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Ask Us About These Great Products:

We compared transformation efficiencies across several lots of
ElectroTen-Blue® electroporation-competent cells and one lot of com-
petitor cells. Consistent lot to lot results ensure success in all of your
cloning projects.

Stratagene’s newly improved ElectroTen-Blue® electrocompetent cells* 

offer the highest available transformation efficiencies of >_3.0 x 1010 cfu/µg 

of supercoiled pUC DNA. The high efficiency electroporation (Hee) phenotype

improves the cell’s ability to take up large and ligated plasmids. High efficiency,

ease-of-use, and the Hee phenotype make ElectroTen-Blue electrocompetent cells

ideal for your most demanding cloning applications.

* U.S. Patent Nos. 6,635,457, 6,586,249, 6,338,965, 6,040,184 and patents pending.
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Three times more competent than the competition.
ElectroTen-Blue® cells give you the highest efficiency competent cells available.

ElectroTen-Blue® Electroporation-Competent Cells 5 x 0.1-ml 200159
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be confident they’ll work in your application. But what’s more, they’re manufactured
frequently and dispensed from local sites, so you can always rely on rapid delivery 
of the freshest material. For your convenience, they’re available in a variety of pack
sizes and formats, which can be customized to your specific needs. All of which 
adds up to a refreshingly easy way to ensure the best results in your research.
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REVIEW
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Solid-State Light Sources Getting Smart 
E. F. Schubert and J. K. Kim 
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COVER A collage, based on botanical drawings of the 17th to 19th centuries,
illustrating the different categories of rapid plant movement: Dionea muscipula
uses a snap buckling movement to capture prey; Astromeria uses an explosive
fracture to disperse its seeds ballistically; and Pharbitis nil twirls its tendrils in
search of support through swelling. Also shown are formulas (see page 1308) for
the physical limits of rapid plant and fungal movements. [Image: Ellen Skotheim]
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SCIENCE EXPRESS www.sciencexpress.org
MEDICINE: Protection from Experimental Asthma by an Endogenous Bronchodilator 
L. G. Que, L. Liu, Y. Yan, G. S. Whitehead, S. H. Gavett, D. A. Schwartz, J. S. Stamler

A nitric oxide–carrying molecule protects against hyperreactivity of lung airways in a model of asthma.

CELL BIOLOGY: MicroRNA Expression in Zebrafish Embryonic Development
E. Wienholds, W. P. Kloosterman, E. Miska, E. Alvarez-Saavedra, E. Berezikov, E. de
Bruijn, H. R. Horvitz, S. Kauppinen, R. H. A. Plasterk

miRNA expression patterns in embryonic vertebrate development are exquisitely complex. Maps of
RNA expression in zebrafish embryos indicate that small noncoding RNAs participate widely in the
later stages of development, controlling tissue differentiation and identity.

ASTRONOMY: Discovery of Pulsed OH Maser Emission Stimulated by a Pulsar
J. M. Weisberg, S. Johnston, B. Koribalski, S. Stanimirovic

Photons from a pulsar produce stimulated emission in an interstellar molecular cloud, the same fundamental
process that generates light in a laser.

TECHNICAL COMMENT ABSTRACTS
1260 NEUROSCIENCE

Comment on “The Involvement of the Orbitofrontal Cortex in the Experience of Regret”
D. M. Eagleman
full text at www.sciencemag.org/cgi/content/full/308/5726/1260b

Response to Comment on “The Involvement of the Orbitofrontal Cortex in the Experience
of Regret”
G. Coricelli, N. Camille, P. Pradat-Diehl, J.-R. Duhamel, A. Sirigu 
full text at www.sciencemag.org/cgi/content/full/308/5726/1260c

BREVIA
1279 CHEMISTRY: High-Resolution NMR Spectroscopy with a Portable Single-Sided Sensor 

J. Perlo, V. Demas, F. Casanova, C. A. Meriles, J. Reimer, A. Pines, B. Blümich
A nuclear magnetic resonance spectrometer is adapted for use in the field by compensating for the varia-
tion in the field produced by a one-sided probe.

RESEARCH ARTICLE
1280 ECOLOGY: Bottom-Up Ecosystem Trophic Dynamics Determine Fish Production in the

Northeast Pacific 
D. M. Ware and R. E. Thomson

Satellite imaging of chlorophyll shows that local areas with more phytoplankton in the ocean off north-
western North America also contain larger fish populations.

REPORTS
1284 ASTRONOMY: An Asymmetric Energetic Type Ic Supernova Viewed Off-Axis, and a Link to

Gamma Ray Bursts 
P. A. Mazzali, K. S. Kawabata, K. Maeda, K. Nomoto, A. V. Filippenko, E. Ramirez-Ruiz, S. Benetti,
E. Pian, J. Deng, N. Tominaga, Y. Ohyama, M. Iye, R. J. Foley, T. Matheson, L. Wang, A. Gal-Yam

Observations of supernova SN2003jd suggest a strongly aspherical explosion that could have produced
gamma ray bursts. related Perspective page 1265

1287 PHYSICS: Scaling in the Time Domain: Universal Dynamics of Order Fluctuations in Fe3Al
C. Mocuta, H. Reichert, K. Mecke, H. Dosch, M. Drakopoulos

Focusing a brilliant x-ray beam on a small sample spot allows imaging of how atomic order fluctuates in a
crystal during a phase transition.

1291 PLANETARY SCIENCE: Amalthea’s Density Is Less Than That of Water 
J. D. Anderson, T. V. Johnson, G. Schubert, S. Asmar, R. A. Jacobson, D. Johnston, E. L. Lau, G.
Lewis, W. B. Moore, A. Taylor, P. C. Thomas, G. Weinwurm

Jupiter’s small inner moon Amalthea seems to be mostly porous ice, implying that it formed in a cold re-
gion of space and was later captured by the giant planet.

1293 GEOCHEMISTRY: Direct Radiometric Dating of Hydrocarbon Deposits Using Rhenium-Osmium
Isotopes
D. Selby and R. A. Creaser

Rhenium-osmium dating in oil reveals when petroleum migrates to a reserve and shows that the giant
Alberta oil sands formed 112 million years ago. related Perspective page 1267
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PCR-licensed products: Phusion™ High-Fidelity DNA Polymerase,
DyNAmo™ SYBR® Green qPCR Kits, and DyNAzyme™ DNA Polyme-
rases in the United States and Canada.Together, the expertise of Finnzymes

and NEB delivers an unsurpassed product offering for researchers utilizing
modern molecular biology techniques. Finnzymes and NEB, state-of-
the-art products, exceptional quality and outstanding service. That's
synergy. For more information, visit www.finnzymes.com or www.neb.com

Phusion, DyNAmo and DyNAzyme are trademarks of Finnzymes Oy. SYBR is a registered trademark of Molecular Probes. PCR license notice: These products are sold under licensing arrangements of Finnzymes Oy with F.Hoffman- La
Roche LTD, Roche Molecular Systems, Inc. and The Perkin-Elmer Corporation. The purchase of these products is accompanied by a limited licence to use them in the Polymerase Chain Reaction (PCR) process in conjunction with a
thermal cycler whose use in the automated performance of the PCR process is covered by the up-front fee, either by payment to Perkin-Elmer or as purchased, i.e. an authorized thermal cycler.

the leader in enzyme technology
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1296 APPLIED PHYSICS: Simultaneous Inhibition and Redistribution of Spontaneous Light Emission
in Photonic Crystals 
M. Fujita, S. Takahashi, Y. Tanaka, T. Asano, S. Noda

A two-dimensional photonic crystal combined with high refractive index material can simultaneously 
inhibit and redistribute spontaneous light emission from selected defects in the photonic crystal.

1299 CHEMISTRY: Identifying Vibrations That Destabilize Crystals and Characterize the Glassy State
G. N. Greaves, F. Meneau, O. Majérus, D. G. Jones, J. Taylor

A structural origin for the low-frequency boson mode in glasses has been identified from a vibrational study
of an amorphized zeolite.

1303 MATERIALS SCIENCE: The Importance of Threading Dislocations on the Motion of Domain
Boundaries in Thin Films 
F. El Gabaly, W. L. W. Ling, K. F. McCarty, J. de la Figuera

Direct observations show that grain boundaries move unevenly but in preferred directions in a thin film 
until they become fixed, in part by atomic defects.

1305 MICROBIOLOGY: A Microbial Arsenic Cycle in a Salt-Saturated, Extreme Environment 
R. S. Oremland, T. R. Kulp, J. S. Blum, S. E. Hoeft, S. Baesman, L. G. Miller, J. F. Stolz

Using only inorganic electron donors, an anaerobic bacterium helps drive a full biogeochemical cycle of
arsenic in highly contaminated Searle’s Lake, California.

1308 PLANT SCIENCE: Physical Limits and Design Principles for Plant and Fungal Movements 
J. M. Skotheim and L. Mahadevan

Movement in plants leads to insights into how hydraulically driven systems operate.

1310 EVOLUTION: The Effects of Artificial Selection on the Maize Genome 
S. I. Wright, I. V. Bi, S. G. Schroeder, M. Yamasaki, J. F. Doebley, M. D. McMullen, B. S. Gaut

The early domestication of maize from the wild grass teosinte selected genes that affect the plant’s
growth habit, many of which are also now agriculturally important loci.

1314 NEUROSCIENCE: Resting Microglial Cells Are Highly Dynamic Surveillants of Brain
Parenchyma in Vivo 
A. Nimmerjahn, F. Kirchhoff, F. Helmchen

Imaging of resident immune cells in the living mouse brain reveals that they are always in motion,
continuously sending out processes and protuberances and reacting quickly to damage by sealing off
the injured area.

1318 BIOCHEMISTRY: Structural Bioinformatics-Based Design of Selective, Irreversible Kinase
Inhibitors 
M. S. Cohen, C. Zhang, K. M. Shokat, J. Taunton

Analysis of the apparently similar catalytic sites of two ubiquitous enzymes enables the design of 
small molecules that inhibit only one of them, and therefore may be useful as targeted drugs.
related Perspective page 1266

1321 BIOCHEMISTRY: Global Topology Analysis of the Escherichia coli Inner Membrane Proteome 
D. O. Daley, M. Rapp, E. Granseth, K. Melén, D. Drew, G. von Heijne

Visible markers attached to one end of each membrane protein facilitate its assignment as facing the 
cytoplasm or the periplasm.

1323 SOCIOLOGY: Firearm Violence Exposure and Serious Violent Behavior 
J. B. Bingenheimer, R. T. Brennan, F. J. Earls

If adolescents are exposed to firearm violence, the odds increase that they will perpetrate violence
within a few years. related News story page 1239
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sciencenow www.sciencenow.org DAILY NEWS COVERAGE

The Quake That Shook the World
December’s Sumatran earthquake triggered small events across the globe.

What Price Recollection?
Forming long-term memories shortens life in fruit flies.

Any Stegosaurs ’Round These Parts?
Dinos’ plates and spikes may have helped creatures recognize each other.

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

UK: Time to Change Lab CareerDoctor
How long can you stay in the same lab before it becomes damaging to your career?

UK: Standing in the Welfare Line P. Dee
A scientist is haunted by failure as he ponders his first few weeks out of work.

US: A Grim Outlook for American Scientists B. Benderly
A generally pessimistic picture emerged at the annual AAAS Forum on Science and Technology.

US: Educated Woman, Chapter 39—Who Am I? M. P. DeWhyse
No test will tell you where to go, what to do, and whom to do it for.

MISCINET: Narrowing the Diversity Gap in Marine Science E. Francisco
A program at Western Washington University exposes minority students to careers in marine science.

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

REVIEW: Nitric Oxide and Oxidative Stress in Cardiovascular Aging S. V. Y. Raju,
L. A. Barouch, J. M. Hare

Researchers say NO thanks to oxidative stress.

NEWS FOCUS: The Skeleton Goes to Pot R. J. Davenport
Prodding marijuana receptors spurs bone loss.

NEWS FOCUS: Hush, Little Gene M. Leslie
Mystery molecule helps gene-quieting protein mothball DNA.

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

REVIEW: The Many Faces of SAM F. Qiao and J. U. Bowie
The protein module known as a SAM domain provides many signaling proteins with an interface for 
interaction with diverse functional partners.

TEACHING RESOURCE: Nuclear Receptors R. Taneja
Prepare a graduate-level class covering nuclear receptor activation and regulation.

SAM domain (pink) for binding RNA.

Bones go up in flames.

Too much time in one lab?

GrantsNet
www.grantsnet.org

RESEARCH FUNDING DATABASE

AIDScience
www.aidscience.com

HIV PREVENTION & VACCINE RESEARCH

Functional Genomics
www.sciencegenomics.org
NEWS, RESEARCH, RESOURCES

Members Only!
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Consistent with Sigma’s goal to continually

improve our product offerings, we have

developed a New and Improved ANTI-FLAG M2

Antibody, a proven system for your most demanding

applications! Whether performing Western blots, dot

blots, ELISAs, immunoprecipitation, or immuno-

cytochemistry, our new affinity purified ANTI-FLAG

M2 antibody provides increased specificity with no

detectable background. This new ANTI-FLAG M2

antibody offers superior sensitivity in its ability to

detect less than 1 ng of recombinant protein. Also,

the new 50% glycerol formulation offers improved

stability avoiding damage caused by freeze/thaw cycles.
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leader in recombinant protein detection, we're

confident we can make your protein detection easier.

See for yourself!

For more information about
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ANTI-FLAG M2 antibody,
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Confidence in
FLAG® Fusion Protein Detection –
Now Even Better!
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• Enhanced Specificity

• Superior Sensitivity
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Lighting’s Latest Leitmotif
Conventional incandescent and fluorescent light sources are
being replaced at a growing rate by illumination technologies
such as light-emitting diodes. Schubert and Kim (p. 1274; see
the Policy Forum by Mills) review the principles and
applications of solid-state lighting. Not only can
solid-state devices provide greater energy effi-
ciency, but the nature of emission can be
custom tailored—for example, indoor
lighting could be programmed to change
in its color spectrum just as the Sun’s
does during the day.

An Icy Realm
Amalthea is one of Jupiter’s small inner
moons whose orbit is within that of Io.
The Galileo spacecraft passed close
enough to Amalthea to obtain an esti-
mate of its mass from radio Doppler
data. Using estimates of its size from
both Voyager and Galileo observations,
Anderson et al. (p. 1291) calculate
that its density is less than 1000 kilo-
grams per cubic meter, which suggests
that it is composed of mostly porous
ice. These results are consistent with
Amalthea having formed elsewhere
and later captured by Jupiter.

Asymmetrical Supernovae
When a star exhausts its nuclear fuel,
gravitational forces cause the remain-
ing stellar material to collapse, trig-
gering a supernova explosion. Some
of these events have been linked to
very bright gamma ray bursts, an un-
usual and still not understood high-
energy astrophysical phenomenon.
Gamma ray bursts, however, require
strongly asymmetric jet-like explo-
sions, whereas supernovae have been
thought to be mostly spherical explo-
sions. Mazzali et al. (p. 1284) report
recent supernova observations with the Subaru and Keck tele-
scopes in which spectral lines of stellar material show an un-
usual double-peak structure indicative of an aspherical explo-
sion. The results suggest that gamma ray bursts may be pro-
duced in supernovae, but they can remain unseen on Earth if
they point in the wrong direction.

Direct Oil Dating
Petroleum deposits typically form when oil generated from
source rocks collects beneath or in some geologic trap, such as
under relatively impermeable rocks. Migration usually occurs
long after the source rocks are deposited, and establishing the
timing of migration and identifying the source rocks are critical
for further exploration. Most isotopic dating systems, however,

date the history of the rock rather than the oil. Selby and Creas-
er (p. 1293; see the Perspective by Schaefer) now show that oil
contains enough rhenium and osmium, inherited from organic-
rich source rocks, to provide important direct ages on the history

of the petroleum. Data for the great oil sand deposits of
Canada all plot along a single isochron dating to

about 112 million years ago.

Timing Light Emission
One goal of photonic band gap engineer-
ing is to control the spontaneous decay
rate of optical excitations. In practice,
however, fabrication of high-quality
samples with a fully three-dimensional
(3D) bandgap is highly challenging. It
was suggested that the strict require-
ments of a 3D bandgap could be re-
laxed by combining a 2D bandgap and
a high-dielectric material. Fujita et al.
(p. 1296) have prepared a series of
such samples and show that sponta-
neous emission of an embedded emit-
ter can indeed be inhibited. Simultane-
ously, the energy stored in the system
can be redistributed and emitted from
a specifically designed defect in the
crystal structure.

Stalking Stacking Domains
When a metal is deposited onto a sub-
strate that has a different lattice spac-
ing, a domain texture will form, but
the mechanism for forming this tex-
ture has been much debated. El Ga-
baly et al. (p. 1303) present a real-
time study of the microscopic domain
structure of a heteroepitaxial thin film
of copper on a ruthenium substrate. By
combining bright- and dark-field low-
energy electron microscopy images,
they could map both the stacking and
rotational domains of the film and fol-
low their temporal evolution on the

time scale of seconds. The boundaries between stacking domains
within a given rotational domain move quickly and smoothly but
get stuck at the rotational boundaries. Thus, the mobility of the
stacking domains depends on the orientation and boundaries of
the rotational domains, where threading dislocations represent
an effective barrier for the gliding atomic planes.

Plant Life in the Fast and Slow Lanes
The movements of plants vary in speed from the slow curling of
a tendril to the rapid snapping of a Venus flytrap. Skotheim and
Mahadevan (p. 1308; see the cover) have analyzed the diversity
of plant movements and find certain guiding principles to the
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Boson Peaks and Glass Formation
The origin of a characteristic feature in the
vibrational spectra of glasses, a broadband of
low-frequency modes (between 20 to 50
wavenumbers or 4 to 12 millielectron volts)
called the Boson peak, has been a matter of
debate; many explanations invoke collective
modes reminiscent of phonon modes in
crystals. Greaves et al. (p. 1299) have used
high-resolution inelastic neutron scattering
to follow the decay of low-frequency fea-
tures in zeolite Y as they amorphize this
open framework material to varying degrees.
They identified vibrations that destabilize
the crystalline state, and they can attribute
the Boson peak to the coupling of oscilla-
tions between rings within the structures
that have a range of sizes.

edited by Stella Hurtley and Phil Szuromi
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sorts of movements that can be accommodated and at what speeds. Many of these
movements depend on alterations in turgor pressure, and the analysis lends insights in-
to the design of mechanical systems that are driven by hydraulic forces.

Bottom-Up Fish Control
Fishery harvests, in particular resident groundfish, are
associated with bottom-up production of phyto-
plankton. Ware and Thomson (p. 1280, published
online 21 April 2005) surveyed two distinct oceano-
graphic regimes in the northeast Pacific: the Coastal
Upwelling Domain, which extends from southern
California to central British Columbia, and the

Coastal Downwelling Domain, which extends from
northern British Columbia to the Aleutian Islands. The

results establish that the strong linkage between phyto-
plankton and fish also applies at much smaller spatial scales

than had been previously reported, and that for coastal British Columbia, where
there are long zooplankton biomass time series, the link is clearly from phytoplankton
to zooplankton to fish.

No Rest for Microglial Cells
Resident microglial cells, the brain’s immune surveillance cells, are thought to remain
in a quiescent dormant state until they respond to damage or disease. Nimmerjahn
et al. (p. 1314, published online 14 April 2005) filmed living fluorescent microglia in
situ for up to 10 hours and found that so-called “resting” microglia in the normal
brain are, in fact, not resting at all but are continuously exploring their microenviron-
ment. Microglia responded extremely rapidly to disturbances (lesions created in the
blood-brain barrier with a laser) by switching their behavior from patroling the brain
to shielding the injured site.

Violence Begets Violence
Although the association between exposure to community violence and concurrent or
subsequent violent behavior has been established, it has proved harder to demonstrate
causality. Bingenheimer et al. (p. 1323; see the news story by Holden) have applied a
study design and analytical method that is meant to approximate a randomized exper-
iment to more than 1500 adolescents living in Chicago neighborhoods. Although it is
not possible to remove all potential confounding variables, the data suggest that expo-
sure to violence more than doubles the likelihood that an adolescent will perpetrate a
violent or aggressive act within 2 years.

Proteomic Topology
The global characterizations of protein
composition, either of organisms or or-
ganelles, depends on analytical tech-
niques optimized for soluble proteins,
which comprise about 70% of the cod-
ing capacity of a genome. The remaining
30% have proven more difficult to ana-
lyze as a group. Daley et al. (p. 1321)
have used topological markers (alkaline
phosphatase for the periplasm and
green fluorescent protein for the cyto-
plasm) to establish the inside-outside orientations of the C termini of almost all of the
700 inner membrane proteins in Escherichia coli. Combining these experimental deter-
minations with prediction algorithms based on sequence yields a much improved data-
base of how many times each of the polypeptides crosses the membrane and of where
the N and C termini are located.

Proteomics
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W
orld Environment Day 2005 might be just the moment to highlight some pristine location
that showcases what we most value about our environment: clean air, pure water, uncluttered
landscapes, and rich plant and animal life. But instead, the United Nations (UN) Environ-
ment Programme turns to a city, San Francisco, as the focus for its celebrations. The reason
is simple: Cities are where people concentrate, and what we find there—business, universities,
government, and media—shapes public perceptions and political agendas.

This June, mayors from around the world will gather in San Francisco to discuss “green cities” and what sus-
tainability means in the urban environment. The topic is timely because we are witnessing a key moment in the
history of our species. For the first time, more people are living in cities than outside them. Now and into the
future, we will be Homo urbanus: the city dweller.

This transition is profound. For one thing, it seems likely to
be irreversible, at least under any scenario we would care to wit-
ness. For another, it is a manifestation of a relentless trend. It
has taken a few millennia for the number of people living in
cities to reach 3 billion. It will take only about 50 years to dou-
ble that number. According to UN projections, cities will absorb
nearly all of the growth in the human population over the next
three decades. At the beginning of the 20th century, the three
most populous cities were London (6.5 million), New York (4.2
million), and Paris (3.3 million). By 2015, Tokyo, Mumbai, and
Delhi will top the list with populations between 20 and 37  mil-
lion residents. But it isn’t only the megacities that fuel the
growth in urban populations. The number of urban areas with over 1 million people is expected to grow by over
40% between 2000 and 2015. The vast majority of this growth will be in middle- and low-income countries.

In some respects, cities are good for the environment. They concentrate half the world’s population on about
2% of Earth’s land surface, and they are undeniably centers of innovation and economic growth. However, they
are also centers for the production of heat, waste, and pollution. The activities and demands of their residents can
shape both nearby wilderness and globally distant sites, with better or worse environmental outcomes. If city
mayors are to set out some steps on the path to sustainability, they will need to address these and many other 
interconnected issues as they seek to enhance the quality of life of urban residents, particularly the poor, in an 
environmentally sustainable fashion. 

A further subtle but important consequence of increased urbanization is that most of the world’s people will
have much of their direct contact with nature in an urban rather than rural setting. We don’t know what the long-
term effect of this might be, but one likely outcome is increasing urban-versus-rural disagreement on priorities
for the urban hinterland. For instance, what constitutes appropriate wildlife or habitat management? It seems very
likely that our environmental ethic will gradually change.

