in control-

ling bacterial development and pathogenesis.
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Genome-Wide RNAi Screen for

Host Factors Required for

Intracellular Bacterial Infection
Hervé Agaisse,1,2*.- Laura S. Burrack,1* Jennifer A. Philips,2

Eric J. Rubin,3 Norbert Perrimon,2 Darren E. Higgins1-

Most studies of host-pathogen interactions have focused on pathogen-specific
virulence determinants. Here, we report a genome-wide RNA interference
screen to identify host factors required for intracellular bacterial pathogenesis.
Using Drosophila cells and the cytosolic pathogen Listeria monocytogenes, we
identified 305 double-stranded RNAs targeting a wide range of cellular func-
tions that altered L. monocytogenes infection. Comparison to a similar screen
with Mycobacterium fortuitum, a vacuolar pathogen, identified host factors that
may play a general role in intracellular pathogenesis and factors that specifically
affect access to the cytosol by L. monocytogenes.

During bacterial infections, macrophages play a

critical role in eliminating engulfed pathogens.

However, intracellular bacterial pathogens have

evolved varying strategies to avoid elimination

by host macrophages (1). One strategy used by

pathogens, such as Mycobacterium tuberculo-

sis, is to modify the phagosomal compartment

to allow for vacuolar replication (2). Other

bacterial pathogens, such as Listeria mono-

cytogenes, escape the phagocytic vacuole to

enter the host cell cytosol where replication

occurs (3). Whereas numerous bacterial deter-

minants that facilitate intracellular infection

have been characterized from diverse bacterial

species (4), less is known about the host

factors that are exploited or subverted by

intracellular bacterial pathogens. Here, we

report the results of a genome-wide RNA

interference (RNAi) screen conducted in Dro-

sophila SL2 cells to identify host factors

required for infection by L. monocytogenes, a

cytosolic pathogen. In addition, we present the

results of a comparison to a similar RNAi

screen conducted with Mycobacterium fortu-

itum, a vacuolar pathogen (5).

Both Drosophila and cultured Drosophila

cells are tractable models for analysis of L.

monocytogenes pathogenesis (6, 7). We tested

the ability of macrophage-like Drosophila SL2

cells to support intracellular infection by L.

monocytogenes. DH-L1039, a green fluores-

cent protein (GFP)–expressing L. monocyto-

genes strain derived from wild-type 10403S,

replicated within Drosophila SL2 cells (fig.

S1, A and B). In contrast, GFP fluorescence of

DH-L1137, a variant lacking the pore-forming

cytolysin listeriolysin O (LLO), was punctate in

appearance and growth was inefficient in SL2

cells (fig. S1, A and B), consistent with LLO-

negative bacteria that remained trapped within

phagocytic vacuoles (3, 8). Next, we developed

a microscopy-based, high-throughput RNAi

screen to identify host factors required for in-

tracellular infection by L. monocytogenes (Fig.
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1A) (9). We confirmed the feasibility of the

approach by analyzing the impact of b-COPI

double-stranded RNA (dsRNA) treatment on L.

monocytogenes infection. Interfering with b-

COPI expression by RNAi results in a strong

defect in Escherichia coli phagocytosis (10).

The impact of blocking L. monocytogenes en-

try by b-COPI dsRNA treatment was clear-

ly detectable by fluorescence microscopy (fig.

S1C). For the screen, we used a library of

È21,300 dsRNAs (11) that target 995% of

annotated genes in the Drosophila genome

(12), and we identified several phenotypes (Fig.

1, B to F): (i) Decreased GFP fluorescence

(Bdown[ phenotype). In some instances only a

few host cells were infected, but in those cells

the infection was as robust as observed in con-

trol wells, consistent with a defect in entry

(Fig. 1C). In other cases, the percentage of host

cells displaying GFP fluorescence appeared to

be similar to control wells, yet the intensity of

GFP fluorescence per cell was decreased, con-

sistent with a defect in intracellular replication

(Fig. 1D). Combinations of these two pheno-

types were also observed. (ii) Punctate GFP

fluorescence (Bspots[ phenotype). This pheno-

type was similar to the phenotype observed

during infection by DH-L1137 (fig. S1A) and

is consistent with a defect in vacuole escape.

However, bacteria in dsRNA-treated wells ap-

peared to be capable of increased replication

within the localized clusters (Fig. 1E). (iii) In-

creased GFP fluorescence (Bup[ phenotype).

The intensity of GFP fluorescence per infected

SL2 cell was more robust, consistent with an

increase in intracellular replication rate or in-

creased bacterial uptake (Fig. 1F).

From the primary RNAi screen, we identified

358 Drosophila genes that potentially affect L.

monocytogenes infection, including genes coding

for ribosome components (61 genes) and

proteasome components (25 genes). With the

exception of the dsRNAs targeting ribosome and

proteasome components Esupporting online ma-

terial (SOM) text^, the candidate dsRNAs iden-

tified in the primary RNAi screen were retested

at least six times and È70% were confirmed as

affecting L. monocytogenes infection. Of these

dsRNAs, less than 13% were shown to have

effects on host cell viability in a previous screen

with the use of the same dsRNA library (11),

suggesting a specific effect on intracellular bac-

terial infection rather than nonspecific effects on

the host cells. The putative host factors required

for L. monocytogenes infection spanned a wide

range of cellular functions (tables S1 and S2).

Many of the identified targets resulting in a

down phenotype are predicted to be involved in

vesicular trafficking (19%), signal transduction

(10%), and cytoskeletal organization (10%).

Knockdown of many of these targets resulted

in a phenotype consistent with an entry de-

fect, including Syx5 (vesicular trafficking)

(Fig. 1C), Cdc42 (signal transduction), and

Arp2/3 complexmembers (cytoskeleton). Other

targets in these categories had phenotypes con-

sistent with defects in steps beyond entry, such

as Tor (target of rapamycin) (signal transduc-

tion) (Fig. 1D) and Rab2 (vesicular trafficking)

(SOM text). Furthermore, dsRNAs targeting

48 Drosophila genes caused an up phenotype

(Fig. 2A and table S1). The gene products of

these targets are predominantly predicted to be

involved in cell cycle (40%) and RNA pro-

cessing (13%).

To determine whether the identified host

factors were specific to L. monocytogenes in-

fection or more generally required for intra-

cellular pathogenesis, we compared the results

with a similar RNAi-based screen that tested

M. fortuitum (5, 9). We focused our compar-

ative analysis on candidates that caused de-

creased infection (Fig. 2, B and C). The

majority of dsRNAs that decreased infection

by both pathogens target factors that are pre-

dicted to be involved in vesicular trafficking or

cytoskeleton components (table S3 and Fig. 2C).

Many of these may be required for nonspecific

uptake of both pathogens, because they were

also found to affect phagocytosis of E. coli (5).

However, some host factors appeared to be

specific for entry. For example, a knockdown of

CG7228 (Pes), a member of the CD36 family

of scavenger receptors, reduced entry of both

L. monocytogenes (fig. S2) and M. fortuitum,

but had no effect on uptake of E. coli or

Staphylococcus aureus (5). In addition, several

candidates affecting both pathogens appeared

to have roles other than entry (SOM text).

We also identified dsRNAs that decreased

infection by one pathogen but not the other.

For example, dsRNA targeting CG6121 de-

creased intracellular infection by M. fortuitum,

but did not interfere with L. monocytogenes

infection (Fig. 3). CG6121 (dTip60) is a mem-

ber of a complex with histone acetyltransfer-
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Fig. 1. RNAi screening procedure and phenotypes observed. (A) Screen design. [(B) to (F)] Candidates
representative of the observed phenotypes. (B) No dsRNA (control). (C) Syx5: down phenotype in
which a decreased percentage of cells expressed GFP. (D) Tor: down phenotype in which each cell
displayed decreased GFP expression. (E) CG5691: spots phenotype, in which GFP expression was
clustered within the cell. (F) CG3605: up phenotype, in which each cell displayed increased GFP
expression. Below each image is a schematic depiction of the corresponding phenotype.
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ase activity (13). Two other members of the

Drosophila Tip60 complex, dom and E(Pc),

were also identified as affecting M. fortuitum

infection. Human immunodeficiency virus Tat

protein interaction with Tip60 in mammalian

cells alters expression of host cell genes (14).

Thus, it is possible that M. fortuitum simi-

larly targets the Tip60 complex to modify the

expression of specific host factors. In all,

17 dsRNAs that decreased infection by M.

fortuitum did not affect L. monocytogenes

infection. Six dsRNAs that decreased infection

byM. fortuitum caused an up phenotype for L.

monocytogenes (table S3). A total of 59

dsRNAs, including those targeting a putative

glucose transporter, CG10960, decreased in-

fection by L. monocytogenes but did not af-

fect M. fortuitum (table S3 and Fig. 3). Ten

dsRNAs that caused a down phenotype for

L. monocytogenes appeared to increase M.

fortuitum intracellular growth (table S3). Fur-

thermore, all 11 dsRNAs resulting in the spots

phenotype for L. monocytogenes (table S1)

did not detectably affect M. fortuitum infec-

tion. As confirmed by electron microscopy,

the spots phenotype corresponded to a vacu-

olar escape defect. In untreated SL2 cells, L.

monocytogenes were found free in the cytosol

(Fig. 3C), whereas treatment with CG11814

dsRNA, which caused a spots phenotype, re-

sulted in membrane-bound compartments har-

boring multiple bacteria (Fig. 3D). CG11814

is predicted to have roles in lysosomal trans-

port. Spots vacuoles appeared to be more

permissive for growth of L. monocytogenes.

Indeed, LLO-negative bacteria replicated two

times more in SL2 cells treated with CG11814

dsRNA than in untreated SL2 cells (fig. S3).

Of membrane-bound compartments containing

one or more bacteria in CG11814 dsRNA-

treated cells, 52% were surrounded by multi-

lamellar structures (Fig. 3E) compared with

8% in untreated control cells. Similar struc-

tures surround mutants of another cytosolic

pathogen, Shigella flexneri (15). These multi-

lamellar structures result from an attempt of

the host cell to control intracellular infection

by a process related to autophagy (15). Thus,

autophagy may represent a defense mechanism

that limits L. monocytogenes infection (SOM

text). Because infection of Drosophila cells by

intracellular bacterial pathogens is similar to

infection of mammalian host cells, it is likely

that many homologous mammalian host fac-

tors will be conserved in their requirement for

intracellular infection.
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Drosophila RNAi Screen Reveals

CD36 Family Member Required

for Mycobacterial Infection
Jennifer A. Philips,1* Eric J. Rubin,3 Norbert Perrimon1,2*

Certain pathogens, such as Mycobacterium tuberculosis, survive within the hostile
intracellular environment of a macrophage. To identify host factors required for
mycobacterial entry and survival within macrophages, we performed a genome-
wide RNA interference screen in Drosophila macrophage-like cells, using My-

cobacterium fortuitum. We identified factors required for general phagocytosis, as
well as those needed specifically for mycobacterial infection. One specific factor,
Peste (Pes), is a CD36 family member required for uptake of mycobacteria, but
not Escherichia coli or Staphylococcus aureus. Moreover, mammalian class B
scavenger receptors (SRs) conferred uptake of bacteria into nonphagocytic cells,
with SR-BI and SR-BII uniquely mediating uptake ofM. fortuitum, which suggests a
conserved role for class B SRs in pattern recognition and innate immunity.

About one-third of the world_s population is

infected by M. tuberculosis, which is respon-

sible for more deaths yearly than any other

bacterial pathogen. In addition, other patho-

genic mycobacteria, including M. fortuitum,

are capable of causing infection in humans (1).

Although macrophages play a central role in

host defense, recognizing and destroying path-

ogens, pathogenic mycobacteria are able to

survive within this hostile environment. My-

cobacteria can escape phagosome-lysosome

fusion (2) and grow in a variety of evolu-

tionarily divergent phagocytic cells, including

mammalian macrophages, fish monocytes (3),

fly hemocytes (4), and amoeba (5). Thus,

mycobacteria appear to target evolutionarily

conserved molecules for intracellular surviv-

al and growth. Although several factors in-

volved in phagosome maturation arrest have

been studied (6), there has been no system-

atic, genetic approach for identifying host

factors required for mycobacterial survival.

Here we describe a model of infection using

Drosophila S2 cells, a macrophage-like cell

line (7–9) that is readily amenable to RNA

interference (RNAi). This allowed us to con-

duct a systematic functional genomic screen

to identify host factors required for uptake

and growth of mycobacteria.

M. fortuitum has several properties that

make it a useful model mycobacterium. Like

M. tuberculosis, it restricts interferon-g (IFN-

g)–induced nitric oxide production and limits

phagosome fusion with lysosomes (10),

suggesting it has virulence properties in com-

mon with other mycobacteria. In addition, M.

fortuitum infects Diptera in nature (11), so

flies may have innate mechanisms to combat

infection. Practically, M. fortuitum grows rel-

atively rapidly at 25-C, the temperature at

which S2 cells grow, thus facilitating de-

velopment of a robust assay of intracellular

growth. To detect intracellular growth, we

tested constructs in which green fluorescent

protein (GFP) expression is under control of

the map24 and map49 promoters that are

induced when the fish pathogen Mycobac-

terium marinum infects macrophages (12).

We found that these promoters could also be

used to efficiently detect intracellular growth

of M. fortuitum (fig. S1). By 24 hours after

infection of S2 cells, expression of map24

and map49 was induced (figs. S1 and S2;

Fig. 1A).

In mammalian cells, recruitment of the

Arp2/3 complex is required for phagocyto-

sis (13), whereas expression of a dominant-

negative version of Rab5 causes internal-

ized Mycobacterium avium to be delivered

to the lysosome (14). Thus, we reasoned that

double-stranded RNAs (dsRNAs) targeting
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Fig. 1. Host factors re-
quired for M. fortuitum
infection identified by RNAi.
After treatment with
dsRNAs, S2 cells were in-
fected with M. fortuitum
map24::GFP. (A) dsRNA
targeting Arp14D or Rab5
decreased infection as com-
pared to controls treated
with dsRNA targeting GFP.
(B) This assay was used as
the basis of a genomewide
screen (15). A composite
image of 35 wells is shown.
(C) Pie charts based upon
GeneOntology (GO) index
biological function show
the categories of host fac-
tors that reproducibly de-
creased infection after 3
days of dsRNA treatment,
as well as the subsets that
are required for phagocy-
tosis and those that are
apparently phagocytosis
independent.
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Arp14D and Rab5 would decrease infection

in Drosophila cells. Indeed, we found that

these dsRNAs blocked intracellular growth

of M. fortuitum (Fig. 1A). Using this assay,

we performed a genomewide RNAi screen in

which each unique dsRNA was tested for its

ability to disrupt infection on the basis of

visual inspection and automated image anal-

ysis (15) (Fig. 1B). We found six out of seven

Arp2/3 components, five out of seven COPI

components, and all six alleles of actin, sug-

gesting a false-negative rate of less than 20%.

Upon repeat testing of the candidates identi-

fied in the primary screen, 86 dsRNAs

decreased infection by 2 SDs (P G 0.05; tables

S1 and S3). These dsRNAs target genes in-

volved in basic cellular processes, the largest

categories of which are predicted to have a

role in vesicle trafficking and actin cytoskel-

etal organization (Fig. 1C).

Because GFP expression requires internal-

ization of bacteria, we expected to find dsRNAs

that block general phagocytosis. Indeed, 54

dsRNAs caused a significant decrease in phago-

cytosis, as measured by the uptake of flu-

orescent Escherichia coli (P G 0.01; table S2 and

fig. S3). About two-thirds of these dsRNAs

target factors involved in the actin cyto-

skeleton and vesicle trafficking (Fig. 1C).

Nearly all of the actin cytoskeletal compo-

nents that affected M. fortuitum infection

appeared to be generally required for phago-

cytosis, including Cdc42, the Arp2/3 complex,

actin capping proteins, and cofilin, all mole-

cules previously implicated in phagocytosis

(13). Most vesicle trafficking genes also af-

fected phagocytosis, with exceptions such as

CG1515 (predicted to have SNAP receptor

activity) and Rab2.

However, the requirement for many genes

for infection could not be explained by their

role in phagocytosis. For example, dsRNA

that targets chickadee (chic), which encodes a

Profilin, caused a small increase in phagocy-

tosis (118% of GFP-treated well; P G 0.05),

similar to what has been reported in hemo-

cytes heterozygous for chic (chic01320/þ) (9).

Hence, Chic is unlikely to act at the level of

uptake and may play a unique role in myco-

bacterial infection. Some dsRNAs, such as

those that target Rab5 and Rac2, caused a

mild defect in phagocytosis relative to their

severe defect in the M. fortuitum infection, in-

dicating that they may have additional roles

later in infection. Finally, some categories of

host factors were not required for bacterial

uptake in general but were nonetheless needed

for infection with M. fortuitum. These include

components of the vacuolar adenosine triphos-

phatase and chromatin factors, along with

many that do not fit into distinct categories

(Fig. 1C).

We further characterized one host factor

that appeared to be specifically required for

mycobacterial uptake. The dsRNA that tar-

geted CG7228, a member of the CD36 family

of scavenger receptors (SRs), blocked infec-

tion byM. fortuitum (Fig. 2A), but appeared to

be dispensable for phagocytosis in general.

dSR-CI, a class C scavenger receptor, makes

a small contribution toward the uptake of E.

coli and Staphylococcus aureus in S2 cells (8),

but we could not detect a similar contribution

from CG7228 (Fig. 2B). However, CG7228

was required for uptake of Mycobacterium

smegmatis, as were more general phagocytosis

factors (Fig. 2C). In addition, CG7228 is re-

quired for uptake of Listeria monocytogenes

(16). That CG7228 is required for infection with

M. fortuitum and for uptake of M. smegmatis

and L. monocytogenes, but makes no contribu-

tion toward the uptake of E. coli or S. aureus,

suggests that it functions in pattern recognition,

detecting some component ofMycobacteria and

Listeria. On the basis of its role in bacterial

infection, we have named it peste (pes).

To determine whether Pes was sufficient to

confer uptake of mycobacteria, we expressed

it in human embryonic kidney 293 (HEK293)

cells that are refractory to infection with M.

fortuitum. HEK293 cells transfected with Pes

could be infected with M. fortuitum (Fig. 3A),

showing that the Drosophila SR can mediate

uptake of mycobacteria in human cells. Pes

also caused a small increase in the uptake

of E. coli and S. aureus when transfected in

HEK293 cells (Fig. 3, B and C), although it

did not seem to be required for their uptake in

S2 cells. This apparent discrepancy may be

explained by genetic redundancy provided by

PGRP-Lc (7), dSR-CI (8), and potentially

other SRs that mediate uptake of E. coli and

S. aureus in S2 cells.

Fig. 2. CG7228 is required in S2 cells for infec-
tion by M. fortuitum and uptake of M. smegmatis
but not E. coli or S. aureus. (A) dsRNA against
CG7228 blocked infection by M. fortuitum as
compared to controls treated with dsRNA against
GFP. (B) Uptake of fluorescein isothiocyanate
(FITC)–conjugated E. coli (black bars) and S.
aureus (gray bars) is blocked by dsRNA toward
dSR-CI, Arp14D, Cdc42, and CG3523, but not
CG7228. Data show the percent uptake as com-
pared to that in untreated cells (fig. S3). The
mean T SD of six experiments is shown in which
each dsRNA was tested in triplicate (*P G 0.05
compared to GFP-treated wells, Students t test.)
(C) Antibiotic protection experiments demon-
strate the role of CG7228, CG3523, and Cdc42 in
the uptake of M. smegmatis. Data are normalized
to GFP; the mean T SD is shown from a repre-
sentative experiment performed in triplicate.

Fig. 3. Class B SRs mediate uptake of M. fortuitum, E. coli, and S. aureus. HEK293 cells transfected
with vector (pcDNA3.1) or expression constructs for CG7228 (Pes), CD36, SR-BI, or SR-BII were (A)
infected withM. fortuitum map24::GFP or (B) incubated with FITC–E. coli or (C) FITC–S. aureus. In (A)
green represents GFP expression from the map24 promoter, whereas in (B) and (C) green shows the
FITC signal from internalized bacteria. Nuclei are stained red. Magnification, �40.
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Whereas in Drosophila there are more than

10 class B SRs, in humans and mice there are

four—CD36, SR-BI, its splice isoform SR-

BII, and LIMP-II. We tested the ability of

these molecules to mediate infection with

M. fortuitum and found that human SR-BI

and SR-BII (17) resulted in an even greater

level of infection than Pes when transfected

in HEK293 cells. In contrast, expression of

murine CD36 caused little, if any, increase in

infection with M. fortuitum (Fig. 3A). How-

ever, cells transfected with CD36 were capa-

ble of taking up E. coli, and to a lesser extent

S. aureus. SR-BI and SR-BII seemed more

indiscriminate in terms of their bacterial rec-

ognition, as they were able to mediate up-

take of all bacteria tested (Fig. 3, B and C).

Whereas SR-BI and SR-BII have been ex-

tensively studied for their role in cholesterol

transport in liver and steroidogenic tissue,

their role in macrophages is less clear (18).

We suggest that these receptors may be im-

portant in host defense against a broad range

of bacteria, including M. fortuitum, E. coli,

and S. aureus, and could play a role in the

nonopsonic uptake of M. tuberculosis. Con-

sistent with this idea, fucoidin, a nonspecific

inhibitor that blocks both class A SRs and

SR-BI (19), interferes with binding and up-

take of M. tuberculosis in monocyte-derived

macrophages (20). CD36 may play a partial-

ly overlapping role in recognizing bacteria,

but is unable to mediate uptake ofM. fortuitum.

Because CD36 augments Toll-like receptor 2

(TLR2) signaling in response to a subset of

TLR2 ligands (21), we speculate that CD36,

SR-BI, and SR-BII serve partially overlapping

roles in both bacterial uptake and TLR sig-

naling, which may represent an evolutionar-

ily conserved strategy in host defense, linking

phagocytosis to antimicrobial signaling.
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Effects of Telomerase and

Telomere Length on Epidermal

Stem Cell Behavior
Ignacio Flores, Marı́a L. Cayuela, Marı́a A. Blasco*

A key process in organ homeostasis is the mobilization of stem cells out of their
niches. We show through analysis of mouse models that telomere length, as well
as the catalytic component of telomerase, Tert, are critical determinants in the
mobilization of epidermal stem cells. Telomere shortening inhibited mobilization
of stem cells out of their niche, impaired hair growth, and resulted in sup-
pression of stem cell proliferative capacity in vitro. In contrast, Tert overex-
pression in the absence of changes in telomere length promoted stem cell
mobilization, hair growth, and stem cell proliferation in vitro. The effects of
telomeres and telomerase on stem cell biology anticipate their role in cancer
and aging.