Whatever the future of our environmental ethic, one thing is clear: What remains of habitats and biodiversity
within the city is of disproportionate importance. And, perhaps surprisingly, these may also be of national or even
global significance. São Paulo, Brazil, contains important fragments of the Atlantic Rain Forest embedded within
its conurbation. Significant remnants of the unique Cape Floristic Province persist within and around Cape Town
in South Africa. Even in London, there are still superb opportunities to connect with nature, from the restored
wetlands of Barn Elms to the acid grasslands of Richmond Park. 

If World Environment Day is anything, it is a day of reflection, and hopefully a day for commitment. Excellent
partnerships for managing nature in the city are already under way, such as the Chicago Wilderness Consortium
in the United States, which comprises 172 public and private organizations working together to protect, restore,
and manage Chicago’s natural resources. Such efforts need to be emulated. Extending them further will also
require an integrated science of urbanization that is today woefully inadequate. We must move quickly. And we
must remember that nature in the metropolis needs to be nurtured, not only for its value now, but even more for
its importance in the future.

Peter Crane and Ann Kinzig
Peter Crane is director of the Royal Botanic Gardens, Kew, UK. Ann Kinzig is an associate professor of Urban Ecology at Arizona
State University, USA.

10.1126/science.1114165

Nature in the Metropolis
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B I O M E D I C I N E

New Fat, Old Fat

Pursuing good health may
mean including enough fat in
your diet. Fat that is either
consumed or synthesized de
novo in cells is considered new,
whereas old fat is stored in adi-
pose tissue, waiting to be used.
According to Chakravarthy et
al., the liver discriminates
between these sources as it
coordinates nutrient and
energy homeostasis.

Fatty acids serve as the
natural ligands for PPARα, a
hepatocyte nuclear receptor
that regulates genes
involved in the metabo-
lism of glucose, fatty
acids, and cholesterol.When
fed a diet with no fat, mice
lacking fatty acid synthase
(FAS) developed hypo-
glycemia due to a failure in
activating target genes of
PPARα that control gluconeo-
genesis (GNEO). Paradoxically,
the livers in these mice
became fat-laden because of
the mobilization of peripheral
fat and the inability of the liv-

ers to express PPARα target
genes involved in fatty acid
oxidation (FAO). Adding
dietary fat or an agonist of
PPARα reversed these symp-
toms. Mice lacking FAS also
had low serum and liver cho-
lesterol levels due to
decreased hepatic cholesterol
synthesis (CHOL). The authors
propose that new fat may
activate a distinct pool of
PPARα in the liver to maintain

normal levels of glucose, fat
and cholesterol. Metabolic
abnormalities associated with
obesity and diabetes might be
treated by pharmacologically
activating these distinct
receptor pools. — LDC

Cell Metab. 1, 309 (2005).

C H E M I S T RY

Better Grafting

Polyolefins, such as polyethyl-
ene and polypropylene, have
many uses, including shopping
bags and hip replacements.To
improve the solvent resistance
or to make them more adhe-
sive to polar surfaces, it is
advantageous to graft polar
groups onto the polymer back-
bone. However, current
approaches to adding polar

groups are either much
slower than com-
mercial polyolefin
polymerization

methods or are initi-
ated by radicals at high tem-
peratures and pressures
because they are not compati-
ble with the use of metal cata-
lysts. Ideally, one would like to
add side groups in a controlled
secondary process, something
that is easy to do for polymers
with unsaturated bonds in the
backbone, but is much more
challenging for polyolefins.
Díaz-Requejo et al. examined a
copper-based catalytic system,
which they had used to func-

tionalize alkanes under mild
conditions. For poly(2-butene),
which can be thought of as
polyethylene with a methyl
branch at every third carbon,
grafting occurred at the terti-
ary carbons. For random
copolymers of ethylene and 1-
octene, grafting occurred pri-
marily at the secondary car-
bons and was controlled by the
ratio of polymer to graft
monomer.The authors also
showed that they could also
functionalize polypropylene,
primarily at the secondary car-
bons, without any of the chain
scission problems that plague
the traditional radical-initiated
methods. — MSL

Macromolecules 10.1021/ma050626f
(2005).

P S Y C H O L O G Y

A Sliding Scale

How hiring decisions are made
is, not surprisingly, a topic of
broad and continuing interest
in view of their impact on
people, individually in every-
day life and collectively in
societal debates about oppor-
tunity and outcome. Uhlmann
and Cohen describe a trio of
experiments showing how
shifting standards might con-
tribute to discrimination. In a
pair of roughly mirror-image
situations, male and female
subjects were asked to assess
male and female applicants
for high-ranking stereotypi-
cally male- and female-
dominated jobs (police chief
and women’s studies profes-
sor). Contrasting sets of skills
(physical fitness versus media
savvy) and achievements
(publications versus advocacy)
were evenly distributed
among the applicants, and
subjects did in fact evaluate
applicant strength on the
basis of credentials and not as
a function of applicant gender.
Male subjects, however, rated
media savvy as being a more
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G E O P H Y S I C S

Experimenting in the Kitchen
The surfaces of basaltic lavas commonly exhibit
two kinds of textures: Pa–hoehoe flows form a
ropy and relatively smooth surface, and ‘a‘a–

flows look like jumbled, sharp, angular
blocks. It is generally thought that
these types reflect an interaction
between the viscosity of the
lava,which varies as it cools and
crystals form, and the shear
rate of the flow. Many flows
change their morphology from
pa–hoehoe to ‘a‘a–, and a few
change back.

To investigate this transition,
Soule and Cashman carried out a
series of laboratory experiments using corn
syrup (diluted to the viscosity of hot basaltic
magma) and rice (which has the same density as
the diluted syrup and represents the lava crys-
tals).They observed four different regimes:With
increasing amounts of rice (corresponding to

increasing viscosity), flow is lami-
nar; the rice grains aggregate into

clumps; shear zones form between
the clumps; and finally, a thin film of

rice-free syrup appears along the flow
boundary, perhaps by cavitation, and the main

flow is thus detached. This evolution and the
abrupt transitions between these regimes are
consistent with field measurements of the
pa–hoehoe-to-‘a‘a– transition. — BH

Geology 33, 361 (2005).

Pa–hoehoe (above) and ‘a‘a– (left)
lavas.
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important criterion for success as a police
chief when ranking male applicants who
had that skill; similarly, female subjects
emphasized advocacy as being crucial
when considering female applicants who
had been activists for the professorship.
These differences then translated into
hiring choices, where men favored men
in the first competition and women
favored women in the second. The 
simple manipulation of committing to 
hiring criteria before evaluating the
applicants largely mitigated gender bias
in the outcomes. — GJC

Psychol. Sci. 16, 474 (2005).

C E L L  B I O L O G Y

Defocusing with Dynamin
In mammalian cells, actin-rich focal
adhesions form at places where the cell
membrane protein integrin interacts
with the extracellular matrix. When
adherent cells move across a surface,
they lay down focal adhesions at the
front of the cell and disassemble 
adhesions at the back. Much is known
about focal adhesion assembly, but less
about disassembly.

Ezratty et al. targeted molecules
specifically involved in focal adhesion 
disassembly by adding a drug that
induced microtubule disassembly and
then removing the drug to allow micro-
tubules to regrow, during which time
focal adhesions disassembled in a 

synchronous
fashion.They

found that adhe-
sion disassembly required focal adhesion
kinase and dynamin, which localized to
the adhesions, and inhibiting dynamin
activity prevented cell migration.Thus, the
disassembly of focal adhesions involves a
pair of molecular entities, microtubules
and dynamin, neither of which are used in
the assembly process. — SMH

Nat. Cell Biol. 10.1038/ncb1262 (2005).

I M M U N O L O G Y

A Regulatory Effect of Tax
Regulatory T (T-reg) cells are central mod-
erators of the immune system, restraining
overexuberant T cells and those that have
a tendency to react against the body’s own
components. Consequently, perturbing the
function of T-reg cells could have deleteri-
ous effects on the health of an individual.

Yamano et al. have extended previous
observations that T-reg cells represent a
preferential reservoir for the human T cell
lymphotrophic virus (HTLV-1) in infected
individuals.These patients develop an
immunity-based neurologic disease, in
which large numbers of virus-specific CD8+

cytotoxic T cells invade the central nervous
system.Virus-infected T-reg cells were
severely diminished in their ability to sup-
press T cell responses and in the expression
of the transcription factor Foxp3.These
deficits were traced to the expression of a
viral transcriptional repressor, Tax, and
could be recapitulated by transfecting the
tax gene into uninfected T-reg cells.
Although some autoimmune effects have
been reported in this group of HTLV-1
patients, it is interesting that such a pro-
found T-reg cell defect does not appear to
result in a broader impairment of normal
immune function. — SJS

J. Clin. Invest. 115, 1361 (2005).

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

Quantum Networking

The ability to send single photons down
optical fibers offers the possibility of

secure communications over existing
fiber networks. One challenge has
been to find single-photon sources
that emit at the telecom wavelengths
of 1300 nm.The emission wavelength
of quantum dots can be tuned by con-
trolling their size, making them ideal
candidates for further study. On the
other hand, infrared communication

wavelengths would require the dots to
be relatively large; under typical growth
conditions, this would require a longer
growth time, resulting in a high density of
dots on the surface and a large number of
single-photon sources. By carefully adjust-
ing the growth conditions,Ward et al.
show that they can whittle down and iso-
late the number of emitters to just one,
thereby providing a practical source of sin-
gle photons for quantum communication
over fiber-optic networks. — ISO

Appl. Phys. Lett. 86, 201111 (2005).
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An inactive form of dynamin (green,left) 
interferes with migration toward a wound
(dashed line) as compared 
with cells with wild-type
dynamin (right).
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NETWATCH
edited by Mitch Leslie
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Frozen in Time
Researchers are keeping an eye on the world’s ice

for signs of climate change. For data on one
warming spot, glide over to the Great Lakes Ice
Atlas by Raymond Assel

of the National Oceanic
and Atmospheric Administra-
tion.The archive charts ice cover
on the lakes from 1973 to 2002,
combining measurements from
satellites, aircraft, shipboard
observers, and other sources.
You can summon weekly maps
of ice extent or watch anima-
tions that portray the waxing
and waning of lake ice for each
winter. Visitors can also down-
load data such as daily ice cover
values. The records suggest that
like much of the world’s frozen
water, Great Lakes ice is dwin-
dling. For example, between
1853 and 1972, Grand Traverse
Bay on Lake Michigan didn’t freeze over during 17 win-
ters. But between 1973 and 2002, it remained open
in 16 years.

www.glerl.noaa.gov/data/ice/atlas

A R C H I V E

Evolution’s Big Hitter 
Stephen Jay Gould dubbed R.A. Fisher “the Babe Ruth of
statistics and evolutionary theory.” A British geneticist
and mathematician, Fisher (1890–1962) earned the rave
review with achievements from inventing the analysis of
variance to helping mesh natural selection and genetics,
which many scientists in the early 1900s believed were
incompatible.

To delve into Fisher’s complex and eclectic work, click
over to the R.A. Fisher Digital Archive from the University
of Adelaide Library in Australia. Readers can browse more
than 170 of Fisher’s publications, which probe questions
such as the origin of dominant genes and the inheritance
of the Rh blood groups.A stack of Fisher’s correspondence
lets you follow along as he discusses heredity, natural
selection, and other topics with thinkers such as Charles
Darwin’s son Leonard, a soldier and scientist. Fisher’s
papers also reveal what Gould called one of his “major-
league errors,” his campaign to discredit the link between
smoking and lung cancer. A pipe smoker, Fisher argued
that we needed stronger evidence “before plant[ing]
fear in the minds of perhaps 100 million smokers around
the world.”

www.library.adelaide.edu.au/digitised/fisher

E D U C AT I O N

Gems of the Ocean
Individual cells of the protist Emiliania huxleyi (below) are so tiny that researchers
can barely see them with a light microscope. But E. huxleyi, or “Ehux” for short,
has a disproportionately large impact on the planet. This Ehux site from
oceanographer Toby Tyrrell of Southampton University in the United Kingdom
offers backgrounders by experts on the cells’ anatomy, reproduction, ecology,
and other topics. The
creatures’ calcium car-
bonate armor scatters
light and can color large
swaths of the ocean
turquoise. By making
the surface water more
reflective, Ehux reduces
the amount of light
penetrating into the
ocean and cools the
lower layers. Although
the cells are photo-
synthetic, they might
worsen global warm-
ing, the site explains,
because their changes
to water chemistry boost the amount of dissolved carbon dioxide. The site
also includes a gallery of delicate Ehux shells, a bibliography, and a link to NASA
satellite photos of Ehux blooms.

www.noc.soton.ac.uk/soes/staff/tt/eh/index.html

I M A G E S

Tune
In for the
Quake Cast
The cool greens and blues above are
good news for Californians because
they signify a low risk of earthquakes. Worried resi-
dents and curious visitors can now check the local quake forecast
throughout the state, thanks to a new online map that’s updated
hourly. The site won’t tell people when a big quake is imminent, but
it can predict the probability of aftershocks, which can still cause
substantial damage.

The map is the brainchild of seismologist Matt Gerstenberger of the
U.S. Geological Survey in Pasadena, California, and colleagues. Their
procedure, published in last week’s issue of Nature, uses all the known
faults in the state and records of past earthquakes to generate a
baseline historical level of risk. Whenever an earthquake occurs, the
program estimates the likely locations and sizes of aftershocks and
maps them. Blue signifies a one-in-a-million chance of intensity 6 shaking
(forceful enough to break windows and crack plaster), whereas red
indicates a greater than one in 10 chance.

pasadena.wr.usgs.gov/step

Send site suggestions to netwatch@aaas.org.Archive: www.sciencemag.org/netwatch
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Good news,
and bad, for
physicists

Voyager
meets the
heliopause

Th is  We e k

New genetic analyses of samples from recent
human H5N1 avian influenza patients rein-
force epidemiological evidence suggesting
that  new strains of the virus may be emerging
in northern Vietnam. But an expert report
detailing the genetic analyses, posted on the
Web site of the World Health Organization
(WHO) last week, cautions that data are too
limited to draw firm conclusions. Even so, the
report urges heightened surveillance,
increased preparedness, and further research,
warning that H5N1 poses “a continuing and
potentially growing pandemic threat.”

At a meeting to review data at the request
of WHO, held in Manila on 6 and 7 May, sci-
entists also concluded that human-to-human
transmission of the virus may be more com-
mon than previously thought. The meet-
ing—attended by 40 or so epidemiologists,
virologists, public and animal health experts,
and representatives from Cambodia, Thai-
land, and Vietnam—came on the heels of a
visit by a three-person WHO team to Viet-
nam in late April.

Lance Jennings, a clinical virologist for
the Canterbury District Health Board in New
Zealand and a member of the WHO team,
says epidemiological evidence, some of it
previously reported (Science, 22 April, 
p. 477), indicates a changing virus: Clusters

of infection are larger and more numerous
than seen previously, and there is often a time
lag between the onset of symptoms in the first
case and subsequent cases within clusters.
Among those infected were three infants, rul-
ing out poultry tending as a route of infection
in those cases. And in a few other cases, expo-
sure to poultry could not be traced. Although

these findings suggest that human-to-human
transmission is occurring, Jennings adds that
“there are other possible explanations.” The
virus could have acquired the ability to per-
sist longer in the environment, or perhaps
resistant poultry are now shedding the virus
without signs of sickness.

The new genetic data, reviewed
by scientists for the first time at the
Manila meeting, comes from the
U.S. Centers for Disease Control
and Prevention (CDC) in Atlanta,
Georgia, and Japan’s National
Institute of Infectious Diseases.
Partial sequencing of viral isolates
revealed a number of differences
between samples recovered this
year in northern Vietnam and pre-
vious samples, particularly in the
hemagglutinin gene. Hemagglu-
tinin (which is the H in virus desig-
nations, such as H5N1) codes for a
surface glycoprotein that binds the
virus to cells in the animal or
human host. Some of the sequence
changes are near the protein’s
binding site; others are near a site
associated with pathogenicity. 

Conceivably, these genetic
changes could be affecting the virus’s ability
to bind to human cells and its deadliness,
which is lower among recent cases in north-
ern Vietnam than elsewhere, the report notes.
But there isn’t enough epidemiological or
experimental evidence to be sure. “We need
more studies and possibly animal experi-
ments to determine the characteristics of

Genetic Analyses Suggest Bird
Flu Virus Is Evolving

I N F E C T I O U S  D I S E A S E S

House Would Foil Human Pesticide Studies
In a surprising move, the U.S. House of Rep-
resentatives has voted to prevent the Environ-
mental Protection Agency (EPA) from using
studies that deliberately expose human vol-
unteers to pesticides. 

The amendment is the latest twist in a 
7-year debate about so-called human dosing
experiments, in which companies pay vol-
unteers to ingest tiny amounts of pesticides
to help determine safe exposure levels.
Companies began conducting more such
studies after a 1996 law required that EPA
tighten pesticide safety levels to protect
children. But the agency held off on using
them after an advocacy group complained
that they were unethical and later requested

a study by the National Academies’
National Research Council (NRC). That
panel found that some human pesticide dos-
ing studies were acceptable (Science, 27
February 2004, p. 1272). Three months ago,
EPA announced it would once again begin
considering data from such experiments.

Last week’s vote would halt EPA’s
plans. An amendment to a spending bill by
Representatives Hilda Solis (D–CA) and
Timothy Bishop (D–NY) prohibits EPA
from using its 2006 budget to review third-
party pesticide dosing studies or conduct
its own studies, which they call “reprehen-
sible and unethical.” The move comes a
few weeks after Congress persuaded EPA

to kill a Florida study that would have
monitored children’s exposure to pesti-
cides in homes where they are routinely
used (Science, 15 April, p. 340). 

Jay Vroom of CropLife America, an
industry group in Washington, D.C., says
he’s “profoundly disappointed” that law-
makers would block the use of “essential”
safety data. But the NRC panel’s chair, ethi-
cist James Childress of the University of Vir-
ginia in Charlottesville, thinks the move is
fine. “A lot of us [on the NRC panel] were
troubled” by the dosing studies, he notes,
and “personally, my view is that [the House
amendment is] within the range of ethically
justifiable responses.” –JOCELYN KAISER

T OX I C O L O G Y

Fighting back. Nguyen Si Tuan is among a growing number of
bird flu survivors in Vietnam whose recoveries may suggest
that the virus is becoming more infectious but less deadly.
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these new strains,” says Hitoshi Oshitani,
leader of the disease outbreak team at
WHO’s regional office in Manila. Such stud-
ies have been hampered because the new
strains are proving difficult to culture. “We
don’t know why, perhaps because of the way
it is changing, but even the CDC can’t get
some of these recent viruses to grow, even
though the patients were positive” by other
tests, Oshitani says.

The genetic analyses also turned up one
viral isolate that exhibited some resistance to
oseltamivir, the drug considered a first line of
defense against the virus. Jennings cautions,
however, against extrapolating too much
from a single isolate, as it is already known
that a certain percentage of individuals
develop resistance to oseltamivir.

Meanwhile, both human cases and avian
outbreaks continue to be reported in Vietnam,

Indonesia, and China, even though at this
time last year the virus seemed to have gone
into remission.

Although the recent findings raise many
questions, Jennings says it is clear that expo-
sure to infected poultry is still the primary
route of infection, including to the index cases
of clusters. “Controlling H5N1 in poultry is
the key to keeping it out of humans,” he says.

–DENNIS NORMILE
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Los Alamos:
soon to be
under new
management

Orion's
stellar
nursery

Antiangiogenesis
drugs show
promise

Foc u s

PARIS—After the smoke had cleared, both sides
declared victory last week in a debate about the
most dreaded virus on the planet. Proponents
of further research with variola, the virus that
causes smallpox, won approval at the World
Health Assembly (WHA) to expand the scope
of the studies. But those opposing it—
including two vocal advocacy groups—say the
surprisingly lively debate showed that opposi-
tion to the work is mounting.

At the meeting, the 192 member countries
of the World Health Organization (WHO)
rejected one study proposal, urged extra care
with others, and questioned the composition
of the panel overseeing the research. 

The meeting was the latest round of dis-
cussions, managed by WHO, about variola’s
fate. After its eradication in the 1970s, plans
to destroy the last remaining virus stocks,
now officially stored at only one Russian
and one U.S. lab, have been postponed
repeatedly to allow the development of new
diagnostics, vaccines, and drugs to defend
against bioterror attacks. Both the United
States and Russia have stepped up their
research programs since 9/11.

Last November, WHO’s Advisory Com-
mittee on Variola Virus Research recom-
mended giving researchers more leeway by
allowing, among other things, the transfer of
DNA snippets of up to 500 base pairs among
labs, the production of gene chips containing
variola DNA, insertion of a gene for green
fluorescent protein into the variola genome,
and splicing variola genes into the genomes
of other orthopoxviruses (Science,
19 November 2004, p. 1270).

The proposal to transfer variola genes to
other species ran into opposition from WHO
Director-General Lee Jong-wook, who urged
WHA last month to send it back to the Advi-
sory Panel and ask for additional biosafety

and biosecurity measures. During the WHA
debate, on 19 and 20 May, almost a dozen
countries, from South Africa to China to
Tonga and the Netherlands, aired concerns
about the research. Some worried about acci-
dental escapes from the lab, others asked for a
firm deadline for the final destruction of the
virus; some also argued that the Advisory
Committee is dominated by northern coun-
tries and by researchers with vested interests
in continuing the research.

Because WHA didn’t vote or adopt a reso-
lution, WHO’s secretariat
must interpret what exactly it
decided. WHO smallpox pro-
gram officer Daniel Lavanchy
says the assembly agreed to
ban the gene-transfer studies
for now but gave the green
light to the other work. To
allay concerns, the Advisory

Committee will scrutinize individual propos-
als even more exhaustively, he says. WHO
will also “certainly try to address the [com-
mittee’s] geographical imbalance,” says
Lavanchy, who agrees that the United States
has been a dominant force.

The debate this year was stoked by a new
phenomenon: Two advocacy groups, the Sun-
shine Project in Austin, Texas, and the Third
World Network, with headquarters in Penang,
Malaysia, had campaigned aggressively
against the new research. Lavanchy says the

lobbying had little impact, but
Jonathan Tucker of the Mon-
terey Institute’s Center for
Nonproliferation Studies in
Washington, D.C., says the
campaign was “remarkably
successful” in raising the heat.

The underlying question is
if—and when—work with
variola will ever be com-
pleted. The goals of the
research program—which
include developing safer vac-
cines and two different small-

pox drugs—give Russia and the United
States an excuse to hold on to the virus
almost indefinitely, says Edward Hammond,
director of the Sunshine Project. Not so, says
Lavanchy, who estimates that the research
should take “a couple of years.”

D. A. Henderson, the former leader of the
global eradication campaign and a long-time
champion of variola destruction, also consid-
ers WHO’s timetable highly unrealistic.
Given the time needed to develop antiviral
drugs, the added problems of working in
maximum-containment labs, and the lack of a
good animal model for smallpox, he says,
“this could take 20, 30, or even 50 years.” 

–MARTIN ENSERINK

WHA Gives Yellow Light for Variola Studies 
S M A L L P OX

Advocate for destruction. Edward Hammond
of the Sunshine Project campaigned against new
experiments with the smallpox virus.

http://www.sciencemag.org


� New England Biolabs Inc.  32 Tozer Road, Beverly, MA 01915 USA  1-800-NEB-LABS  Tel. (978) 927-5054  Fax (978) 921-1350  info@neb.com  
� Canada Tel. (800) 387-1095  info@ca.neb.com  � Germany  Tel. 0800/246 5227  info@de.neb.com  
� UK  Tel. (0800) 318486  info@uk.neb.com  � China  Tel. 010-82378266  beijing@neb-china.com

DISTRIBUTORS: Argentina (11) 4372 9045; Australia (07) 5594-0299; Belgium (0800)1 9815; Brazil (11) 3622 2320; Czech Rep. 0800 124683; Denmark (39) 56 20 00; Finland (09) 584-121; France (01) 34 60 24 24;
Greece (010) 5226547; Hong Kong 2649-9988; India (044) 220 0066; Israel (3) 9021330; Italy (02) 381951; Japan (03) 5820-9408; Korea (02) 556-0311; Malaysia 603-80703101; Mexico 52 5525 5725;
Netherlands (033) 495 00 94; Norway 23 17 60 00; Singapore 2731066; Spain 902.20.30.70; Sweden (08) 30 60 10; Switzerland (061) 486 80 80; Taiwan (02) 28802913

NEW

ENGLAND

BIOLABS

100% heat inactivation in 5 minutes. 

very cool.

100

80

60

40

20

0
0 2 4 6 8 10

Time at 65°C (minutes)

%
 A

ct
iv

ity
 R

em
ai

ni
ng

Antarctic Phosphatase

Calf Intestinal Phosphatase

Shrimp Alkaline Phosphatase

10 units of each phosphatase
were incubated under 
recommended reaction 
conditions (including DNA)
for 30 minutes and then 
heated at 65°C. Remaining
phosphatase activity was 
measured by p-nitrophenyl-
phosphate (pNPP) assay.

the leader in enzyme technology

PRODUCTS YOU TRUST. TECHNICAL INFORMATION YOU NEED. www.neb.com

Antarctic Phosphatase

For many years, BAP, CIP and SAP were the 
only options for dephosphorylation protocols.
Now, New England Biolabs introduces Antarctic
Phosphatase – a superior reagent that saves
time because you can ligate without purifying
vector DNA, and since it's recombinant, you are
guaranteed the quality and value you've grown
to expect from New England Biolabs.

Advantages:
■ 100% heat inactivated in 5 minutes

■ ligate without purifying vector DNA

■ recombinant enzyme for unsurpassed 
purity and consistency; no nuclease 
contamination

■ active on DNA, RNA, protein, dNTPs 
and pyrophosphate

■ active on all DNA ends: blunt, 5´ and 3´ 
overhangs

To Order:

M0289S . . . . . . . 1,000 units . . . . . . . . . $58 ($US)
M0289L . . . . . . . 5,000 units . . . . . . . . $232 ($US)

RECOMBINANT AND 100% HEAT LABILE — A BETTER ENZYME THAN SAP AT A BETTER PRICE

Phosphatase Heat Inactivation

mailto:info@neb.com
mailto:info@ca.neb.com
mailto:info@de.neb.com
mailto:info@uk.neb.com
mailto:beijing@neb-china.com
http://www.neb.com


www.sciencemag.org SCIENCE VOL 308 27 MAY 2005

C
RE

D
IT

S 
(T

O
P 

TO
 B

O
TT

O
M

):
JP

L/
N

A
SA

;N
A

SA
 A

N
D

 T
H

E 
H

U
BB

LE
 H

ER
IT

A
G

E 
TE

A
M

 (S
TS

C
I/

A
U

RA
)

1237

Manhattan Showered With
Stem Cell Gifts
Philanthropists are pouring money into
three New York City biomedical institu-
tions to support stem cell research.

The latest gift comes from the Starr
Foundation, which is dividing $50 million
over 3 years among Rockefeller Univer-
sity, Memorial Sloan-Kettering Cancer
Center, and Weill Medical College of Cor-
nell University. Last year Weill received
$15 million from the Houston,
Texas–based Ansary Foundation to estab-
lish a center for stem cell therapeutics,
and earlier this month Mount Sinai
School of Medicine took in $10 million
from donors for its own stem cell insti-
tute (Science, 13 May, p. 937).

The Starr Foundation was established
by Cornelius Vander Starr, founder of the
financial and insurance companies called
American International Group Inc. Its 
Tri-Institutional Stem Cell Initiative will
focus on a wide range of stem cell proj-
ects, involving cells from embryos, adult
tissues, and cancerous tumors, says
Sloan-Kettering President Harold Varmus.
He says the gift is already influencing
recruitments at Sloan-Kettering, and he
hopes it might lessen the possible lure of
California’s $3 billion in public funding.
“We don’t want people leaving or young
people to ignore the fact that we have a
lot of support for this research in New
York,” he says.Weill Dean Antonio Gotto
hopes some of the funds will allow
researchers at its large fertility clinic to
produce new stem cell lines from cloned
human embryos.

–GRETCHEN VOGEL

Quality Check for 
Australia’s Research
Australia is beginning a $2.8 million study
of how the government funds research
that is expected to put greater emphasis
on scientific productivity.

As the first step in the process, a 
government-appointed panel has been
asked to develop a method of ranking
university departments based on the
impact of publications by faculty mem-
bers.The panel, led by Gareth Roberts of
Wolfson College in Oxford, U.K., is looking
closely at a U.K. system adopted in 1986
as well as reviewing comments from
stakeholders.A 6-month trial of the new
system will begin in September.

–JACOPO PASOTTI

ScienceScope

Talk about timing. Only last March, NASA
managers had decided that the Voyager 1
spacecraft—28 years and 14 billion kilome-
ters out from Earth—might have outlived its
usefulness (Science, 11 March, p. 1541). It
didn’t seem worth the expense of waiting for
Voyager to find something more interesting
than the now-monotonous hum of the solar
wind as the spacecraft glided into the void far
beyond the farthest planets. Then this week,
Voyager scientists
announced that
their craft had just
entered a new
realm, one long
hypothesized but
never observed, that
marks the doorstep
to true interstellar
space. “I hope this
will just reinforce
the exploratory
nature of what Voyager is doing,”
says Voyager team member
Edward Stone of the Jet Propulsion
Laboratory in Pasadena, Califor-
nia. It’s already excited space
physicists, who now have a whole
new playground to explore.

At first the play wasn’t entirely
harmonious. In 2003, dueling
papers appeared in Nature argu-
ing over recent data from Voyager
1. Space physicist Stamatios
Krimigis of the Applied Physics
Laboratory (APL) in Laurel,
Maryland, and colleagues
reported that in 2002, their instrument on
Voyager had detected a large increase in
energetic charged particles at a distance of 85
times the distance between Earth and the sun
(85 astronomical units, or AU). That rise,
they said, implied that Voyager had passed
beyond the supersonic solar wind that bathes
all the planets and had entered the region
called the heliosheath, where the solar wind
has slowed to subsonic speeds. The
heliosheath constitutes the outer reaches of
the teardrop-shaped bubble, called the
heliosphere, that the solar wind inflates in the
near-vacuum of interstellar space.

By that interpretation, Voyager 1 was the
first humanmade object to cross the solar sys-
tem’s termination shock—the region where the
solar wind abruptly slows before it collides
with the more distant interstellar medium,
behaving much as air does when it piles up in
front of a supersonic plane. Six months later,
Voyager seemed to cross back into high-speed

solar wind, perhaps as the solar wind gusted.
Space physicist Frank McDonald of the

University of Maryland, College Park, Stone,
and colleagues had a different take on their
own 2002 Voyager data. Like the APL team’s
instruments, theirs reported an increase in
charged particles—in this case, cosmic ray
particles. But that was to be expected before
reaching the termination shock, they said, not
after crossing it. The debate has since contin-

ued without a resolution.
Researchers may be a long

time settling whether Voyager 1
crossed the termination shock
in 2002. But this week Norman
Ness, principal investigator on
the magnetometer subsystem at

the University of Delaware, Newark,
declared, without fear of contradiction, “We
have entered the heliosheath.” Ness and the
rest of the Voyager magnetometer team
reported at this week’s Joint Assembly of the
American Geophysical Union (AGU) in New
Orleans that last December the feeble mag-
netic field dragged along by the charged par-
ticles of the solar wind intensified by a factor
of 3 at a distance of about 94 AU. That
increase is the key marker of a termination-
shock crossing, Stone says, because slowing
and thus compressing the solar wind ought to
intensify its magnetic f ield. Instruments
showed no such intensification during the
supposed 2002 crossing, Stone notes.

Also at the AGU meeting, Voyager princi-
pal investigator Donald Gurnett of the Uni-
versity of Iowa in Iowa City added more evi-
dence of a crossing. He reported that on 
15 December, Voyager detected the same sort
of plasma-wave oscillations that spacecraft

Voyager 1 Crosses a New Frontier and
May Save Itself From Termination

P L A N E TA RY  S C I E N C E

Outward bound.Voyager 1 has entered the outer reaches of the
sun's realm, which resembles this region around the star LL Ori.

▲
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have always encountered just before running
into shock waves in the solar wind upstream
of planets. Shortly after the oscillations, 
Voyager was in the new solar wind regime of
heightened magnetic field. Everyone, includ-
ing Krimigis, now agrees that this new regime
is the heliosheath.

Now that they are in it, researchers are
eager to understand the heliosheath. They
missed recording the actual passage through
the shock because it occurred during one of
the gaps in Voyager monitoring by the big
radio telescopes of the Deep Space Network.
But they will be studying the heightened tur-

bulence within the heliosheath and how the
turbulence helps deflect galactic cosmic rays.
The spacecraft’s reports from the heliosheath
should also help scientists understand similar
shock-bounded “astrospheres” seen around
other, more energetic stars.

Researchers are also looking outward
toward the next Voyager milestone: leaving
the heliosphere entirely. Estimates of the dis-
tance to the heliopause—where solar wind
ends and the interstellar medium begins—
vary widely. Gurnett’s interpretation of radio
signals emanating from that frontier place it
anywhere from 116 AU to 177 AU. But 

Voyager 1 will run short of power from its
radioisotope thermal generator as early as
2020 and go silent about 147 AU out.

Now, knowing where the termination
shock is, researchers are suggesting 125 AU as
a best estimate of the distance to the
heliopause. “That’s a comforting number,”
says Gurnett, because it would get Voyager 1
there around 2014. Perhaps NASA managers
will be equally comforted and remove 
Voyager 1 and its lagging companion 
Voyager 2 from the list of space physics mis-
sions to be considered this fall for termination.

–RICHARD A. KERR

N E W S O F T H E W E E K
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Dan Goldston feels much better. Two years
ago the number theorist at San Jose State
University in California suffered a discour-
aging setback. He and Cem Yildirim of
Bogaziçi University in Istanbul, Turkey, had
announced a dramatic breakthrough in the
theory of prime numbers, only to learn that
their proof contained a fatal error (Science,
4 April 2003, p. 32; 16 May 2003, p. 1066).
But now, with the help of János Pintz of the
Alfréd Rényi Mathematical Institute in
Budapest, Hungary, Goldston and Yildirim
have unveiled a new
proof of their break-
through result. This
time experts who have
examined it say the
proof is rock-solid—
in part because it is
much simpler than the
earlier attempt.

“It’s of enormous
importance,” says
Brian Conrey, direc-
tor of the American
Institute of Mathe-
matics in Palo Alto,
California. “It’s going
to open the door to
lots of stuff.” Andrew
Granville of the Uni-
versity of Montreal,
Quebec, whose work
helped torpedo the
original flawed proof,
agrees. “It’s quite a turning point,” he says.

Goldston and Yildirim were studying the
way one prime number follows another.
Prime numbers—positive integers such as 
2, 3, 5, 7, 11, and 13, which can’t be broken
down into smaller factors—become rarer as
numbers get larger. On average, the gap
between a large prime p and the next prime
number is approximately the natural loga-
rithm of p, written log p. But the actual gap

between two primes may be far from average.
Number theorists long ago proved that there is
no upper limit on how large the gap can grow,
relative to log p. What Goldston and Yildirim
claimed—and, together with Pintz, have now
proved—is that the smallest possible gap also
continues to shrink relative to log p, as the
numbers increase.

The original proof foundered when
Granville and Kannan Soundararajan of the
University of Michigan, Ann Arbor, spotted
a mistake in a single, technical subsection

of the proof, known
as a lemma. The rest
of the proof was fine,
and part of it imme-
diately enabled two
other mathemati-
cians to make a
major breakthrough
in studying arith-
metic progressions of
primes (Science,
21 May 2004, p.
1095). Goldston and
Yildirim also sal-
vaged a weaker result
about prime gaps that
improved on previous
researchers’work.

Goldston kept
hoping to make the
proof work but
f inally gave up. “I
had come to terms

with not getting a good result,” he recalls.
Then, about a year ago, he had an idea for a
new approach. He worked out the details and
presented his new proof last summer at the
mathematical conference center in Ober-
wohlfach, Germany. He woke up the next
morning, however, knowing he had made
another mistake, this time in the very last
step of the proof. “I really felt jinxed by the
whole thing,” he recalls.

Pintz, however, took a close look at the
flawed proof and came up with the key insight
for the ultimate fix. He contacted Goldston
and Yildirim last December, and the three
number theorists had a complete proof by
early February. This time, they were more
cautious about announcing the result. “We all
thought it was wrong,” Goldston says. They
circulated the manuscript to a handful of
experts, including Granville and Soundarara-
jan, asking them to probe it for any new or
remaining errors.

In addition to finding nothing wrong, the ad
hoc jury also discovered ways to simplify the
proof. “It’s been simplified so much there’s not
much room for an error to be hiding,” says
Conrey. One of the experts, Yoichi Motohashi
of Nihon University in Japan, found a shortcut
that led to a surprisingly short proof of the
basic, qualitative result. He and the three lead
authors have posted this proof, running a mere
eight pages, at the arXiv preprint server
(www.arxiv.org). The more-detailed paper
with Pintz is being rewritten to incorporate
some of the simplifications. Goldston gave a
public presentation on the new proof at a num-
ber theory conference held from 18 to 21 May
at the City University of New York.

In itself, the basic result is not a surprise. But
it may help mathematicians tackle the famous
“twin prime” conjecture, which probably dates
back as far as mathematicians have thought
about prime numbers. The conjecture holds that
there are infinitely many primes for which the
gap is 2. The list of twin primes starts with (3,
5), (5, 7), and (11, 13), and has been tabulated
by now into the trillions. No one knows whether
twin primes ever stop appearing. The new proof
is still a far cry from the twin prime conjecture,
but it offers a glimmer of hope that number the-
orists may eventually get there—perhaps a lot
sooner than they ever expected. “The twin
prime conjecture doesn’t seem impossible to
prove anymore,” Goldston says.

–BARRY CIPRA

Third Time Proves Charm for Prime-Gap Theorem
N U M B E R  T H E O RY

Comeback kid. Goldston despaired of rescuing
his proof, but a bright idea saved the day.

˘
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New Reporting Regs for
Globe-Trotting Diseases
The world has a new set of rules for deal-
ing with diseases, such as flu or SARS, that
cross borders easily. On Monday, the
World Health Assembly, an annual meet-
ing of 192 governments in Geneva,
Switzerland, approved regulations making
it mandatory for countries to detect and
respond to infectious diseases within
their borders, notify the World Health
Organization (WHO) within 24 hours of
any outbreak that could threaten other
countries, and collaborate in investigating
and controlling such outbreaks.

Similar International Health Regulations
have existed for half a century. But even the
latest version from 1981 was widely consid-
ered outdated; for one, it didn’t cover newly
emerging infections.The revised treaty,
which will formally take effect in 2007, has
been debated for more than 10 years.The
issue became more urgent in 2003, when
China risked a wide spread of SARS by hiding
the extent of its outbreak —behavior that
would violate the new rules.Although WHO
has no sanctions for countries that violate
the new regimen,“this gives us much clearer
ground rules,”says WHO’S Max Hardiman.

–MARTIN ENSERINK

Embattled Berkeley Ecologist
Wins Tenure
Ignacio Chapela, an ecologist whose views
on biotechnology have attracted contro-
versy, has won tenure at the University of
California, Berkeley, after appealing an ear-
lier rejection.

Chapela caused a stir with a 
2001 report in Nature that promoter
genes from genetically modified corn had
been detected in traditional kinds of corn
in Mexico—a finding the journal later dis-
avowed (Science, 12 April 2002, p. 236). He
also was a persistent critic of a $25 million
deal with Novartis in 1998 for exclusive
licensing of plant and microbial research.

Chapela claimed that the university
denied him tenure in 2003 because of his
opposition to the Novartis deal (Science,
19 December 2003, p. 2065). Last month,
he sued the university, claiming it had
also discriminated against him because he
was born in Mexico. Berkeley, meanwhile,
was reexamining the case as part of an
earlier consent agreement, and a nine-
member panel voted thumbs-up. “This
was a case in which reasonable reviewers
could disagree,” says spokesperson
George Strait.After learning of his victory,
Chapela e-mailed supporters that he now
fears tenure “may become a [self-
imposed] muzzle.” –ERIK STOKSTAD

A longitudinal study of Chicago adolescents
has concluded that even a single exposure to
firearm violence doubles the chance that a
young person will later engage in violent
behavior. The study may once again stoke up
the debate over juvenile violence; it has
already triggered criticism over the unusual
statistical method it employs.

The work is part of the decade-old Project
on Human Development in Chicago Neigh-
borhoods, run by Harvard University psychi-
atrist Felton J. Earls. On page 1323, Earls and

two health statisticians describe how they
used a relatively new technique called
“propensity score stratification” to create,
through statistical means, a randomized
experiment on propensity toward violence
from observational data.

Over a 5-year period, the researchers con-
ducted three interviews with more than 
1000 adolescents initially aged 12 to 15. In the
first, they gathered extensive data on variables
such as family structure, temperament, IQ, and
previous exposure to violence. Halfway through
the study, the subjects were asked if, in the prior
12 months, they had been exposed to firearm
violence—defined as being shot or shot at or
seeing someone else shot or shot at. Then at the
end of the period, the 984 subjects remaining
were asked if they had engaged in any vio-
lence—defined as participation in a fight in
which anyone got hurt as well as firearm-related
incidents, including carrying a gun.

“If you just compare exposed and unex-
posed, the exposed were three or four times
as likely to be [violence] perpetrators,” says
lead author Jeffrey B. Bingenheimer, a
Ph.D. candidate at the University of Michi-
gan School of Public Health in Ann Arbor. 

The authors then went to great lengths to
weed out confounding factors. Subjects
were ranked according to “propensity”
scores: a cumulative tally of 153 risk factors
that estimated the probability of exposure to
gun violence. They were then divided up
according to whether or not they had
reported such exposure and whether or not
they had subsequently engaged in violent
behavior. Those with the same propensity
scores but different exposures were com-
pared with each other. In this way, the

authors claim, they
controlled for a host
of individual, family,
peer, and neighbor-
hood variables. 

Even with this
analysis, exposure to
gun violence pre-
dicted a doubling of
the risk for violent
b e h av i o r — f r o m  
9% for unexposed to
18% among the sub-
jects who reported
exposure, says Bin-
genheimer. And it
didn’t take repeated
exposures—“the vast
majority” of subjects
reported only one, he

says. Can a single experience of seeing
someone shoot at someone else make an
individual more violence-prone? “That 
doesn’t seem improbable to me,” says Bin-
genheimer. “It could be for only a minority,
but a very large effect for that minority.”

Developmental psychologist Jeanne
Brooks-Gunn of Columbia University, one
of the scientific directors of the Chicago
neighborhoods project, agrees that a single
exposure might have a profound effect, even
on a hitherto nonviolent individual.
“Nobody’s done this kind of analysis before,”
she says, and nobody has focused just on gun
violence, which “clearly is a very extreme
type of violence.” 

But a number of other scholars have
deep misgivings about both the study find-
ings and the methodology. Psychiatrist
Richard Tremblay of the University of
Montreal in Canada says the study does not
demonstrate that “those who are nonviolent
to begin with will become violent.” Indeed,
the authors didn’t address this point
directly because a lack of subjects in the
lowest-risk category led them to eliminate
it from their analysis.

Controversial Study Suggests Seeing
Gun Violence Promotes It

S O C I O L O G Y

Violence debate. A study of Chicago adolescents indicates that seeing a
murder may lead to later gun violence by the observer.

▲
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Because the remaining subjects already
had some violence risk factors, the results
don’t surprise Tremblay. He compares the
work to looking at whether alcoholics are
more likely to drink if they are exposed to
alcohol. It is already well known, he says,
that “if individuals at a high risk of violence
are in an environment with violence, they’re
more likely to be violent.” 

Economist Steven Durlauf of the Univer-

sity of Wisconsin, Madison, calls the study an
“implausible modeling of violence expo-
sure.” The authors assume that two individu-
als with the same propensity rankings are
equally likely to encounter violence, he says.
But such exposure may not be random; rather,
it probably stems from “something that has
not been measured”—such as recklessness,
says Durlauf. Nobel Prize–winning econo-
mist James Heckman of the University of

Chicago agrees, calling the study “potentially
very misleading.” Adds Heckman: “This is
why this kind of statistics is not science. This
is why you find out orange juice causes lung
cancer one week and cures it the next.” 

But Brooks-Gunn defends the innovative
study. The propensity scoring technique
“comes the closest we have to any experi-
ment, which is why I think the results are so
strong,” she says. –CONSTANCE HOLDEN

N E W S O F T H E W E E K
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In all of nature, few molecules do more. The
plant hormone auxin helps plants grow toward
light, grow upward rather than branch out, and
grow their roots down. It helps plants flower and
bear fruit. Now, more than 70 years after auxin
was first discovered, biologists have finally
identified its major receptor—a crucial step
toward understanding how the hormone works. 

“It’s really exciting for auxin biology to
know how auxin can be perceived,” says plant
geneticist Bonnie Bartel of Rice University in
Houston, Texas.

In the 26 May issue of Nature, two teams,
led by Ottoline Leyser of the University of
York, U.K., and Mark Estelle of
Indiana University, Bloomington,
independently report that auxin
binds to a protein called TIR1.
When auxin attaches, TIR1 helps
mark for destruction another pro-
tein that represses a set of genes that
are known to be activated by auxin’s
presence; when the cell destroys
that protein, the genes turn on.

For decades, biochemists
fished around in extracts of grow-
ing plants for proteins that bound
to auxin (also known as indole-3-
acetic acid). Plants lacking one
such protein, auxin-binding pro-
tein 1 (ABP1), die, demonstrating
that it is essential. But ABP1 does
not resemble other hormone
receptors, and it doesn’t seem to
turn genes on or off, a property
that’s needed to explain auxin’s
myriad effects, Estelle says. So
beginning in the mid-1980s, he and his co-
workers began anew, identifying lines of a
small plant called Arabidopsis thaliana (wall
cress) that respond abnormally to auxin. They
reasoned that the defective genes in these
mutant lines might be part of the machinery
that enables the plant to respond to auxin.

One such defective gene encoded an 
F-box protein, a family of proteins found in
plants and animals that tag other proteins with
a molecule called ubiquitin, which signals the
cell to destroy the tagged proteins. That sug-

gested that the plant auxin response involved
protein degradation, and that this particular 
F-box protein, called TIR1, played a key role.
By 2001, Estelle and Leyser, a former post-
doc of Estelle’s who by then ran her own lab-
oratory, had shown that auxin causes a protein
complex containing TIR1 to bind to so-called
Aux/IAA proteins, which repress certain
genes known to be triggered by auxin. Auxin
apparently activates genes by marking
Aux/IAA proteins for destruction.