Tumor formation and aging are associated

with alterations in the number or functional

competence of tissue stem cells (1–3). Both

processes have also been linked to alterations

at the telomere (4–7), the nucleoprotein struc-

ture that caps chromosome ends (8, 9), and to

changes in the activity of telomerase, the re-

verse transcriptase that elongates telomeres

(10, 11). The catalytic subunit of telomerase

(Tert) is expressed in the stem cell compartment

of several adult tissues (12), although telomer-

ase levels in these tissues are not sufficient to

prevent progressive telomere shortening with

age (10). Reduced telomerase activity due to

mutations in telomerase components in the

human diseases dyskeratosis congenita and

aplastic anemia (10) leads to accelerated

telomere shortening and premature loss of

tissue regeneration, which suggests that telo-

merase levels in the adult organism are rate

limiting and influence organ homeostasis. Fur-

ther evidence for a role of telomerase and telo-

mere length in organ homeostasis comes from

the study of telomerase-deficient mice (Terc–/–

mice), which show premature aging and a

decreased proliferative potential of adult stem

cell populations (13–15).

To investigate the role of telomerase and

telomere length on stem cell biology, we used

mouse models with altered telomerase activity

(16). We compared epidermal stem cell num-

ber in different generations of telomerase-

deficient mice, which have telomeres ranging

from slightly reduced in length (first genera-

tion, G1 Terc–/– mice) to critically short (third

generation, G3 Terc–/– mice) (17, 18). Because

telomerase activity per se is not required for

cell proliferation when telomeres are long, the

study of G1 and G3 Terc–/– mice allowed us to

assess independently the impact of telomerase

deficiency and telomere length on epidermal

stem cells. To visualize epidermal stem cells,

we used a labeling technique previously shown

to mark self-renewing and multipotent epider-

mal cells, the so-called Blabel-retaining cells[

(LRCs) (16, 19) (Fig. 1A). Confocal micros-

copy revealed that LRCs are enriched at the

bulge area of the hair follicle in Tercþ/þ (wild-

type) mice, which corresponds to the niche of

epithelial stem cells (Fig. 1B, fig. S1A, and
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SOM Text) (19). Interestingly, G1 Terc–/– hair

follicles contained significantly more LRCs

than did Tercþ/þ follicles (Fig. 1, B and C).

Even greater numbers were present in the G3

Terc–/– follicles (Fig. 1, B and C). As with

Tercþ/þ mice, LRCs in Terc–/– mice accumu-

lated in the niche/stem cell compartment (Fig.

1B and fig. S1A). The increased number of

LRCs in mice with short telomeres was an

unexpected finding, because Terc–/– mice are

resistant to tumor-inducing protocols (20, 21)

and enlarged numbers of cells with stem char-

acteristics have been associated with increased

tumor formation (2).

To investigate whether LRCs in Terc–/–

mice mobilize (exit their quiescent state

and migrate) out of the niche, we studied

the response of wild-type, G1 Terc–/–, and

G3 Terc–/– LRCs to treatment with 12-O-

tetradecanoylphorbol 13-acetate (TPA), a po-

tent tumor promoter (22) that activates LRCs

to give numerous progeny (16). TPA treatment

results in rapid disappearance of LRCs (23),

skin hyperplasia (24), and entry of hair follicles

(HF) in their anagen (growing) phase (25). After

TPA treatment, wild-type epidermis showed

È70% reduction in the number of LRCs lo-

calized within the stem cell niche (Fig. 1C). In

contrast, TPA-treated G1 Terc–/– mice showed

È43% reduction, which suggests a defect in

their mobilization (Fig. 1C). This defect was

even more pronounced in G3 Terc–/– mice,

which showed onlyÈ14% reduction after TPA

treatment (Fig. 1C). Coincidentally, the prolif-

eration index in different compartments of the

G3 Terc–/– follicle was lower than that of wild-

type follicles (fig. S2, A and B, and SOM

Text). Furthermore, in contrast to wild-type

mice, interfollicular skin thickness (IFE) and

HF length were not significantly increased in

G3 Terc–/– mice (Fig. 2, A to C), reflecting

defective hyperplasia and anagen responses in

these mice after TPA treatment. An alternative

explanation for the differences in the number

of LRCs between genotypes, such as different

apoptotic rates (16) (fig. S3 and SOM Text)

or migration of stem cells out of the niche

without division, were ruled out (fig. S1A and

SOM Text). All Terc–/– mice used had a his-

topathologically normal skin at the time of

analysis (16) (fig. S4), which suggests that

stem cell mobilization defects anticipate the

aging and cancer-resistant phenotypes of these

mice (18, 20).

Next, we performed clonogenic assays to

compare the proliferation potential of Tercþ/þ

and Terc–/– epidermal stem cells (16). Individ-

ual colonies in this assay have been proposed

to derive from single stem cells (26). In agree-

ment with the in vivo results, keratinocytes

from G1 and G3 Terc–/– mice formed fewer

and smaller colonies than those from Tercþ/þ

controls (Fig. 3, A and B), reflecting the de-

fective capacity of G3 Terc–/– cells to pro-

liferate. Interestingly, colony formation was

particularly impaired in those G3 Terc–/– mice

showing a small-size phenotype (Fig. 3, A and

C), which in turn is associated with shorter

telomeres (18). Finally, G1 and G3 Terc–/–

colonies were able to fully differentiate upon

high calcium treatment (16) (fig. S5 and SOM

Text), which suggests that decreased colony

number in these mice is not due to defects in

stem cell multipotency.

To study the impact of telomerase up-

regulation on the stem cell compartment and

cancer, we used K5-mTert transgenic mice,

which have increased telomerase activity and

increased Tert expression in skin, including the

stem cell niche (24, 27). K5-mTert mice have

an increased susceptibility to tumorigenesis

in the absence of changes in telomere length

(16, 24, 28, 29) (fig. S6 and SOM Text). To

determine whether increased mTert expression

affected the number and mobilization of epi-

dermal stem cells, we compared LRC number

and functionality in wild-type mice versus K5-

mTert mice (16). In K5-mTert mice, the basal

number of LRCs in the absence of TPA treat-

ment was È65% lower than in wild-type mice

(Fig. 1, B and C). After TPA treatment, È94%

of the LRCs mobilized in K5-mTert mice,

compared with È67% in wild-type mice (Fig.

Fig. 1. Telomere attrition and Tert
overexpression are independent de-
terminants of LRC mobilization upon
TPA treatment. (A) Strategy to as-
say mobilization of LRCs (16). Mice
were injected with bromodeoxy-
uridine (BrdU) and, 69 days later,
whole mounts of tail epidermis were
collected from untreated and TPA-
treated mice and stained with an
antibody to BrdU. (B) Representative
confocal micrographs of tail follicles
from wild-type (WT), G1 Terc–/–,
and G3 Terc–/– mice in a C57BL6
background (left) and from WT and
K5-mTert mice in a C57BL6 x DBA/2
background (right), stained for BrdU
(green) after LRC labeling and treat-
ment (16). The tail-hair follicles are
grouped in sets of three (triplets),
two outer follicles (OF) and one
inner follicle (IF), which generally
contains fewer LRCs (23). LRCs of
all genotypes accumulate in the
bulge (Bu) region of the hair follicle. Scale bars, 80 mm. (C) Quantification of
LRCs in the conditions and genotypes shown in (B). Comparison P values are P G

0.0001 (significant) in all cases between genotypes, as well as between control
treatment and TPA treatment, except P G 0.05 (significant) for WT (control)
versus G1 Terc–/– (control) and for G3 Terc–/– (control) versus G3 Terc–/– (TPA).
SD is represented on each bar for each genotype and condition.
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1, B and C). In fact, at the end of the experi-

ment, only 1 to 2 cells were labeled in K5-

mTert outer follicles, compared with an average

of 12.7 cells in wild-type mice (Fig. 1, B and

C). Thus, mTert overexpression in epidermal

stem cells appears to promote LRC mobiliza-

tion. Again, this occurred in the absence of

changes in apoptotic rates (fig. S3) or LCR ac-

cumulation out of the stem cell niche (fig. S1B).

This Tert-dependent effect is consistent with an

increased number of proliferative keratinocytes

(fig. S2, A and B), an increased skin hyperplasia

(IFE thickness), and increased anagen response

(increased HF length) after TPA stimulation

(Fig. 2, A to C) or after plucking (16) (Fig. 2, D

to F, and SOM Text), and it is further supported

by a high colony-forming efficiency of isolated

K5-mTert keratinocytes compared with the

wild-type controls (Fig. 3A) in the absence of

differences in multipotency (fig. S5).

To address whether Terc is required for

the high clonogenicity effect of Tert over-

expression, we generated K5-mTert mice in a

Terc–/– genetic background, K5-mTert/Terc–/–

mice. The absence of Terc abolished the effect

of Tert overexpression on colony formation

(Fig. 3A), which suggests that the formation of

Tert/Terc complexes is required for the en-

hanced clonogenicity of K5-mTert cells. Again,

no differences in the ability of K5-mTert or K5-

mTert/Terc–/– colonies to differentiate upon high

calcium conditions were observed (fig. S5).

Telomere length and telomerase activity

are independent determinants of the mobili-

zation efficiency and proliferative capacity

of epidermal stem cells (fig. S7). On the one

hand, critically short telomeres inhibit the

mobilization of epidermal stem cells, result-

ing in the persistence of LRCs in the hair

follicle niche. This in turn results in a re-

duced proliferative potential and reduced

anagen response after TPA treatment, as

well as in a low in vitro clonogenicity. On

the other hand, Tert overexpression promotes

Fig. 2. Telomere attrition and Tert overexpression influence both TPA-
induced hyperplasia and anagen. (A) Representative tail-skin sections from
mice of the indicated genotypes before and after TPA treatment.
Continuous black double-pointed arrows mark interfollicular (IFE) thickness.
Black dashed double-pointed arrows mark hair-follicle (HF) length from
sebaceous glands (SG) to dermal papilla (DP). Quantification of IFE thick-
ness (B) and of HF length from SG to DP (C) in tail skin from mice of the
indicated genotype. Histomorphometry was performed in three mice of

each genotype before and after TPA treatment, quantifying a total of 30
follicles in the control group and 90 follicles in the TPA-treated group. (D)
Representative back skin sections from 8-week-old male mice before and
10 days after plucking. Double-pointed arrows mark dermis thickness.
Quantification of HF length from IFE to DP (E) and dermis thickness (F) in
30 different sections per genotype before and after plucking. NS, not sig-
nificant, P 9 0.05; *, significant, P G 0.05; ***, significant, P G 0.001. SD is
represented on each bar for each genotype and condition. Scale bars, mm.

Fig. 3. Telomere attrition and
Tert overexpression influence
the proliferative potential of
stem cells ex vivo. (A) Quantifi-
cation of size and number of
macroscopic colonies obtained
from isolated keratinocytes of
the indicated genotype purified
from 2-day-old mice and cul-
tured for 1 week on J2-3T3
mitomycin-C-treated feeder fi-
broblasts. Comparison P values
are P G 0.0001 (significant) in all
cases except P 0 0.041 (signifi-
cant) for WT versus G1 Terc–/–

and P 0 0.087 (not significant)
for WT versus K5-mTert/Terc–/–.
(B) Note that a high proportion
of G3 Terc–/– colonies comprise
less than 50 cells. (C) G3 Terc–/–

newborn mice with a smaller
size than littermates present an
exacerbated deficiency in colony
formation. SD is represented on
each bar for each genotype and condition.
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mobilization of epidermal stem cells and

decreases the number of LRCs in the stem

cell niche after TPA treatment, coincidental

with increased numbers of proliferating cells,

increased skin thickness and anagen re-

sponse, and a high efficiency for colony for-

mation. These effects of Tert anticipate the

increased susceptibility of K5-mTert mice to

develop skin tumors (24).
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Mitogenic Influence of Human

R-Spondin1 on the

Intestinal Epithelium
Kyung-Ah Kim,1* Makoto Kakitani,2 Jingsong Zhao,1

Takeshi Oshima,2 Tom Tang,1 Minke Binnerts,1 Yi Liu,1

Bryan Boyle,1 Emily Park,1 Peter Emtage,1

Walter D. Funk,1. Kazuma Tomizuka2*.

Several described growth factors influence the proliferation and regeneration of
the intestinal epithelium. Using a transgenic mouse model, we identified a
human gene, R-spondin1, with potent and specific proliferative effects on in-
testinal crypt cells. Human R-spondin1 (hRSpo1) is a thrombospondin domain-
containing protein expressed in enteroendocrine cells as well as in epithelial
cells in various tissues. Upon injection into mice, the protein induced rapid
onset of crypt cell proliferation involving b-catenin stabilization, possibly by a
process that is distinct from the canonical Wnt-mediated signaling pathway.
The protein also displayed efficacy in a model of chemotherapy-induced
intestinal mucositis and may have therapeutic application in gastrointestinal
diseases.

The intestinal epithelium undergoes rapid and

continuous self-renewal along the crypt-villus

axis, and the b-catenin/T cell factor (TCF)

signal transduction pathway plays a pivotal role

in the proliferation, differentiation, and onco-

genesis of the intestine (1–3). TheWnt proteins

provide a prototype for the ligand-mediated

activation of this signaling pathway, and their

activities are considered central to the mainte-

nance of the undifferentiated state of intestinal

crypt progenitor cells (4–6). The R-spondin

protein family includes four human paralogs

(R-spondin1–4), each of which contains a lead-

ing signal peptide, two cystein-rich, furin-like

domains, and one thrombospondin type 1 do-

main (7, 8). Studies of the Xenopus R-Spondin

ortholog have shown that this protein class acts

as secreted activators of Wnt/b-catenin sig-

naling and Wnt-dependent myogenesis in

Xenopus (7).

We have undertaken an investigation of

secreted protein biology by using a transgenic

mouse knock-in (KI) approach that allows B

cell restricted–transgene expression under

control of an immunoglobulin k promoter (9)

(figs. S1 and S2). Among the proteins tested, we

observed that expression of a cDNA encoding

human R-spondin1 (hRSpo1) in KI chimeras

led to a dramatic abdominal distention by 8

weeks of age. Examination of hRSpo1-KI chi-

meras at necropsy revealed a substantial in-

crease in the diameter, length, and weight of the

small intestine (Table 1, Fig. 1A, and fig. S3).

We also observed an increase in the length of

the colon of hRSpo1-KI chimeras (Table 1).

Histological analysis and immunohistochem-

istry of the small intestine of hRSpo1-KI chi-

meras revealed a marked, diffuse thickening

of the mucosa, crypt epithelial hyperplasia,

and a greatly expanded zone of proliferating

cells as evidenced by the expression of a

proliferation marker, Ki-67 (Table 1 and

fig. S3).

To further investigate the activity of hRSpo1,

we expressed recombinant hRSpo1 protein (10)

and injected the purified protein into normal

mice. Histological evaluation of gastrointestinal

sections after 3 days of treatment with hRSpo1

showed significant proliferation of the intestinal

crypt epithelial cells in the small intestine and

colon, consistent with the results obtained in the

hRSpo1-KI chimeras (Table 1 and Fig. 1B). A

more detailed examination of the crypts in the

small intestine after a single bolus injection of

hRSpo1 showed increased proliferation within

3 hours and a peak proliferative effect at ap-

proximately 24 hours after injection (Fig. 1C).

Immunohistochemistical analysis of the small

intestine demonstrated no significant changes in

the number of goblet cells and Paneth cells in

the small intestine of hRSpo1-treatedmice (Fig.

1, D and E), indicating that the transient ex-

posure to hRSpo1 does not affect thematuration

and migration of differentiated cells along the

crypt-villus axis.

Wnt-mediated activation of epithelial cells

results in the stabilization of cytosolic b-

catenin, which subsequently translocates to the

nucleus and transactivates TCF target genes

(11, 12). Isolated colonic crypt cells from mice

treated with hRSpo1 displayed stabilization of
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cytosolic b-catenin (Fig. 2A), and this corre-

lated with an increase in the nuclear localiza-

tion of b-catenin in the crypts of hRSpo1-KI

chimeras (Fig. 2B), indicating functional acti-

vation of b-catenin. This phenotype is reminis-

cent of the increased crypt proliferation and

nuclear accumulation of b-catenin by the con-

ditional deletion of adenomatosis polyposis coli

(APC) in mice (13). However, crypt prolif-

eration induced by administration of hRSpo1

protein was completely resolved within 4 days

after withdrawal of hRSpo1 (fig. S4), indicating

that the action of hRSpo1 protein is transient

and reversible, in contrast to the effect of APC

deletion. Consistent with the activation of b-

catenin by hRSpo1, the expression of b-catenin

target genes, including Axin2, EphB3, CD44,

and Pla2g2a (13), was increased in hRSpo1-KI

chimeras (Fig. 2C) and corresponded to the el-

evated levels of hRSpo1 mRNA.

To further evaluate the molecular mecha-

nism of RSpo1-induced b-catenin activation,

we treated various cell lines with recombinant

protein. hRSpo1 induced the stabilization of b-

catenin in human embryonic kidney (HEK) 293

cells in a dose-dependent manner, with detect-

able activity at 10 ng/ml (È300 pM) (Fig. 2D).

Similar effects were seen upon treatment with

Wnt-3A (Fig. 2F). Peak stabilization of b-

catenin occurred È6 hours after application of

hRSpo1 (Fig. 2E), which correlates with the

hRSpo1-induced increase in crypt proliferation

(Fig. 1C). Simultaneous treatment of HEK 293

cells with hRSpo1 andWnt3A protein indicated

an additive, or mildly synergistic, effect (Fig.

2F). Interestingly, we found that Dickkopf-1

(Dkk-1), a potent Wnt pathway antagonist that

interacts with the Wnt coreceptor LRP5/6 (14),

only partially inhibited hRSpo1-induced b-

catenin stabilization, whereas it completely

inhibited Wnt3A-mediated b-catenin stabiliza-

tion in these cells (Fig. 2G). Furthermore, in the

mouse fibroblast L cell line, Wnt3A induced b-

catenin stabilization, whereas hRSpo1 had no

effect (Fig. 2H). These results suggest that

Table 1. Phenotypic data of hRSpo1-KI chimeras and recombinant protein–injected mice. All data are presented as the mean T SD. Recombinant protein
injection: BALB/c mice received a daily injection of 100 mg of hRSpo1 protein for 3 days (n 0 3).

KI Recombinant protein injection

Control hRSpo1 Control hRSpo1

Small intestine
Diameter (mid jejunum, mm)y 2.1 T 0.2 4.0 T 0.8* 2.3 T 0.2 3.64 T 0.1*
Wet weight (KI: including cecum, g)y 3.8 T 0.4 8.5 T 2.6* 0.9 T 0.04 1.34 T 0.1*
Crypt number/circumference (KI: 4 weeks of age)z 144 T 9.3 246 T 33.9** 125 T 7.4 154 T 6.0*
Ki67-positive cell number/crypt unit` 11.5 T 3.3 60.3 T 21.1** ND ND

Colon length (mm)y 99 T 9 125 T 18* 67 T 3 85 T 5*

.n 0 4 to 6 animals per group, 7 to 8 weeks of age. -For each animal, two mid-ileal circumferences were analyzed (n 0 2 animals per group). `Total 30 longitudinally, well-
oriented crypt units were counted for mid-ileal sections from hRSpo1-KI and control animals (n 0 2 animals per group, 4 weeks of age). *P G 0.05; **P G 0.01 (control versus
hRSpo1). ND, not determined.

Fig. 1. Expression of
hRSpo1 stimulates
growth of the intestinal
epithelium. (A) Gross
abdominal anatomy
from 8-week-old con-
trol (left) and hRSpo1-
KI (right) chimeras.
Scale bar, 1 cm. (B)
Recombinant hRSpo1
protein increases the
proliferation of intesti-
nal crypt epithelial
cells. BALB/c mice were
injected daily intra-
venously (iv) with
hRSpo1 (100 mg per
injection) or the same
volume of phosphate-
buffered saline (PBS) as
a vehicle control for 3
days. Bromodeoxyuri-
dine (BrdU) immuno-
histochemistry assays
on mid-jejunum and
transverse colon sec-
tions are shown. (C)
Crypt proliferative in-
dex. BrdU immuno-
histochemistry assays
were performed on
mid-jejunal sections
after a single injection
of hRSpo1 (100 mg per
mouse). A total of 40 crypts from two mice were analyzed for BrdU in-
corporation and are represented as the mean T SD. *, P G 0.01, analysis of
variance (ANOVA). (D) hRSpo1 treatment does not change the number of
goblet cells in small intestine as detected by Alcian blue staining. Animals
were injected daily with hRSpo1 (100 mg) or with PBS as a control for 3 or

7 days, and mid-jejunal sections were analyzed (n 0 3). Error bars, mean T

SD. (E) Immunohistochemistry of mid-jejunal sections using antibody to
lysozyme. Animals were treated with hRSpo1 for 3 days. Paneth cells are
confined to the bottom of crypts, and hRSpo1 treatment did not alter
their numbers.
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hRSpo1 is capable of stabilizing b-catenin by a

pathway that does not entirely overlap with the

canonical Wnt/b-catenin pathway.