To establish precisely how, the two teams
first spent several years running down “a lot
of blind alleys,” Estelle says. It turned out that

the pathway was a lot simpler than assumed,
Leyser says. They’d expected an auxin recep-
tor to activate genes the way other hormone
receptors do: through a signal cascade involv-
ing a series of enzymes in which the last one
activates gene-regulating protein. Both teams
isolated TIR1-containing complexes from
plant extracts, thinking they’d have to find and
add back other enzymes to allow the com-
plexes to detect auxin and bind Aux/IAA. But
nothing else was needed. To prove the point,
both teams added radioactively tagged auxin

and showed that it bound to purified TIR1
complexes but not to Aux/IAA proteins. 

Stefan Kepinski, a postdoc in Leyser’s
laboratory, also took the gene encoding
TIR1 and injected it into hundreds of frog
embryos in order to mass-produce the pro-
tein. After purifying TIR1 from the ground-
up embryos, Kepinski showed that the
auxin caused the protein to bind to a puri-
f ied piece of an Aux/IAA protein. Nihal
Dharmasiri, a postdoc in Estelle’s group,
did similar experiments with TIR1 protein
produced in insect cells and got similar
results. Because no other plant proteins

were present in either case, the
work shows that TIR1 is an auxin
receptor, Estelle says. 

“We’re happy to have a receptor
for auxin,” says plant biologist
Joanne Chory of the Salk Institute
for Biological Studies in La Jolla,
California. “Auxin has been such
an enigma.” 

What’s more, according to
results from Estelle’s group that
will appear in Developmental
Cell, TIR1 is just one of four
related F-box proteins, each of
which functions as an auxin recep-
tor; when all four are missing, a
plant’s development is severely
damaged. These results suggest
that a family of TIR1-like pro-
teins, working with a family of
AUX/IAA proteins, could direct
many of the diverse physiological
responses to auxin. 

The discovery of this auxin receptor
may also shed light on additional plant sig-
naling pathways. Plants have roughly 700
F-box proteins, but little is known about
them. Researchers suggest that some of
them may mediate responses to other hor-
mones, such as jasmonate, which mediates
plant defenses, and the gibberellins, which
promote germination and stem growth. “It’s
a whole new type of receptor,” Bartel says.
That’s “the big story.”

–DAN FERBER

Plant Hormone’s Long-Sought Receptor Found
B I O C H E M I S T RY

Hormone helper. Two teams, one led by Mark Estelle (above), have finally
identified a key receptor that enables the hormone auxin to guide plant growth.

http://www.sciencemag.org
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A spending committee of the U.S.
House of Representatives has
restored many of the cuts pro-
posed by President George W.
Bush to the Department of
Energy’s (DOE’s) 2006 science
budget, including those in its
high-energy and nuclear physics
programs. But that ray of sun-
shine was quickly clouded over by
an agency request for scientists to
evaluate the consequences of
shutting down yet another 
key accelerator.

House appropriators last week
added $200 million to the presi-
dent’s request, which would have
taken a 4% bite out of the depart-
ment’s $3.6 billion Office of Science. Along
with $39 million more for an advanced com-
puting initiative, $70 million for biological
and environmental research (including 
$35 million in earmarks), and a $5.6 million
boost for fusion science, high-energy and
nuclear physics were brought back roughly to
fiscal year (FY) 2005 levels. The $22 million
increase for high-energy physics would be
split between neutrino physics and linear col-
lider work, and the 10% boost for nuclear
physics would prevent threatened cuts in run
times at two nuclear physics labs, as well as
providing funding for research into a new
nuclear-physics facility, the Rare Isotope
Accelerator, that has been stalled.

But those increases, which require concur-
rence from the Senate, don’t mean that DOE-
funded scientists are in the clear. The House
Appropriations committee did not reverse
DOE’s decision to cancel a high-energy
physics project, BteV, at Fermilab (Science,
1 April, p. 38). Nor did it give any comfort to
a nuclear-physics panel created this spring to
weigh which of the two flagship nuclear-
physics facilities in the United States—
CEBAF at the Thomas Jefferson National
Accelerator Facility in Virginia or RHIC at
Brookhaven National Laboratory in Upton,
New York—should be shut down (Science,
29 April, p. 615). Its report is due next month.

The commentary on the appropriations
bill heaps praise upon the Office of Science
and its endeavors—and should bolster scien-
tists who feel the squeeze of tightening
budgets. “High-energy physics is the corner-
stone of our understanding of the physical
universe,” the committee writes. And
although the Senate appropriators have not
yet produced their own numbers, in the past
few years they, too, have supported an Office

of Science budget significantly above the
presidential request.

Still, last week’s meeting of the High
Energy Physics Advisory Panel (HEPAP) for
DOE and the National Science Foundation
brought more bad news. The panel agreed to
evaluate the costs and benefits of shutting
down the Tevatron accelerator at Fermilab in
Illinois or the B Factory at the Stanford Linear
Accelerator Center in California—or both—

as early as the end of FY 2006. That would be
3 years and 2 years earlier, respectively, than
the current timetables. “Will the resources
now invested in [these accelerators] have a
greater scientific impact if they are to be

employed otherwise?” asked
DOE high-energy head Robin
Staffin, who said that the benefici-
aries would likely be the proposed
International Linear Collider as
well as new (and smaller) initia-
tives in high-energy physics.

“This way of doing business is
making me very jumpy,”
responded Peter Meyers, a Prince-
ton physicist and member of
HEPAP. “When you proposed
[2008 and 2009] end dates to the
[B Factory and Tevatron] projects,
everyone gritted their teeth and
said OK. But now, even when the
projects are going really, really
well, you’re still going to evaluate
whether to sweep them away.”

Panel members say it’s appropriate to look
at what facilities they must sacrifice to keep
the field alive. “We shouldn’t be scared of
asking ourselves hard questions,” says physi-
cist Steven Ritz of NASA Goddard Space
Flight Center in Greenbelt, Maryland, a
HEPAP member. But the exercises are still
stressful, says Meyers: “Boy, do they make
me feel uncomfortable.”

–CHARLES SEIFE

Physics Research Gets a Boost and a
Warning From Its Funders

2 0 0 6  B U D G E T

Butler Gets Break on Pending Appeal
Infectious-disease researcher Thomas Butler
will be back in the headlines next month when
a federal appeals court in New Orleans,
Louisiana, hears his request to overturn his
conviction for fraud and mishandling plague
samples. Butler, who was sentenced to 2 years
in prison, became a
cause célèbre for sci-
entists worried about
the government’s zeal
to combat bioterror-
ism. Legal experts say
his appeal faces an
uphill fight. But it’s
less risky than it once
seemed now that the
federal government
has dropped a
counter-appeal seek-
ing an even stiffer
sentence.

Butler, 63, was
arrested in January
2003 after he reported
that 30 vials of plague
bacteria were missing

from his lab at Texas Tech University in
Lubbock, and the incident escalated into a
bioterror scare. He was later charged with
69 criminal counts, including mishandling
samples, tax evasion, and lying to investiga-
tors. A jury acquitted him of 22 charges but

convicted him of violating
export rules on shipping a
package of bacteria and of
steering clinical research
payments to himself rather
than to Texas Tech (Science,
19 December 2003, p. 2054).
In March 2004, a federal
judge, citing Butler’s contri-
butions to humanity, sen-
tenced him to 2 years rather
than the 9-year term speci-
f ied by federal sentencing
guidelines.

In August, Butler asked the
appeals court to overturn the
conviction or order a new trial.
The move triggered a cross-
appeal from prosecutors argu-
ing that his reduced sen-

S C I E N C E  A N D  T H E  L AW

B sting?A tight DOE budget could claim the BaBar detector at the Stanford
Linear Accelerator Center.

N E W S O F T H E W E E K
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Back in court. Thomas Butler’s appeal
will be heard 8 June.
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tence violated federal sentencing guidelines
(Science, 22 October 2004, p. 590). Fortu-
nately for Butler, the U.S. Supreme Court in
January declared that the sentencing guide-
lines are not mandatory. The decision, United
States v. Booker, led the government to with-
draw its cross-appeal, which was dismissed
on 1 March. However, Butler could still
receive a longer sentence if a new jury
reaches different conclusions, notes Larry
Cunningham, a Texas Tech law professor.
“It’s not a given that he would be entitled to a
better sentence,” he says.

Butler’s supporters are hoping for vindica-
tion. In a commentary in the 1 June issue of
Clinical Infectious Diseases, 14 scientists and
physicians call for his release so that “com-

mon sense [can] prevail.” Lead author Bar-
bara E. Murray of the University of Texas
Medical School in Houston worries that a
similar fate could befall any researcher.
“We’re in an environment in which if some-
body wanted to get us, they could,” she says.

In his appeal, Butler argues that the trial
was flawed by six “legal errors,” including
trying him on charges related to his han-
dling of the plague samples and his finan-
cial dealings simultaneously, relying on
vague university policies to find criminal
fraud, and refusing to allow certain univer-
sity e-mails and testimony. The government
responded that the charges were “properly
joined” because they showed a “scheme” to
defraud the university and that the testi-

mony and documents were “immaterial.” Its
brief also asserts that the university policies
weren’t critical to his fraud conviction
because Butler’s “secretive, self-serving
conduct was ample to show he had the
intent to defraud.” Cunningham says that
“very few criminal cases get reversed” by
the Fifth Circuit Court.

Meanwhile, Butler’s attorneys and family
are hoping that he will be released by Christ-
mas. A legal defense fund is helping to sup-
port his appeal, which is being handled at a
reduced rate by Jonathan Turley of George
Washington University Law School in Wash-
ington, D.C., and attorneys from Bryan Cave
LLP. The initial trial cost Butler’s family $1
million, Turley notes. –JOCELYN KAISER
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PARIS—The chiefs of France’s CNRS—the
largest basic research agency in Europe—
have adopted a plan to shake the place to its
foundations. The new scheme will halve the
number of the agency’s departments and
merge many of its directly supported labs,
reducing their number from 1200 to “perhaps
800,” according to CNRS director Bernard
Larrouturou, who presented the plan at a 
23 May press conference.

Although many agreed that reform was
overdue, it has taken more than a year of
tough negotiations between the government
and research unions to bring it off. Some
observers were worried that the government
might gut CNRS. The agency has grown mas-
sively since its creation in 1939; it now
employs 11,600 researchers and 14,400 engi-
neers, technicians, and administrative staff. It
has never had a major organizational over-
haul. The government wants to maintain the
institution, not eviscerate it, Larrouturou said.
He acknowledged, however, that CNRS’s role
will be changed. The plan “goes way beyond
an [internal] reorganization [and] will bolster
the CNRS as a research operator,” he said.

Larrouturou peppered his presentation
with references to the Max Planck
Gesellschaft, saying he admires the German
agency’s focus on the core activity of research.
He believes one of CNRS’s roles is to be a
“client” of the National Research Agency
(ANR), the controversial French organization
that was created this year to fund research
projects and that some researchers fear will
finance targeted projects at the expense of
open-ended basic research. Larrouturou said it
will be important to maintain a balance
between ANR and other institutions.

The new plan calls for CNRS to reduce its
thematic science departments from eight to
four: chemistry, social sciences, life sciences,

and a giant grouping of math, computer sci-
ence, physics, and science of the planets and
the universe. Two new crosscutting depart-
ments will be created for environment/sus-
tainable development and engineering.
CNRS will also create a general science

directorate to assist the director and five inter-
regional divisions (DIRs).

Larrouturou said that the shakeout, to be
in place by next January, was needed to clar-
ify CNRS’s mission, to improve career
prospects for young researchers, to foster
university research, and to be part of the
“training-research-innovation continuum.”
CNRS will do all this, he said, by encourag-
ing closer links between public and private-

sector research and the transfer of knowledge
and technology. Larrouturou also said CNRS
should play a key role in developing pan-
European research, promoting research in
French regions, and breaking down barriers
between disciplines, a goal Larrouturou
admits was pursued by at least seven of his
predecessors. He does not rule out ending
support for some disciplines if CNRS has a
minor presence but says no decisions have
yet been made: “Thinking about it is already
a revolution.”

The leading research union to which
French/CNRS scientists belong, SNCS, is
unhappy—both with specific changes and
with Larrouturou’s “polite arrogance,” said
Jacques Fossey, general secretary of SNCS and
a member of the CNRS board. Fossey opposes
the reform on several points, including its “lack
of scientific coherence in the overdiversified”
math-physical sciences department and the
extra layer of complexity the DIRs will bring.

The changes at CNRS are part of a broad
government agenda to improve French sci-
ence, including a reform bill that has been
delayed for months in a standoff between the
government and researchers (Science, 11 Feb-
ruary, p. 829). Recently, government officials
made new promises in an attempt to break the
impasse. Education and Research Minister
François Fillon said 3000 scientific posts
would be created in 2007—in addition to
those pledged for 2006—in step with “imple-
mentation of the law,” or cooperation from the
labs. The final draft bill, Fillon has said, will be
out by 15 June. That pledge did not stop sev-
eral thousand scientists—who object to the
government’s reluctance to commit to spe-
cific jobs and cash figures—from marching
in protest last week.

–BARBARA CASASSUS

Barbara Casassus is a writer in Paris.

Cracks in the Monolith: CNRS Begins a Long-Awaited Reform
F R E N C H  S C I E N C E

New agenda. More change ahead, says CNRS
director Bernard Larrouturou.

N E W S O F T H E W E E K
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Can a scientific icon of the atomic age find
happiness with a bottom-line industrialist?
That’s a question the Department of Energy
(DOE) will soon have to grapple with: Last
week, the department announced a competi-
tion to manage Los Alamos National Labora-
tory, and industrial companies are expected
to be partners on the leading bids (see next
page). Many scientists are worried that the
wrong answer could tarnish the crown jewel
of the country’s nuclear weapons complex.

Perched atop several mesas in northern
New Mexico, Los Alamos has long been
known as a place where classified weapons
research coexists happily with academic tra-
ditions such as open publication and peer
review. That culture has been nurtured by the
University of California (UC), which has run
the lab since 1943 through a succession of
no-bid contracts. But after a series of security
and management scandals, Congress forced
DOE to hold an open competition for the
next 7-year contract to run the $2.2-billion-
a-year lab, which DOE has sweetened by
increasing the yearly fee from $9 million
to an incentives-laden $79 million. Some
of the rules under which UC has operated
have also been changed. But many lab sci-
entists are fearful that the new boss might
stifle the scientif ic enterprise in the
course of tightening oversight. 

The question of who should control the
science of atomic warfare dates back to the
lab’s origins. Civilian scientists prevailed
over the military’s attempt to manage nuclear
weapons research after World War II. Yet
DuPont and Dow Chemical were among
early corporate managers of various nuclear
industrial facilities—often for no fee. Since
1993, Lockheed has received mostly good
reviews for its management of neighboring
Sandia National Laboratories, which focuses
on nuclear engineering.

In contrast, UC’s stewardship of Los
Alamos has been increasingly rocky. The
university was widely criticized for its inves-
tigation into alleged espionage by computer
scientist Wen Ho Lee in the 1990s and for
various security breaches, both real and
imagined. In 2003, DOE announced that it
would put the lab up for bids after UC’s con-
tract expired on 30 September 2005.

Although UC has been coy about its inten-
tions, this week its Board of Regents was
expected to announce that it would join with
Bechtel in bidding for the contract.

Shoring up safety and security are central
to DOE’s stated rationale for opening up the
contract to competition. But officials say sci-
ence is also a priority. The National Nuclear
Security Administration (NNSA), which
oversees the labs, has announced that one-
third of each applicant’s score will be based
on “science,” including the ability to foster
“an environment of scientific skepticism and
peer review” and collaborative research.
“Good management is not the enemy of good
science,” says Tyler Przybylek, head of the
NNSA board that will evaluate proposals.
“There are things corporate managers do
very well.”

The current system isn’t perfect, scien-
tists concede. Many scientists say manage-
ment is “too bureaucratized,” says former

Los Alamos science policy adviser Anne
Fitzpatrick, now at the Federation of Ameri-
can Scientists in Washington, D.C. A defense
contractor, says Roy Schwitters, a physicist
at the University of Texas (UT), Austin,
“allows the physicists to think about
physics—not scheduling programs.” He says
the failed Superconducting Super Collider
lab in Waxahachie, Texas, which he directed,
suffered from “tensions” between its scien-
tific and industrial teams, although he feels
the arrangement generally worked.

The likely bidders certainly have hefty
technical management experience. Bechtel
National, an equal partner with UC, builds

and maintains nuclear power plants and mili-
tary installations. In addition to Sandia,
Lockheed Martin, which has teamed with
UT, runs the Knolls Atomic Power Labora-
tory in upstate New York, which conducts
research for the Navy. Northrop Grumman
manages the nation’s nuclear ballistic mis-
siles and studies radiological power for space
flight. Some, like White House science
adviser John Marburger, point to Sandia—as
well as Oak Ridge National Laboratory in
Tennessee—as proof that a nonacademic
contractor can deliver great science and
sound management.

But many scientists feel that the study of
nuclear weapons gives Los Alamos a unique
mission that could be degraded by a com-
pany concerned about its bottom line. Sigma
Xi director John Ahearne, who sits on an
unpaid UC advisory council, thinks handing
over control to a defense contractor is “just
too big a risk.” Says Philip Coyle, former

deputy to the director of
Lawrence Livermore National
Laboratory, which has an iden-
tical mission, “the design
weapons labs have to be honest
brokers about these weapons,
be clear about what they know
and don’t know, and not make
money on it.” The current
debate over the effectiveness of
the W-76 warhead, a military
mainstay, illustrates how that
system works, says Thomas
Meyer, former Los Alamos
associate director for strategic

research. “This is an example of people with-
out economic bias or interest sitting down
and looking at a crucial problem,” he says.

Experts point to several ways in which Los
Alamos’s culture is conducive to top research
despite the restrictions. A 2004 report by the
National Research Council (NRC) lauded its
“easy and open communication on unclassi-
fied [research],” plenty of postdocs and visit-
ing students, seminars, ample publishing, and
blunt critiques. That culture is foreign to indus-
try, says Timothy Thompson, former head of
design engineering at Los Alamos: “At an
aerospace company, you always feel like
you’re competing with the group next door.” C
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Defense contractors will play a larger role in the next contract to manage Los Alamos National Lab, which has
spent 62 years under academic reins

A Bidding War for Los Alamos

News Focus

http://www.sciencemag.org


Many Los Alamos scientists also worry
that a corporate boss, seeking to avoid contro-
versy, might interfere with the lab’s annual
review that leads to a letter assuring the pres-
ident of a “safe, secure, and reliable” nuclear
stockpile. Some complain that the current UC
bureaucracy already stifles dissent, but lab
chief science officer Thomas Bowles says an
emphasis on “academic integrity” allows
working scientists to raise concerns. Peer
review at the lab currently ranges from inter-
nal “red teams” that assess science programs
to regular review of laboratory-administered
grants. “It’s not the kind of practice industry is
used to doing,” says Meyer, who left the lab in
the wake of a laser accident last year.

The leeway to pursue basic science not
directly related to the lab’s national-security
mission is another aspect that some see as
imperiled. Basic work on proton radiogra-
phy, says Bowles, has led to a new way to
image weapons material. Former lab postdoc
Gavin Lawes, now at Wayne State University
in Detroit, Michigan, was impressed by the
freedom given scientists to pursue personal
interests. “In the morning they’ll do their
own research outside the fence, and in the
afternoon they go inside,” he says.

The way internal funds are distributed for
projects proposed by lab scientists is also at
risk, says Sidney Drell, a current Los Alamos
consultant and longtime DOE adviser. A
goals-driven industrial philosophy, he warns,
could result in a “too tightly programmed”
lab-directed research and development
(LDRD) account—a potential problem at a
number of DOE labs.

The account, which amounts to 6% of the
lab’s budget, also plays a key role in recruiting
and retaining staff, says the NRC panel,
because “it offers the possibility of following
their most promising ideas to fruition, even if
there is a high risk of failure.” The existence
of such funds could also stem what some
administrators fear will be a flood of retire-
ments if UC doesn’t win the bid. 

Not surprisingly, scientists on the teams
bidding for the contract take quite a different
view of industry’s ability to run the storied
laboratory. C. Paul Robinson has served as
director of Sandia under Lockheed manage-
ment since 1995 and would lead Los Alamos
were Lockheed to prevail. “We don’t let any-
body put Lockheed Martin’s interest in front
of the national interest,” he says. 

Robinson says curiosity-driven research
would thrive under his leadership, adding
that well-managed LDRD projects at San-
dia led to breakthroughs in bomb-disable-
ment techniques and mobile sensors. He
also cites the yearly “deans’ days” at Sandia

as a way to foster “strategic partnerships”
with universities.

Drell, a Stanford physicist, takes issue
with the proposed role of UT, which is part-
nering with Lockheed. Under the arrange-
ment, officials say, Lockheed will manage
the lab’s classified research, and UT would
provide peer review for some of the projects.
“That’s not a way to get the work done,” says
Drell, who fears that it will lead to barriers
between managers. Robinson disagrees, say-
ing that the lab will perform “as one entity.”

As for Northrop, officials say its aca-
demic partners, not yet announced, will
maintain peer-review traditions and the aca-
demic atmosphere. The company has
worked with NASA on sensors and cosmol-
ogy, and Northrop’s vice president for busi-
ness development for technical services, Al
Ferrari, says that good science is also good
business. “We want to be getting high-
performance marks, leading to money,
which is value for stockholders,” he says,

referring to goal-based awards NNSA has
built into the contract.

If UC were to win, officials say the uni-
versity will preserve what has worked well
and carve out an “equal” role for Bechtel.
Los Alamos currently has the sole U.S.
facility for building weapons components
called plutonium pits. A secondary UC
partner on the bid, BWXT, runs NNSA’s 
Y-12 nuclear manufacturing facility in Oak
Ridge, raising worries among some that
production capabilities would take priority
under a new contract with UC.

UT’s Schwitters, who is not connected to
the Lockheed bid, knows the importance of
a good public face for a scientific project.
He thinks better management could help the
lab with its yearly battles on Capitol Hill.
“You’ve failed [if you don’t] convince the
stockholders,” he says, referring to the ulti-
mate source of the lab’s funding. Soon,
however, Los Alamos may have a  set of real
investors to satisfy. –ELI KINTISCH
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Getting ready. Los Alamos scientists prepare
for a subcritical experiment last year at the
underground Nevada Test Site.

N E W S F O C U S

Meet the Bidders
UNIVERSITY OF C ALIFORNIA/BECHTEL
Minor partners: BWXTechnologies,Washington Group International
Team Leader: Michael Anastasio
Relevant Experience: Current manager of Los Alamos, Lawrence 
Livermore, and Lawrence Berkeley national laboratories
What They’re Saying: Sure, UC has a long track record. But does adding Bechtel erase con-
cerns about lab safety and management?

NORTHROP GRUMMAN INFORMATION TECHNOLOGY
Academic partners: Not yet named
Team Leader: Not yet named
Relevant Experience: Management of ICBM fleet, Newport News shipyard
What They’re Saying: Running want ads in The Washington Post suggests that Northrop
hasn’t played in this league. Are they up for the challenge?