Mucosal damage (mucositis) is frequently

encountered as a result of anticancer therapies,

and mitogenic agents, including fibroblast

growth factor (FGF) family members and

glucagon-like peptide-2 (GLP2), have shown

efficacy in diseasemodel studies and in clinical

applications (15–18). When tested in mice,

FGF-7 and GLP2 also stimulated intestinal

crypt proliferation, and isolated colonic crypts

from FGF-7- or GLP2-treated mice displayed

increased levels of b-catenin (fig. S5, A and B),

which suggests that b-catenin is a common

mediator of crypt proliferation in vivo. We

tested hRSpo1 in a mouse xenograft model that

included treatment with the chemotherapeutic

agent 5-fluorouracil (5-FU) (19, 20) and eval-

uated both the extent of mucositis and the

effects of hRSpo1 on tumor growth in vivo. The

murine colon carcinoma cell line CT26 was

inoculated into mice, and tumors were allowed

to develop (20). hRSpo1 treatment substantially

reduced 5-FU-induced diarrhea and weight loss

(Fig. 3A), whereas no effect on tumor volume

was observed (Fig. 3B). The CT26 line showed

an increase in b-catenin levels in response to

Wnt3A treatment, indicating that these cells do

not have a constitutively activated phenotype,

whereas hRspo1 treatment was minimally ef-

fective in activating b-catenin (fig. S6). hRSpo1

appeared to exhibit its protective effect by pre-

serving the architecture of both the small in-

testine and the colon in the presence of 5-FU

(Fig. 3C and fig. S7), as well as preventing

5-FU–induced loss of tongue epithelium pro-

liferation (Fig. 3D).

Although the intrinsic function of hRSpo1 in

the development and maintenance of normal

intestinal epithelium is not yet defined, the

expression of hRSpo1 in human intestinal

enteroendocrine cells (fig. S8) is consistent with

the proposed role of the protein as a crypt cell

mitogen and is reminiscent of the expression of

the intestinotrophic factor GLP2 (21–23). Ex-

pression was also observed in the epithelium of

kidney (renal tubules) and prostate (seminal

vesicles), whereas in the adrenal gland and

pancreas, expression appeared to be confined to

neuroendocrine-type cells (fig. S8).

Ascribing biological function for orphan

secreted proteins remains a major challenge in

the postgenomic era, and the application of an

unbiased in vivo screen, as represented by our

transgenic mouse system (9), can identify

unexpected activities for orphan ligands. Sys-

temic administration of hRSpo1 potently affects

proliferation of the intestinal epithelium through

activation of b-catenin, and the activation of this

pathway by hRSpo1 in vitro would indicate that

this effect may result directly from receptor-

mediated binding. An epistatic analysis of R-

spondin2 has suggested that this protein acts

upstream of dishevelled, most likely at the

receptor level, which suggests that the protein

Fig. 2. Modulation of
b-catenin signaling by
hRSpo1. (A) hRSpo1
causes an increase in
cytosolic b-catenin in
isolated colonic crypts.
Colonic crypts were iso-
lated frommice injected
with hRSpo1 (100 mg iv)
or PBS control 6 hours
after injection, and cyto-
solic fractions were ana-
lyzed by Western
blotting with antibody
tob-catenin. (B) hRSpo1
increases nuclear b-
catenin in KI mice. b-
catenin immunostaining
in representative crypts
from control (left) and
hRSpo1-KI (right) chi-
meras (4 weeks of age)
are shown. Cells with
strong nuclear b-catenin
staining can be observed
in the bottom of the
crypts from control chi-
meras. In hRSpo1-KI chi-
meras, cells with nuclear
b-catenin staining are
also found in the upper
crypt region correspond-
ing to the extended
morphology of the crypt
compartment. Magni-
fication, 400x. (C) In-
creased expression of
b-catenin target genes in small intestine of hRSpo1-KI chimeras correlates
with hRSpo1 expression. Reverse transcription polymerase chain reaction
was performed to evaluate time-dependent intestinal expression of tran-
scripts as described (10). C, control chimeras; R, hRSpo1-KI chimeras. (D)
Western analysis of cytosolic b-catenin. HEK 293 cells were treated with
recombinant hRSpo1 protein at indicated concentrations for 3 hours, and
cytosolic fractions were analyzed by Western blot using antibodies to b-
catenin or b-Actin (loading control). NTC, not treated control. (E) Time
course of b-catenin stabilization. HEK293 cells were treated with 40 ng/ml
of hRSpo1, and cytosolic fractions were analyzed. (F) hRSpo1 enhances
Wnt3A-induced b-catenin stabilization in HEK293 cells. The HEK293 cells

were incubated with various concentrations of Wnt3A in the presence or
absence of hRSpo1(10 ng/ml). (G) Dkk-1 effects on b-catenin stabilization;
HEK293 cells were preincubated with 125 ng/ml Dkk-1 for 2 hours, fol-
lowed by treatment with hRSpo1 or Wnt3A at indicated concentrations.
hRSpo1-induced b-catenin stabilization is only slightly inhibited by Dkk-1
protein, whereas Wnt3A-induced b-catenin stabilization is completely in-
hibited. (H) b-catenin stabilization in mouse L cells. Cells were incubated
with hRSpo1 or Wnt3A at indicated concentrations for 3 hours, and cyto-
solic fractions were resolved in SDS–polyacrylamide gel electrophoresis.
Whereas Wnt3A causes a dose-dependent increase of cytosolic b-catenin,
hRSpo1 fails to stabilize b-catenin in these cells.
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works within the context of the canonical Wnt/

frizzled pathway (7). In contrast, our experi-

ments show that induced accumulation of b-

catenin by hRspo1 is relatively insensitive to

inhibition by Dkk-1, and we have identified a

cell line that responds to Wnt3A but not to

hRSpo1. These results suggest that hRSpo1-

mediated signaling is not completely dependent

on the canonical Wnt/frizzled pathway, al-

though it is possible that hRSpo1 may require

a distinct frizzled receptor complex. Clearly it

will be very important to identify receptors for

R-spondins to fully understand the biology of

this important class of activating ligands.
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Fig. 3. hRSpo1 reduces 5-FU–induced
mucositis inmicewithout compromis-
ing chemotherapy effectiveness. CT26
murine carcinoma cells (1 � 106 cells
in Hanks’ balanced salt solution buf-
fer) were injected subcutaneously into
the left flank of each mouse on Day
-5, and solid tumors were allowed to
form. Starting on Day 1, 5-FU was
injected daily (30 mg per kg of body
weight) for 5 days, followed by a 3-
day recovery period and sacrifice
(Day 8). hRSpo1 was delivered 50
mg/day iv, Day 0 through Day 8. (A)
Diarrhea score and animal body
weight loss were measured on
Day 8 of the study (n 0 3). (B)
Tumor volume and extirpated tu-
mor weight were measured on Day
8. Error bars, mean T SD. *, P G 0.05
(ANOVA). (C) Hematoxylin/eosin
stained sections (Day 8) include
small intestine (SI) and colon (Co).
(D) hRSpo1 protects mouse tongue
from 5-FU–induced damage. BrdU
immunohistochemistry was per-
formed on tongue sections to evalu-
ate proliferation of basal epithelial
cells. hRSpo1 prevents 5-FU–induced
loss of proliferation in the tongue epithelium. BrdU index was measured in the ventral tongue of mice from each treatment (n 0 3). Error bars, mean T SD.
*, P G 0.05 (ANOVA, 5-FU/saline versus vehicle/saline); #, P G 0.05 (ANOVA, 5-FU/saline versus 5-FU/hRSpo1).
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Until recently, microfluidics offered the world of life sci-

ence more promise than production. The family of

technologies gives researchers the opportunity to

speed up their experimentation while using smaller

amounts of samples and reagents. But scientists have

largely ignored those possibilities. “It’s still in an early

phase,” says Per Andersson, senior scientist for

microfluidics at Swedish firm Gyros. “My impression

is that microfluidics is still a trend to follow,” agrees

Philip Rouhier, international sales and marketing

director for Gilson. “It could be interesting for big

pharmaceutical firms and biotechnology companies to

save money. But the fruit is not yet ready to be picked.”

Triple Digit Growth

Surekha Vajjhala, director of marketing at

Nanostream, takes a more optimistic view.

“Microfluidics is still in the early stages,” she says.

“But as the products find more footing in early discov-

ery applications, you’ll see more examples of its use.”

Chris Walworth, marketing manager for gene expres-

sion at Applied Biosystems, has numerical evi-

dence that researchers have begun to accept the tech-

nology. “In some applications we’ve seen triple digit

growth this year,” she says. Carsten Buhlmann, prod-

uct manager for lab-on-a-chip assays and life sciences

and chemical analysis at Agilent Technologies,

agrees. “Some key applications like on-chip elec-

trophoresis with lab-on-a-chip instrumentation can

already be considered as established methods in the

scientific community, as demonstrated by an expo-

nential growth of reference publications,” he says.

Microfluidics clearly offers advantages. “Scientists

are most interested in integrating several experi-

ments on a chip or other microfluidic device, thereby

speeding up their workflow,” Buhlmann explains. “It

enables lower consumption of biological samples.

Another major impact for customers is the standardi-

zation of analysis; it’s independent of the user and

the chip.” Microfluidic methodology is also user-

friendly. “It’s so simple to use that it can be addic-

tive,” says Kathleen Shelton, Applied Biosystems’

senior product manager of gene expression.

That compulsion has gradually spread to life sci-

entists in multiple subdisciplines. “Initially

microfluidics offered benefits in screening,”

Vajjhala says. “Next came lead optimization and

ADME studies. Now there’s more and more traction

for these products downstream as miniaturization

and other benefits move along the pipeline.”

Rouhier points out other benefits of the technology.

“It has advantages in ‘massive research’ that deals

with many, many samples,” he says. “Working on a

small volume would be a good advantage for, say,

Coca-Cola in its quality control. A company that

makes vaccines could test a few nanoliters rather

than a few microliters.”

Good Things Come in Small Volumes After a slow start,

microfluidic technologies are now making their mark in the laboratory and

even beyond it. Life scientists apply them to tasks as diverse as gene

expression and diagnostics. by peter gwynne and gary heebner
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Karen Hedine, president and CEO of Micronics, considers the advan-

tages of microfluidics in a different light. “It will always have an important

role in drug discovery,” she says. “But for us the sweet spot is in diagnos-

tics, where the ability to incorporate reagents on a plastic, disposable,

credit card–sized device that can then process complex biological sam-

ples in seconds to minutes has immediate impact on patients, doctors,

and others with a medical need to know.”

Three Basic Technologies

Vendors have developed three basic technologies for applying microflu-

idics to life science. Caliper Life Sciences and its collaborators rely on

electro-osmotic flow. Gyros and Tecan use centrifugal flow. And technol-

ogy developed by the University of Washington and licensed exclu-

sively by Micronics involves laminar flow diffusion with nonturbulent mix-

ing. The common factor is that the liquids course through channels no

larger than several microns in diameter.

Dealing with small volumes of liquids is not new in itself. Such compa-

nies as Eppendorf, Gilson, and Matrix Technologies have provided

the means to do so for several years. Initial steps toward miniaturizing

laboratory research involved the development of microwell plates and

micropipetters. “We have manual pipettes and will soon introduce a

motorized new pipette that will allow users to manipulate liquids down to

0.1 to 0.2 microliters,” Rouhier says.

Scientists can separate large biological molecules according to proper-

ties such as size, shape, charge, hydrophobicity, and affinity for other mol-

ecules. They commonly use high performance liquid chromatography

(HPLC), which separates molecules under high pressure in a stainless steel

column filled with a solid matrix. Now, Agilent, Caliper, Cepheid, and

Micronics have developed microfluidic separation systems. Some involve

integrated processes for sample preparation on the disposable device

itself, while others use automated sample preparation in addition to sep-

aration capabilities that use electrophoresis or chromatography methods.

Agilent, for example, offers an HPLC-Chip/MS microfluidics-based liquid

chromatography/mass spectrometry system based on a reusable microflu-

idic polymer chip. “Scientists need quality control without sacrificing vol-

ume of samples,” Buhlmann says. “Ours is a killer application for this.”

Nanostream, meanwhile, has introduced micro parallel liquid chro-

matography (μPLC), which allows chromatographic analysis of a large

number of compounds simultaneously. The company’s Veloce System

enables 24 simultaneous separations and real-time ultraviolet

absorbance and fluorescence detection, allowing faster analysis of more

samples. This parallel analysis permits scientists to use an increased

number of replicates or conditions in their studies while reducing solvent

consumption. “Parallel columns allow you to do analytical measurements

in areas traditionally underserved by conventional chromatography,”

Vajjhala explains. “We’ve repeatedly heard that our batch analysis soft-

ware is extremely user-friendly.”

Influencing PCR

Microfluidics also influences real-time, or quantitative, PCR systems that

eliminate the difficulties caused by manual procedures in conventional

PCR. The first instrument for real-time PCR was the ABI 7700 (or TaqMan),

now offered by Applied Biosystems. Other companies, including Roche

Applied Science, Stratagene, and Thermo Electron, offer tradition-

al thermal cyclers and PCR systems.

More recently microfluidics specialists such as Applied Biosystems,

BioTrove, Cepheid, and MicroFluidic Systems have developed lab-

on-a-chip devices for PCR. Applied Biosystems bases its 7900HT Fast Real-

Time PCR System for high throughput gene expression studies on a

microfluidic cartridge design that it developed in partnership with 3M.

The system allows users to load the cartridge or other sample-containing

device and run the system without any user involvement. “It’s both fast

and reliable,” says Chris Grimley, line manager for real-time PCR at

Applied Biosystems. “It allows larger scale projects to be done in a more

cost-effective way than before.”

Aclara Biosciences, Agilent, and MetriGenix are among vendors

that have developed lab-on-a-chip devices for genomic and proteomic

research. “The automation, integration, and speed are the main advan-

tages of those devices,” says Agilent’s Buhlmann. “They also yield a high

level of reproducibility in their results. Standardization is very important,

especially in drug development.”

Agilent’s automated 2100 Bioanalyzer System, based on Caliper’s

LabChip devices, enables analysis of proteins, nucleic acids, and even

whole cells. The microfluidic device includes a network of microchannels
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ment at Amgen, and Karl Dane Wittrup, professor of chemical engineer-

ing and biological engineering at MIT. The event will run concurrently

with the BioProcess International Seminar Series, intended as a rapid
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that contain a non-cross-linked polymer network for molecular sieving.

The Bioanalyzer’s optics monitor the channels in which the separations

are carried out, and the system uses laser-induced fluorescence to detect

and measure the DNA fragments in real time.

Agilent’s 5100 Automated Lab-on-a-Chip Platform, introduced last

November, allows high throughput gel electrophoresis of DNA and pro-

teins, permitting unattended analysis of samples in up to 12 microwell

plates with 96- or 384-well capacity. “It is designed for high throughput

customers who need to size and quantitate thousands of biological mole-

cules each day,” Buhlmann says.

The CD Alternative

As an alternative to the lab-on-a-chip or lab-on-a-card, several companies

have chosen a compact disk for their microfluidics development platform.

The CD format uses centrifugal force to move samples from one chamber to

another. The advantage: “Gravity never fails,” says Gyros’s Andersson.

“You can use much simpler instruments when you can do your work on the

disks. And we get parallel processing, which gets us higher throughput.”

Gyros’s CD microlaboratory, the Gyrolab MALDI IMAC, permits

researchers to identify proteins, especially those with low abundance. It

offers a unique solution for detecting phosphorylated peptides with MALDI

mass spectrometry. “It is fully automated and faster than manual meth-

ods,” Andersson says. “The sensitivity comes from the miniature column

and the miniaturized target area.” A Gyros workstation controls each run

through a specific software method, transferring samples and reagents

into the microlaboratory and spinning the CD to drive up to 96 samples in

parallel through each preparation step.

Another system based on a compact disc,

Tecan’s LabCD, combines microscale fluid

paths, reaction chambers, and passive valves

on a disposable compact disc that operates on

a single user-friendly platform. Scientists can

use the LabCD for several assays, including

cytochrome P450 inhibition to measure drug-

drug interactions and serum protein-binding

assays for measuring the binding characteris-

tics of drug compounds at different serum pro-

tein-binding sites.

Besides impacting life science research,

microfluidics plays an increasingly prominent

role in healthcare. “Japanese firm Fujirebio is

interested in our system as a technology for the

point-of-care market in terms of diagnostics

outside the core facility lab,” Andersson says.

Point-of-Use Systems

In fact several suppliers are developing point-

of-use systems to allow physicians to conduct

diagnostic tests in small offices or in the field

with simpler technologies and more depend-

able formats. Systems include handheld units

with integrated laboratory tests on a card or a

CD. These platforms will provide rapid, cost-effective methods of diagnos-

tic testing for infectious diseases, testing nucleic acids, analyzing blood

type, and checking for cancer. Micronics is among the firms developing

diagnostic test systems.

Micronics was recently named the lab card developer for a consortium

awarded the first Grand Challenge in Global Health for a point-of-care diag-

nostic platform based on microfluidics. The Grand Challenges, funded in

large part by the Bill and Melinda Gates Foundation, the Wellcome Trust, and

the Canadian Institutes of Health Research, aim to develop a portable instru-

ment and low-cost disposable cards for use in analyzing disease in the field.

Early this year, Micronics granted a nonexclusive license for its microflu-

idics-based flow cytometry to Honeywell International. Micronics’

microcytometry technology has been compared to commercial “macro

sized” instruments in tests that resulted in significantly reduced turn-

around time and volume requirements for reagents and samples, and a

much tighter coefficient of variation. “This is in keeping with our method of

card and instrument design,” Hedine says, “in that the lab card can per-

form more of the functions that typically required numerous user steps.”

Despite its slow start, microfluidic technologies will plainly continue to

advance in coming years. In doing so, they will add to our body of knowl-

edge about laboratory automation and miniaturization, and will produce

more practical solutions for applications inside and beyond the lab.
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IBC USA Conferences, Inc.

Chips to Hits Conference (focused on microarrays and microtechnology)
in Boston, Massachusetts on September 12-15, 2005

508-616-5550, http://www.chipstohits.com

3M, automated PCR systems,
http://www.3m.com

Aclara Biosciences, lab-on-a-chip
devices, http://www.aclara.com

Agilent Technologies, lab-on-a-chip
systems, http://www.agilent.com

Applied Biosystems, automated PCR
systems, http://appliedbiosystems.com

BioTrove, Inc., automated PCR sys-
tems, http://www.biotrove.com

Caliper Life Sciences, microfluidic
devices, automated laboratory
instruments, http://www.caliperls.com

Cepheid, microfluidic devices,
automated laboratory instruments,
http://www.cepheid.com

Eppendorf AG, automated
liquid handling systems,
http://www.eppendorf.com

Micronics, microfluidic devices for
diagnostics, http://www.micronics.net

Nanostream, Inc., microfluidic
devices for chromatography,
http://www.nanostream.com

Roche Applied Science,
automated PCR systems,
http://www.biochem.roche.com

Stratagene, automated
PCR systems,
http://www.stratagene.com

Tecan, microfluidic devices,
automated laboratory instruments,
http://www.tecan.com

Thermo Electron Corporation,
automated PCR systems,
http://www.thermo.com

University of Washington,
university, http://www.washington.edu

Gilson, pipetters, automated
laboratory instruments,
http://www.gilson.com

Gyros, lab-on-a-CD products,
http://www.gyros.com

Honeywell International, Inc. ,
microfluidics and flow cytometry,
http://www.honeywell.com

IBC Life Sciences,
scientific conference organizer,
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Matrix Technologies Corporation,
automated liquid handling systems,
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Biological Pathway Analysis Software
PathwayStudio Central is client-server software for visualization
and analysis of biological pathways and gene regulation networks
for biomedical research labs, biotechnology companies, and phar-
maceutical companies. PathwayStudio Central builds pathways
from microarray data, identifies biomarkers, and models drug
responses. The software comes with the ResNet database of more
than 500,000 functional relationships and the MedScan tool for
automatic extraction of information from the scientific literature.
MedScan leverages hand-crafted dictionaries of protein and chem-
ical names, and precise text parsing and pattern matching algo-
rithms specifically developed for biological text analysis. Path-
wayStudio Central helps scientists keep current with the literature
by using the embedded MedScan information extraction tool that
can “read” scientific text and extract functional relationships.
Ariadne Genomics For information 847-644-1557 www.ariadnegenomics.com

Protein Stain
Imperial Protein Stain is a ready-to-use Coomassie R-250 dye for
protein staining in polyacrylamide gels. This sensitive (≤ 3 ng) dye
produces an intense purple stain that photographs well. The
reagent stains only protein and allows bands to be viewed directly
in the gel during the staining process. For fast results, a five-min
stain combined with a 15-min wash detects 6 ng of protein bands.
Greater levels of sensitivity and a clear background can be
achieved by extending staining and washing times.
Pierce For information 800-874-3723 www.piercenet.com

Biomarker Research
The BIOiTRAQ Systems are mass spectrometry-based solutions for
key phases of biomarker research. They can accomplish discovery,
identification, and quantitation within a single experiment, with sys-
tems available suited to varying research needs and budgets. They
incorporate iTRAQ and ICAT reagents; sensitive, versatile instrument
platforms; and straightforward software to maximize productivity.
Applied Biosystems
For information 800-327-3002 

www.appliedbiosystems.com

Microarray Scanner
The GeneChip Scanner (GCS)
3000 7G supports the latest
high-density GeneChip microar-
rays for tiling, all-exon, and sin-
gle nucleotide polymorphism
genotyping research. It offers the
ability to scan smaller features,
ranging in size from 2.5 μm to
0.51 μm. The GCS 3000 7G is
designed to provide peak scan-
ning performance for all applications, including RNA expression and
DNA analysis. The instrument combines advanced design improve-
ments with high-resolution scanning to dramatically improve effi-
ciency in gene expression and DNA analysis applications.
Affymetrix For information 408-731-5791 www.affymetrix.com

Single-Cell Analysis
The Guava EasyCyte system has a new side-scatter option that
makes single-cell analysis with accurate cell enumeration more
versatile and easier. The side-scatter feature allows researchers to

analyze whole blood for different types of white blood cells with-
out having to stain or fix the cells. The granular structures in the
cytoplasm of granulocytes cause more scattering of incident light
than the more uniform cytoplasm of lymphocytes. This makes it
easier to perform a three-part differential on whole blood: assess-
ing the percentage and number of granulocytes, monocytes, and
lymphocytes in a given sample. The EasyCyte is a five-parameter
system that is flexible, affordable, and compact. It requires only a
few microliters, so it saves precious cells, reagents, and compounds.
The system enables easy, fast measurements of cell counting/via-
bility, green-fluorescent protein expression and viability, apoptosis,
cell cycle analysis, antigen detection, cell tracking, and more.
Guava Technologies For information 510-576-1427 www.guavatechnologies.com

Field Emission Scanning Electron Microscopes
The Supra 40 Series of ultra
high-resolution field emis-
sion scanning electron micro-
scopes (FESEM) replace the
Supra 35 and Supra 50
FESEM models. The new line
features a new nano-tool
based on the latest version of
the Zeiss Gemini FESEM col-
umn, which delivers nano-
scale high resolution imaging
over the entire voltage range
without the need for adjust-
ments. It has been developed as a versatile workhorse capable of
delivering high-quality imaging solutions for the many demanding
applications in the field of nanotechnology.The series includes three
models: Supra 40 for standard ultra-high resolution applications;
Supra 40VP variable pressure for real topography imaging of non-
conducting specimens, and the Supra 40WDS nano-analytical tool
with a dedicated specimen chamber to accommodate both fully

focusing wavelength dispersive and energy
dispersive spectrometers. The instruments
offer a 20% increase in resolution for both
high and low voltage applications.
Zeiss For information 800-356-1090 www.smt.zeiss.com

Literature
Alexis Biochemicals’ 2005 General Catalog
features innovative life science reagents in
product groups including apoptosis; cell
cycle and DNA transactions; signal trans-
duction, immunology, and cancer research;
neurochemicals; and nitric acid pathway
and oxidative stress. It includes product
details, technical information, and literature

references for a broad range of research grade biochemicals and
antibodies, including more than 400 new products.
Alexis Biochemicals For information 800-900-0065 www.alexis-biochemicals.com
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POSITIONS OPEN

FACULTY POSITIONS IN BIOPSYCHOLOGY
The University of Chicago

The University of Chicago is seeking to fill SENIOR
or JUNIOR POSITIONS in biopsychology. Our
primary goal is to understand behavior and the mind
in relation to biological mechanisms. We construe bio-
logical mechanisms to include the interactions among
the nervous, endocrine, and immune systems, and we
are particularly interested in those who study effects of
mental and behavioral processes on biological mecha-
nisms. The Institute for Mind and Biology, housed in
a new biopsychological sciences research facility, is
dedicated to behavioral studies in animals and humans,
with fully accredited animal care facilities and commu-
nal research equipment.

Ideal candidates are those whose research interests
bridge to other strengths in the Department of Psy-
chology, and are enthusiastic about engaging in col-
laborative transdisciplinary research within a highly
interactive research community both inside and outside
the Department of Psychology. We invite applications
from individuals who primarily study animals and
employ an integrative approach incorporating multi-
ple biological mechanisms (e.g., genetic, molecular,
neurochemical, hormonal, immune, electrophysio-
logical) that complement their behavioral research.
Of particular interest is research in the developmen-
tal, emotional, social, and cognitive aspects of psy-
chological processes.

Evaluation of applicants will begin November 1,
2005. Applicants should submit curriculum vitae, a
conceptual summary of research, a statement of teach-
ing interests/philosophy, representative publications,
and three letters of reference. Please send all materials
to: Biopsychology Search Committee, 5730 Wood-
lawn Avenue, Room 101, Chicago, IL 60637. The
University of Chicago is an Affirmative Action/Equal Opportu-
nity Employer.

FACULTY POSITIONS
Columbia University Medical Center

The Department of Pathology seeks highly
qualified individuals for faculty positions in surgical
pathology, anatomic pathology, and research.
Appointments can be at the ASSISTANT, ASSO-
CIATE, or FULL PROFESSOR level, depending
on experience and qualifications. Clinical positions
require board certification and a NYS license prior to
the start of service. Research positions require record
of publication in leading journals and a statement of
research directions.

Applicants should submit curriculum vitae and
three letters of reference to: C. Kitzinger, Depart-
ment of Pathology, Columbia University Medi-
cal Center; 630 West 168th Street, New York,
NY 10032. Columbia University takes Affirmative Action
toward Equal Employment Opportunity. Women and minor-
ities are encouraged to apply.

UNIVERSITY OF ROCHESTER

The Department of Chemistry invites applications
for a position at the ASSISTANT PROFESSOR
level in all areas of experimental chemistry, with
special emphasis in biological, physical, and materials
chemistry. Exceptional candidates at the senior level
may also be considered. Candidates are expected to
establish an outstanding program of original re-
search and to be effective teachers at the graduate
and undergraduate levels. Applicants should send
curriculum vitae and statement of research plans (in
PDF or Microsoft Word format) to: Ms. Karen
Dean at e-mail: dean@chem.rochester.edu. Ap-
plicants should also arrange for three letters of rec-
ommendation to be sent. Review of applications will
begin on October 14, 2005. The University of Rochester
is an Equal Opportunity Employer. Women and minority
candidates are strongly encouraged to apply.

POSITIONS OPEN

TEMPORARY FACULTY POSITION
Dartmouth College

Applications are invited for a temporary faculty
position in the Dartmouth College Department of
Chemistry. We seek an experienced teacher for a
spring term (March 28, 2006, through June 6, 2006)
physical chemistry course that centers on quantum
chemistry andmolecular spectroscopy. The course has
an associated laboratory as well and is anticipated to
have fewer than ten students, all of whom will be
highly motivated junior chemistry majors. Preference
will be given to individuals who have an established
record of outstanding teaching in this area. Applicants
should submit curriculum vitae, a statement of their
teaching background, and the names and addresses of
three references who are willing to send letters on
their behalf. All inquiries and applications will be
treated confidentially. Application materials should
be sent to: Chair, Physical Chemistry Teaching
Search Committee, Department of Chemistry,
6128 Burke Laboratory, Dartmouth College,
Hanover, NH 03755-3564. The Committee will
begin to consider completed applications as they are
received and will continue to review applications
until the position is filled. With an even distribution of
male and female students and over a quarter of the under-
graduate student population members of minority groups,
Dartmouth is committed to diversity and encourages applica-
tions from women and minorities. Dartmouth College is an
Equal Opportunity/Affirmative Action Employer.

JUNIOR FACULTY POSITION, PROSTATE
CANCER METASTASIS RESEARCH
University of Michigan Medical School

We are seeking a colleague to join us in a tenure-
track position as an ASSISTANT PROFESSOR of
medicine in the Division of Hematology/Oncology.
The successful applicant will join a core group of re-
search investigators from multiple disciplines study-
ing mechanisms underlying prostate cancer metastasis/
bone microenvironment interactions. We are seeking
an investigator with expertise in the area of signal
transduction and prostate cancer metastasis. Appli-
cants are expected to have a Ph.D. (or equivalent)
and at least two years of postdoctoral experience in
the field of prostate cancer metastasis. Applicants
should have a demonstrated ability to communicate
and have a record of publications in the field. A
history of funding at the postdoctoral level is pre-
ferred. To be considered, please submit curriculum
vitae, publication list, and a statement of research
accomplishments. Completed applications must be
received by September 1, 2005. Applications should
be submitted to: Kenneth J. Pienta, M.D., 7308
CCGC, 1500 E. Medical Center Drive, Ann
Arbor, MI 48109. The University of Michigan is an
Equal Opportunity/Affirmative Action Employer.

In response to the University of Minnesota_s
Presidential Initiative on Biocatalysis, the Depart-
ment of Biochemistry, Molecular Biology, and Bio-
physics and the Biotechnology Institute seek to hire
an outstanding faculty member studying fundamen-
tal biochemical aspects of biotechnology, biocatal-
ysis, or bioenergy. The position is expected to be at
the TENURE-TRACK ASSISTANT PROFES-
SOR level, but outstanding candidates at any level
will be considered. Review of applications will begin
November 1, 2005, and continue until the position
is filled. All candidates must have a Ph.D. degree and
a strong publication record. Postdoctoral or equiv-
alent experience is desired. To apply please send
curriculum vitae, statements of research and teaching
interests, and arrange to have sent three letters of
recommendation that consider both teaching and
research potential to: BMBB Search Committee
Chair, c/o Kristi Iskierka, Department of Bio-
chemistry, Molecular Biology and Biophysics,
1479 Gortner Avenue, Saint Paul, MN 55108,
U.S.A. An application sent by e-mail: bmbb-
search@cbs.umn.edu should be followed by a hard
copy sent to the address above. The University of
Minnesota is an Equal Opportunity Educator and Employer.

www.sciencecareers.org SCIENCE VOL 309 19 AUGUST 2005 1265

Albert Einstein
1879–1955

A
LB

E
R

T
E

IN
S

TE
IN

 a
n

d
 r

e
la

te
d

 r
ig

h
ts

 ™
/©

 o
f T

h
e

 H
e

b
re

w
 

U
n

iv
e

rs
it

y 
o

f J
e

ru
sa

le
m

, u
se

d
 u

n
d

e
r 

li
ce

n
se

. R
e

p
re

se
n

te
d

 b
y 

Th
e

 R
o

g
e

r 
R

ic
h

m
a

n
 A

g
e

n
cy

, I
n

c.
, w

w
w

.a
lb

e
rt

-e
in

st
e

in
.n

e
t.Classified Advertising

For full advertising details, go to
www.sciencecareers.org and click on How to
Advertise, or call one of our representatives.

United States & Canada

E-mail: advertise@sciencecareers.org

Fax: 202-289-6742

jill downing

(CT, DE, DC, FL, GA, MD, ME, MA, NH, NJ, NY, NC,

PA, RI, SC, VT, VA)

Phone: 631-580-2445

Kristine von Zedlitz

(AK, AZ, CA, CO, HI, ID, IA, KS, MT, NE, NV, NM,

ND, OR, SD, TX, UT, WA, WY)

Phone: 415-956-2531

Kathleen Clark

Employment: AR, IL, LA, MN, MO, OK, WI,

Canada; Graduate Programs; Meetings &

Announcements (U.S., Canada, Caribbean,

Central and South America)

Phone: 510-271-8349

emnet tesfaye

(Display Ads: AL, IN, KY, MI, MS, OH, TN, WV;

Line Ads)

Phone: 202-326-6740

beth dwyer

(Internet Sales Manager)

Phone: 202-326-6534

Europe & International

E-mail: ads@science-int.co.uk

Fax: +44 (0) 1223-326-532

tracy holmes

Phone: +44 (0) 1223-326-525

helen moroney

Phone: +44 (0) 1223-326-528

christina harrison

Phone: +44 (0) 1223-326-510

svitlana barnes

Phone: +44 (0) 1223-326-527

jason hannaford

Phone: +81 (0) 52-789-1860

To subscribe to Science:

In U.S./Canada call 202-326-6417 or 1-800-731-4939

In the rest of the world call +44 (0) 1223-326-515

Science makes every effort to screen its ads for offensive and/or
discriminatory language in accordance with U.S. and non-U.S. law.
Since we are an international journal, you may see ads from non-U.S.
countries that request applications from specific demographic
groups. Since U.S. law does not apply to other countries we try to
accommodate recruiting practices of other countries. However, we
encourage our readers to alert us to any ads that they feel are
discriminatory or offensive.

mailto:dean@chem.rochester.edu
mailto:bmbbsearch@cbs.umn.edu
mailto:bmbbsearch@cbs.umn.edu
http://www.sciencecareers.org
http://www.albert-einstein.net
http://www.sciencecareers.org
mailto:advertise@sciencecareers.org
mailto:ads@science-int.co.uk
http://www.sciencecareers.org
http://www.sciencecareers.org


SCIENTIFIC REVIEW ADMINISTRATOR

National Cancer Institute 

Division of Extramural Activities

The National Cancer Institute (NCI), the largest research component of the National Institutes of Health (NIH), Department of 

Health and Human Services (DHHS), is seeking one or more exceptional scientists to serve as Scientifi c Review Administra-

tors in the Office of Review, Referral and Program Coordination, Division of Extramural Activities.  The Scientifi c Review

Administrator(s) selected will organize and manage the comprehensive scientific and technical merit review of applications

for multidisciplinary research programs through interaction with established scientists in a variety of fields.  Scientifi c Review 

Administrators are responsible for assuring the fairness and consistency of the scientific peer review process, and for provid-

ing technical guidance on peer review policies and procedures and review criteria to applicants, reviewers, and Institute staff. 

Qualifi cations:  Individuals with a Ph.D., M.D., or equivalent degree, and research training and experience in disciplines relevant to 

basic or translational research in cancer pathogenesis, diagnosis, treatment, prevention or control are encouraged to apply.  Individuals 

with experience in the application of nanotechnology approaches to cancer research are especially invited to apply.  Strong oral and 

written communication skills and knowledge of the Federal grant application process are required.  Applicants must be U.S. citizens. 

Salary: The current salary range is $74,782 - $114,882.  Position requirements and detailed application procedures are

provided in vacancy announcement NCI-05-86536, which can be obtained by accessing http://www.usajobs.opm.gov

How to Apply: Submit a Standard Form 171, Application for Federal Employment or OF-612, Optional Application for Federal 

Employment; current curriculum vitae/bibliography, or other format that documents your qualifications to: Mr. Eugene McDougal, 

National Institutes of Health, NCI Human Resources Office, 6120 Executive Boulevard, Executive Plaza South/room 519, 

Rockville, MD 20852-7211. You may also apply online through http://www.usajobs.opm.gov. All applications must be postmarked

by September 9, 2005.    For additional information, contact Mr. Eugene McDougal at (301) 402-2812.

Proteomics Manager

The Office of the Director of the National Cancer Institute (NCI),

National Institutes of Health (NIH), Department of Health and Human 

Services (DHHS), invites applications for a Proteomics Manager (GS-

401-14) in the Center for Bioinformatics (NCICB), located in Rockville,

Maryland. NCICB provides biomedical informatics support and integra-

tion capabilities to the cancer research community.

The incumbent leads the coordination and execution of large scale bio-

medical informatics projects in proteomics and structural biology, serves

as staff specialist for contracts in the area of informatics for proteomics, 

and advises NCICB management on the status of proteomics standards 

and technologies and their implication for current and future NCICB 

projects. The individual selected for this position must have knowledge 

of current methods in proteomics, experience in managing the develop-

ment of software projects, and excellent communication skills.

Salary is at the GS-14 level ($88,369 -$114,883) and a full Civil Service 

package of benefits (including retirement, health, life and long-term care

insurance, Thrift Savings Plan participation, etc.) is available.

The NCI vacancy announcement for this position contains complete 

application procedures and lists all mandatory information which you 

must submit with your application.  To obtain the vacancy announce-

ment for this position, see announcement number NCI-05-90464 at 

http://usajobs.opm.gov/. Applications must be received by September

9, 2005.

      Tenured Investigator Position

      Molecular Pathogenesis and Epidemiology 

    of Infl uenza Virus

The Respiratory Viruses Section of the Laboratory of Infectious Diseases seeks an M.D. scientist 

to establish a research program on Molecular Pathogenesis and Epidemiology of infl uenza virus. 

This is a broad mandate that will include studies of molecular archeology of the infl uenza viruses,

pathogenesis of infl uenza A virus for diverse host species, and viral evolution and adaptation 

in human and animal hosts.  The person will interact with and likely provide some guidance to 

the recently established influenza genomics project.  The scientist will translate epidemiologi-

cal observations and insights into the study of the molecular biology of the virus using reverse 

genetic systems to investigate molecular determinants of host range and of pathogenesis. This 

work will be multi-dimensional involving molecular epidemiological studies, analysis of viral 

genomes, molecular virology, and pathogenesis in a variety of animals. Trials of infl uenza viruses

in human volunteers and epidemiological studies in humans will be possible.

The scientist will head a research team group that will consist of up to eight members including 

professional and technical staff.  The group will be located in Building 33, a building under 

construction that contains BSL2 and BSL3 laboratory and animal space. The BSL2 research 

laboratory space will be located adjacent to space occupied by a Principal Investigator engaged 

in pandemic infl uenza virus research, and it will therefore be possible for both groups to col-

laborate and to share equipment.  Space, technical and postdoctoral Fellow support, supply 

budget, and salary are committed.

To be considered for this position, you will need to submit curriculum vitae, bibliography, 

a detailed statement of research interests, and selected publications preferably via email to 

Felicia Braunstein at braunsteinf@niaid.nih.gov. In addition, three letters of recommendation 

must be sent to Alan Sher, Ph.D., Chairperson, NIAID Search Committee, c/o Ms. Felicia 

Braunstein, DIR Committee Manager, 10 Center Drive MSC 1349, Building 10, Rm. 4A-30,

Bethesda, Maryland 20892-1349.  Completed applications MUST be received by September

16, 2005.  For additional information on this position, and for instructions on submitting your 

application, please see our website at:  www.niaid.nih.gov.

http://www.usajobs.opm.gov
http://www.usajobs.opm.gov
http://usajobs.opm.gov/
mailto:braunsteinf@niaid.nih.gov
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ASSOCIATE DIRECTOR FOR RESEARCH INFORMATICS 

AND INFORMATION TECHNOLOGY
Immediate Office of the Director

National Heart, Lung and Blood Institute

The National Heart, Lung, and Blood Institute (NHLBI) is seeking a strategic-minded scientist with expertise in research informatics and information technology 

who will bring significant experience in a research environment to operate in an intellectually challenging Federal biomedical research institution engaged in a 

national research program to understand, treat, and prevent heart, lung and blood diseases and sleep disorders throughout the world.

This position offers a unique and challenging opportunity for the right individual to work directly with the NHLBI Director to develop a program in research 

informatics, incorporating information technology.  Applicants should possess an advanced science degree and research experience related to bioinformatics or 

research informatics.  Specifi cally, the successful candidate should have experience in providing bioinformatics support in the areas of biology, molecular biol-

ogy and genetics, including the terminology of basic, translational, and clinical research.  In addition, applicants should have sufficient education and experience 

that will ensure success in managing a professional and technical staff engaged in providing complex and computationally intense modeling and analytics in the 

areas of bioinformatics, genomics, proteomics and imaging.   It is highly desirable for the successful applicant to also have extensive experience in information 

technology management, encompassing strategic planning, complex organizational structures, technical project management and process transformation.  The 

successful candidate will serve as the Chief Information Officer for the NHLBI, and will oversee NHLBI science support and administration of NHLBI science in 

areas such as enterprise operations systems, data warehouse and management reporting and information security and the day to day operations of staff providing 

IT infrastructure development and support.  Strong leadership qualities, negotiation skills and exceptional interpersonal skills are imperative.  

Application Process:  Salary is commensurate with experience and a full package of Civil Service benefits is available including retirement, health and life insur-

ance, long term care insurance, leave and savings plan (401K equivalent).  CV, bibliography and two letters of recommendation must be received by October 15, 

2005. Application package should be sent to the National Institutes of Health, attn: Mr. Barry Rubinstein, Building 31, Room 5A-28, 31 Center Drive, 

MSC 2490, Bethesda, MD 20892-2490.  For further information, please contact Mr. Rubinstein by email: Rubinstb@nhlbi.nih.gov or telephone (301) 

496-2411.  All information provided by applicants will remain confidential and will only be reviewed by authorized officials of the NHLBI.

The NIH encourages the application and nomination of qualified women, minorities, and individuals with disabilities.         

Postdoctoral Position

HIV Replication and APOBEC3G
National Institute of Child Health and Human Development

A postdoctoral position is available in the Section on Viral Gene

Regulation, Laboratory of Molecular Genetics, NICHD, NIH, for

molecular studies on the replication of HIV.  Recently, APOBEC3G, 

a cellular cytidine deaminase, has been identified as a potent inhibitor 

of HIV-1 infectivity in the absence of the viral Vif protein.  We have 

expressed enzymatically active APOBEC3G in a baculovirus system 

and, for the first time, have performed detailed molecular analysis of the 

purified protein, using a combined biochemical, genetic, and cell assay 

approach.  Future studies will include an investigation of the mechanism

of APOBEC3G inhibition of specific steps in HIV-1 reverse transcription

and its relation to antiviral activity. Further details about our research 

program can be found at http://jlevinlab.nichd.nih.gov/

Candidates must possess a Ph.D. degree and have less than 5 years 

postdoctoral experience. A strong background in molecular biology 

and virology is required. Interested applicants should submit a cover 

letter, curriculum vitae, bibliography, and contact information for 

three references to: 

Dr. Judith G. Levin 

Fax:  (301) 496-0243

Email:  levinju@mail.nih.gov

Postdoctoral Position in  Psychology or Psychiatry

Mood and Anxiety Disorders Research Program

The Section of Developmental Genetic Epidemiology in the

Mood and Anxiety Disorders Program at the National Institute 

of Mental Health is recruiting a postdoctoral fellow in experi-

mental psychology, biological psychology/psychiatry, clinical 

psychology, neuro-psychology/psychiatry, or related fi eld. The 

focus of the section is genetic epidemiologic and community 

studies, particularly family and high-risk studies of the corre-

lates and risk factors for the development of mood and anxiety 

disorders. The candidate must have a Ph.D. in psychology or an 

M.D. with psychiatry residency, and some research experience 

is preferred. Preference will be given to candidates with a back-

ground and interest in the fundamentals of stress, the autonomic 

nervous system, and/or reproductive endocrinology/hormones. 

Applicants should send a curriculum vitae, statement of research 

interests, and three letters of reference to Dr. Kathleen R.

Merikangas, Chair Search Committee, National Institute

of Mental Health, 35 Convent Drive, Bldg 35 Room 1A201, 

MSC-2370, Bethesda, MD 20892-3720.

mailto:Rubinstb@nhlbi.nih.gov
http://jlevinlab.nichd.nih.gov/
mailto:levinju@mail.nih.gov
http://www.nih.gov


Research Opportunity at the NIH, DHHS
DIRECTOR, OBESITY CLINICAL RESEARCH CENTER AND CHIEF,

DIABETES BRANCH, NIDDK

The Intramural Research Program (IRP) of NIDDK invites applications for the combined position of Chief of the 
Diabetes Branch and Director of a newly established, NIH-wide initiative in patient-oriented research in obesity 
(“Obesity Clinical Research Center” – OCRC). The Diabetes Branch, NIDDK conducts basic, translational and clini-
cal research in the areas of diabetes mellitus and obesity.  The Chief is responsible for all activities of the Branch, 
in particular, for integrating the research programs of the several senior investigators and the career development 
of junior investigators. The goal of the OCRC, which will involve researchers from all Institutes and Centers 
within the NIH IRP, is to generate knowledge of the pathophysiology, prevention and treatment of obesity and its 
multisystem co-morbidities, especially type 2 diabetes mellitus. The approach is: 1) to create a center in which to 
conduct state-of-the-art, patient-oriented obesity research, including metabolic analysis and imaging capabilities, 
that would support IRP scientists and serve as a magnet facility to foster collaborations with extramural researchers; 
and 2) to foster multidisciplinary approaches to obesity research, including metabolism, endocrinology, nutrition, 
gastroenterology, hepatology, imaging, genetics and behavioral sciences.  