LOCKHEED MARTIN
Minor partners: University of Texas
Team Leader: C. Paul Robinson
Relevant Experience: Current manager of Sandia National Laboratories
What They’re Saying: Lockheed gets high marks for Sandia, which conducts
weapons engineering. But what about nuclear physics and design?
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Despite a natural urge to poke things to see
what they’re like, planetary scientists usually
have to content themselves with merely watch-
ing the planetary bodies they study. Not this
Fourth of July. On American Independence
Day, controllers of the U.S. Deep Impact 
mission will smash a copper “bul-
let” nearly half a ton in mass into 
an icy, 14-kilometer-long comet
nucleus at 100 times the speed of a 
.22-caliber rifle bullet, just to see
what the inside is like.

“We don’t have a clue what’s
going to happen, to be honest,”
says Deep Impact principal
investigator Michael A’Hearn of
the University of Maryland, Col-
lege Park. The reason is a double
dose of mystery: Despite
decades of impact studies and
comet flybys, researchers still
know nothing at all about the
nature of a comet’s interior and
too little about the physics of
hypervelocity impact. For all
they know, Deep Impact might
blast out a classic impact crater,
vanish into the comet with nary a
trace, or, at the other extreme, reduce the
comet to rubble with a single blow. To max-
imize the new science from Deep Impact, as
well as the fun, team member Jay Melosh of
the University of Arizona, Tucson, is just
“hoping we will be baffled.”

The Deep Impact concept could have
been taken from piñata bashing: Hit it as
hard as you can to get the goodies out.
Twenty-four hours before arriving at Tempel 1,
the spacecraft will release the 1-meter-diam-
eter, 1-meter-high impactor on a collision
course with the comet. Fine-tuning its
course as it goes, the camera-equipped
impactor will collide with Tempel 1 at 
05:44 Universal Time on the Fourth at a clos-
ing speed of 36,720 kilometers per hour.
Meanwhile, for the best view of the impact,
the flyby spacecraft will dodge to pass safely
500 kilometers from the nucleus.

Team members are hoping Deep Impact
will give them a clear view of the stuff
comets—and planets—were made from.
Planets have altered their starting materials
beyond recognition, but comets preserve the
dust, organic matter, and ice that went into the

outer planets—and bombarded the nascent
Earth. Unfortunately for comet researchers,
sunlight vaporizes the ices on an active
comet’s surface and largely destroys the
chemical compounds that vaporization
releases, leaving comet researchers with a

“Humpty Dumpty” problem of putting it all
back together again. But if Deep Impact
exposes fresh, unaltered material in ejecta and
a broad crater, the flyby spacecraft’s spectro-
meter should return data on the composition
of primordial stuff. That knowledge, in turn,
should shed light on where and under what
conditions solar system ingredients f irst
came together.

The impact will also help explain how
comets formed and how they have evolved
under the sun’s glare. That information would
come in handy if a threatening comet had to be
nudged out of Earth’s path. Knowing the
impactor’s size, mass, and velocity—the rea-
soning goes—team members will be able to
infer the density, strength, and porosity of the
comet from the breadth and depth of the crater
and the behavior of the ejecta. The team is most
often quoted as expecting that Deep Impact
will blast out a conventional crater about 
100 meters wide and 25 meters to 30 meters
deep while throwing up sheets of pristine
comet debris, ideal for flyby observations.

Whatever the team is hoping for, no impact
expert on or off the team is confident that’s

what they’ll see on the Fourth. The prediction
of a broad, deep crater assumes—on the basis
of computer simulations and extrapolations
from lab experiments—that comet material is
so fragile that most of the impact’s energy will
go into lifting it out to form the crater. That may
be so, say impact specialists Kevin Housen of
The Boeing Company in Seattle, Washington,
and Keith Holsapple of the University of
Washington, Seattle. But they suspect comets
are strong enough that more energy will be
needed to break up the material, leaving less
for crater excavation. If so, says Housen, the
crater could be as small as 10 meters or 
20 meters across with far less ejecta. That’s less

than ideal for the flyby camera and
spectrometer, which will have a res-
olution ranging from 85 meters
down to 7 meters.

Things could get even worse. If
comets are highly porous and
compressible like Styrofoam, as
some models would have it, much
of the impactor’s energy could go
into compressing the material
ahead of it, with little or none of
the energy excavating anything.
(The same sort of cushioning
allows aerogel—the ultralow-
density “frozen smoke” flown on
the Stardust spacecraft—to snag
high-velocity dust particles with-
out vaporizing them.) Cratering
researcher and team member Peter
Schultz of Brown University in
Providence, Rhode Island, expects
to see such deep, craterless pene-

tration, but with a redeeming twist. At some
point inside the comet, the impactor would
disintegrate like a meteor detonating in the
atmosphere, says Schultz, shooting debris
back up the hole like a Roman candle and
blowing off plates of any rigid comet crust.

Melosh imagines another extreme 
scenario. “There’s a possibility the impact
could disintegrate the comet,” he says, “which
would be wonderful.” Comets tend to 
fall apart, he notes. In July 1994, comet 
Shoemaker-Levy 9 broke into 21 large pieces
when it passed too close to Jupiter. Comet
LINEAR broke into six pieces with no appar-
ent provocation shortly after its discovery in
1999. Melosh suspects that such breakups are
driven by the pressure of solar-heated gas
within a comet’s interior. Break through the
few meters or tens of meters of sun-baked
crust holding the pressure in, and the whole
comet might burst open like a pricked balloon.

With all the possibilities, only one thing
seems certain for the Fourth of July. Says
Housen: “Every time we look at an asteroid or
comet [close up], we’re always surprised.”

–RICHARD A. KERR

Comet Crackup Will Spur Science,
Whatever the Result
Almost anything could happen when Deep Impact smashes into comet Tempel 1, but
whether the impact is a boom or a bust, science should come out a winner

P lanetary  Sc ience

Splat. Deep Impact watches its impactor form a conventional crater—
enlarged for illustration—on 14-kilometer-long comet Tempel 1.
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The development of cancer drugs that stifle
tumor growth by blocking the formation of
the blood vessels they need seems to have
turned the corner. Early last year, the U.S.
Food and Drug Administration approved the
first cancer drug, an antibody called Avastin,
that is specifically designed to
prevent this tumor angiogenesis,
as the new blood vessel growth is
called. Avastin may soon have
company, if presentations last
week at the annual meeting of the
American Society of Clinical
Oncology (ASCO) in Orlando,
Florida, are any indication.

One advanced clinical trial
showed that a new antiangiogene-
sis drug called sorafenib signifi-
cantly slows metastatic kidney
cancer, and another drug, known as
Sutent, proved its mettle in treating
a digestive system cancer called
GIST (gastrointestinal stromal
tumor). In contrast to Avastin,
which must be injected because it’s
a protein, both of these drugs are
small molecules that can be taken
in pill form. Perhaps even more
important, the new drugs take aim
at multiple molecular targets, only
some of which are related to blood-
vessel growth. The results from this novel drug
class “mark the dawn of a new era in anti-
angiogenesis therapy,” says William Li,
director of the Angiogenesis Foundation in
Boston, Massachusetts.

Despite their chemical differences, Avastin
and the new drugs share a common purpose:
starving tumors of blood. Avastin is designed
to bind to and block the activity of an 
angiogenesis-promoting protein called vascu-
lar endothelial growth factor (VEGF).
Sorafenib, which is being developed by Bayer
Corp. and Onyx Pharmaceuticals, and Sutent,
under development by Pfizer Corp., also block
VEGF action, but in a different way. The recep-
tors through which VEGF works are so-called
tyrosine kinases, which add phosphate groups
to certain proteins. The new drugs block this
kinase activity, thus inhibiting receptor action.

In addition, they inhibit other tyrosine
kinase enzymes within cells. This means the
drugs may block tumor cell growth directly, as
well as by inhibiting angiogenesis. “These are

like Gattling guns; Avastin is like a sniper,” is
how Li puts it.

Sorafenib was originally identified on the
basis of its ability to inhibit a tyrosine kinase
called Raf, a member of a major cellular
growth control pathway—one that often 

contributes to the run-
away cell division of
cancer cells due to
mutations that cause 
it to be overactive. But
the drug also inhibits
additional tyrosine
kinases, including the
receptors for VEGF
and for platelet-
derived growth factor
(PDGF) and the prod-
ucts of the KIT and
FLT-3 oncogenes.

Sorafenib, which
was discovered 4 years
ago, moved quickly
through animal and
preliminary clinical
studies. By early
2004, investigators
had begun a large
phase III trial of the
drug’s effectiveness in
patients with metasta-

tic kidney cancer. This double-blind trial
included some 900 patients at multiple med-
ical centers who had not responded to previ-
ous therapy and who were given either
sorafenib or a placebo. 

At the ASCO meeting, Bernard Escudier
of the Institute Gustave Roussy in Villejuif,
France, reported that sorafenib “very signifi-
cantly” increased the length of time before
the treated patients’ cancers grew visibly,
from 3 months in the placebo group to 
6 months. “This was the best data we have
seen in kidney cancer with any drug so far,”
Escudier says. The improvement was so
striking that the review committee for the
trial unblinded the results early so that the
controls could also receive the drug.

Despite the drug’s targeting of multiple
tyrosine kinases, side effects, which included
rashes, hair loss, nausea, diarrhea, and high
blood pressure, were relatively mild. Still to be
determined, however, is whether the delayed
progression will translate into improved sur-

vival for the patients. But periodic imaging of
the tumor’s blood flow did suggest that at least
part of sorafenib’s effects were due to its ability
to block angiogenesis. “Tumor vascularization
was decreased” in patients who received the
drug, Escudier says.

Sutent, identified about 5 years ago by Julie
Cherrington, then at SUGEN Inc. in South San
Francisco, California, and her colleagues, is
also moving quickly through clinical testing.
(SUGEN has since been acquired by Pfizer.)
This drug also targets a broad set of tyrosine
kinases. The fact that it inhibits the protein pro-
duced by the KIT oncogene suggested that it
might be a good drug for treating GIST. “GIST
cells are totally addicted to that [KIT] signal”
for growth, says George Demetri of Harvard’s
Dana-Farber Cancer Institute in Boston, who
led the phase III clinical trial of Sutent for
GIST reported at the meeting. 

One proof of that came with the discovery
that this kind of tumor responds to the anti-
cancer drug Gleevec, which inhibits both KIT
and another kinase that drives a leukemia
called CML. The current trial included more
than 300 GIST patients for whom Gleevec no
longer worked. Again the results were so strik-
ing that the trial was unblinded early so that the
controls could receive treatment.

Sutent delayed the time of tumor progres-
sion on average from 1.5 to 6.3 months and
also significantly reduced the death rate, even
at this early stage of analysis. And like
sorafenib, Sutent may be effective against kid-
ney tumors. Robert Motzer of Memorial
Sloan-Kettering Cancer Center in New York
City described the results of two smaller stud-
ies, including 169 patients with metastatic kid-
ney cancer. Roughly two-thirds of the patients
responded to the drug with either tumor
shrinkage or delayed progression. 

In addition, Kathy Miller of Indiana Uni-
versity, Indianapolis, reported that in a small
phase II trial, about 14% of breast cancer
patients who failed previous chemotherapy
treatments responded to Sutent. “It doesn’t
sound like much, but in this group of heavily
pretreated patients, this is very good,” she says.

Not all the large studies of second-
generation antiangiogenesis drugs reported at
ASCO produced clear results, however. The
drug known as PTK/ZK, which is being
developed by Novartis and Schering, targets
most of the same tyrosine kinases as
sorafenib and Sutent. Although it did produce
a 12% increase in progression-free survival in
a trial including nearly 1200 patients with
metastatic colon cancer, that improvement
did not attain statistical significance. 

As for Avastin, the f irst-generation
angiogenesis inhibitor continues to show
promise. Although it is currently approved
only for treating colon cancer, results pre-

Encouraging Results for Second-
Generation Antiangiogenesis Drugs 
The strategy of denying growing tumors a blood supply continues to show clinical
promise as new and improved drugs move through the pipeline

Cancer

Slow flow. Blood flow to a kidney
tumor (top, green) is reduced (bot-
tom) by an angiogenesis inhibitor.

http://www.sciencemag.org


sented at the ASCO
meeting show that when
given with more conven-
tional chemotherapeutic
drugs, Avastin can work
on other cancers as well.
In an earlier trial on
patients with advanced
breast cancer, Avastin
combined with chemo-
therapy did not produce a
statistically significant
improvement over the
results of chemotherapy
alone. But at the meet-
ing, Indiana’s Miller, who also led the earlier
study, reported on a new phase III trial in
which Avastin was combined with the
chemotherapy drug paclitaxel.This time, the
news was good. Patients who got both drugs
experienced significant increases in pro-
gression-free survival and overall survival
compared to those on paclitaxel alone.

Avastin may have worked better this time,
Miller says, because those in the current trial
had not previously been treated with
chemotherapy and thus their cancers may have
been less advanced than those in the earlier
trial, who had all undergone—and failed—
several rounds of chemotherapy. Genentech,
the company that makes Avastin, got other

good news at the ASCO meeting. In another
phase III trial, described by Alan Sandler of
Vanderbilt University School of Medicine in
Nashville,Tennessee, the addition of Avastin to
a chemotherapy regimen slowed tumor pro-
gression in patients with one form of nonsmall
cell lung cancer.

Although second-generation antiangio-
genesis drugs such as sorafenib and Sutent,
unlike Avastin, have shown promise when
given alone, researchers are also beginning to
test the drugs in combination with other thera-
pies.The idea, they say, is to mix drugs that hit
different aspects of the pathological changes
that drive tumor growth. An antiangiogenesis
drug might be combined, for example, with a
drug that blocks the cell growth–stimulating
activity of epidermal growth factor. “We’re
getting smarter,” Demetri says. “We’re going
to be able to profile the tumor and pick and
choose [anticancer] drugs just like we
pick and choose antibiotics for treating life-
threatening infections.” –JEAN MARX
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On crisp winter nights, the stars of Orion, the
Hunter, rule the Northern Hemisphere’s sky.
But deep within the Orion Nebula, the constel-
lation’s famous stellar nursery, conditions are
anything but chilly. Fierce and persistent flares
from baby stars pierce the nebula with x-rays,
according to unprecedented studies released
this month.The spasms light up the cloud “like
an x-ray Christmas tree flashing on and off,”
says astronomer Eric Feigelson of Pennsylva-
nia State University, University Park.

The pyrotechnics were revealed by the
Chandra Orion Ultradeep Project (COUP),
in which NASA’s Chandra X-ray Observa-
tory stared at the nebula for nearly 2 weeks in
January 2003. The penetrating scan captured
the early lives of more than 1400 young stars,
ranging from titans to dwarfs. The results
turn back the clock to the infancy of our own
sun, which may have formed in a similar
nursery 4.6 billion years ago among siblings
that have long since dispersed.

COUP’s international team of 37 scien-
tists, led by Feigelson, found that the erup-
tions unleashed by Orion’s stars are thou-
sands of times stronger than the worst our
sun can dole out today. The biggest flares
probably extend out far enough to strike the
disks of gas and dust around the young stars
from which planets may form. No one
knows the impacts of such giant magnetic
short-circuits. But in one intriguing sce-
nario, they churn circumstellar disks
enough to keep newborn planets from spi-
raling into their suns.

If that happened in our solar system’s
youth, it would be an ironic twist on our
conception of x-ray flares as dangerous,
Feigelson says: “They may have protected
Earth from early destruction.”

This statement became the catch phrase
of a NASA briefing for reporters on 10 May,
even though it stretches current theory,
Feigelson readily admits. But for the first
time, he says, the 13 papers* from COUP
give theorists the data they need to under-
stand the full range of high-energy tantrums
from the youngest stars.

The perfect target
The Orion Nebula is ideal to study so many
stars in one fell swoop, says astrophysicist
Fabio Favata of the European Space
Agency’s R&D center ESTEC in Noord-
wijk, the Netherlands. “If you were to
design a nebula from scratch as a target for

Turbulent Orion Nebula Shows
A Flare for the Dramatic
A deep x-ray scan of a crowded star-forming cloud suggests that our solar system’s
youth was far from serene

Astronomy

Magnetic turmoil. Giant flares may spark turbulence in disks around newborn stars.C
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Quick reaction. A gastrointestinal tumor (left, dark areas) rapidly
shrinks (right) after 1 week of treatment with the drug Sutent.
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* To appear in Astrophysical Journal Supplement
Series, available at www.astro.psu.edu/coup
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Chandra, Orion is the perfect one,” he says.
At its distance of about 1500 light-years, the
grand nebula f its nicely onto Chandra’s
electronic detectors. The telescope’s sharp
vision resolves individual stars and picks up
enough x-rays to peer into the cloud’s deep-
est recesses, Favata notes.

Indeed, the feeblest COUP sources reveal
about 70 brand-new protostars that even the
largest near-infrared telescopes on the
ground can’t see. Those objects—detected
by as few as five x-ray photons—are valu-
able probes of the nebula’s structure, says
optical astronomer C. Robert O’Dell of Van-
derbilt University in Nashville, Tennessee.
“Going to x-rays gives you the advantage of
looking into highly obscured regions and
seeing just how much atomic material is
along the line of sight,” he says.

Orion’s nursery, consisting of molecular
hydrogen and heavier elements, is far larger
than the glowing nebula. We see the nebula
as a “thin blister of ionized gas,” O’Dell
says, its atoms stripped of electrons by ultra-
violet radiation from a handful of hot stars
born in the past 100,000 to 1 million years.
In the most active knot, called the Trapezium
cluster, stars jam together 20,000 times
more densely than in our part of the galaxy,
and their radiation blasts the entire nebula.
The brightest star, 45 times as massive as our
sun, sears the center of Chandra’s image
with diffracted and scattered x-rays.

To see both the dazzling beacons and
the barely perceptible blips, COUP
researchers took pains to point the tele-
scope in precisely the same direction and
orientation during six exposures. About 
15 hours of down time truncated each
exposure as the satellite passed through
Earth’s radiation belts. With the exact aim,
x-rays from each source always hit the
same spot on the detector. During analysis,
a team led by Penn State astronomer Kon-
stantin Getman adjusted for the glare of
bright objects by extracting data from the
edges of their x-ray imprints rather than
the overexposed centers.

The study’s length sets it apart from pre-
vious examinations of star-birth regions,
including two 12-hour Chandra observations
of Orion in 1999 and 2000. The COUP team
caught hundreds of flares that lasted from
hours to several days. The longer events—
many captured from start to finish—show
young stars at their most extreme. “This was
a whole category of energy release and
physics that we just couldn’t study before,”
says astronomer Scott Wolk of the Harvard-
Smithsonian Center for Astrophysics in
Cambridge, Massachusetts.

Flares by the millions
Wolk led the analysis for 27 stars in Orion
with nearly the same mass as our sun. Chan-

dra saw 41 x-ray flares from these objects,
some lasting as long as 2.5 days. The rate
suggests that young sunlike stars emit pow-
erful flares once a week on average, Wolk
says. Each one spews as much energy as
thousands of today’s solar flares.

If a typical disk of dust and gas around a
star lasts for millions of years, it will experi-
ence hundreds of millions of flares, Wolk
notes: “That’s enough to really cook the
disk in several different ways.” For instance,
such repeated doses of fierce x-rays in our
young solar system arguably produced the
melted mineral inclusions, called chon-
drules, that pepper the insides of meteorites.
Astrophysicist Frank Shu, now president of
National Tsing Hua University in Hsinchu,
Taiwan, and others first proposed that idea
in Science (15 March 1996, p. 1545) to
explain the origins of chondrules.

To test the hypothesis, COUP scientists
tried to gauge how the biggest Orion flares
might affect circumstellar disks, which the
Hubble Space Telescope sees scattered
throughout the nebula. In particular, the
astronomers looked for signs that giant

magnetized loops of hot plasma stretch
from young stars to their disks. A team led
by Favata modeled the sizes of the outbursts
based on their duration and their blazing
temperatures, perhaps exceeding 200 mil-
lion degrees Celsius. Small flares quickly
dwindle, but others linger for days. For such
hot flares to remain stable above a rapidly
spinning star for so long, they must cascade
along magnetic loops 5 to 10 times larger
than the stars and physically connect to
disks, the group deduced. By comparison,
our sun’s biggest storms spit out magnetic
loops just 1/3 to 1/2 of the sun’s size.

Another COUP study reports tantalizing
hints of burn marks in the disks. Penn State
astronomer Masahiro Tsujimoto and his
colleagues saw traces of iron atoms fluo-
rescing at a key wavelength. Such a glow is
normally seen when x-rays irradiate disks
that whirl around neutron stars and black
holes. The team argues that x-rays from
Orion’s stars torch the surrounding disks in
the same way, ionizing some of the gas.

What happens next is anyone’s guess.
Theoretical work by astrophysicists Steven
Balbus and John Hawley of the University
of Virginia, Charlottesville, maintains that
ionizing a magnetized circumstellar disk
makes the gas unstable and turbulent, like
disrupting a smooth whirlpool by boiling
the water. If planets are coalescing within
the disks, turbulence sparked by x-ray
flares might jostle their orbits. That, in turn,
might prevent gravitational drag forces
from pulling the planets ever inward toward
their hungry parent stars.

“Turbulence may play a role in the archi-
tecture of planetary systems,” says
astronomer Joan Najita of the National Opti-
cal Astronomy Observatory in Tucson, Ari-
zona. “Planetary cores can scatter off lumpy
turbulent fluctuations, somewhat like boats
tossed about by waves in a storm.”

Might x-ray flares from our sun have
saved Earth from fiery doom in this way?
Feigelson thinks this “planetary protection”
picture, in a phrase coined by NASA, needs
a better theoretical anchor before anyone
hops aboard that boat. “The story is not nec-
essarily persuasive because of the complex-
ities of planet formation, but it’s very tempt-
ing,” he says. “COUP gives us much more
confidence that our young sun was very
magnetically active. I am not as confident
about the other steps in the argument.”

As theorists ponder the influences of
hyperactive young stars, they will draw upon
COUP for years, Wolk believes. No proposed
x-ray study will scrutinize so many objects in
a stellar nursery at this level of detail—even
with a new generation of space telescopes.
“For the next quarter-century, this is it,” Wolk
says. “The data set is that good and that rich.”

–ROBERT IRION C
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Two views. Baby stars in Orion sparkle in both 
x-rays (top) and near-infrared light (inset, bottom).
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MOUNT GILBOA, ISRAEL—Every March,
tourists clog the narrow road snaking up this
mountain to enjoy the spectacular blooming
of the purple Gilboa iris. But this year the
rare flower, a national icon unique to the
ridge, has also become a major bone of con-
tention between settlers of a proposed eco-
friendly town and Israeli scientists who call
the settlement “an ecological
crime.” The f ight is part of a
larger battle over preserving
open spaces in a country where
environmental concerns often
take a back seat to an Israeli
imperative to build on the
ancient land.

The new settlement, called
Michal, would sit atop the
Gilboa ridge in northeastern
Israel, just east of the West Bank.
Two years ago, Israel’s Nature
and Parks Authority approved a
plan to build 120 housing units
on 0.15 square kilometers after
the regional government agreed
to set aside 63 sq. km., including
the eastern slope of the ridge, as
a permanent nature preserve.
“Nature gets a lot,” said an
authority spokesperson. Settlers
say they want to implement
ambitious plans for energy-effi-
cient homes, recycling, and the use of native
plants. “We want to live with nature,” says
software engineer Aviv Harary, a commu-
nity leader who notes that each iris in the
path of the new settlement will be trans-
planted before construction begins.