Priority will be given to applicants at the Professor or Associate Professor level in clinical departments of traditional 
academic medical centers, or in equivalent positions. The applicant must have a proven record of accomplishments, 
including evidence of significant, competitively obtained funding for extramural investigators.  The appointment 
will be as a tenured Principal Investigator within NIDDK. The successful candidate will be expected to coordinate 
the multidisciplinary research proposed for the OCRC and the Diabetes Branch. The position offers unparalleled 
opportunity to lead a state of the art program in diabetes/obesity research. Salary and benefits are commensurate 
with the experience of the applicant.

The Diabetes Branch laboratories are in the Warren G. Magnuson Clinical Center and the OCRC Patient Care Unit is 
a self-contained, metabolic unit located in the new Mark O. Hatfield Clinical Research Center,  which are contiguous 
on the main intramural campus of the NIH in Bethesda, Maryland, a suburb of Washington, D.C.

Interested applicants should send a Curriculum Vitae and list of publications, copies of three major publications, a 
summary of research accomplishments, a plan for future research and three letters of recommendation to Dr. James 
E. Balow, Chair, Search Committee, c/o Ms. Giulia Verzariu, Office of the Scientific Director, NIDDK, Build-
ing 10, Room 9N222, NIH, Bethesda, MD 20892.

Closing Date: October 1, 2005

Department of Health and Human Services
National Institutes of Health
National Institute of Diabetes and Digestive and Kidney Diseases
Equal Opportunity Employers

United States

National Institute of
Diabetes & Digestive & Kidney Diseases
of the National Institutes of Health

http://www.nih.gov


TransForm Pharmaceuticals, Inc. is a member 
of the Johnson & Johnson Family of Companies.

© TransForm Pharmaceuticals, Inc. 2005. Johnson & Johnson companies are equal opportunity employers.
SMALL-COMPANY ENVIRONMENT/BIG-COMPANY IMPACT is a registered trademark of Johnson & Johnson.

TransForm Your Career!

TransForm Pharmaceuticals is building a culture of excellence and innovation leading to the
development of important new medicines for the patients we serve. We work hard but, most
importantly, have fun accomplishing what’s never been done before. New ideas and new ways
of thinking are not only encouraged—they’re required. The integration of diverse backgrounds,
training, and thinking brings strength to our organization and our products. 

We currently have openings in the following areas:

Biology • Chemistry • Chemical Engineering • Computer Science • Material Science

TransForm Pharmaceuticals, Inc., located in Lexington, Massachusetts, is a member of the
Johnson & Johnson Family of Companies. We are revolutionizing the pharmaceutical industry by
optimizing drug form and formulation to increase the clinical and commercial value of products.
We are using scientific expertise and novel platform technology to develop new and improved
pharmaceuticals, convergent products, and vaccines to fuel our proprietary product portfolio.

To learn more about our company and available positions, please visit

www.TransFormPharma.com

TransForm Pharmaceuticals has been recognized 
among the “Best Places to Work in Industry” by

The Scientist for the third consecutive year.

http://www.TransFormPharma.com


Bauer Center for Genomics Research
Harvard University

Fellow Positions in Genomics or Systems Biology

Harvard University’s Bauer Center for Genomics Research seeks 
outstanding applicants to become Fellows in the center. 

The Bauer Center is an intensively collaborative, interdisciplinary 
center, where scientists from a wide variety of backgrounds study 
cellular pathways and networks, with the goal of fi nding general 
principles underlying the structure, behavior and evolution of cells 
and organisms. The Bauer Fellows are independent researchers
who receive funding for a group of up to three people. Fellows are 
appointed for a three-year term, with the expectation that it will be 
extended to fi ve years.

For more information about the Bauer Center and the Fellows
program, visit our website at http://cgr.harvard.edu. For appli-
cation procedures, see http://cgr.harvard.edu/fellows/fellows_
program.html.

Applications are welcome at any time, but only those received by 
15 October 2005 are guaranteed full consideration.

Harvard University is an Affi rmative Action, 
Equal Opportunity Employer.

Director, Mayo Clinic Comprehensive Cancer Center

Mayo Clinic is seeking applications from nationally recognized 
leaders in cancer research holding the MD, PhD, MD/PhD degree
with demonstrated abilities in both administration and research for
the position of Director of the Mayo Clinic Cancer Center. The
Director will provide leadership and vision for the Cancer Center.  
He or she will oversee and manage all cancer center programs and
activities across Mayo’s three campuses. 

Mayo Clinic is an internationally renowned academic medical center 
with comprehensive programs in medical education and research.
With campuses in Minnesota, Florida and Arizona, Mayo Clinic sees
more than 500,000 patients per year. Mayo has a vibrant research
enterprise in clinical, basic and population sciences.  In 2004, 
the institution received more than $250 million in extramural 
research awards.

The Mayo Clinic Cancer Center is an NCI-designated comprehensive 
cancer center, now in its 31st year of funding. The Center includes 
350 members and is among the top 10 institutions in NCI funding.
Total annual extramural support for research exceeds $95 million.
The Center supports 17 shared facilities and its research is organized
around 12 programs. Additional information about the Mayo Clinic
Cancer Center can be found at: cancercenter.mayo.edu. 

Applications should include curriculum vitae and bibliography.  
Submit by mail or e-mail.
John Noseworthy, M.D.
Chair, Department of Neurology • Professor of Neurology, 
Mayo Clinic College of Medicine • Mayo Clinic • 200 First Street SW
• Rochester, Minnesota  55905 • Attn:  Penny Griggs •
griggs.penny@mayo.edu

Mayo Clinic is an affirmative action/equal opportunity employer.

The University of Virginia Cancer Center is seeking a Clinical Trials
Scientist to serve as a critical interface between laboratory and clinical
investigators, assisting in the development of innovative cancer clinical
trials. Clinical trials include those evaluating diverse investigational
agents/devices/methods (e.g. new chemotherapy, radiation therapy,
antibody therapy, and targeted drug treatment approaches) for use in a
variety of settings (e.g. diagnostic, prognostic, preventive, treatment, and
supportive care settings). The Clinical Trials Scientist communicates with
the principal investigator(s) of trials, biostatisticians and staff in the
Clinical Trials Office and drafts clinical trial protocols in collaboration
with study investigators, including basic science researchers conducting
pre-clinical studies and translational researchers performing correlative
studies on patient samples. Other responsibilities include working with
investigators to revise protocols as required for approval from internal and
external protocol review committees and to seek external support for
investigator-initiated clinical trials, which may include drafting proposals
requesting funding and/or investigational agents from pharmaceutical
companies or government agencies.
A graduate degree in the field of pharmacology, biochemistry, nursing or
related health sciences discipline is desired.  A background in laboratory
and/or clinical investigation is highly desirable.  The ideal candidate
possesses knowledge of clinical trials with experience in cancer trials
preferred and must show evidence of exceptional writing and interpersonal
skills. Experience in science and/or technical writing is preferred. An
understanding of federal regulations related to IRB and FDA policies
regarding investigational drugs is desired but not required.  
Candidates may be eligible for a research faculty appointment in the
School of Medicine.  Rank will be commensurate with previous
experience and qualifications.
Send application materials including CV and letter of interest to:  Search
Committee, Attn: Linda Shank, University of Virginia Cancer
Center, Box 800334, Charlottesville, VA 22908-0334, E-mail:
lfs@virginia.edu

The University of Virginia is an equal opportunity/
affirmative action employer. 

CLINICAL TRIALS SCIENTIST

Bauer Center for Genomics Research
Harvard University

Head of Bioinformatics

Harvard University’s Bauer Center for Genomics Research (http:
//cgr.harvard.edu) seeks outstanding applicants for its Head of
Bioinformatics position. 

This is an exciting opportunity for someone who wants to be in a 
high-level position in an academic setting, but not pursue a com-
pletely independent research agenda. You will manage a group of 
7–9 people who provide training, consultation and collaboration 
to Harvard life scientists, and support the cutting-edge research of 
the Bauer Fellows. The group develops tools to support the center’s 
goals, and there are opportunities for collaborative research with 
Fellows and faculty. 

The position would suit someone who has run a group in industry, 
or someone from an academic background who doesn’t want to 
develop her/his own research group, but would enjoy the benefi ts
and fl exibility of the academic environment, surrounded by stimu-
lating colleagues.

To apply, go to http://jobs.harvard.edu/jobs/search_req and 
search for requisition number 23903.

Harvard University is an Affi rmative Action, 
Equal Opportunity Employer.

http://cgr.harvard.edu
http://cgr.harvard.edu/fellows/fellows_program.html
http://cancercenter.mayo.edu
mailto:griggs.penny@mayo.edu
mailto:lfs@virginia.edu
http://cgr.harvard.edu
http://jobs.harvard.edu/jobs/search_req
http://cgr.harvard.edu/fellows/fellows_program.html
http://cgr.harvard.edu


INTERNATIONAL
CENTRE OF INSECT
PHYSIOLOGY AND

ECOLOGY
RESEARCH SCIENTIST IN
MOLECULAR BIOLOGY &

BIOTECHNOLOGY

The Nairobi-based International Cen-
ter for Insect Physiology and Ecology
(ICIPE) is looking for a young scientist for
its Molecular Biology & Biotechnology De-
partment, which is initiating research on
comparative genomics of disease vector
populations, odorant binding proteins for
optimizing insect attractants & repellents,
molecular basis of locust phase differen-
tiation, and elucidation of the functional
genomics associated with Striga - control-
ling secondary metabolites of Desmodium
spp. The scientist will have close linkages
with the Behavioural and Chemical Ecol-
ogy Department at ICIPE for integrating
genomics & proteomics research with that
of metabolomics. Qualifications: PhD in
molecular biology & postdoctoral experi-
ence in genomics, functional genomics,
and bioinformatics. Deadline: 1st October
2005. More information at www.icipe.org

VACANCY

ANNOUNCEMENT

The Chinese Academy of Sciences (CAS) 
with support of the 

Max-Planck-Gesellschaft (MPG)
intends to establish two

INDEPENDENT JUNIOR
RESEARCH GROUPS

at the

CAS-MPG PARTNER INSTITUTE FOR
COMPUTATIONAL BIOLOGY

for

PROMISING YOUNG SCIENTISTS
Applications are invited for the position as an INDEPENDENT JUNIOR GROUP LEADER
from young scientists in China or abroad who have achieved a degree of international
recognition in their field, preferably in 

COMPUTATIONAL BIOLOGY
and/or TOPONOMICS

The CAS-MPG Partner Institute for Computational Biology, Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences, is a joint non-profit research  institution
founded by the Chinese Academy of Sciences and the German Max Planck Society. By adop-
ting operation mechanisms of Max Planck Institutes, the interdisciplinary and theoretical-
ly oriented Institute aims to account for the increasing involvement of mathematical, com-
puter-science, and engineering methods in modern biology, to develop new approaches, and
to explore and establish new areas of research in the field of computational biology. The
Institute will be inaugurated officially and start operation in October 2005 and will, initial-
ly, have two departments, the Department for Combinatorics and Geometry and the
Department for Population Genetics which will be headed by Andreas Dress and Li JIN res-
pectively. The Institute starts operation before the end of this year.

The vicinity to experimentally oriented, internationally competitive research institutes on
the campus of the Shanghai Institutes for Biological Sciences, CAS, allows close scientific
cooperation and interaction between theoretical and experimental research.

The successful applicant will be expected to conduct fully independent, original, and
dynamic research programs.
The position is limited to a maximum of five years. He/she is paid according to Chinese
regulations; in addition, special social benefits, a supplement in foreign currency and tra-
vel grants are offered. The group will have modern facilities and funding for scientific and
technical co-workers. The operation expenses include funds in foreign currency.

Applications, including a tabular CV, a list of publications with reprints of three selected
papers, a description of major scientific achievements and a summary of future research
plans, should be submitted in English by September 15, 2005 to

CHEN Zhu (Vice President of CAS) Herbert Jäckle (Vice President of MPG)
Chinese Academy of Sciences Max-Planck-Institut für biophysikalische Chemie
52, Sanlihe Road Am Faßberg 11
Beijing 100864 37077 Göttingen
P.R. CHINA Germany

and PDF-files of your application to the contact persons in Munich and Shanghai:

E-mail: spielmann@gv.mpg.de E-mail yyyang@sibs.ac.cn

Barbara SPIELMANN YANG Yanyun
Max-Planck-Gesellschaft Shanghai Institutes for Biological Sciences
Hofgartenstraße 8 Chinese Academy of Sciences
80539 München 319 Yue Yang Road
Germany Shanghai 200031
Phone: +49-89-2108-1365 P.R. China
Fax:     +49-89-2108-1041 Phone: +86-21-5492-0456

Fax:     +86-21-5492-0451

A group of finalists will be informed soon and invited to present their projects in Shanghai
in the middle of October 2005. Travel and accommodation expenses will be covered. The
Institute is also looking for applications for positions as principal investigators.

Chinese Academy of Sciences

Max-Planck-Gesellschaft

PROFESSORSHIP IN 

BIOLOGICAL CHEMISTRY

Washington University in St. Louis is seek-
ing an outstanding scientist at any level to
participate in a new initiative at the interface 
of chemistry and biology. The successful 
candidate will hold positions in both the
Biology and Chemistry Departments in the 
School of Arts and Sciences, and will be
instrumental in fostering new interactions
between the two departments. Interactions
with the Donald Danforth Plant Sciences
Center, the Biomedical Engineering Depart-
ment, and the Washington University School 
of Medicine will also be available to the suc-
cessful applicant. Individuals with research 
programs in any area of biological chemistry 
will be considered. Individuals committed to 
collaborative approaches to solving problems
are strongly encouraged to apply. 

Applications should consist of a curriculum 
vitae, statement of research interest, and the 
names of three or more references. These
documents are to be submitted in electronic
form as PDF (portable document format)
fi les to biolchemsearch@wuchem.wustl.

edu. The review of applications will begin
on October 1, 2005 and will continue until 
the position is fi lled.

Washington University is an Equal-Oppor-
tunity, Affi rmative-Action Employer. 

Individuals from under-represented groups 
are especially encouraged to apply.

http://www.icipe.org
mailto:spielmann@gv.mpg.de
mailto:yyyang@sibs.ac.cn
mailto:biolchemsearch@wuchem.wustl.edu
mailto:biolchemsearch@wuchem.wustl.edu


www.jax.org

FACULTY RECRUITING
The Jackson Laboratory, an independent, mammalian genetics research institution,
and an NCI-designated Cancer Center, is engaged in a major research expansion.
New faculty will be recruited in the following areas:

• Neurobiology
• Cancer Biology
• Reproductive/Developmental Biology
• Immunology/Hematology
• Metabolic Disease Research
• Computational Biology/Bioinformatics
We are recruiting scientists at all levels who hold a Ph.D., M.D. or D.V.M., 
completed postdoctoral training, have a record of research excellence and have 
the ability to develop a competitive, independently funded research program, 
taking full advantage of the mouse as a research tool.
The Jackson Laboratory offers a unique scientific research opportunity, including
excellent collaborative opportunities with our staff of 35 Principal Investigators,
unparalleled mouse and genetic resources, outstanding scientific support services,
highly successful Postdoctoral and Predoctoral training programs, and a major
meeting center, featuring courses and conferences centered around the mouse as 
a model for human development and disease. 
For more information, please visit our web site: www.jax.org.
Applicants for faculty positions should send a curriculum vitae, 2-3 page statement 
of research interests and plans, and arrange to have three letters of reference sent 
to facultyjobs@jax.org. Applications should be mailed to Director’s Office, 
The Jackson Laboratory, 600 Main Street, Bar Harbor, Maine 
04609, or email (preferred method): facultyjobs@jax.org 
Application deadline is October 15, 2005. 

The Jackson Laboratory is an 
EOE/AA Employer

Pioneer Openings

Pioneer Hi-Bred International, Inc, is the world leader in the discovery, 
development and delivery of elite crop genetics. We have two openings
within our Research division in Johnston, IA.

Research Scientist (TP339): This position, in the Insect Control and Herbi-
cide Resistance group, will have responsibility for characterizing transgenic 
trait and target-pest interactions for early-stage product development in crop 
plants. The Scientist will design and execute experiments in laboratory, green-
house and fi eld settings. He or she will evaluate lead traits using artifi cial diet
and plant bioassays. This person will participate on a team responsible for 
advancing transgenic traits for insect control and herbicide resistance from 
discovery towards commercialization. PhD in entomology or related fi eld 
with 3+ years of relevant professional experience or M.S. degree with 4 or 
more years of equivalent experience in a research environment. Competency 
in statistics and general business software also is required.

Research Coordinator (TP319): Provide leadership to the advancement, 
characterization and product knowledge activities of the Grain and Nutri-
tional Sciences group. Provide critical input to multiple teams involved in the
development, characterization and commercialization of products containing
value added grain, forage and silage quality traits. Develop and implement 
product knowledge delivery processes for quality traits to ensure business 
can effectively communicate and promote product attributes and value to 
internal and external stakeholders. Will ensure understanding of fi nal market
needs to create products with right input and output traits to meet end user 
and grower demands. Ph.D. in plant or biological science and 6-8 yrs research
experience beyond Ph.D is required.

For a complete job description and to apply, go to www.pioneer.com/

employment.

EOE

RESEARCH FACULTY POSITIONS

Biological Oceanographer 
Marine Ecosystems Modeler

The School of Marine Sciences (SMS) at the University of Maine seeks to 
fi ll two Research Faculty positions to be located in the newly formed Gulf 
of Maine Research Institute (GMRI) in Portland, Maine. The broad target 
areas for biological oceanography are secondary production and fi sher-
ies oceanography, with wider interests in marine ecosystems; ecosystems

modeling broad areas are zooplankton dynamics and larval recruitment
dynamics, with wider interests in ecosystem trophic processes. The suc-
cessful candidates will be appointed to 12 month non-tenure track positions 
in SMS. These soft-money positions carry a substantial University match. 
Rank (Assistant, Associate, or Research Professor) is open. Salary level will 
be commensurate with experience. 

With some 50 faculty, the University of Maine’s School of Marine Sciences 
is one of the largest research and educational institutions in the Northeast. 
SMS offers both undergraduate and graduate degrees. 

The Gulf of Maine Research Institute was founded to develop knowledge 
and public understanding of the Gulf of Maine ecosystem through a fusion of
scientifi c research and public education. These two positions complement six
Research Scientists expected to be recruited to the GMRI during 2005.

The Research Faculty members will have a unique opportunity to help link 
ocean processes to fi sheries processes, contributing to the vision of GMRI 
and to graduate education at SMS. Candidates must have a Ph.D. in an
appropriate discipline, an established research record, and graduate teaching
interests and research in common with SMS and GMRI faculty.

Applications should comprise a cover letter, full CV, a selection of (p)reprints,
a list of four references, and statement of research goals. Materials should 
be sent to: Research Faculty Search Committee, School of Marine Sci-

ences, 360 Aubert Hall, University of Maine, Orono ME 04469-5741. For
further information visit http://www.marine.maine.edu and www.gmri.org.
Review will begin on September 15, 2005 and continue until positions
are fi lled. 

The University of Maine and the Gulf of Maine Research Institute are 
EO/AA Employers and encourage women and minorities to apply.

ASSISTANT/ASSOCIATE/FULL PROFESSOR
Biopharmaceutics/Drug Delivery

The Department of Pharmaceutical Sciences at Washington State University 
(www.pharmacy.wsu.edu/PharmSci/) invites applications for a tenure-track 
position to begin 7/1/06 or earlier. This is an entry-level position at the rank of 
Assistant Professor, although a senior rank may be considered for applicants 
with recognized stature in the fi eld.

Qualifi cations: Applicants must have an earned doctorate in pharmaceutical 
sciences or a related discipline. 

Responsibilities: Candidates will be expected to: (a) teach pharmaceutics, 
biopharmaceutics, and pharmacokinetics at both the professional and graduate
levels; (b) develop and maintain a productive research program; and (c) share 
in service to the department, college and university. The successful candidate 
will receive a competitive start-up package and will be expected to establish an 
outstanding research program that will attract continued extramural funding. 
Preference will be shown to those with post-doctoral research experience and 
whose research with respect to advanced drug delivery systems for peptide- or 
nucleic acid-based drugs - including their absorption, metabolism, and stability -
complements existing department strengths in the pharmacology and toxicology
of cancer and its treatment, developmental immunotoxicology, pain, infl amma-
tion, and novel approaches to enzyme engineering. The successful candidate 
should have excellent communication and interpersonal skills and collegiality 
and should demonstrate that they will be able to contribute effectively to the 
department’s teaching missions at both the professional and graduate levels. 

Screening of applicants will begin October 15, 2005. The application must 
include a letter of interest, curriculum vitae, statements of research and teaching
interests and goals, and the names, email addresses, and contact information for
three references. Indicate the rank sought. Send applications to: Paula Marley, 

Department of Pharmaceutical Sciences, College of Pharmacy, Washing-

ton State University, Pullman, WA 99164 6534; marley@mail.wsu.edu.
Applications should be mailed or emailed as PDF documents. 

EO/AA/ADA.
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The Rockefeller University seeks a new generation of exceptional scientists
to join its faculty. We invite applications from outstanding candidates working
in the biological and biomedical sciences and in other areas relevant to these
sciences.  

The focus of the search will be on tenure-track Assistant Professors.
Applicants should submit either electronically or by CD-ROM the following:
Curriculum Vitae, a two page summary of significant research achievements,
a two page summary of future research plans and relevant reprints. Please
also arrange for at least three letters of reference to be sent directly to the
University, and indicate which of the following areas best matches your
research program: 

• Immunology, Virology & Microbiology
• Biochemistry & Biophysics 
• Chemistry & Structural Biology 
• Medical Sciences & Human Genetics 
• Neurosciences
• Molecular, Cell & Developmental Biology 
• Mathematical Biology, Evolutionary Biology & Ecology 

Rockefeller University provides strong financial support for the research
work of its faculty.  It is presently seeking to significantly increase the
number of tenure track Assistant Professors and to expand its research
interests.  Highly motivated, creative and innovative scientists working in
the above areas are encouraged to apply.