But a coalition of Israeli scientists has
f iled an off icial objection to the settle-
ment, arguing that any construction, how-
ever benign, risks “total extinction” of the
iris. They hope to influence the delibera-
tions of Israel’s national planning council,
the last in a series of bureaucratic hurdles
that must be cleared before construction
can begin. The scientists are joined by the
Society for Protection of Nature in Israel,
which uses the iris in its logo and says the
flower is one part of a distinctive blend of
desert, steppe, and Mediterranean condi-
tions on the mountain.

Encouraged to come to the area by a
regional government seeking new residents,

the settlers chose this site because they were
attracted by the region’s beauty. They hope
that Michal—through its domestic use 
of rainwater, buildings faced with recycled
materials, and south-facing structures—will
serve as a model for ecological living in Israel.

Despite the green engineering of its
buildings, opponents fear that the settle-
ment will damage the local ecology.

B e c a u s e
the Gilboa,
unlike most
irises, can-

not self-pollinate, the settlement will reduce
crucial genetic diversity by isolating clus-
ters of irises to the north and south, worries
plant ecologist Yuval Sapir of Indiana Uni-
versity, Bloomington. In a letter leaked to
the Israeli paper Ha’aretz last year, Nature
and Parks Authority board science commit-
tee chair Tamar Dayan attacked the plans,

saying that the light, pets, gardens, and util-
ities from the settlement could affect an area
on the mountain 10 times larger than its
footprint of homes. For example, the
flower’s pollinating insects might be forced
to compete with other insects introduced by
imported gardens and agriculture, says
Michael Avishai, scientific director of the
Jerusalem Botanical Gardens.

Michal planner Chaim Shenhar replies
that residents plan to protect the irises in
their midst and that the settlement’s foot-
print was even modified to avoid affecting
areas of higher density. He also says that
homeowners plan to cultivate local plants.

Scientists are also unhappy with the
arrangement to set aside land along the
slopes of the mountain. They note that few
irises grow in the protected areas. From an
ecological perspective, says Tel Aviv 
University ecologist Yoram Yom-Tov,
“[t]he top of the Gilboa is more important

than the slopes.” The leaked
Dayan document asserted that
the deal, approved by the author-
ity’s politically appointed board,
was made “without scientif ic 
or professional backing.” In
response, the authority says it
followed its normal practice on
consultations.

The proliferation of the irises
along the streets and lawns of the
nearby kibbutz Ma’ale Gilboa
shows that humans and flowers
can co-exist, says Dani Kamari,
deputy head of the Bet She’an
regional council, which wel-
comes the new settlement as a
way to make existing education,
health care, and garbage services
more cost-efficient. “Some scien-
tist sitting in Tel Aviv doesn’t
understand how people here
live,” he adds. Kamari acknowl-
edges that the kibbutz, an Ortho-
dox community, and two other
nearby towns could use addi-
tional residents. But he notes that
the Michal group prefers to live
in its own, secular town.

Opponents are asking promi-
nent lawmakers to pressure the
planning council, which is now

reviewing comments before making a final
decision. Likud legislator Omri Sharon,
son of the prime minister, has already sig-
naled his support. But in a country where
development is a national priority, oppo-
nents of Michal fear the traffic on Mount
Gilboa will soon be getting worse—and
that the Gilboa iris will pay the price.

–ELI KINTISCH

Israeli Controversy Blossoms
Over Protecting Gilboa Iris
A proposed eco-friendly settlement on Mount Gilboa has enraged Israeli scientists, who
say it will trample on a beloved national icon

Ecology

Flower power. Environmentalists want Israeli government to
pay more heed to the Gilboa iris.
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Swaddling a Glacier
Ski resorts near glaciers are sweating over
global warming, as shrinkage of these rivers
of ice threatens the operators’ pocketbooks.

The latest stopgap measure is worthy of
the artist Christo: In the Swiss Alps, an 
operator of a cable car that ferries skiers up
to the Gurschen glacier has covered 3000
square meters of the glacier with a huge
sheet of fleecelike material.The glacier’s
melting top end has sunk about 20 meters

over the last 15 years, and so each year the
resort has had to build a ramp of snow to it
from the cable-car stop.The $25,000 blanket
would reflect sunlight to keep the ramp
from melting each summer and preserve
the patch of glacier underneath.

Glaciologist Wilfried Haeberli of the Uni-
versity of Zurich says that although glaciers

have been melting for the past century,
they usually erode at the bottom. But now,
as temperatures rise and snow lines climb,
tops of glaciers are melting too. Losing ski
runs is not the only problem:With perma-
frost melting under cable-car stations,
resort owners are injecting concrete into
the ground to shore up the foundations.
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Boardwalk? No,
Wellcome Trust
A new game promises to be a big hit in the world’s genomics
laboratories. A play on Monopoly, HapMapopoly replaces real
estate with sequencing centers and railroads with journals. (Science
stands in for Pennsylvania Railroad.)

Inspired by the haplotype mapping project that is cataloging
human genetic variation, the game calls for players to collect and
sequence the DNA necessary to finish building the HapMap as they
travel around the board. Grants are awarded as players pass Go, and
sequencing centers and granting agencies are up for sale. At
$400,000,The Wellcome Trust,which supports large-scale sequencing
in the United Kingdom, is a prime location: Rent there is $50,000 a
visit. Poor data,dead laptop batteries, and contaminated experiments
dictated by “Chance” cards lead to lost turns and fines.

HapMapopoly was created by Morris Foster, a medical anthropol-
ogist at the University of Oklahoma, Norman, and introduced this
month at a genome meeting at Cold Spring Harbor Laboratory in
New York.Thomas Hudson of McGill University in Montreal and other
attendees spent an evening at a local bar chuckling as they read the
game cards.“I am planning to play it with my kids,” says Hudson.

A 2500-year-old leather
shoe has been discovered at
a gravel quarry at Burles-
combe, some 40 km north-
east of Exeter in England. Its
recovery is “unique,” says
Stephen Reed, project leader
at Exeter Archaeology, the
team leading the research.
He believes the find to be
“the first recognizable leather
artifact—rather than scraps
of leather—from this period
in the U.K.”

The artifact measures 
30 cm,marking the likely owner as male.The stitches and lace holes are still visible. The shoe
was found in a hollowed-out tree trunk that formed the entrance to a well above a spring.
It was discovered when the trunk was sent for examination to the Wiltshire Conservation
Centre laboratory in Salisbury.The shoe was well preserved by the anaerobic conditions in
the trunk, says Reed. Scientists at the center hope to discover the origin of the leather,
whether it had been tanned for preservation, and the shoe’s shape and style.

Reed compares footwear through the ages.

Iron Age Shoe

http://www.sciencemag.org


One-size-does-not-fit-all.

Especially not in medicines.
Individuals can have very different responses to
the same medicine based on both genetic and
environmental factors. Now, personalizing
medicine based on a patient’s unique genetic
characteristics is possible.

By analyzing millions of unique genetic variations 
in thousands of patients, Perlegen finds the genetic
differences that are associated with efficacy and side
effects. We can predict how people will respond to 
a given medicine, so physicians and pharmaceutical
companies can make sure the right medicines get to
the right patients.

Providing a better therapeutic fit results in increasing
market share, getting drugs from development to
market faster, and even moving second line therapies
to first line choices – all while making sure patients
feel a little less exposed. 

To learn more, contact: 
Partnerships41@perlegen.com
www.perlegen.com 
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Jabbing the old guard. Richard
Horton, the prickly editor of The
Lancet, showed again last week
that he enjoys a good fight—

even if he has
to start it 
himself. In the
21 May issue 
of the journal,
he delivers a
scorching edi-
torial attack 
on the Royal
Society (RS) 

of London, the world’s oldest
scientific club. Beginning with
the question,“What is the Royal
Society for?,” Horton writes
that it has become “a lazy insti-
tution, resting on its historical
laurels” and “little more than a
shrill and superficial cheerleader
for British science.”As far as
medicine is concerned, he adds,
its “marbled cupboards are
largely bare.” He recommends 
a housecleaning.

The riposte came quickly in a
statement released by RS Exec-
utive Secretary Stephen Cox. It
decries the “personal campaign
that Richard Horton … has been
conducting against the Royal

Society.”The editorial is “wholly
inaccurate,” says Cox, who 
cites other examples of 
Horton’s errors including 
“the recent embarrassment … 
in which [The Lancet] had to
publish a partial retraction” of 
a paper that linked childhood
vaccination with autism.The
contretemps is unlikely to end
with this exchange.

Stellar mentors. A blind grad-
uate student taught computer
scientist Richard Ladner that
the intensely graphical con-
tent of science and engineer-

ing was completely inaccessi-
ble to the blind. So Ladner, a
professor at the University of
Washington, Seattle, launched
a project to automate the
conversion of two-dimensional
graphics into embossed
images comprehensible by
touch.The research is part of a
broader effort by Ladner to
help students with disabilities
pursue graduate studies.

Last week, that effort
earned him a 2004 Presidential
Award for Excellence in Science,
Mathematics, and Engineering
Mentoring. Eight other aca-
demics received the $10,000
prize: Lenore Blum of Carnegie

Mellon University; Barbara
Burke of California State Poly-
technic University; Charlena
Grimes of Washington State
University; Jeffrey Russell of the
University of Wisconsin; Herb
Schroeder of the University of
Alaska; John Warner of the 
University of Massachusetts;
Steven Watkins of Louisiana
State University and A&M 
College; and Elizabeth Yanik of
Emporia State University in
Kansas. Five institutions also
were honored at the Washing-
ton, D.C., ceremony.
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Learning curve.After more than 20 victories on the U.S. professional
golf tour, including the 2004 Master’s Tournament, Phil Mickelson is
swinging for a new target: getting children excited about math
and science.

Mickelson and his wife Amy have teamed up with ExxonMobil to
train elementary school teachers in math and science instruction. In
July,the Mickelson ExxonMobil Teachers Academy will enroll 200 teachers
from across the country for a 5-day workshop on innovative teaching
methods aimed at creating a sense of inquiry and problem-solving ability
in students. The program, to be held at an ExxonMobil site in Fairfax,
Virginia, may become an annual feature depending on its success this
year. For more information, see www.exxonmobil.com/corporate/
Sponsorships/sponsor_home.asp.

Simulated step. Hall Train may have dropped out of high school, but the 48-year-old Canadian inventor is applying his artistic and
mechanical talents to help paleontologists explain and conduct their research.

Train has built numerous models of dinosaurs, from a cable-controlled Tyrannosaurus rex head used in TV documentaries to a massive,
8-meter-long robotic Triceratops at Universal Studios
Theme Park in Orlando,Florida.Earlier this month,the
latest of Train’s creations—one he describes as his
“masterpiece”—debuted in New York City at the
American Museum of Natural History.The museum’s
new dinosaur exhibit features his 2-meter model of a
T.rexskeleton that walks in place.Train spent 6 months
in his Toronto studio building the mechanism; the
little toes alone required 50 moving parts each.

The model’s eerily realistic walk is “a powerful
tool for explaining locomotion,”says John Hutchinson,
a paleontologist at the Royal Veterinary College in
North Mymms, U.K. Hutchinson suspects that the
model may even reveal some new aspects of how
joints function.Train is currently helping researchers
at Stanford build a remote-controlled pterosaur
that can fly.

N O N P R O F I T  W O R L D
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You can learn more about the venue and find directions at
www.nhm.ac.uk/museum/earthgalleries

All are welcome to attend but we require that you RSVP.
To RSVP or for further information,
please email: 125th@science-int.co.uk.

More information can be found on our website at
promo.aaas.org/kn_marketing/125anniversary.shtml

Q: Guess who’s turning 125?

A: Join us to celebrate
125 years of Science!

You are invited to join the editors
and staff of Science to celebrate this
occasion at a cocktail reception at
the Natural History Museum in
London on Thursday 14 July 2005.

Drinks and canapés will be served.

Guests of honor will include
Dr. Donald Kennedy
Editor-in-Chief of Science Magazine.
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The Future of Farming
and Conservation

THE RESEARCH ARTICLE BY R. E. GREEN ET AL.
“Farming and the fate of wild nature” (28
Jan., p. 550) adds to the already burgeoning
literature on agroecosystems and conserva-
tion. The authors are to be commended for
their attempt to develop a model that could
be of use in decision-making about agricul-
tural development and wildlife conserva-
tion. Unfortunately, this work contains
some critical errors, conceptual flaws, and
missing literature that invalidate its conclu-
sions. We list here a few such problems. 

1) The assertion is made that existing
agroenvironment schemes depend on farm-
ers receiving large amounts of financial com-
pensation from the government. Although a
popular vision in Europe, this is not true
throughout the world. A growing number of
wildlife-friendly schemes rely on premium
prices paid by consumers for environmental
services (e.g., organic certification or the
Smithsonian Bird Friendly Certification for
coffee). This also brings up an issue of which
the authors seem unaware, the hidden costs of
conventional intensive agriculture, which
have been widely exposed and documented
over the past 20 years (1–5).

2) Given the extensive literature on the
effects of pesticides and fertilizers on non-
target organisms and wildlife outside farm-
ing areas (6–8), ignoring this in the con-
struction of the model is not justified and
could be very misleading to policy-makers. 

3) The unwarranted assumption is made
that wildlife-friendly agriculture (which
includes a wide variety of practices and
techniques) reduces yield. However, there is
accumulating evidence that organic farming
can produce as much, if not more in some
cases, as conventional agriculture (9, 10).

4) Most conservation biologists have
gone beyond the simplistic idea that there is
“wild habitat” and “agricultural land.”
Most land is subjected to some sort of
human interference, and the goal for con-
servation is to preserve as much biodiver-
sity as possible in landscapes that include
mosaics of different types of land use. 

5) Almost all landscapes are currently
fragmented, with patches of more or less
native vegetation interspersed among a matrix
of different land-use systems, including agri-
culture. Metapopulation and metacommunity
structures are likely to exist among those
patches (11–13) and organisms need to
migrate from patch to patch to maintain these
structures. If the so-called high-productivity

agriculture includes monoculture and/or the
use of biocides, this may result in the death of
many organisms attempting that interpatch
migration, which is necessary to avoid what
almost all agree will be
the inevitable extinc-
tions from the patches
that, on their own, are
almost certainly too
small to sustain most
populations.

6) Green et al.’s
assumptions about
food needs and how to
meet them are largely
political. Not all
experts agree on how
future food needs
should be met—many
focus on equity and
food security rather
than production. 

Although the issue
of agriculture and biodiversity preservation
is certainly an important one, Green et al.
present an analysis that is misleading to
those not familiar with recent literature. 

JOHN VANDERMEER1,2 AND IVETTE PERFECTO2

1Department of Ecology and Evolutionary Biology,
2School of Natural Resources and Environment,
University of Michigan, Ann Arbor, MI 48109, USA.
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Response
VANDERMEER AND PERFECTO RAISE SEVERAL
points that require clarification. They assert
that we assume that wildlife-friendly farm-
ing is always associated with yield penalties.
We explicitly say the opposite. We state in
our section describing wildlife-friendly
farming that it is clearly beneficial if it does
not involve yield penalties. We also explore a
very wide range of shapes of species-spe-
cific density-yield functions in our model,

including ones in which density increases or
remains constant with respect to yield, at
least over some interval. Our paper is an
argument for the need to know, for a wide

range of organisms and farming
systems, what the relationships
between species density, farming
methods, and yield actually are.
Vandermeer and Perfecto imply
that the answers are already
known and that, for many farm-
ing systems, species densities and
province-wide species persist-
ence are neutral to increases in
yield. However, the literature they
cite does not provide the quantita-
tive evidence required to establish
this, and the widespread need for
agri-environment payments and
price premiums suggests that
yield penalties are instead 
commonplace. Moreover, price
premiums can only be levied on

produce that is sold to wealthy consumers, so
they are not applicable to the rising produc-
tivity needed to meet food demand from
poorer nations.

Vandermeer and Perfecto are concerned
that we concentrate on food production
rather than distribution. Hunger is undeni-
ably linked to equity of access, but given
that food demand is likely to at least double
by 2050, it is essential to consider how pro-
duction can be increased.

Vandermeer and Perfecto raise important
points about our model not addressing the
external effects of intensive farming on
wildlife in nonfarmed areas, and its move-
ment between habitat patches. We agree that
these are serious limitations, and we raised
them at some length in our paper as needing
further research. However, as we pointed
out, both high-yielding and low-yielding
agriculture can have negative effects on bio-
diversity in nonfarmed land, and those
effects associated with low-yielding agricul-
ture, while they may be lower per unit area of
farmed land, can have a severe effect if they
require farming of a larger area. We are pro-
ducing an extended version of our model,
which incorporates negative externalities
and effects of habitat fragmentation, and
hope that this will suggest practical ways of
better quantifying the relevant effects.

In sum, we maintain that the key to iden-
tifying how best to reconcile food produc-
tion and biodiversity conservation is through
explicit models guiding systematic data col-
lection, rather than by qualitative inference.

RHYS E. GREEN,1,2* STEPHEN J. CORNELL,1,3

JÖRN P.W. SCHARLEMANN,1,2 ANDREW BALMFORD1,4
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A woman prepares the ground
for planting in Mozambique.
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Fossil Horses
and Rate of Evolution

IN HIS DISCUSSION OF THE EVOLUTION OF
fossil horse teeth (“Fossil horses—evidence
for evolution,” Perspectives, 18 Mar., p.
1728), B. J. MacFadden does not mention
the interesting suggestion of J. B. S.
Haldane (1) that these fossil data could be
used for measuring the unit of evolutionary
rate, for example, a darwin, for an increase
or decrease of size by a factor of e per mil-
lion years, or an increase or decrease of
1/1000 per 1000 years. The horse rates
would range around 40 millidarwins.
Haldane wrote that the unit for the character
may be a unit increase in the natural loga-
rithm of a variate, or alternatively one stan-

dard deviation of the character in a popula-
tion at a given horizon.

KRISHNA R. DRONAMRAJU

Foundation for Genetic Research, Post Office Box
27701-0, Houston, TX 77227, USA. E-mail: kdron-
amraj@aol.com
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Response
DRONAMRAJU CORRECTLY POINTS OUT THAT
quantitative rates of morphological evolution
have been calculated from the fossil record.
Haldane (1) originally proposed the “darwin”
(d) to compare morphological rates of evolu-
tion in dinosaurs, fossil horses, and fossil
humans. Since Haldane’s time, over a half-
century ago, more key fossils have been found
and the precision of geological dating has
vastly improved. Gingerich (2) analyzed rates
of morphological change in many fossil
groups ranging from invertebrates to mam-
mals. He found relatively high rates (>1 d)
within adaptive radiations of some primitive
mammals. Using tooth measurements in
ancestral-descendant pairs of fossil horses
from North America, I (3) found that morpho-
logical rates of evolution vary widely in differ-

ent variates; for example, tooth crown height
evolves more rapidly (~0.1 d) than tooth
length (~0.03 d) in some extinct grazing
horses, an example of mosaic evolution (4).
With some important caveats (2), Haldane’s
method is an effective way to compare mor-
phological rates evidenced from the fossil
record, including the Family Equidae.

BRUCE J. MACFADDEN

Florida Museum of Natural History, University 
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HIV and Smallpox
IN THEIR PERSPECTIVE “HIV: EXPERIENCING
the pressures of modern life,” D. Nolan et
al. depict the complex interaction of this
pathogen with us humans as its host (4 Mar.,
p. 1422). The authors conclude that HIV is
highly adaptable. As an example of a less
adaptable organism, they mention vaccinia
virus as the cause of smallpox. Although
under certain conditions, vaccinia virus
infection may cause lesions similar to those
of smallpox in humans (1), smallpox in
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humans was caused by variola virus, which
was eradicated in the late 1970s (2).

ROB A. GRUTERS AND ALBERT D. M. E. OSTERHAUS
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Response
GRUTERS AND OSTERHAUS ARE CORRECT IN
pointing out that the virus responsible for
smallpox was variola. Vaccinia is a relatively
nonpathogenic virus that has served as the
basis for smallpox vaccination since Jenner’s
first fortuitous discovery. Knowledge of the
diversity and adaptability of naturally occur-
ring variola virus is limited, with only two of
the 200 variola proteins characterized (1),
although it is presumed that the high degree of
homology between these related poxviruses—
as well as their lack of diversity—have con-
tributed to the success of this global vaccina-
tion strategy. The variola virus may also be rel-
evant to the genetics of the chemokine receptor
5 (CCR5)-HIV interaction (2), as variola
encodes a high-affinity secreted chemokine-
binding protein that binds CC-chemokine

receptors (1). This virus, now extinct in its nat-
ural form, may have been responsible for
enriching (3, 4) or maintaining (5) the
CCR5∆32 mutation within Northern
European populations, thus providing their
descendants more than a thousand years later
with relative protection against HIV infection
and disease progression (2, 6).

DAVID NOLAN, IAN JAMES, SIMON MALLAL

Centre for Clinical Immunology and Biomedical
Statistics, Murdoch University, Perth, Western
Australia 6000,Australia.
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How Similar
Are Poxviruses? 

IN HIS ARTICLE “UNNOTICED AMENDMENT
bans synthesis of smallpox virus” (News of
the Week, 11 Mar., p. 1540), M. Enserink
refers to the October 2004 Act to reform the
intelligence community of the United States,
which outlawed, inter alia, “knowing produc-
tion, engineering, synthesis, acquisition, pos-

session, usage or threatening to use variola
virus,” specified in the bill as “a virus that can
cause human smallpox or any derivative of
variola virus that contains more than 85% of
the gene sequence of the variola major or var-
iola minor virus.” In connection with the Act,
Peter Jahrling from USAMRIID points out
that many poxviruses, including vaccinia
virus, have genomes more than 85% identical
to variola major, and suggests that overzeal-
ous interpretation of the Act would put a lot of
poxvirologists in jail.

It is undisputable that many poxviruses
share high degree of similarity of their
nucleotide sequences; however, this similar-
ity is pertinent only to specific portions of
their genomes and not to the overall
genomes. Alignments of variola major virus
strain Bangladesh-1975, camelpox virus
strain CMS, and vaccinia virus strain
Copenhagen were shown to share nucleotide
identity 91% throughout the conserved 
central region of their genomes (1).
Nevertheless, for the interpretation of the
Act, the global alignment of the whole
genomes would be more appropriate than the
local alignment of their conserved portions.
Global alignment by Lalign program with
scoring matrix dna.mat and gap penalties 
-14/-4 (2) shows that variola major virus
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(NC_001611) shares identity of only 28.2%
with variola minor Garcia-1966, 28% with
vaccinia virus WR, and 27.9% with
Camelpox virus CMS. 

ROMAN MEZENCEV AND KAY MEREISH

United Nations, 866 United Nations Plaza at 48th
Street, New York, NY 10017, USA.
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CORRECTIONS AND CLARIFICATIONS

News Focus: “Ibogaine therapy:A ‘vast, uncontrolled
experiment’ ” by B.Vastag (15 Apr., p. 345). The arti-
cle incorrectly described work by Deborah Mash’s
group at the University of Miami.The brain bank she
runs is sponsored by the National Parkinson
Foundation and is primarily devoted to that disease.
Her research on cocaine and alcohol did not demon-
strate brain damage, but that the two drugs combine
to form a lethal metabolite. Ibogaine has been
shown to slow the heart only in cocaine-dependent
patients with depleted blood volume. Mash holds no
patent on ibogaine but has patents on the use of its
metabolite, noribogaine. This metabolite, not ibo-
gaine,was described as acting like “super-sticky long-
acting Prozac.” Mash says she has not published all
her data on noribogaine because they are propri-
etary. In addition, Dorit Ron and colleagues at the
University of California, San Francisco conducted
research on mice addicted to alcohol, not opiates.
Robert Burke and colleagues at Columbia University

did the work on mice overproducing glial cell
line–derived neurotrophic factor and suggested that
GDNF maintains and possibly repairs dopamine
receptors. Kenneth Alper is not at Columbia but is
associate professor of psychiatry and neurology at
the New York University School of Medicine.

ScienceScope:“Alaskan coral preserved” (18 Feb., p.
1027). The image credit was incorrect. It should
have been “Alberto Lindner/NOAA.”

News Focus: “RNAi shows cracks in its armor” by J.
Couzin (12 Nov. 2004, p. 1124). The story inadver-
tently omitted mention of Sumedha D. Jayasena at
Amgen. His team helped explain how small inter-
fering RNA molecules unwind, which plays a role in
how they target genes.

TECHNICAL COMMENT ABSTRACTS

COMMENT ON “The Involvement of
the Orbitofrontal Cortex in the
Experience of Regret”
David M. Eagleman

Camille et al. (Reports, 21 May 2004, p. 1167)
hypothesized that regret is useful for steering 
decision-making.They sought to show that patients
with lesions of the orbitofrontal cortex perform
more poorly on a gambling task because they do not
experience regret. However, choices in the task
design raise questions about their interpretation.
Full text at
www.sciencemag.org/cgi/content/full/308/5726/1260b

RESPONSE TO COMMENT ON
“The Involvement of the
Orbitofrontal Cortex in the
Experience of Regret”
Giorgio Coricelli, Nathalie Camille,
Pascale Pradat-Diehl, Jean-René Duhamel,
Angela Sirigu

We recently showed that in contrast to normal 
subjects, patients with orbitofrontal lesions do not
experience the emotion of regret. Eagleman argues
that the task parameters we used may have pro-
voked frustration, rather than regret. We demon-
strate that this alternative explanation fails to con-
sider several of our findings and is therefore
implausible.
Full text at
www.sciencemag.org/cgi/content/full/308/5726/1260c
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Letters to the Editor
Letters (~300 words) discuss material published
in Science in the previous 6 months or issues of
general interest. They can be submitted
through the Web (www.submit2science.org) or
by regular mail (1200 New York Ave., NW,
Washington, DC 20005, USA). Letters are not
acknowledged upon receipt, nor are authors
generally consulted before publication.
Whether published in full or in part, letters are
subject to editing for clarity and space.
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T
he Indonesian island of Simeule is the
closest inhabited land to the epicenter
of the 26 December 2005 Sumatran

earthquake. Its inhabitants were the first to
experience the full force of the
subsequent tsunami, which
killed more than 150,000 peo-
ple. Within 30 minutes of the
initial seismic activity, the
tsunami slammed into the
island’s northern coast. Waves
10-m high left little behind. Yet
when all was said and done,
only seven of the island’s
75,000 inhabitants had died.
Unlike hundreds of thousands
of others who thought the
worst was over when the earthquake’s shud-
dering stopped, the people of Simeule—
remembering a story passed down from their
grandparents—fled to higher ground, thus
saving their lives. The story describes angry
gods who shake the ground and then produce
giant waves called “smong.” Interestingly,
this oral history is believed to result from
accounts of an actual tsunami that struck in
1907 and killed thousands of islanders.

It has been suggested that language-
dominated cognition among human beings
enables a “mythic culture” whose primary
function is to pass collective knowledge about
survival through a vast mythic heritage, com-
plete with oral lore, totemic art, mimetic song,
dance, and ritual (1). In When They Severed
Earth from Sky, Elizabeth Wayland Barber
and Paul T. Barber effectively argue that
myths, while enabling survival, also serve as
carriers of important information about real
events and observations. To this end, the
authors (2) provide not only a compelling and
highly readable collection of mythic interpre-
tations but also a framework through which to
decode those stories and uncover seismic,
geological, astrological, or other natural
events that preceded written history. 

Previous scholarship has described myth as
an aesthetic device for bringing the imaginary
but powerful world of preternatural forces into
a manageable collaboration with the objective,
experienced facts of life in such a way as to
excite a sense of reality amenable to both the

unconscious passions and the conscious mind
(3). To this end, humans have been equipped
with an ability, which lies somewhere between
curiosity and compulsion, to discern meaning

in our experience. Although
this ability is largely useful,
problems with accuracy can
result from the fact “that our
brains are constructed to seek
out patterns so avidly that they
will happily pounce onto sin-
gle cases” and give them
causes or meanings. Barber
and Barber give the example of
a reaction to finding a corpse
in the kitchen: spatial proxim-
ity may lead one to conclude

therefore that the cook did it—prope hoc, ergo
propter hoc. The problem of accuracy also
arises in regard to the human quest for mean-
ing; there are few occurrences, either natural
or otherwise, that are devoid of meaning to
human beings. For example, you might think
that you did not get the job because it was not
meant to be or the tsunami was meant to reflect
the gods’anger. 

The authors’ discussion of the problems
with accuracy is but one example of the way
that they deftly deal with human cognition in
the presence of actual events. The Barbers’
technique, the “stripping procedure,” facili-
tates the discernment of the true original
events by removing the offered explanations
(“meaning making”)
from the story, more
clearly singling out the
observations.

In one of the book’s
highlights, the authors
unpack myths involving
fire-breathing dragons.
Working with the text of
Beowulf (among other
legends), they use their
stripping procedure to
interpret the myth. In the
story of Beowulf, they
identify six usable obser-
vations: (i) “Someone
steals a cup from an old
barrow” (a burial mound
in the ground). (ii) “Fire
erupts from the barrow
and spreads.” (iii) “Near
the stone entrance, our
hero stabs blindly at the

source of flames.” (iv) “It smells bad.” (v)
“People stab deeper, and eventually the flame
goes out.” (vi) “Inside the barrow is treasure
but no trace of a dragon’s body.”

Barber and Barber offer an integrated
interpretation of these data points: People
do steal from tombs, which often do smell
bad and contain valuable items. Because
these tombs were well constructed, it was
often the case that the gasses from the
decomposing bodies were held within the
tombs, creating large amounts of horrible
smelling, and highly flammable, methane
(or “marsh gas”). If a tomb thief has broken
in at night with a lantern or torch in hand, a
fire is likely to start. Stabbing at the mound,
as Beowulf did, likely further aerated the
barrow and provoked larger fiery bursts,
until all combustible material was gone and
the fire and dragon were no more. Through
the authors’ framework, Beowulf ’s f ight
with a dragon is revealed as the natural
properties of a burial mound.

Although this account is both compelling
and convincing, it also reflects the book’s
principal weakness. Throughout the text, the
authors pay little attention to the human psy-
che itself—more specifically, to the impor-
tance of these myths in identity and personal-
ity. Jerome Bruner has described myth as the
synergistic blend of external reality and the
internal vicissitudes of man (4). His account
effectively emphasizes the importance of the
individual in both the construction and prop-
agation of myth. In addition to their value as
repositories of natural history, myths also
speak to us about who we are and help us as
individuals make sense of both our external
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and internal worlds. Given these other values,
it is possible for myths to reveal important
data about what character traits and virtues
were desirable at different points in history. It
is clear that the framework provided by
Barber and Barber is able to excavate natural
facts from linguistically based myth. It would
have been interesting to see the same type of
approach applied to social or individual
processes. However, those questions clearly
lie beyond the scope set out by the authors,
and that they were ignored detracts in no way
from the flow or impact of the book.

Quite simply, the Barbers’ book is for
people who prefer “just because” to “just
so” stories. In the tradition of books by
Merlin Donald (1) and Daniel Schacter (5),
When They Severed Earth from Sky provides
an intellectually challenging and parsimo-
nious new framework. It not only sheds light
on the planet’s natural history but also offers
alluring insights about human cognition. 
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N E U R O S C I E N C E

One Cause for
All Confabulations?

Armin Schnider

E
ven though it is no shame to fabricate sto-
ries—and some make a living doing so—
the term “confabulation,” which means

exactly this, has always had a negative conno-
tation. It was toward the end of the 19th cen-
tury that clinicians first described the curious
tendency of certain memory-impaired sub-
jects to make up stories about their recent
doings (1). Some patients appeared to believe
in their stories; others produced them only
when questioned. To some observers, the sig-
nificance of these stories—soon termed con-
fabulations—rapidly appeared obvious: the
patients desired to fill gaps in memory (2).
Variants of this idea have survived to the pres-

ent, and new hypotheses positing defective
“monitoring” processes have been added.
Interpreting confabulations has become more
delicate with the observation that even healthy
people may unknowingly confabulate.
Memory is now considered a reconstructive
process in which memories are constantly re-
activated, associated, and again
encoded. In his magnif icent
book, Daniel Schacter describes
the imperfections of normal
memory as “the seven sins of
memory” (3). These sins are par-
ticularly pertinent in the context
of legal testimony.

Fabricated stories also occur
as a result of inaccurate percep-
tion. I vividly recall a patient,
blinded by a stroke of the back
part of her brain, watching emp-
tily into the room and compli-
menting me on my “yellow tie with pink
spots.” I knew she was blind, and I would
never wear such a tie, but she was totally
unaware of her blindness. Similar confabula-
tions, mostly with unawareness of deficit,
also occur in other disorders of perception
and language (4).

On this background—with multiple
forms of confabulations emanating from
diverse lesions and reflecting failures of
memory or perception—the idea of reducing
all confabulations to one specific mechanism
appears quite unlikely. In Brain Fiction,
William Hirstein, a philosophy professor at
Elmhurst College, takes a different stand:
“The apparent diversity of confabulation syn-
dromes invites a search for something they
have in common.”

Working primarily with extracts from the
recent literature, Hirstein first gathers evi-
dence pinpointing the orbitofrontal cortex at
the base of the anterior brain as the critical area
for the occurrence of confabulations. This area
has recently received much attention because
damage to it may produce socially inappropri-
ate behavior or flagrant confabulation. Patients
with acute lesions may invent stories about
their doings and act according to plans for the
future that completely disregard their current
brain damage, a disorder called spontaneous
confabulation (5). However, other false pro-
ductions from memory have no comparable
anatomical specificity. Hirstein extends the
thesis of a frontal origin of confabulations to
cover those emanating from false perception.
Although this idea is shared by some neurolo-
gists, the argument runs aground when one
considers, for example, the confabulations of
patients who have visual defects following iso-
lated posterior brain damage. The author’s sug-
gestion that right hemisphere damage would
be particularly critical for the occurrence of
confabulation also holds only as long as one
forgets confabulations produced by patients

with visual agnosia after left hemisphere dam-
age: who see objects but fail to understand
their meaning, misname them, and sometimes
even use them according to this false name.

What would be a common mechanism for
all forms of confabulation? Hirstein proposes
that confabulations result from disinhibition

like that responsible for socially
inappropriate remarks. Confab-
ulators would be unaware that it is
socially inappropriate to provide
false information and would fail to
notice that others disapprove of
their false statements. Thus, their
common problem would be a fail-
ure to read the mind of others. As
the author notes, this explanation
has difficulty in accounting for the
confabulations in the first place,
before listeners hear the false state-
ments. In more general terms, he

suggests that “confabulation occurs when a
perceptional or mnemonic process fails and
the failure is not detected by frontal
processes.” How could this be checked? “If
you combine a representation-evaluating
process with a behavior-inhibiting process,
the combination can function as a checking
process.” The idea is reminiscent of previous
monitoring hypotheses, now applied to all
forms of confabulation. Unfortunately,
Hirstein offers no suggestion of an experi-
mental approach to test it.

Brain Fiction offers one of the most exten-
sive accounts of false memories and percep-
tions, although it leaves out important forms,
including those occurring in healthy subjects.
Hirstein proposes that one mechanism (a
mind-reading difficulty based on frontal-lobe
dysfunction) accounts for all forms of confab-
ulations. It is inspiring to consider such a wide-
ranging thought-monitoring process, but the
book also shows to what degree current neuro-
biological evidence has to be selected and gen-
eralized to maintain such a unitary concept. At
a time when neuropsychological experimenta-
tion and modern imaging technologies allow
us to dissect cognitive processes ever more
finely, some might prefer a more evidence-
driven, analytical approach to the all-inclusive,
hypothetical one Hirstein takes.
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T
homas Edison’s seemingly forward-
looking statement that “we will make
electricity so cheap that only the rich

will burn candles” (1) was true for the indus-
trialized world, but it did not anticipate the
plight of 1.6 billion people (2)—more than
the world’s population in Edison’s time—who

more than a century
later still lack access
to electricity (see
figure, this page).
While electricity

was becoming available in the wealthier coun-
tries, leaders of the oil industry (3, 4) pro-
moted lighting-oil products in China and else-
where. The legacy of costly and low-grade
lighting for the world’s poor remains. For
those without access to electricity, lighting is
derived from a diversity of sources, including
kerosene, diesel, propane, biomass, candles,
and yak butter. Many of the 35 million people
living in camps for refugees and internally
displaced people have no light at all.

Throughout the developing world, 14%
of urban households and 49% of rural house-
holds were without electricity as of the year
2000 (2). In extreme cases, e.g., Ethiopia and
Uganda, only ~1% of rural households are
electrified (5). An unknown additional num-
ber of people have intermittent access to
electricity in their homes or lack it altogether
in their workplaces, markets, schools, or
clinics (6). The number and proportion of
people lacking electricity is growing in sub-
Saharan Africa and parts of Latin America
and the Caribbean, the Middle East, and
South Asia (7). Population growth, stalling
rates of electrification, and declining house-
hold sizes (8) exacerbate the problem. The
number of people without access to electric-
ity globally is projected to decline at only
0.4%/year over the next 3 decades (2).

Illumination is one of the core end-use
energy services sought by society and is today
obtained by some at efficiencies on the order
of 100 lumens per watt and by others at well
below 1 lumen per watt (9). Compounding
this disparity, the least efficient sources also
deliver less—and less uniform—light: A sim-
ple wick lantern provides about 1 lux
(lumens/m2) at 1 meter from the source, 

compared with levels on the order of 500 lux
routinely provided in industrialized countries
(figs. S1 to S3). 

Although the energy performance of indi-
vidual fuel-based light sources has been ana-
lyzed previously (9, 10), the global dimensions
have not been quantified. We estimate that
fuel-based lighting is responsible for annual
energy consumption of 77 billion liters of fuel
worldwide (or 2800 petajoules, PJ), at a cost of
$38 billion/year or $77 per household (table
S1). This equates to 1.3 million barrels of 
oil per day, on a par with 
the total production of
Indonesia, Libya, or
Quatar, or half that of pre-
war Iraq. Consumption of
lighting fuel is equivalent
to 33% of the total pri-
mary energy (electricity
plus fuel) used for house-
hold lighting globally and
12% of that across all
lighting sectors (11).

Used 4 hours a day, a
single kerosene lantern
emits over 100 kg of the
greenhouse gas carbon
dioxide into the atmos-
phere each year. The combustion of fuel for
lighting consequently results in 190 million
metric tonnes per year of carbon dioxide
emissions, equivalent to one-third the total
emissions from the U. K.

Although about one in four people
obtain light exclusively from fuel, repre-
senting about 17% of global lighting energy
costs, they receive only 0.1% of the result-
ing lighting energy services (lumen hours).
Despite the paucity of lighting services
obtained, individual unelectrified house-
holds in the developing world spend a com-
parable amount of money on illumination as
do households in the industrialized world.

Fuel-based lighting embodies enormous
economic and human inequities. The cost
per useful lighting energy services ($/lux-
hour of light, including capital and operat-
ing costs) for fuel-based lighting is up to
~150 times that for premium-efficiency flu-
orescent lighting (see figure, next page).
The total annual light output (about 12,000
lumen-hours) from a simple wick lamp is
equivalent to that produced by a 100-watt
incandescent bulb in a mere 10 hours. 

By virtue of its inefficiency and poor qual-
ity, fuel-based light is hard to work or read by,
poses fire and burn hazards, and compro-
mises indoor air quality. Women and children
typically have the burden of obtaining fuel
(12, 13). Availability of lighting is linked to
improved security, literacy, and income-pro-
ducing activities in the home (14). Fuel prices
can be highly volatile (15), and fuels are often
rationed, which leads to political and social
unrest, hoarding, and scarcity.

Although sometimes driven by good
intentions such as reducing demand for fuel
wood, fuel subsidies divert public sector
funds from other uses. In India, where nearly
600 million people are without electricity,
kerosene and liquid propane gas subsidies are
of the same magnitude as those for education

(16). Subsidies also cre-
ate price distortions that
discourage conservation
and encourage danger-
ous and polluting fuel
adulteration in the
domestic and transport
sectors (17, 18).

Centralized rural
electrif ication has its
own problems, not the
least of which is the cost
of distribution in rural
areas with low load den-
sities, coupled with the
high capital costs and low
efficiencies associated

with thermal power generation. Power theft
levels reach 40% in some  countries (2).

Off-Grid Solid-State Lighting:
An Opportunity for Technological
Leapfrogging 
As they modernize, developing countries can
select better technologies and in so doing sur-
pass levels of efficiency typical of industrial-
ized countries (19). The latest improvement in
lighting energy efficiency is the solid-state
white light–emitting diode (WLED) (20), dis-
tinguished from other lighting technologies
by a continuing trend toward increasing light
output, declining costs per unit of output, and
rising efficiencies.

WLED technologies provide more and
better illumination (with easier optical con-
trol) than do fuels (fig. S4), dramatically
reducing operating costs (table S2) and green-
house gas emissions, while increasing the
quality and quantity of lighting services.
Efficiencies of only five delivered lumens per
watt in the mid-1990s are moving toward 100
lumens per watt (compared with 0.1 lumens
per watt for a flame-based lantern). Relative
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light output (assuming 1-watt WLEDs) would
be 5 lumens, 100 lumens, and 40 lumens,
respectively. Coupled with inexpensive dif-
fusers or optics, today’s best WLEDs deliver
10 to 100 times as much light to a task as do
traditional fuel-based lanterns.

Commercially available 1-watt WLEDs
require 80% less power than the smallest
energy-efficient compact fluorescent lamps
and can be run on AA batteries charged by a
solar array the size of a paperback novel.
Rapid efficiency gains have made such sys-
tems affordable (fig. S5). With long service
life, direct current operation, ruggedness,
portability, and ability to utilize inexpensive
and readily available batteries, WLED
lanterns are well suited for developing country
applications. Early demonstrations of primi-
tive WLED systems were well received in the
developing world (21), and more advanced
prototypes were later developed at Stanford
University. When evaluated in terms of total
cost of ownership (purchase plus operation),
WLED systems emerge as the most cost-
effective solution for off-grid applications
(table S3). In fact, WLEDs can also provide
very substantial savings when compared with
the often inefficiently applied electric lighting
in grid-connected homes (see SOM).

Entrepreneurs and charities have
deployed relatively complex large-scale

solar-fluorescent systems in the developing
world with some success. But, at least partly
because of cost, market penetration is only
0.1%. In the absence of a service infrastruc-
ture, these systems often fall into disrepair
(22, 23, 24). Innovative financing and serv-
ice strategies are now emerging.

Although less costly WLED systems are
well suited for task- and narrow-area ambient
lighting, these larger systems or solar-fluores-
cent lanterns certainly have an important role
to play in meeting the broader demand for
electricity and for wide-area lighting applica-
tions in households that can afford them.

Some have begun to cultivate the enor-
mous potential for self-contained solar-
WLED alternatives, which should come to
market at a relatively affordable price of
about US$25, without subsidy, and pay for
themselves in 1 year or less (fig. S6). The
fuel savings represent an ongoing annuity,
equal to a month’s income each year for the 1
billion people who live on less than $1/day.

Solutions to the problem of fuel-based
lighting are emblematic of the notion that end-
use energy efficiency is integral to providing
energy services at least cost. As demonstrated
in the case of lighting, attaining a higher stan-
dard of living does not require increased
energy use. Yet, the specter of fuel-based light-
ing—linked tightly with energy security,

equity, and development concerns—remains a
largely unmet challenge for policy-makers. If
current trends continue, lighting energy
demand and greenhouse gas emissions will
increase sharply as countries develop and
replace a relatively small number of fuel-based
lanterns with more and more grid-connected
electric light (25, 26). Or, with a reversal of the
technical double standard seen prevailing since
Edison’s day we could see the use of WLEDs
for illumination take hold first in the develop-
ing countries, where the need and potential
benefits are greatest.
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$28.59
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Incandescent 0.74W flashlight

(alkaline battery)
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Candles

6W compact fluorescent lantern
(alkaline battery)

Simple kerosene lamp (wick)

Hurricane kerosene lamp (wick)

Solar-5W compact fluorescent lantern
(NiMH battery)

Pressurized kerosene lamp (mantle)

Solar-LED: 1W, no optics
(NiMH battery)

Solar-LED: 1W, with diffuser
(NiMH battery)

60W incandescent lamp
(grid-connected)

15W compact fluorescent lamp
(grid-connected)

Solar-LED: 1W with focusing lens
(NiMH battery)

Total cost of illumination services. Costs include equipment purchase price amortized over 
3 years, fuel, electricity, wicks, mantles, replacement lamps, and batteries. Performance characteristics
of light sources vary; values shown reflect common equipment configurations (see table S3) and
include dirt depreciation factors for fuel lanterns and standard service depreciation factors for electric
light per Illuminating Engineering Society of North America. Assumptions are 4 hours/day operation
over a 1-year period in each case, $0.1/kWh electricity price, $0.5/liter fuel price. NiMH, nickel metal
hydride. (Range of market prices for kerosene shown in table S5.) We estimate an average of 11 liters
(1) of lighting fuel per household per month; oberved values vary from 2 to 20 liters (table S4).
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G
amma ray bursts (GRBs) were first
discovered in 1967 by American
military satellites. The discovery

was declassified in 1973; within months,
more ideas were published about the origin
of these cosmic explosions than there were
detected bursts. Since then, observations of
thousands of these objects have yielded a
deeper understanding of GRBs, but ques-
tions remain. For example, it is known that
supernovae underlie some GRBs, but how
some supernovae produce GRBs remains
unclear.

On page 1284 of this issue, Mazzali et
al. (1) shed some light on the link between
GRBs and supernovae. They report that
supernova 2003jd (see the figure) appears
to have been disrupted by a highly asym-
metric process, similar to the jets that pro-
duce GRBs. Thus, supernova 2003jd may
itself be a GRB, with its jets pointed away
from Earth when it exploded. This is the
f irst time that researchers have found a
supernova that might be a GRB, rather than
a GRB that might be a supernova.

The data revolution for GRBs started in
1991 with the launch of NASA’s Compton
Gamma Ray Observatory. This satellite and
its dedicated GRB instrument, BATSE
(Burst and Transient Source Experiment),
detected more than 8000 bursts until it was
sent into the Pacific Ocean in 2000. Before
BATSE, models for GRBs ranged from col-
lisions of objects in our solar system to
mergers of black holes on the other side of
the universe. BATSE observations showed
that GRBs are distributed uniformly across
the sky, providing strong evidence that they
must be occurring in the distant universe
(2), because it is only at great distances that
the sky begins to look uniform. 