Applications should be sent by November 15, 2005 to: Faculty Search,
Office of Academic Affairs, Box 246, The Rockefeller University, 1230
York Avenue, New York, NY 10021 USA; facultysearch@rockefeller.edu

More specific information regarding the required
application material can be found at

http://www.rockefeller.edu/facultysearch/.

The Rockefeller University is an Affirmative Action/Equal
Opportunity Employer. Further information about the
research and educational programs at The Rockefeller
University can be found at http://www.rockefeller.edu/. 

FACULTY POSITIONS AT

THE ROCKEFELLER UNIVERSITY

CHAIR
Department of Biochemistry 

and Molecular Medicine

The University of California, Davis, School of Medicine seeks an aca-
demic leader to chair the Department of Biochemistry and Molecular 
Medicine.  We seek candidates with a Ph.D. and/or M.D. degree and 
training in biochemistry, molecular-based medical research, or a related 
fi eld. The successful candidate is expected to have a distinguished record 
in research, teaching, and administration, excellent interpersonal skills 
as well as a vision to further the development of the department and to 
implement initiatives to meet the challenges of academic medicine. 

The Department of Biochemistry and Molecular Medicine has full-time 
Ph.D. and M.D./Ph.D. faculty in a variety of research areas, including 
eukaryotic gene expression, signal transduction, cancer biology, mem-
brane biology, neurobiology, muscle physiology, and human genetics. 
In addition, several new recruitments in the above or additional areas 
are anticipated. 

Interested candidates should send their curriculum vitae, a statement of 
interests, teaching and administrative responsibilities, and the names
of fi ve references to: Biochemistry and Molecular Medicine Chair

Search Committee, via e-mail at janice.weir@ucdmc.ucdavis.edu, or
via regular mail to Janice Weir, c/o Offi ce of Academic Affairs, School 

of Medicine, University of California, Davis, Medical Center, PSSB 

Suite 2500, 4150 V Street, Sacramento, CA  95817.

For full consideration, applications must be received by October 30, 

2005. The position will remain open until fi lled. 

The University of California is an Affi rmative Action/
Equal Opportunity Employer.

Korea University invites applicants for tenure-track positions at
the rank of Assistant Professor to begin in Spring 2006 or Fall
2006. (Responsibilities include teaching two courses per semes-
ter (in English), conducting/publishing research, and assuming
various administrative duties to support academic functions).
Candidates must possess near-native/native fluency in English
and have a Ph.D. in hand at time of application. Candidates
should also have experience in teaching at the college level, a
strong commitment to excellence in scholarship, and dedication
to undergraduate and graduate teaching in the applicant's
research area. Salary for the entry level Assistant Professor is
US$53,000. Send an application form (which can be down-
loaded from www.korea.ac.kr/~faculty), a cover letter explain-
ing your qualifications and teaching philosophy, CV, transcripts
from graduate studies, selected publications or writing samples,
proof of highest academic degree, three letters of reference and,
if possible, sample syllabi or teaching portfolio to: Department
of Academic Affairs, Korea University, Anamdong, Sungbukgu,
Seoul, Korea. Enquires: Phone: +82-2-32901071~3; Fax: +82-2-
929-9164; Email: faculty@korea.ac.kr.
Application deadline: August 29, 2005.

Korea University is an Equal Opportunity /Affirmative
Employer and is committed to a diverse faculty, staff, and stu-
dent body. Korea University, which is celebrating its centennial
this year, is one of the most prestigious universities in Korea,
serving more than 30,000 students. The university is a dynamic
and innovative doctoral/research-intensive institution recognized
for strong undergraduate education and a range of focused grad-
uate programs and research. For more information about the
university, visit our home page at www.korea.ac.kr.

Professor Positions

www.korea.ac.kr
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POSITIONS OPEN

EVOLUTIONARY BIOLOGY
FACULTY POSITION

UCLA Department of Ecology and
Evolutionary Biology

The Department of Ecology and Evolutionary
Biology at UCLA invites applications for an OPEN
RANK, TENURE-TRACK FACULTY POSI-
TION in evolutionary biology, broadly defined.
The expected start date is September 2006. Candi-
date must have a Ph.D.; postdoctoral experience is
desired. Salary is commensurate with education and
experience. Successful candidates are expected to
maintain a rigorous research program, and to con-
tribute to undergraduate and graduate teaching.
UCLA has outstanding academic support for facul-
ty, including access to the University of California
Natural Reserve System, a campus-wide Institute of
Pure and Applied Mathematics, several departments
with computational and evolutionary biology in-
terests, and attractive startup packages. Submit cur-
riculum vitae, statements of research and teaching
interests, and names and addresses of three refer-
ences online to website: http://www.eeb.ucla.
edu/Evolutionist. Please contact: Charles Taylor
(e-mail: taylor@biology.ucla.edu) for additional
information. Reviews of applications will begin Sep-
tember 30, 2005.

The University of California is an Equal Opportunity Em-
ployer committed to excellence through diversity.

ORGANIC CHEMISTRY
Dartmouth College

Applications are invited for a faculty position at
the ASSISTANT PROFESSOR level starting July
2006. The Chemistry Department seeks an individ-
ual who will establish a nationally recognized re-
search program in organic chemistry at Dartmouth,
and who will excel at teaching in our undergraduate
and Ph.D. curriculum. Candidates will be expected
to be able to teach introductory and advanced
courses in organic chemistry, as well as graduate
courses in their area of research. Applicants should
submit curriculum vitae, a description of their re-
search plans, and a brief statement about their
teaching interests. Applicants should also arrange
to have three letters of recommendation sent on
their behalf. All inquiries and applications will be
treated confidentially. Application materials should
be sent to: Chair, Organic Chemist Search Com-
mittee, Department of Chemistry, 6128 Burke
Laboratory, Dartmouth College, Hanover, NH
03755-3564. The Committee will begin to con-
sider completed applications on October 15, 2005.
With an even distribution of male and female students and over
a quarter of the undergraduate student population members of
minority groups, Dartmouth is committed to diversity and en-
courages applications from women and minorities. Dartmouth
College is an Equal Opportunity/Affirmative Action Employer.

X-RAY CRYSTALLOGRAPHER

The Department of Biochemistry and Biophysics
at the University of Rochester Medical Center invites
applications for a tenure-track position at the
ASSISTANT PROFESSOR or higher level from
individuals who use X-ray crystallography to study
biological macromolecules. The Medical Center
features an interactive and expanding biomedical
research community, including over 400 Ph.D.
students, with close ties to basic science departments
at the adjacent Arts and Sciences campus. A state-of-
the-art X-ray facility is housed in the Department
(see website: http://dbb.urmc.rochester.edu). To
apply, please submit electronic versions of your cur-
riculum vitae, three publications, and a statement of
research interests to e-mail: gail_marriott@urmc.
rochester.edu and arrange for at least three letters
of recommendation to be sent to: Gail Marriott,
Crystallography Search, Department of Bio-
chemistry and Biophysics, Box 712, University
of Rochester Medical Center, 601 Elmwood
Avenue, Rochester, NY 14642. Consideration of
applications will begin on October 1, 2005, and
continue until the position is filled. Equal Opportunity
Employer.

POSITIONS OPEN

CHAIR
Department of Physiology and Biophysics

Case Western Reserve University
School of Medicine

Nominations or applications are invited from
established, dynamic scientists with a creative vision
for the position of Chair of the Department of
Physiology at the Case Western Reserve University
School of Medicine.

The Department has a fine tradition, excellent
faculty, facilities, space, and a vigorous graduate
program. The new leadership at the School of
Medicine seeks a chairperson who will lead this
strong department to greater national prominence
and will provide resources to build on existing
strengths or to develop a new area. New develop-
ment and expansion of many programs at the School
of Medicine provide exciting opportunities for
interdisciplinary collaboration. The successful candi-
date will have an outstanding record of scholarly
achievements with proven leadership, mentoring,
and administrative abilities.

In addition to curriculum vitae and a list of pub-
lications, applicants should submit a letter describing
their research, teaching, service, administrative expe-
rience, previous mentoring, and their legacy or
vision in building interdisciplinary programs and
resources.

Nominations and/or applications should be
e-mailed to e-mail: chairphysiol@case.edu.

For additional information, visit website: http://
physiology.case.edu.

For questions or additional information you may
call Lynn Landmesser at telephone: 216-368-
3996.

Case Western Reserve University is an Equal Opportunity/
Affirmative Action Employer.

DIRECTOR, MCW CANCER CENTER

The Medical College of Wisconsin (MCW) is
recruiting a visionary physician-scientist or scientist
with a strong history of accomplishment in cancer-
related research to serve as Director of the Cancer
Center.

Individuals must possess excellent leadership skills
and should be outstanding scientists with active
NIH-funded research programs. A desire to encour-
age collaboration among scientists and physicians
and to identify promising new areas for basic and
translational research applications are important.
The Director must also be committed to the goal
of achieving National Cancer Institute designation
for the Center.

The MCW Cancer Center is organized under an
interdepartmental matrix structure and is committed
to fostering the translation of basic research efforts
into patient care, with acknowledged areas of excel-
lence in breast cancer diagnosis and treatment, pedi-
atric cancers, and blood and bone marrow transplants.

MCW is part of a large regional academic health
center which also includes Froedtert Hospital and
Children_s Hospital of Wisconsin. Construction of a
major new research facility with significant emphasis
on cancer research is underway, and a new clinical
cancer center is also under construction on the cam-
pus, with both facilities anticipated to open in 2007.

Prospective applicants are invited to forward a
current curriculum vitae and letter of interest to:

Michael J. Dunn, M.D.
Dean and Executive Vice President

Medical College of Wisconsin
8701 Watertown Plank Road

P.O. Box 26509
Milwaukee, WI 53226-0509
Telephone: 414-456-8213
E-mail: mdunn@mcw.edu

An Equal Opportunity/Affirmative Action Employer,
Minorities/Females/Persons with Disabilities/Veterans.

POSITIONS OPEN

BIOPHYSICAL CHEMISTRY
Dartmouth College

Applications are invited for a faculty position at
the ASSISTANT PROFESSOR level starting July
2006. The Chemistry Department seeks an indi-
vidual who will establish a nationally recognized
research program in experimental biophysical chem-
istry at Dartmouth, and who will excel at teaching in
our undergraduate and Ph.D. curriculum. Prefer-
ence will be given to individuals who investigate
structure-function relationships of biological macro-
molecules using physical techniques complementing
existing strength in X-ray crystallography. Candi-
dates will be expected to contribute to the teaching
of courses in our biophysical chemistry major, grad-
uate courses in their area of research, and introduc-
tory chemistry. Applicants should submit curriculum
vitae, a description of their research plans, and a brief
statement about their teaching interests. Applicants
should also arrange to have three letters of recom-
mendation sent on their behalf. All inquiries and
applications will be treated confidentially. Applica-
tion materials should be sent to: Chair, Biophys-
ical Chemist Search Committee, Department of
Chemistry, 6128 Burke Laboratory, Dartmouth
College, Hanover, NH 03755-3564. The Com-
mittee will begin to consider completed applications
on October 15, 2005. With an even distribution of male
and female students and over a quarter of the undergraduate
student population members of minority groups, Dartmouth is
committed to diversity and encourages applications from women
and minorities. Dartmouth College is an Equal Opportunity/
Affirmative Action Employer.

FACULTY POSITIONS

The Department of Dermatology of the Univer-
sity of Illinois at Chicago in conjunction with the
Department of Pharmacology is recruiting two
tenure-track researchers to join the faculty at the
level of ASSISTANT PROFESSOR or ASSOCI-
ATE PROFESSOR. We are seeking outstanding
individuals with NIH funding and vibrant research
programs and with a potential for growth. The
candidates should have the M.D., M.D./Ph.D.
or Ph.D. degree with demonstrated research pro-
ductivity. The successful candidates are expected to
establish robust independent research programs
with extramural funding and develop interactions
within the institution. Recruitment emphasis is on
areas of immunology, particularly in inflammation,
inflammation-mediated angiogenesis, adhesion mol-
ecules, viral immunology or autoimmunity, but
significant research accomplishments in other areas
of immunology will also be considered.

For fullest consideration, interested individuals
should send curriculum vitae, a summary of research
goals, along with names and addresses of three ref-
erences by October 15, 2005, to:

Lawrence S. Chan, M.D., Professor and Head
Department of Dermatology

808 S. Wood Street, M/C 624
Chicago, IL 60612

MONTEREY BAY AQUARIUM

POSTDOCTORAL RESEARCH SCIENTIST.
The Monterey Bay Aquarium is seeking a Post-
doctoral Researcher to conduct electronic tagging
studies on white sharks along the California coast.
Applicants must have a Ph.D. and demonstrated ex-
pertise in marine science. Visit website: http://
www.montereybayaquarium.org/aa/aa_jobs/
jobs_staf_opening.asp for a detailed job descrip-
tion. Initial appointment is one year, renewable for
a second year. To apply, send curriculum vitae, de-
scription of research experience, and names, ad-
dresses, telephone numbers, and e-mails of three
references to:

Monterey Bay Aquarium
Attn: Human Resources

886 Cannery Row
Monterey, CA 93940

E-mail: jobs@mbayaq.org (no attachments)

Equal Opportunity Employer/Committed to Diversity.
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Faculty Position in Fetal/Neonatal Programming
Department of Obstetrics & Gynaecology
Schulich School of Medicine & Dentistry

The University of Western Ontario

The Department of Obstetrics & Gynaecology, Schulich School of Medicine and Dentistry at the University of Western Ontario has an opening for a lim-
ited term or probationary appointment at the rank of Assistant Professor although outstanding applicants at a higher level will be considered for a possible 
tenured appointment in the area of fetal/neonatal programming relating to cardiovascular development. The Department has a long tradition of research 
excellence in Reproductive Biology and Fetal Physiology, and is the home base for the internationally acclaimed Research Group in Fetal and Neonatal 
Health and Development.

Candidates should possess a PhD or equivalent in the biological sciences and relevant postdoctoral research experience. A strong research background in 
fetal/neonatal programming in relation to cardiovascular development including mechanistic control of blood pressure, myocardiocyte growth/functioning, 
vascular endothelial growth/functioning and consequences for longer term health is required. This individual will interact closely with the Perinatal Research
Group, with other Children’s Health Research Institute (CHRI) investigators, as well as the CIHR Group in Vascular Biology located within the Victoria 
Research Laboratories. The successful candidate will have access to new animal care facilities within the London Innovariuum for chronic sheep studies
and non-invasive guinea pig based studies including longer term follow-up, with customized and dedicated monitoring equipment. The successful candidate 
will be expected to establish an independent, externally funded research program, and participate in the teaching programs of the Department of Obstetrics 
and Gynaecology and the Physiology and Pharmacology Department which will become the candidate’s cross appointed basic science department at the 
University of Western Ontario. This position offers a competitive start-up package, laboratory space, compensation and benefi ts. Additional information 
about the Department can be found at our website: http://www.uwo.ca/obsgyn/browsepage.html.

With a full-time enrolment of 32,000, the University of Western Ontario graduates students with a full range of academic and professional programs. The 
University campus is in London, a city of 340,000 located midway between Toronto and Detroit. With parks, tree-lined streets and bicycle trails, London is 
known as the “Forest City”. London boasts an international airport, galleries, theatre, music and sporting events. (See http://www/goodmovelondon.com

to learn more). Western’s Recruitment and Retention Offi ce is available to assist in the transition of successful applicants and their families.

Interested candidates should send their curriculum vitae which should include research accomplishments and relevant publications, a one-page statement 
with research interests, and the names and address of three references to: Ms Susanne Deakin, Administrative Assistant, Department of Obstetrics & 

Gynaecology, Schulich School of Medicine & Dentistry, Victoria Hospital, Room E5-319, 800 Commissioners Road East, London, Ontario, Canada 

N6A 4G5, Telephone: 519-685-8439, Fax: 519-685-8515, Email: susanne.deakin@lhsc.on.ca. Applications will be accepted until the position is fi lled.

Positions are subject to budget approval. Applicants should have fl uent written and oral communication skills in English. All qualifi ed candidates are 
encouraged to apply; however Canadians and permanent residents will be given priority. The University of Western Ontario is committed to employment 

equity and welcome applications from all qualifi ed women and men, including visible minorities, aboriginal people and persons with disabilities.

GENETICS
Department of Biological Sciences

The University of Iowa

Applications are invited for a tenure-track position at the Assistant Pro-
fessor level. We are seeking candidates that are addressing fundamental 
problems in genetics at the molecular, cellular, organismal, or popula-
tion level. We invite individuals working on plant, animal, fungal or
microbial systems to apply. The Department has seen signifi cant growth 
over the last fi ve years, including establishment of the Roy J. Carver 
Center for Comparative Genomics, and additional growth is anticipated 
during the next fi ve years. More about the Department and the Center 
for Comparative Genomics may be viewed at www.biology.uiowa.edu

and www.biology.uiowa.edu/ccg.

Candidates must have post-doctoral experience and a recognized record 
of accomplishment as refl ected in publications in leading journals. The 
successful candidate will be expected to establish and maintain an extra-
murally funded research program and participate in the department’s 
teaching mission. Recently renovated space and a competitive start-up 
package will be made available. Applicants should send a curriculum 
vitae, statement of research objectives, selected reprints, a description of 
teaching interests, and the names of three references to: Genetics Search 

Committee, c/o Becky Birch, Department of Biological Sciences, 143 

Biology Building, The University of Iowa, Iowa City, IA 52242-1324.

Review of applications will begin November 1, 2005 and continue until 
the position is fi lled. 

The University of Iowa is an Affi rmative Action/Equal Opportunity 
Employer. Women and minority candidates are especially encouraged 

to apply.

ANTHROPOLOGICAL GENETICS/PRIMATE GENOMICS
The Departments of Anthropology and Biological Sciences

In conjunction with the
Roy J. Carver Center for Comparative Genomics

at The University of Iowa

Applications are invited for a tenure-track position at the Assistant Professor 
level. Successful candidates are expected to have an internationally visible 
research program that focuses on anthropological genetics and primate genom-
ics. Some representative areas of research are: the developmental genetics of 
complex morphological traits; the genetic basis for unique character traits such
as language; the comparative genomics of primates; and the use and analysis of
molecular genetic markers in living populations to infer historic and prehistoric
population demography. The Departments of Anthropology and Biological Sci-
ences are committed to expanding their respective programs to refl ect modern 
genomic approaches to primate and human evolution in association with the 
Roy J. Carver Center for Comparative Genomics. The Center is fully equipped 
for robotically driven high throughput DNA sequencing and functional genom-
ics. More about the Departments and the Center for Comparative Genomics 
may be found at www.uiowa.edu/~anthro, www.biology.uiowa.edu, and
www.biology.uiowa.edu/ccg.

Candidates must have post-doctoral experience and a recognized record of 
accomplishment, including publications in leading journals. Successful candi-
dates will be expected to establish and maintain an extramurally funded research
program and participate in teaching at the undergraduate and graduate levels. 
Newly renovated space and a competitive start-up package will be available. 
Applicants should send a curriculum vitae, statement of research objectives, 
selected reprints, a description of teaching interests, and the names of three 
references to: Biological Anthropology Search Committee, c/o Becky Birch, 

Department of Biological Sciences, 143 Biology Building, The University of

Iowa, Iowa City, IA 52242-1324. Review of applications will begin November 

1, 2005 and continue until the position is fi lled. 

The University of Iowa is an Affi rmative Action/Equal Opportunity Employer. 
Women and minority candidates are especially encouraged to apply.
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POSITIONS OPEN

TENURE-TRACK POSITIONS
Biochemistry, Immunology,

and Organismal/Evolutionary Biology
Macalester College

Applications are invited for three tenure-track po-
sitions in immunology and organismal/evolutionary
biology in the Department of Biology and Bio-
chemistry in the Department of Chemistry at the
level of ASSISTANT PROFESSOR beginning fall
2006. We seek applicants who are committed to
excellence in teaching at the undergraduate level and
who are dedicated to developing an active research
program that engages students in research. Full ad
and details are available at website: http://www.
macalester.edu/provost/positions/index.html.
To apply for the openings in biology, send a letter,
curriculum vitae, statements of teaching philosophy
and research plans, and three letters of reference to:
Professor Lin Aanonsen, Chair, Department of
Biology, Macalester College, St. Paul, MN
55105. To apply for the position in chemistry, send
all of the above plus undergraduate and graduate
transcripts to: Professor Thomas D. Varberg,
Chair, Department of Chemistry, Macalester
College, St. Paul, MN 55105. Applications should
be received by October 15, 2005. Macalester Col-
lege is a selective, private liberal arts college in the
Minneapolis-St. Paul metropolitan area. The College
prides itself on providing support for excellence in
teaching and in faculty scholarship. Macalester is an
Equal Opportunity/Affirmative Action Employer and is
committed to diversity. We are especially interested in candidates
committed to working with students of diverse backgrounds.

FACULTY POSITION IN GENOME
STABILITY, DNA REPAIR, AND

CANCER EPIGENETICS
University of Rochester Medical Center

The Department of Biochemistry and Biophysics
and the Wilmot Cancer Center invite applications for
a tenure-track position in chromatin regulation or
genome injury related to cancer at the ASSISTANT
PROFESSOR level or higher. The Medical Center
offers an interactive environment with strong pro-
grams in biochemistry of DNA repair and chromatin
and integrative cancer cell biology. Applicants em-
ploying genetic approaches in mammalian systems
are preferred, but those in areas complementing ex-
isting strengths are also invited. Submit curriculum
vitae, statement of research accomplishments, and
plans to e-mail: gail_marriott@urmc.rochester.edu,
and three letters of recommendation to: Robert
Bambara, Repair Search, Box 712, University
of Rochester Medical Center, 601 Elmwood
Avenue, Rochester, NY 14642. See websites:
http://dbb.urmc.rochester.edu and http://
www.stronghealth.com/services/cancer. Equal
Opportunity Employer.

PLANT VIROLOGY FACULTY POSITION:
The Department of Plant Pathology, Kansas State
University invites applicants for a virologist to work
in the area of arthropod-vectored plant viruses and
their ecological and molecular interactions with their
plant hosts. The successful candidate will teach a
graduate course in plant virology and another grad-
uate course in their area of specialty in alternate years.
Applicants must have a Ph.D. in plant pathology,
entomology, or related discipline along with post-
doctoral research experience. Please submit a letter
of application including professional goals and
research/teaching interests, detailed curriculum vitae,
reprints of up to five relevant publications, tran-
scripts of all college course work, and three current/
relevant letters of reference to: Scot Hulbert, De-
partment Plant Pathology, Kansas State Univer-
sity, Manhattan, KS 66506. E-mail: shulbrt@
ksu.edu. Review of applications will begin Novem-
ber 1, 2005, and continue until the position is filled.
For more information concerning the position and
the Department, see website: http://www.oznet.
k-state.edu/plantpath/. Paid for by Kansas State Uni-
versity, an Equal Opportunity/Affirmative Action Employer.

POSITIONS OPEN

RESEARCH INSTRUCTOR/RESEARCH
ASSISTANT PROFESSOR

A nontenure-track position is available in the
Center for Stem Cell Biology at Vanderbilt Univer-
sity to perform research related to pancreatic beta
cell development and function. Applicants must hold
a Ph.D. and have at least three years of postdoctoral
training in molecular and/or cell biology. Rank of
the appointment will depend on the candidate_s prior
accomplishments. Experience with gene targeting in
embryonic stem cells and phenotypic characteriza-
tion of germline-altered mice is highly desirable.
Effective communication and organizational skills, as
well as the ability to work as part of a larger team,
must be readily evident. The successful applicant will
assist in the mentoring and/or supervision of grad-
uate students, postdoctoral scientists, and other
professional staff. Please submit complete curricu-
lum vitae, a brief description of current research in-
terests, and the names of three references to:

Mark A. Magnuson, M.D.
Director, Center for Stem Cell Biology

802 Light Hall
Vanderbilt University

Nashville, TN 37232-0225
E-mail: mark.magnuson@vanderbilt.edu

Vanderbilt University is an Equal Opportunity/Affirmative
Action Employer with a strong institutional commitment to
diversity.

ASSISTANT PROFESSORSHIP, CHEMISTRY
Department of Chemistry and Chemical Biology

Harvard University

Applicants are invited to apply for a tenure-track
Assistant Professorship in the fields of physical
chemistry (experimental and theoretical), organic
chemistry, or chemical biology. Applicants should
arrange to have three letters of recommendation sent
independently and should provide curriculum vitae,
a list of publications, and an outline of their future
research plans. Applications and supporting materials
should be sent to:

Chair, c/o Ms. Carol Gonzaga
Department of Chemistry and

Chemical Biology
Harvard University
12 Oxford Street

Cambridge, MA 02138-2902

Reference Position: JFCCB133S. The deadline
date for receipt of applications and supporting ma-
terials is October 15, 2005. Harvard University is an
Affirmative Action/Equal Opportunity Employer. Applica-
tions from, and nominations of, women and minority can-
didates are strongly encouraged.

RESEARCH ASSISTANT PROFESSOR

Cummings School of Veterinary Medicine at
Tufts University invites applications for a Research
Assistant Professor position in the Department of
Biomedical Sciences. Candidates must have Ph.D.
and/or D.V.M. degree with at least three years of
postdoctoral research experience, and are expected
to supervise laboratory personnel and conduct
independent research in hepatobiliary transport
mechanisms. The incumbent will be joining a well-
established NIH-funded research program. The
successful candidate will have the opportunity to
participate in graduate teaching programs. Review of
applications will begin immediately. Interested appli-
cants should submit a letter of application with a
statement of career goals, curriculum vitae, and the
names of three or more references to: Dr. Sawkat
Anwer, Distinguished Professor, Department of
Biomedical Sciences, Tufts Cummings School of
Veterinary Medicine, 200 Westboro Road, North
Grafton, MA 01536. E-mail: sawkat.anwer@
tufts.edu. Tufts University in an Affirmative Action/Equal
Opportunity Employer.

POSITIONS OPEN

ASSISTANT PROFESSOR
Cornell University

The Psychology Department (in conjunction with
the New Life Sciences Initiative and Program in
Neuroscience) expects to fill a tenure-track position
at the ASSISTANT PROFESSOR level for the
2006–2007 academic year. We seek applicants with
research interests in integrative approaches to central
nervous system function. Research interests could
include, but are not limited to: the organization of
sensory or motor systems; social communication,
social cognition, and social behavior; emotion; or
any other aspect of cognition such as learning and
memory, spatial navigation, or decision-making. A
variety of current recording or imaging techniques
are welcome, which could be combined with ge-
nomic approaches or reduced preparations. The
appointment will begin July 1, 2006. Review of ap-
plications will begin November 15, 2005, although
later applications will be considered until the po-
sition is filled.

Interested applicants should submit a letter of
application indicating specific research interests,
curriculum vitae, reprints or preprints of completed
research, and three letters of recommendation sent
directly from three references to: Secretary, Psy-
chology Search Committee, Department of Psy-
chology, 278D Uris Hall, Cornell University,
Ithaca, NY 14853-7601, U.S.A. Applications from
women and minority candidates are especially welcome. Cornell
University is an Equal Opportunity/Affirmative Action
Employer.

Texas A&M University. The Department of
Chemistry at Texas A&M University invites applica-
tions for multiple tenure-track faculty positions in all
areas of chemistry, including biological chemistry,
and other interdisciplinary areas, for an anticipated
starting date of September 2006. Applications at the
ASSISTANT PROFESSOR level are particularly
sought, but appointments to senior ranks will also be
considered for qualified candidates. Successful can-
didates will be expected to establish and maintain
vigorous independent research programs and to
teach at both the undergraduate and graduate levels.

Candidates should submit curriculum vitae, a brief
description of research plans, and arrange for three
letters of recommendation to be sent to:

Dr. Emile A. Schweikert
Head, Department of Chemistry

Texas A & M University
P.O. Box 30012

College Station, TX 77843-3012

Review of applications will begin on October 15,
2005, and will continue until the positions are filled.

Texas A & M University is an Equal Opportunity/Affirmative
Action Employer that is dedicated to the goal of building a
culturally diverse and pluralistic faculty and staff who are com-
mitted to teaching and working in a multicultural environment.
We strongly encourage applications from women, minorities,
veterans, and individuals with disabilities. In addition, an ag-
gressive faculty-hiring program during the next several years will
enable the University to be particularly responsive to the needs
of dual career couples.

CURATOR: U.S. National Tick Collection. Geor-
gia. Southern University; 12-month, tenure-track
appointment at the ASSOCIATE or FULL PRO-
FESSOR rank. Ph.D. or equivalent in an area rel-
evant to acarology, entomology, or parasitology
required. Experience or demonstrable knowledge of
systematics; research experience with ticks; computer
skills; sustained research productivity; command of
written and spoken English; and grantsmanship
required. Full text advertisement, including com-
plete position announcement with all qualifica-
tions and application instructions, is available at
website: http://www.bio.georgiasouthern.edu/
iap/index.htm. Screening of applications begins
November 15, 2005, and continues until the posi-
tion is filled. Georgia is an open records state. Indi-
viduals who need reasonable accommodations under
the ADA should contact the search chair. Georgia South-
ern is an Affirmative Action/Equal Opportunity Institution.

RESEARCH INSTRUCTOR/
RESEARCH ASSISTANT PROFESSOR

A nontenure-track position is available in
the Center for Stem Cell Biology at Vander-
bilt University to perform research related to
pancreatic beta cell development and function.
Applicants must hold a Ph.D. and have at least
three years of postdoctoral training in mo-
lecular and/or cell biology. Rank of the ap-
pointment will depend on the candidate_s prior
accomplishments. Experience with gene tar-
geting in embryonic stem cells and phenotypic
characterization of germline-altered mice is
highly desirable. Effective communication and
organizational skills, as well as the ability to
work as part of a larger team, must be readily
evident. The successful applicant will assist in
the mentoring and/or supervision of graduate
students, postdoctoral scientists, and other
professional staff. Please submit complete
curriculum vitae, a brief description of current
research interests, and the names of three
references to:

Mark A. Magnuson, M.D.
Director, Center for Stem Cell Biology

802 Light Hall
Vanderbilt University

Nashville, TN 37232-0225
E-mail: mark.magnuson@vanderbilt.edu

Vanderbilt University is an Equal Opportunity/
Affirmative Action Employer with a strong institutional
commitment to diversity.
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e all dreamW
of doing big things.

Solving important problems.

Making a difference.

Improving lives.

As a result of our ongoing successes and expanding global efforts in inflammation, we are seeking
talented Scientists to join our Respiratory-Inflammation/Autoimmunity Therapy Area to contribute
to the discovery of innovative medicines for the treatment of inflammatory diseases such as asthma,
COPD, multiple sclerosis and inflammatory bowel disease.

The following opportunity is available at our US Pharmaceuticals Headquarters in Nutley, NJ:  

In this key role, the successful candidate will have responsibility for initiating research in the
Metabolic Disease therapeutic area, including obesity, diabetes and dyslipidemia. As Principal
Scientist, you will develop, design and implement technology to characterize in vivo activity of
therapeutics to treat diabetes. Your expertise in the area of type 2 diabetes, including the assessment
of mechanism of action of diabetes drugs in vivo will allow you the opportunity to serve as a drug
discovery project leader and interact with a diverse team of chemists, biologists and pharmacologists
in compound lead optimization.

This position requires a Ph.D and/or M.D. with 0-5 years’ experience in drug discovery in
Metabolic diseases. Expertise in the area of in vivo pharmacology techniques such as pancreatic
and hyperglycemic clamps, islet cell studies and hepatic glucose output analyses required.
Excellent oral and written communication skills and demonstrated leadership abilities are a must.

To apply, please visit our website at: www.rocheusa.com and reference job code 3011.

Roche is an Equal Opportunity Employer fully committed to workplace diversity.

Principal Scientist, Metabolic Diseases

Director of Research 

with Endowed Chair

The Department of Surgery 
at The Ohio State University 
Medical Center is seeking
a tenured full-time faculty
member at the level of Pro-

fessor to direct research in the Division of
Cardiothoracic Surgery. The successful can-
didate is an MD and/or PhD with substantial 
record of active extramural research funding 
and publications in tissue repair and remodel-
ing. The position is supported by an endowed 
chair. The successful candidate will function 
in the rich environment of the Davis Heart 
and Lung Research Institute. Candidates
with proven expertise in the fi elds of stem
or progenitor cell biology, imaging or tissue 
engineering applied to heart failure and related
problems are desirable. This position holds a 
co-appointment in the Biomedical Engineer-
ing program. 

Applicants should send a resume and a state-
ment of current research/funding activities
to the Chair of the Search Committee,

Professor Chandan K. Sen, Vice Chair-

man of Research, Department of Surgery, 

sen-1@medctr.osu.edu. Ph: 614-247-7786, 

Fax 614-247-7818.

The Ohio State University is an Equal 
Opportunity Affi rmative Action Employer; 
women, minorities, and individuals with 

disabilities are encouraged to apply.

Postdoctoral Position in 
Psychology or Psychiatry

Mood and Anxiety Disorders 
Research Program

National Institute of Mental Health
Bethesda, MD

DHHS and NIH are Equal 

Opportunity Employers

The Section of Developmental Genetic
Epidemiology in the Mood and Anxiety
Disorders Program at the National Institute of
Mental Health is recruiting a postdoctoral fel-
low in experimental psychology, biological
psychology/psychiatry, clinical psychology,
neuro-psychology/psychiatry, or related field.
The focus of the section is genetic epidemio-
logic and community studies, particularly
family and high-risk studies of the correlates
and risk factors for the development of mood
and anxiety disorders. The candidate must have
a Ph.D. in psychology or a M.D. with psychiatry
residency, and some research experience is
preferred. Preference will be given to candi-
dates with a background and interest in the
fundamentals of stress, the autonomic ner-
vous system, and/or reproductive endocrinol-
ogy/hormones.  Applicants should send a cur-
riculum vitae, statement of research interests,
and three letters of reference to Dr. Kathleen R.
Merikangas, Chair Search Committee, National
Institute of Mental Health, 35 Convent Drive,
Bldg 35 Room 1A201, MSC-2370, Bethesda,
MD 20892-3720.  

Terry Fox Molecular Oncology Group
Lady Davis Institute 

for Medical Research
McGill University

Faculty Position
Molecular Oncology

The Lady Davis Institute of McGill University is
expanding its program in Molecular Oncology. An
ASSISTANT PROFESSOR tenure-track position
is available for candidates with research interests
in the molecular and cellular basis of cancer with
preference for applicants that use genetic mouse 
models. Applicants should have a Ph.D. and/or 
M.D. with relevant postdoctoral experience.
Candidates will be judged on their potential to 
develop a vigorous independent research program
that can attract extramural support.

Applicants should have an MD and/or PhD or 
the equivalent. Please send a letter outlining your
current and future research interests, a copy of 
your CV and the names and addresses of three 
references to: 
• Send email inquiries and applications to: 

gdipancr@ldi.jgh.mcgill.ca

• Application deadline: December 15, 2005

• More information can be found at: http:

//www.jgh.ca/research/ldi/index.html

In accordance with Canadian Immigration
requirements, priority will be given to Canadians
and permanent residents of Canada. McGill Uni-
versity is committed to equity in employment.

FACULTY POSITIONS

DEPARTMENT OF PHYSICS

THE UNIVERSITY OF TEXAS 

AT AUSTIN

The Department of Physics at The University
of Texas at Austin is seeking candidates for
tenure-track assistant professorship positions
in physics starting in September, 2006. In
special cases, appointments at more senior
levels will be considered. Successful candi-
dates will assume full teaching responsibilities 
for undergraduate and graduate courses in the 
Department of Physics and are also expected to 
conduct vigorous research programs. Research 
areas of current highest priority for the Depart-
ment are Biophysics/Soft-Condensed Matter
Experiment, Cosmology/Relativity Theory,
AMO/Quantum Information Science, Con-
densed Matter/Nanoscience Experiment, and
Particle/Astrophysics Experiment. Outstand-
ing candidates in other areas of departmental
focus will also be considered. Excellent English 
language communication skills are required.
Applicants must have a Ph.D. (or equivalent)
and a demonstrated potential for excellence in 
teaching and research. 

Interested applicants should send a curriculum 
vitae, a list of publications, a statement of
research interests, a research plan, and should 
arrange for at least fi ve letters of recommen-
dation to be sent to: Prof. John T. Markert,

Chair, Department of Physics, The University

of Texas at Austin, 1 University Station C1600,

Austin, TX 78712-0264. Review of completed 
applications will begin in October, 2005.

The University of Texas at Austin is an Equal 
Opportunity/Affi rmative Action Employer.
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mailto:gdipancr@ldi.jgh.mcgill.ca
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POSITIONS OPEN

DIRECTOR OF GRADUATE DIVERSITY
RECRUITMENT INITIATIVES

The University of Washington (UW) seeks a
trained professional (scientist or engineer; Ph.D.
preferred) to spearhead the development of collegial
networks and innovative programs that will enhance
diversity throughout the respective graduate science,
technology, engineering, mathematics programs on
campus. This individual will oversee and initiate
collaborative recruitment and retention efforts; es-
tablish long-term relationships with target institu-
tions; engage UW faculty; coordinate activities with
various minority affairs programs; and shepherd
student candidates through and beyond the recruit-
ment process. Candidates must have outstanding
communication and interpersonal skills to interact
with tact and diplomacy with students, families, and
faculty, as well as demonstrated knowledge of cul-
tural, economic, and political impediments and
incentives to promoting diversity in higher educa-
tion. Ability to travel 25 percent to 35 percent. To
apply, log on to the UW employment website:
http://www.washington.edu/jobs and search by
Requisition #11475. Affirmative Action/Equal Opportu-
nity Employer.

A POSTDOCTORAL FELLOWSHIP position
is available immediately in a well-funded laboratory
in the Department of Pathology at the University of
New Mexico. The laboratory is associated with the
Center for Infectious Disease and has a primary
focus on pulmonary immune regulation with a spe-
cific interest in dendritic cells. The project the suc-
cessful applicant will pursue relates to studying the
pathogenesis of pulmonary anthrax in two different
animal species as part of a newly funded program
project on Category A bioweapons. The minimum
requirement: Ph.D. in microbiology, immunology,
or closely related field. Must be able to meet Federal
requirements to work in a high security biocontain-
ment area and have no physical conditions that
would put them at risk for working with animals or
with infectious organisms. Preference will be given
to applicants with experience working with infection
models in experimental animals and whose back-
ground qualifies them for NIH training grants. For
best consideration, apply before October 30, 2005.
Applications should be submitted to: Dr. Mary F.
Lipscomb, c/o Ms. LeeAnn Martinez, University
of New Mexico, 915 Camino de Salud, MSC 08-
4640, Department of Pathology, Albuquerque, NM
87131. Fax: 505-272-8084; e-mail: lemartinez@
salud.unm.edu.

The Georgia Southern University Chemistry De-
partment invites applications for an ASSISTANT
PROFESSOR position in biochemistry. The posi-
tion requires a Ph.D. in biochemistry or chemistry
with expertise in biochemistry or related field by the
date of appointment; the ability to establish an ac-
tive and productive research program involving
undergraduate students; a demonstrated command
of written and spoken English; and evidence of
teaching and research abilities. Postdoctoral experi-
ence in teaching and/or research; the potential for
collaborative research, both within and outside the
Department; and the ability to work with diverse
populations are preferred. Full text advertisement,
including information about the Department, facul-
ty, and the complete position announcement with all
qualifications and application instructions, is availa-
ble at website: http://cost.georgiasouthern.edu/
chemistry/. Screening of applications begins Sep-
tember 19, 2005, and continues until the position is
filled. Georgia is an open records state. Individuals
who need reasonable accommodations under the
ADA should contact the search chair. Georgia Southern
is an Affirmative Action/Equal Opportunity Institution.

POSITIONS OPEN

JOINT ASSISTANT PROFESSOR POSITION,
ANTHROPOLOGY AND PATHOBIOLOGY
Anthropology and Ecology of Infectious Diseases
The University of Illinois, Urbana-Champaign

The Department of Anthropology, College of
Liberal Arts and Sciences and the Department of
Pathobiology, College of Veterinary Medicine at the
University of Illinois, Urbana-Champaign invite
applications for a joint tenure-track Assistant Profes-
sor position in anthropology and ecology of infec-
tious diseases with concurrent appointment as
Director of the Earth and Society Initiative in
Disease Emergence and Ecosystem Health, effective
August 16, 2006.

Applicants must have a doctoral degree, a record
of scientific accomplishments related to the ecology
of emerging infectious disease, and exceptional lead-
ership abilities. Preference will be given to scholars
who study the effects of anthropogenic disturbance
on parasite-host interactions and disease dynamics.
The successful applicant will be expected to teach
courses and lead seminars in anthropology and the
College of Veterinary Medicine, develop an extra-
murally funded research program, and develop and
promote the Earth and Society Initiative in Disease
Emergence and Ecosystem Health.

Please send a letter of application, curriculum vi-
tae, a statement detailing research and teaching in-
terests, along with names and addresses of three
references to: Paul Garber, Head, Department of
Anthropology, 109 Davenport Hall, University
of Illinois, 607 S. Mathews Avenue, Urbana, IL
61801.

Salary is commensurate with experience. For full
consideration, applications must be received by
October 1, 2005. Postal mail applications or hard
copies only, no electronic applications will be ac-
cepted. Position #10008. The University of Illinois is an
Affirmative Action/Equal Opportunity Employer.

ASSISTANT PROFESSOR, CHEMISTRY

The Department of Chemistry of the University
of Wisconsin-Madison anticipates an opening for a
faculty position to begin in August 2006. We seek
outstanding candidates at the Assistant Professor
level (tenure track) in all areas of chemistry including
chemical education. Candidates must have a Ph.D.
in chemistry or a related field; postdoctoral experi-
ence is desirable. The position requires development
of an internationally recognized program of scholar-
ly research as well as excellent teaching at both the
undergraduate and graduate levels. Please submit
curriculum vitae and concise description of research
plans online at website: http://www.chem.wisc.
edu. Three letters of recommendation will also be
required through the online service directed to:
Chair, Faculty Search Committee, Department
of Chemistry, University of Wisconsin-Madison,
1101 University Avenue, Madison WI 53706-
1322. To guarantee full consideration, all materials
must arrive before October 1, 2005.

The University of Wisconsin is an Equal Opportunity/
Affirmative Action Employer; applications from qualified wom-
en and minority candidates are encouraged. Unless confiden-
tiality is requested in writing, information regarding the identity
of the applicant must be released on request. Finalists cannot be
guaranteed confidentiality.

NIH-funded POSTDOCTORAL POSITIONS
to study Nrf2/transcription; signaling; mouse ge-
netic tumor models and chemoprevention (TIPS
26:318, 2005; J. Biol. Chem. 2005; J. Biol. Chem.
279:23052, 2004; FRBM 36:1505, 2004; Cancer
Res. 63:7520, 2003; J. Biol. Chem. 277:48745,
2002; J. Biol. Chem. 274:27545, 1999; J. Biol.
Chem. 275:2322, 2000; J. Biol. Chem. 275:9612,
2000; J. Biol. Chem. 275:39907, 2000; Cancer Res.
60:5995, 2000). Applicants must have Ph.D. plus
expertise in protein biochemistry, transcription
complex, molecular/cell biology, and IHC. Send
resume to: Ah-Ng Tony Kong, Glaxo Professor of
Pharmaceutics/Director, Graduate Program in
Pharmaceutical Science, Ernest Mario School of
Pharmacy, Rutgers University, Piscataway, NJ
08854. E-mail: kongt@rci.rutgers.edu.

POSITIONS OPEN

POSTDOCTORAL POSITION in enzyme
structure, function, and inhibitor-binding. A Post-
doctoral position is available immediately to study
the structure and function of several bacterial
acetyltransferases and how these enzymes bind small
molecule inhibitors identified by high throughput
screening techniques. These inhibitors may find use
as leads in the search for clinically useful antibiotics.
An X-ray crystallographic approach will be used and
crystals corresponding to most of these targets are
now available. The candidate should have demon-
strated experience in protein crystallography and an
interest in addressing structural questions concern-
ing chemical mechanism and inhibitor-binding. To
apply, send curriculum vitae, summary of research
experience, and the names and contact information
for three references to:

Dr. Steven L. Roderick
Professor of Biochemistry

Albert Einstein College of Medicine
Jack and Pearl Resnick Campus

1300 Morris Park Avenue
Bronx, NY 10461

E-mail: roderick@aecom.yu.edu

The Albert Einstein College of Medicine is an Equal Op-
portunity Employer.

The Collaborative Research Center SFB 610
BVariation in Protein Conformation: Cellbiological
and Pathological Relevance[ at the University of
Leipzig invites applications for an: INDEPENDENT
JUNIOR RESEARCH GROUP LEADER (salary
scale BAT 1a).

The candidate, a highly qualified junior scientist
with a strong research interest in protein-nuclear
magnetic resonance (NMR)-spectroscopy, will hold
a Ph.D., obtained no longer than six years ago. We
expect relevant postdoctoral research experience, an
excellent scientific record, and the ability to lead a
research group independently. The junior research
group will be integrated into the SFB 610 (see
website: http://www.sfb610.de), and hosted at
the Institute for Analytical Chemistry, where it will
be provided with the necessary space and resources
(including a 600 and 700 MHz NMR spectrometer).

The evaluation process includes a personal pre-
sentation of the project and a panel assessment.

Applications should include a research plan,
curriculum vitae, and list of publications and be
submitted by September 30, 2005, to: Professor
Dr. A. Beck-Sickinger, Institut of Biochemistry,
der University of Leipzig, Brüderstrasse 34, D-
04103 Leipzig, Germany.

EUKARYOTIC GENETICIST. The Depart-
ment of Biological Sciences, California State Uni-
versity, East Bay, is seeking a Eukaryotic Geneticist
for appointment to a tenure-track position at the
level of ASSISTANT PROFESSOR beginning fall
2006. First consideration will be given to individuals
who use cell and molecular approaches in their
research. We encourage applications from individuals
who are committed to teaching excellence and
maintenance of an innovative, externally funded
research program at an institution that is intent on
fostering a culturally diverse intellectual community.
The position will require one to teach genetics and
lower- and upper-division cell and molecular biology
lectures and laboratories. In addition, applicants who
possess an ability to teach courses on proteomics and
bioinformatics will be looked upon more favorably.
A Ph.D. and postdoctoral experience are required.
Send curriculum vitae, research and teaching plans,
selected reprints, and three letters of recommenda-
tion to: Eukaryotic Geneticist Search Committee,
Department of Biological Sciences, California
State University, East Bay, 25800 Carlos Bee
Boulevard, Hayward, CA 94542. Review of ap-
plications begins October 1, 2005. Equal Opportunity
Employer.
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Division of Hematology/Oncology
Texas Tech University Health 

Sciences Center, Amarillo, Texas

Faculty Positions

The Division of Hematology/Oncology at Texas 
Tech University Health Sciences Center, Amarillo
has rapidly expanding hematology and oncology
clinical and research programs. The Division has
openings for several Research Scientists at the 

rank of tenure track Assistant/Associate/Full 

Professor. These are unique appointments and 
enjoy the academic and research support of a
highly committed university. These positions
attract an excellent salary, benefi ts and start-up 
package. Candidates will be expected to have
established research programs and extramural
funding. The successful candidates will play
major roles in the development and expansion 
of the cancer research programs in Amarillo.

Amarillo is one of the most liveable small and 
cozy cities in the country. It offers the amenities 
and high standard of living of large cities but at 
a very affordable cost. It has good public schools
and is within easy driving distance from Okla-
homa City, Dallas, Santa Fe and Denver.

For further information, send email to
slim@harringtoncc.org, or send CV to: Seah

H Lim, MD, PhD, Professor and Chief,

Director of Biotherapy and Stem Cell Trans-

plant Program, Division of Hematology and 

Oncology, Don and Sybil Harrington Cancer

Center, 1500 Wallace Boulevard, Amarillo, 

Texas 79106.

An Equal Opportunity Affi rmative Action 
Employer.

FACULTY POSITIONS 

IN IMMUNOLOGY

The Department of Immunology invites
applications for TENURE-TRACK fac-
ulty positions at all levels.

Candidates working in host defense,
models of human disease, molecular and 
cellular immunology, cancer immunobi-
ology, and lymphocyte signal transduc-
tion and development are encouraged
to apply.

Interested individuals should send a curric-
ulum vitae, a statement of research interest, 
and the names of three references to:

Dr. Thomas F. Tedder
Department of Immunology

P.O. Box 3010
Duke University Medical Center

Durham, NC 27710

Website: 
http://immunology.mc.duke.edu

Duke University Medical Center is an 
Equal Opportunity/Affi rmative Action 

Employer.
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Post-Doctoral Positions

The Structural Genomics Consortium 

Toronto

The Structural Genomics Consortium (SGC) is a charitable enterprise, 
with a mandate to substantially increase the rate at which three-dimen-
sional structures of medically relevant proteins are deposited in the public
domain. Over the past year, the SGC has determined over 80 structures 
of human proteins implicated in cancer, diabetes and metabolic disease, 
osteoporosis, and drug metabolism, as well as a number of proteins from
malaria parasites. See www.TheSGC.com for details of this premier 
effort in human protein structural genomics. 

The Toronto site of the SGC seeks Post-Doctoral Fellows to work
on human and malaria protein families with strong medical and/or
pharmaceutical relevance. A Ph.D. is required with experience in one 
or more of the following areas; X-ray crystallography, enzymology, 
protein expression and purifi cation, protein biophysical characterization,
computational chemistry and comparative protein structure analysis, and
structural biology of gene families. 

Interested candidates should submit their CVs and a brief statement of 
research interests to HR.sgc@utoronto.ca.

The University of Toronto is strongly committed
to diversity within its community and especially 
welcomes applications from visible minority group 
members, women, Aboriginal persons, persons with 
disabilities, members of sexual minority groups, and
others who may contribute to the further diversifi ca-
tion of ideas. All qualifi ed candidates are encour-
aged to apply; however, Canadians and permanent 
residents will be given priority.

Immediate Openings 

in

Protein Analysis and Proteomics

INCAPS, based in Indianapolis, is a contract-research organization
with expertise in protein analysis, proteomics, technology validation 
and biomarker collaborations. INCAPS is providing its expertise and 
technologies to help both commercial and academic institutions solve 
challenging scientifi c problems. INCAPS has the following immedi-
ate openings:

Research Scientist
Ph.D. degree in Biochemistry or related fi eld. 2-5 years of academic 
and/or industrial experience. Strong experience in protein biochemis-
try, protein separation, and mass spectrometric technologies. Excellent 
interpersonal and communication skills.

Research Associate
MS degree in Biochemistry, Biology or related fi eld. Expertise with 
protein separation techniques including protein chromatography and 
electrophoresis. Familiarity with mass spectrometric technologies is 
desirable.

For detailed responsibilities and requirements of the above positions, 
please check out our web site www.indianacaps.com.

Please send CV to: jobs@indianacaps.com

INCAPS is an Equal Opportunity Employer.
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POSITIONS OPEN

POSTDOCTORAL RESEARCH POSITION

A Postdoctoral Research position is available
immediately to study combined effects of neuro-
toxicants and environmental stress at the Environ-
mental and Occupational Health Sciences Institute
(EOHSI), a joint institute of the Robert Wood
Johnson Medical School, University of Medicine and
Dentistry of New Jersey, and of Rutgers, the State
University of New Jersey. The research takes place in
a collaborative group setting with multiple technol-
ogies operative. Experience in psychology, operant
behavior, and neurochemistry is highly desirable.
Salary will be commensurate with experience. Send
curriculum vitae along with names and telephone
numbers of three references to:

Dr. Deborah Cory-Slechta
Environmental and Occupational

Health Sciences Institute
170 Frelinghuysen Road
Piscataway, NJ 08854

E-mail: dcs@eohsi.rutgers.edu

The Environmental and Occupational Health Sciences In-
stitute is an Equal Opportunity/Affirmative Action Employer
and actively encourages interest from women and minorities.

RESEARCH INSTRUCTOR POSITION, Can-
cer Center and Division of Hematology/Oncology,
University of Alabama at Birmingham (UAB). Sci-
entists of in vivo magnetic resonance imaging and
spectroscopy (MRI/MRS) are encouraged to apply.
Applicants must have Ph.D. with adequate training
in synthesizing ultrasmall iron oxides conjugates
with receptors or proteins for imaging. Successful
applicant will work with existing team on molecular
imaging projects and manage a newly established
facility equipped with a new Bruker BiospecAvance
9.4 T/21 and a fully upgraded Bruker 4.7 T/40
MRI/MRS system for small animals. Individuals are
encouraged to develop independent, extramurally
funded projects.

Please send curriculum vitae and names of three
references to: Dr. Thian C. Ng at e-mail: mezzell@
uab.edu. UAB is an Affirmative Action/Equal Opportu-
nity Employer committed to excellence through diversity.

STAFF SCIENTIST

Seeking a full-time scientist to supervise and work
on research projects related to osteonecrosis and
bone repair. Excellent salary based on qualifications
with full benefits. A Ph.D. and postdoctoral experi-
ence in area of bone and molecular biology is re-
quired. Send curriculum vitae and two references to:

Shriners Hospitals for Children-Tampa
Human Resources
12502 Pine Drive
Tampa, FL 33612

Equal Opportunity Employer/Alcohol/Drug-Free/Smoke-
Free Workplace.

POSTDOCTORAL RESEARCH FELLOW OR
ASSOCIATE RESEARCH SCIENTIST

Positions available immediately for M.D. or Ph.D.
scientists in the Division of Molecular Medicine to
conduct research on molecular regulation of cellular
cholesterol efflux and the role of insulin resistance in
macrophage foam cell formation, apoptosis, and ath-
erosclerosis. See website: http://www.alantall.org
for more information. Send curriculum vitae to:
Dr. Alan Tall, Division of Molecular Medicine,
Columbia University, 630 West 168th Street
(P&S 8-401), New York, NY 10032. We take
Affirmative Action toward Equal Employment Opportunity.

POSTDOCTORALS, SABBATICALS, AND
WORKSHOPS AT THE NATIONAL

EVOLUTIONARY SYNTHESIS CENTER

NESCent announces a call for proposals for Post-
doctorals, Sabbaticals, and two kinds of workshops
(Catalysis Meetings and Working Groups). Propos-
als are welcome from scientists of all nationalities.
Deadline is October 15, 2005, for positions and
groups beginning in 2006. For instructions, please
visit website: http://www.nescent.org. Duke Uni-
versity is an Equal Opportunity Employer.

POSITIONS OPEN

POSTDOCTORAL FELLOWSHIPS
Cardiopulmonary Genomics Program

University of Maryland
School of Medicine

The newly formed Cardiopulmonary Genomics
Program is seeking Postdoctoral Fellows for research
in the genomics, molecular biology, signaling, and
pharmacology of G-protein coupled receptors. The
ideal candidate (Ph.D., M.D., D.V.M., or equivalent)
will have published experience in DNA manipulation
and related techniques, human polymorphism discov-
ery, receptor signaling, promoter analysis, and produc-
tion of transgenic mice. An interest in heart and lung
disease is helpful but not required. For examples of
research and publications perform National Library
of Medicine search on Liggett SB. The program is
located in new, well-equipped, state-of-the-art labo-
ratory space at the medical campus in Baltimore,
Maryland.

Individuals interested should send their curricu-
lum vitae to: Stephen B. Liggett, M.D., University
of Maryland-Baltimore, via e-mail: sbliggett@
gmail.com.

The University of Maryland-Baltimore encourages women and
members of minority programs to apply and is an Affirmative
Action/Equal Employment Opportunity/ADA Employer.

POSTDOCTORAL POSITIONS: Available for
studies in various aspects of cancer research and
toxicology in the Center in Molecular Toxicology
through the Departments of Biochemistry, Chemis-
try, Medicine, Pathology, Pediatrics, and Pharma-
cology. Areas of investigation relating to toxicology
and carcinogenesis include enzymatic oxidation and
conjugation, oxidative damage, DNA damage and
mutagenesis, neurotoxicology, and mechanisms of
cell signaling, among others. Center faculty include
Drs. Richard N. Armstrong, Michael Aschner,
Raymond F. Burk, Richard M. Caprioli, Walter J.
Chazin, David K. Cortez, Martin Egli, F. Peter
Guengerich, Diane S. Keeney, Daniel C. Liebler,
Lawrence J. Marnett, Jason D. Morrow, Jennifer A.
Pietenpol, Ned A. Porter, Carmelo J. Rizzo,
Michael P. Stone, William M. Valentine, and
Michael R. Waterman. Salaries are negotiable.
Applicants should submit curriculum vitae and
three letters of recommendation to: Dr. F. Peter
Guengerich, Director, Center in Molecular Tox-
icology, Vanderbilt University, School of Medi-
cine, Nashville, TN 37232-0146. An Affirmative
Action/Equal Opportunity Employer.

ASSISTANT PROFESSOR: Michigan State
University (MSU) invites applications for a tenure-
track Assistant Professor of biology (organismal
focus preferred) in the Lyman Briggs School of
Science. The candidate will have a strong record of
teaching and research accomplishment and be com-
mitted to participation by undergraduate students.
Requirements include a Ph.D. in biology and one
year of postdoctoral experience. Review of applica-
tions will begin on September 22, 2005. Full details
at website: http://www.lymanbriggs.msu.edu/
faculty-positions.htm. MSU is an Affirmative Action/
Equal Opportunity Institution. Women and minorities are
strongly encouraged to apply.

POSTDOCTORAL POSITION is available to
study folding, quality control, and sorting of mem-
brane proteins, including Cystic Fibrosis Trans-
membrane Conductance Regulator. Candidates
must hold a Ph.D. and have a strong background
in molecular-cell biology. Additional experience in
biochemistry and electrophysiology is an asset.
Please send a one-page description of research in-
terests, curriculum vitae, and the names of three
references to: Dr. Gergely L. Lukacs, Sick Kids
Research Institute, Cell Biology, 555 University
Avenue, Toronto, Ontario, M5G 1X8, Canada.

POSITIONS OPEN

BIOINFORMATICS
Vassar College

The Department of Biology at Vassar College
invites applications for a tenure-track faculty position
at the level of ASSISTANT PROFESSOR begin-
ning fall 2006. We seek a Biologist whose research
and teaching interests include bioinformatic ap-
proaches. Areas of expertise may include but are
not limited to the following: evolution, functional or
comparative genomics, microbiology, cellular and
molecular biology, physiological systems, and pro-
tein biochemistry/proteomics. The successful candi-
date should expect to develop an upper-level course
on bioinformatics as well as teach at the introductory
and intermediate levels. Development of a research
program with student participation is expected and
startup funding is provided. A Ph.D. in biological
science is required and postdoctoral experience is
preferred. This position is funded in part by a grant
from the Howard Hughes Medical Institute to
Vassar College. Consideration of applications will
begin on 3 October 2005. Applicants should sub-
mit curriculum vitae, representative reprints, a state-
ment of research interests and goals, a statement on
teaching interests, and three letters of reference to:
Robert Fritz, Chair, Department of Biology, Box
731, Vassar College, Poughkeepsie, NY 12604-
0731. E-mail: fritz@vassar.edu. Website: http://
biology.vassar.edu/. An Affirmative Action/Equal Op-
portunity Employer.

Two POSTDOCTORAL SCIENTIST POSI-
TIONS. Molecular Biologist/Protein Biochemist
are sought to study basic mechanisms of radiation-
induced carcinogenesis. Recent graduates in DNA
ds repair mechanisms, protein kinase structure/
function relationships, molecular cytogenetics, and/or
mouse molecular genetics are encouraged to apply.
Colorado State University (CSU) radiobiology fac-
ulty are internationally recognized as leaders in the
field of radiation carcinogenesis. Research facilities/
collaborations are virtually limitless. These posi-
tions are funded through a longstanding training
grant with the NIH/National Cancer Institute and
are limited to U.S. citizens and permanent residents.
Please e-mail current curriculum vitae and three
references to:

Ms. Mary Pridgen
Radiological Sciences Cancer Research Program

Colorado State University
Fort Collins, CO

E-mail: mary.pridgen@colostate.edu

CSU is an Equal Opportunity Employer.

POSTDOCTORAL POSITION
Biological Mass Spectrometry

NIH-funded project to study antagonist and
agonist interactions with HIV co-receptors CCR5
and CXCR4. Experience with peptide electro-
spray ionization/liquid chromatography/mass
spectrometry/mass spectrometry required. Excep-
tionally qualified candidates will be considered for
RESEARCH ASSISTANT PROFESSOR rank.
Dr. Ed Dratz, Department of Chemistry and Bio-
chemistry, Montana State University, Bozeman,
Montana; e-mail: dratz@chemistry.montana.edu.
Complete job announcement and application pro-
cedures at website: http://www.montana.edu/
level2/jobs.html. ADA/Equal Opportunity/Affirmative
Action/Veterans Preference.

JUNIOR RESEARCHER #88618T University of
Hawaii Manoa, Pacific Biomedical Research Center,
temporary, to begin approximately April 2006. Re-
sponsible for designing and conducting experiments,
obtaining and interpreting data, and the prepara-
tion of the work for publication. For complete job an-
nouncement and how to apply visit website: http://
workatuh.hawaii.edu or contact: Dr. G. Bryant-
Greenwood at telephone: 808-956-3388 or e-mail:
gbg@pbrc.hawaii.edu. Closes September 15, 2005. An
Equal Employment Opportunity/Affirmative Action Employer.
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Faculty Position in 
Igneous Geochemistry

The Scripps Institution of Oceanography (http:

//sio.ucsd.edu/) is inviting applications for a
tenure-track or tenured Professor position in
the broad fi eld of igneous geochemistry. We are 
seeking a candidate with expertise in analytical, 
experimental or theoretical approaches to igneous
processes. Possible areas of interest include, but 
are not limited to, geochemical evolution of the 
Earth and other planetary bodies, petrogenesis of 
crustal rocks, mineral physics/properties of the
deep Earth, and volcanology. We are seeking
researchers who are interdisciplinary, possessing 
a clear vision for the most exciting future research
directions, and who can collaborate with the broad
spectrum of research that is currently taking place 
at SIO. The candidate would be expected to teach 
graduate and undergraduate courses in the general
areas of petrology, mineralogy and courses in the 
candidate’s specialty. We would like to hire at the 
Assistant/Associate level but will entertain appli-
cations at the senior level. The level and salary 
will depend on the experience of the successful 
applicant and will be based on the University of 
California pay scale. 

Review of applications will begin on October
15, 2005. Applicants should send a letter includ-
ing descriptions of their teaching and research
interests, a list of publications, and names and
contact information for three to fi ve potential 
referees to: Chair, SIO Graduate Department, 

Scripps Institution of Oceanography, Univer-

sity of California at San Diego, La Jolla, CA

92093-0208.

UCSD is an Equal Opportunity/Affi rmative 
Action Employer with a strong institutional 
commitment to excellence through diversity.

Postdoctoral Positions 
Pharmacological Sciences

Stony Brook University’s Department of
Pharmacology has postdoctoral positions
available in cell signaling mediating the
atheroprotective effects ApoE using KO/
transgenic mice. Analysis of signaling 
cascades operating in atherosclerotic
lesions and in suppression by very low
expression of ApoE.

Required: Ph.D., DSc, M.D., or equivalent. 

Supported by NIH-funded postdoctoral
training award, restricted to PR and US 
citizens only. 

To apply, please send C.V. and three
letters of reference to:
Dr. Craig C. Malbon, Department of
Pharmacology, Stony Brook University
SUNY, Stony Brook, NY 11794-8651

E-mail: craig@pharm.stonybrook.edu
AA/EOE. Visit www.stonybrook.edu/cjo for
employment information.

Theoretical Chemist/
Physicist Divisional Fellow

The Materials Science Division at the
Lawrence Berkeley National Laboratory
is seeking a scientist with outstanding
promise and creative ability to develop
a new theory program in the prediction
of the behaviors of novel materials, the
growth and dynamics of complex 
systems or nanostructures, and methods
for creating these materials. This is a
five-year term appointment that, after
review, may culminate in a Senior
Scientist position. Learn more about the
Materials Science Division at
http://www.lbl.gov/msd/.

Please submit CV and publication list
online at http://jobs.lbl.gov. Click on
Search and enter job # 017994 in the
keywords search field, then Search Jobs.
Reference source code from the drop
down menus. Your statement of research
interests and four reference letters will
be requested at a later time.

LBNL is an AA/EEO
employer dedicated to
developing a diverse
workforce.
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POSTDOCTORAL 
POSITION

The Genomics Institute
Wadsworth Center/University at Albany

Postdoctoral Position available immediately at The Genom-
ics Institute, Wadsworth Center/University at Albany to 
investigate genes, especially quantitative trait loci (QTL), 
that infl uence complex mouse behaviors such as learning 
and memory. Microarray gene expression assays will be 
developed to determine pathways of action. Transgenic 
and knockout mice will be developed. Excellent state-of-
the-art molecular genetic core facilities are available at
the Institute. 

Send curriculum vitae and three letters of reference to:
Dr. Lorraine Flaherty, Director, Genomics Institute,
Wadsworth Center, 465 Jordan Road, Troy, NY 12180; 
E-mail: valenti@wadsworth.org.

See www.wadsworth.org/genomics for more informa-
tion.

EOE/AA
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High throughput DNA sequencing
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Protein expression & purification
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It’s a new day in genetics. For the first time, both pharmaceutical and
academic investigators are initiating whole genome case-control
studies that analyze millions of unique SNPs in hundreds of patients.
And, by partnering with Perlegen, they are finding answers to questions
that were previously out of reach.

If you have access to DNA samples for a well-characterized phenotype,
we would like to meet with you. Our scientists and analysts collaborate
with you to perform, analyze and publish whole genome association
studies in months, not years. 

Patients are waiting. Join the race.

To partner, contact: 
Partnerships11@perlegen.com
www.perlegen.com 

Targeting today’s drugs. Discovering tomorrow’s.TM

There is now.

© The New Yorker Collection 1998 Frank Cotham from cartoonbank.com. All Rights Reserved.

“Unfortunately, there’s no cure – there’s not even a race for a cure.”
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