However, although BATSE was very
sensitive to high-energy photons, it could
not discern the location of a burst to better
than a few degrees uncertainty—an area of
sky too large to pinpoint the location of
individual explosions. Without a smoking

gun, theorists could still bend their models
of nearby bursts to fit the observations.

In 1996, the Italian-Dutch BeppoSAX
satellite was launched. This satellite was
not as sensitive as BATSE to gamma rays,
but—inspired by predictions that lower-
energy x-rays would persist long after the
burst of gamma rays—it was able to point
an x-ray detector onto a GRB within a few
hours of the burst. Beppo-SAX’s x-ray
detectors could localize these x-ray emis-
sions to much less than 1° uncertainty. This
precision was suff icient for optical and
radio telescopes to follow up individual
objects and look for these explosions.

This strategy paid off when a GRB
detected on 28 February 1997 was localized
in x-rays; astronomers using the William
Herschel Telescope in the Canary Islands
then found a fading optical afterglow in a
distant galaxy at this location (3). This dis-
covery confirmed the cosmological origin
of GRBs. Another event detected on 8 May
1997 was determined to be more than 7 bil-
lion light years away—halfway across the
visible universe (4). The huge distance
implied an enormous energy. GRBs were
thus proclaimed to be the largest bangs in
the universe since the big one.

On 25 April 1998, BeppoSAX yielded
another surprise. Optical observations of an
apparently normal GRB showed a young,
very energetic exploding star—a type Ic
supernova—at a distance of 80 million light
years, one-hundredth the distance of typical
GRBs (5). The optical brightness of the super-
nova, named 1998bw, was high for an object

at this distance, but its gamma ray,
x-ray, optical, and radio bright-
nesses are several orders of magni-
tude fainter than for any other GRB
observed to date.

Type Ic supernovae are thought
to occur when stars 10 to 100
times the mass of the Sun, which
have been stripped of their outer
layers of hydrogen and helium,
run out of nuclear fuel in their
center and collapse into neutron
stars or black holes. If the dying
star that formed supernova
1998bw had lost its outer layers
as a result of a merger with
another star, it should have been
spinning rapidly at the time of its
death. Theorists therefore pro-
posed that a jet, produced by the
collapse of a rapidly rotating
massive star into a black hole,
created supernova 1998bw and
could produce typical GRBs (6).

The jet produces observable gamma rays if
it points toward the observer; the resulting
expanding debris looks like a very ener-
getic type Ic supernova—a so-called hyper-
nova. This model could explain supernova
1998bw, but its relevance to the rest of the
GRB population was unclear because of the
very different energies of supernova
1998bw and other more distant GRBs.

Since the discovery of 1998bw, much
effort has been put into studying the connec-
tion between GRBs and hypernovae. The
HETE-2 (High Energy Transient Explorer
Mission) satellite, launched in 2000, and the
Swift Gamma Ray Burst Explorer, launched
in 2004, are providing accurate GRB posi-
tions for astronomers to chase on an almost
daily basis. The light associated with a GRB
jet fades quickly, whereas the brightness of a
supernova tends to brighten for 1 to 3 weeks.
Therefore, 2 weeks past an explosion, a
supernova should in most cases outshine a
GRB’s jet. Observations of nearby GRBs
have shown that some objects exhibit super-
nova-like features as their brightness evolves
over time.

The GRB-hypernova connection was
conf irmed directly on 29 March 2003,
when HETE-2 discovered an object one-
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The Link Between Supernovae
and Gamma Ray Bursts

Brian Schmidt

SN 2003jd

A cosmic explosion 250 million light years away. Observa-
tions of supernova (SN) 2003jd show it to be a highly ener-
getic explosion, similar to the hypernovae associated with
GRBs. Mazzali et al. (1) argue that this object was ripped apart
by something like a jet, suggesting that SN 2003jd might have
been a GRB with its jets directed away from Earth.
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third as distant as any other cosmological
GRB to that date. As the object faded,
spectra taken with optical telescopes
revealed an underlying supernova—an
object almost identical to supernova
1998bw (7, 8), but with a gamma ray
energy a thousand times higher.

The connection between GRBs and
hypernovae thus seems secure, but impor-
tant questions remain. The GRB jet of
supernova 1998bw is much less energetic
than that associated with any other GRB to
date, and no consensus has emerged as to
how a single mechanism could produce
supernova 1998bw and the much more
powerful bursts in the distant universe.

In addition, the jets of most GRB-hyper-
novae should aim away from Earth;
although not visible in gamma rays, these
“misdirected” GRBs should be seen at radio
wavelengths (9). By comparing  the num-
bers of hypernovae and GRBs in the uni-

verse, one can gauge the fraction of
hypernovae that are misdirected GRBs.
Current data suggest that this fraction
should be substantial (10). To date, rela-
tively few hypernovae have been discov-
ered in the nearby universe, but none
seem to show the intense radio emission
expected for misdirected GRBs.

Mazzali et al.’s observations of supernova
2003jd, a hypernova at a distance of 250 mil-
lion light years (see the figure), may resolve
the latter problem. The authors provide evi-
dence for the gross asymmetries that are
expected for a GRB-hypernova. After the
discovery of 2003jd, observers used the Very
Large Array radio telescope to look at it, but
did not detect it at radio wavelengths.
Mazzali et al. argue that better radio or x-ray
observations are needed to reveal whether
this hypernova had a GRB jet. Even if subse-
quent observations fail to find jets associated
with supernova 2003jd, the observations

reported in (1) provide substantial evidence
that the engine that powered supernova
2003jd to become a hypernova is the same
that creates GRBs in the distant universe.

With two dedicated GRB telescopes and
many programs scanning the sky for super-
novae, the next few years promise many
more GRB-hypernova connections. These
results should help astronomers to further
untangle the mysteries of GRBs.
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H
ow do you design a drug that selec-
tively recognizes one enzyme from
among hundreds, all of which share

the same substrate? This is the challenge
confronting biochemists when developing
small-molecule inhibitors of protein
kinases, enzymes that regulate cellular
growth, homeostasis, and signal transduc-
tion. Fifteen years ago, intracellular kinases
were considered too ubiquitous to be useful
drug targets. But with mounting evidence
for highly specif ic function in many
kinases, many pharmaceutical endeavors
today have screening programs for
inhibitors of this class of enzymes. 

Since the mid-1990s, three kinase
inhibitors have been approved by the U.S.
Food and Drug Administration (FDA) for
treatment of chronic myelogenous leukemia,
gastrointestinal stromal tumors, and lung
tumors (1, 2), and many others are in clinical
trials. Each drug works by competitively dis-
placing adenosine 5´-triphosphate (ATP),
the nucleotide that binds to the active site of
protein kinases.  However, because all
kinases share molecular recognition deter-
minants in their conserved nucleotide bind-
ing pocket, no ATP analog has been found

that selectively inhibits a single enzyme.
This complicates strategies for developing
protein kinase inhibitors. It is difficult to
identify small-molecule compounds with
high specificity for a single kinase.  One
must further verify that
cellular responses to drug
treatment are caused by
inhibition of the targeted
enzyme.

Enter rational drug
design, combining struc-
tural determination and
computational modeling to
identify small molecules
that complement amino
acid residues within the
active site of a target
enzyme. So far, only a few
successful lead compounds
have been developed based
on principles of molecular
recognition, as opposed to
random screening. How-
ever, bioinformatics strate-
gies have added new tools
to the arsenal, enabling re-
searchers to predict varia-
tions in nucleotide and pro-
tein sequence that may
serve as specificity deter-
minants.

On page 1318 in this issue, Cohen et al.
(3) describe such an approach to designing
small-molecule inhibitors of p90 ribosomal
S6 kinases (RSKs) by selectively targeting
two determinants, or “selectivity filters,” in
the ATP binding pocket. One selectivity fil-
ter, the “gatekeeper,” is a residue that flanks
a highly variable hydrophobic pocket at the
rear of the ATP binding site (4). When the
side chain of the gatekeeper residue occu-
pies a small volume, the hydrophobic
pocket is empty.  This allows bulky groups
on adenine ring analogs to f it into the
pocket. On the other hand, a gatekeeper

residue with a large side
chain precludes binding of
bulky substituents. This
mechanistic understanding
of selectivity enables candi-
date inhibitors to be identi-
fied by comparing aligned
sequences at the gatekeeper
position.

The second selectivity
filter is a reactive cysteine
residue within the active
site. The strategy of target-
ing active-site cysteine
residues was previously
successful in developing
irreversible inhibitors for
the epidermal growth fac-
tor (EGF) receptor (5).
However, cysteine residues
within active sites of kinases
are relatively rare. Using
bioinformatics analysis,
Cohen et al. showed that
only 11 kinases among a set
of 491 had cysteine residues
within the conserved gly-

Hydrophobic pocket

HO

HS

F

ONN

HO

N

NH2

Proposed binding mode of a
rationally designed inhibitor of
p90 RSK. Two “selectivity filters”
in the ATP binding site are required
for potent inhibition. A threonine
residue (red) in the gatekeeper
position allows the inhibitor
(black) to access a hydrophobic
pocket. A poorly conserved cys-
teine (blue; valine in many kinases)
is positioned for attack by the elec-
trophilic fluoromethylketone sub-
stituent of the inhibitor (F; green).
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cine loop, a region that forms close contacts
with bound ATP. Of these, only three
kinases, all members of the RSK family,
also contained a gatekeeper residue that
presented an empty hydrophobic pocket.
Thus, by judiciously placing fluoromethyl-
ketone or chloromethylketone groups onto
adenine ring analogs that were also modi-
fied with bulky substituents, the authors
designed molecules that could both
occupy the hydrophobic pocket and irre-
versibly alkylate the cysteine residue (see
the figure). 

The resulting compounds showed
remarkable specificity toward RSK family
members. When the authors administered
the fluoromethylketone-modified molecule
to cells in culture, only RSK1 and RSK2
were identif ied as covalently associated
proteins. Treatment with the drug also effi-
ciently suppressed cellular responses con-
trolled by RSK, whereas other kinases that
contained only one of the two selectivity fil-
ters were unaffected. Cohen et al. then engi-

neered both selectivity filters into MSK1
and Src, two enzymes that contain either the
cysteine or gatekeeper residues, respec-
tively.  Both enzymes were beautifully con-
verted into inhibitor-responsive enzymes.
Thus, only two filters were necessary and
sufficient to confer selectivity of inhibitor
binding to the ATP binding site. 

The approach developed by Cohen et al.
has broad implications for the rational
design of kinase inhibitors, where the abil-
ity to distinguish between members of
closely related enzyme families is key to
drug selectivity. In principle, only a few
molecular substituents are required for
specif icity, provided that their chemical
and structural properties are sufficient to
distinguish variations among amino acid
residues within a conserved protein active
site. However, this rosy picture breaks
down when drug-resistant mutations arise
in the kinases, as observed with the current
FDA-approved inhibitors to the tyrosine
kinases EGF receptor [Iressa (gefitinib),

Tarceva (erlotinib)] and BCR-ABL
[Gleevec (imatinib)]. Intriguingly, resist-
ance mutations include alterations at the
gatekeeper residue that eliminates access to
the hydrophobic pocket (6–8). Presumably,
these resistance mutations were selected by
their ability to interfere with inhibitor
recognition while retaining ATP binding.
By using strategies for combinatorial
recognition based on sequence variations,
additional selectivity filters may be identi-
fied that can be exploited in the design of
new inhibitors.
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H
ydrocarbons and their derivative
products are central to today’s soci-
ety. We know that the source of

these petroleum products is buried ancient
plants and animals. Less clear is how
hydrocarbons, such as oil and gas, form and
how they are trapped in petroleum systems
large enough to be exploited. Now, on page
1293 of this issue, Selby and Creaser (1)
have precisely dated the time at which
hydrocarbons migrated and accumulated
within a large petroleum system in Canada.

Oil and gas formation relies on a series
of fortuitous events to produce a field large
enough for extraction to be economically
viable. Unraveling the competing processes
and their resulting signatures in the oils pro-
duced is notoriously diff icult. Different
types of organic material can contribute, as
can any number of different organic-rich
source sediments. On top of this, hydrocar-
bons such as oil and gas almost invariably
migrate through geological strata until they
either escape to Earth’s surface or are
trapped and accumulate into petroleum
fields (see the figure). Generally the process
of migration obliterates the memory of
where the hydrocarbons have come from
and when they formed. This complicates

predictive exploration for hydrocarbons, as
Earth scientists have only limited informa-
tion regarding potential source rocks that
may contribute to specific geological traps.

Selby and Creaser (1) addressed the ques-
tion of the origin of hydrocarbons by taking
account of the naturally occurring 187Re-188Os
decay scheme. Although both rhenium and
osmium are present only in trace amounts in
Earth’s crust (typically parts per trillion) (2),
they are effectively sequestered into organic

compounds when sedimentation occurs in
highly reducing, organic-rich conditions. Such
enrichment in Re and Os produces a wide
range of 187Re/188Os ratios in the sediments
that over time result in high 187Os/188Os ratios.
By analyzing both ratios, it is possible to deter-
mine the age of the material sampled and to
obtain the initial 187Os/188Os isotopic ratio (the
ratio all the samples had the last time they were
mobile and thus in isotopic equilibrium).
Selby and Creaser (1) used Os isotopic ratios
to determine the last time that the hydrocar-
bons in the giant oil sand deposits of Alberta,
Canada, were mobile, and hence have meas-
ured the age of the petroleum deposits [112 ±
5.3 million years ago (Ma) (1)]. They also

measured the initial Os
isotopic ratio, which acts
as a fingerprint for the
specific rocks that the oil
came from—a kind of
forensic signature link-
ing the deposits with the
scene of hydrocarbon
formation. In this case, it
appears that the bulk of
the hydrocarbons within
this giant petroleum sys-
tem derive from a single
package of source rocks,
rather than a number of
different sources with a
range of ages. This sup-
ports organic biomarker
studies predicting a com-
mon source for the bulk
of the oil sands in west-
ern Canada (3).

G E O C H E M I S T RY

When Do Rocks Become Oil?
Bruce F. Schaefer

Ocean

Trap rock

Basement

Oil

Reservoir
rock

Source rock

Source rock

Growth of an oil field. Schematic summary of the critical elements in
a hydrocarbon generation and accumulation system. Organic-rich
source rocks are buried to depths sufficient for hydrocarbon generation
to begin. If the surrounding rocks are sufficiently porous and perme-
able, hydrocarbons are able to migrate through them to sites where
they either are trapped by impermeable trap rocks and accumulate, or
escape to Earth’s surface where they are rapidly oxidized. Millions of
years can elapse between sedimentary deposition and the subsequent
generation, migration, and accumulation of hydrocarbons.
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Why are these two observations impor-
tant? First, for petroleum explorers, know-
ing the origin of hydrocarbons in a sedimen-
tary basin places constraints on where they
might be able to accumulate, or whether
they are able to accumulate at all. With oil
exploration drillholes costing multiple mil-
lions of dollars, every piece of data inform-
ing site location is of immense worth.

Second, knowing when hydrocarbons
migrated offers a unique perspective into
the thermal state of the upper crust at the
time. Often, petroleum formation takes
place in geologically quiet circumstances,
driven by the gradual accumulation of sed-
iments causing burial of older sediments
beneath them. Sometimes, however, hydro-
carbon generation can be driven by later
external processes, such as mountain build-
ing or crustal thickening. Previous models
had suggested hydrocarbon migration into

the Alberta giant oil sands at ~60 Ma (4).
The earlier time of migration suggested by
Selby and Creaser is comparable to the age
of the rocks that host the oil sand deposits,
and appears to rule out younger oil genera-
tion associated with a mountain-building
event, the Late Cretaceous Laramide
Orogeny, at ~60 Ma. Instead, Selby and
Creaser argue that source rocks as old as
~200 Ma could have provided hydrocar-
bons that migrated and accumulated at 112
± 5.3 Ma.

The Selby and Creaser study represents
an innovative application of a radiogenic
isotopic technique, one that is generally
applied to so-called “hard rock” geology
(5), to a longstanding issue of great impor-
tance for the petroleum industry. A host of
other questions have long awaited answers.
How important is mountain building in
driving hydrocarbon generation? Can mul-

tiple source rocks contribute to a single
hydrocarbon accumulation, but at different
times? What is the minimum amount of
time that must elapse between deposition of
sediment and the generation of hydrocar-
bons—in other words, how long does it take
to produce oil from buried plants and ani-
mals? With the Re-Os geochronometer,
Earth scientists are at last in a position to
provide answers.
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U
ltrahard materials are used in many
applications, from cutting and pol-
ishing tools to wear-resistant coat-

ings. Diamond remains the hardest known
material, despite years of synthetic (1, 2)
and theoretical (3) efforts to improve upon
it. However, even diamond has limitations.
It is not effective for cutting ferrous metals,
including steel, because of a chemical reac-
tion that produces iron carbide. Cubic
boron nitride—the second-hardest mate-
rial, with a structure analogous to that of
diamond—can be used to cut ferrous met-
als. However, it does not occur naturally
and must be synthesized under conditions
of extreme pressure and temperature, mak-
ing it quite expensive. New superhard mate-
rials are thus not only of great scientific
interest, but also could be very useful.

To design new superhard materials, we
must understand what makes diamond spe-
cial. In diamond, tetrahedrally bonded sp3 car-
bon atoms form a three-dimensional, covalent
network of high symmetry. Other carbon-
based materials have shorter and stronger car-
bon bonds, but not in three dimensions. For

example, the trigonal sp2

bonds in graphite form sheets
with shorter and stronger car-
bon-carbon bonds. But only
weak van der Waals interac-
tions hold the sheets together,
allowing layers of graphite to
cleave readily. A three-dimen-
sional network composed of
short, strong bonds is thus
critical for hardness.

In thinking about new
ultrahard materials, it is useful
to consider the types of struc-
tural changes that a material
can undergo under load. These
changes can be divided into
elastic (reversible) and plastic
(irreversible) deformations. 

A material is considered
stiff if it is difficult to com-
press elastically. Such a
material has a large bulk
modulus (it is resistant to vol-
ume compression) and/or
Young’s modulus (it is resist-
ant to linear compression).
Elastic deformation in a direction different
from that of the applied load results in shape
rather than volume changes; these motions
are measured by the shear modulus. In all
elastic distortions, the basic relations
between atoms do not change. 

A material is considered hard if it resists
plastic deformation. In contrast to elastic
deformation, plastic deformation usually

involves irreversible motion of the atoms
with respect to each other, often via the cre-
ation and movement of dislocations. 

It is a source of substantial confusion that
high modulus and high hardness are often dis-

cussed together, even
though the underlying
deformations are fun-
damentally different.
This grouping occurs
because the processes
can be correlated: If a
material shows large
elastic changes under
small load (low modu-
lus), it tends to respond
to larger loads by
deforming plastically
(low hardness). This is
particularly true for
shear motions, which
are required to scratch
or indent a material; a
good correlation has
been found between
shear modulus and
hardness (1–3). Highly
directional bonding is
needed to withstand
both elastic and plastic
deformations. Purely
covalent bonding (such
as in diamond) is best,

and some ionic character is acceptable.
However, highly ionic or metallic bonding is
the same in all directions and therefore poor at
resisting either plastic or elastic shape defor-
mations.

With these ideas in mind, efforts to
design superhard materials can be divided
into two main approaches. In the first, light
elements, including boron, carbon, nitro-
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Toward superhard materials. By
combining metals with a high density
of valence electrons, such as osmium,
iridium, or rhenium, with small, cova-
lent bond–forming atoms such as
boron, ultra-incompressible, hard
materials may be created. Mixed met-
als, as shown in this orthorhombic
structure predicted for (Os,Ir)B2, can
act as barriers to the movement of dis-
locations. Osmium is shown in red,
iridium in green, and boron in yellow.
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gen, and/or oxygen, are combined to form
short covalent bonds. In the second, ele-
ments with very high densities of valence
electrons are included to ensure that the
materials resist being squeezed together. 

The first approach gained favor in the late
1980s, when calculations suggested that the
hypothetical compound C3N4 may be even
less compressible than diamond (4).
However, after years of experiments, further
calculations indicated that even for the least
compressible C3N4 structure, the shear mod-
ulus would only be 60% of the diamond value
(5). New forms of carbon, including
fullerenes and nanotubes, generated great
excitement in the 1990s, when high-pressure
processing produced very hard substances
(1). However, these substances, which fall
under the rubric of diamondlike coatings, can
approach but never reach the hardness of dia-
mond (6); furthermore, squeezing fullerenes
and nanotubes is unlikely to be an inexpen-
sive, practical synthetic route to diamondlike
carbon. Three-dimensional boron-rich com-
pounds, including B4C, B6O, their solid solu-
tions, and B/C/N phases, are very hard mate-
rials that deserve continued study. However,
this approach is unlikely to produce materials
with hardnesses exceeding those of boron
nitride/diamond solid solutions, which are
intermediate in hardness between diamond
and cubic boron nitride (1, 2, 7).

In the second approach, transition metals
that have a high bulk modulus but low hard-
ness are combined with small, covalent
bond–forming atoms such as boron, carbon,
nitrogen, and/or oxygen. In this way, a mate-
rial that can maintain both volume and shape
can be created. This idea has led to highly
incompressible phases such as RuO2 (8), WC,
and Co6W6C (9). Unfortunately, these materi-
als do not even approach the hardness of cubic
boron nitride, owing to the partially ionic
character of the Ru-O bond and the metallic
nature of the W-W and Co-W interactions (3).
Borides may be a better choice to achieve the
required covalent bonding. Transition metal
borides such as the tungsten borides WB4,
WB2, and WB are promising (1, 2). Elements
with a higher density of valence electrons (and
thus high bulk modulus) such as rhenium,
osmium, and iridium also have the potential to
form very hard borides (10); mixed-metal
borides could be even harder (see the figure).

Once the best combination of elements is
found, hardness could be increased by con-
trolling the underlying nanostructure. For
example, if the motion of dislocations in a
material is hindered, hardness can be
increased. This phenomenon is well known to
occur in an ultrafine-grained diamond called
carbonado (11). More recently, nanoceramics
with a grain size of ~10 nm have exhibited
the same phenomenon (12). Superlattices of
TiN/AlN or carbon nitride/TiN with a perio-

dicity of 6 to 8 nm also exhibit hardnesses two
to three times as great as that of the bulk crys-
talline form of these materials (13, 14). In all
these materials, the interfaces between the
nanometer-scale components act as barriers
to the movement of dislocations.

Despite all the research activity into syn-
thesizing superhard materials, many oppor-
tunities remain unexplored. For example, the
lightest element that could produce three-
dimensional structures, beryllium, has been
neglected, perhaps because it is toxic and
may require specialized high-pressure equip-
ment. Ternary phases of beryllium with other
light elements—boron, carbon, nitrogen, and
oxygen—could have exciting properties in
their own right or in combination with high-
valence electron density metals. 

Despite their potential, new materials are
unlikely to replace diamond altogether,
because in addition to its hardness, diamond
possesses many other amazing properties. It
is the most incompressible material, has one
of the highest indices of refraction, and has a
room-temperature thermal conductivity five
times as large as that of the best metals. The
scientific challenge of finding a superhard

material that surpasses diamond in any of
these properties will keep the field energized
for years to come. Combining high hardness
with other properties, such as chemical inert-
ness and low-cost synthesis, could quickly
yield practical benefits, for example, by pro-
viding a replacement for cubic boron nitride
for cutting and polishing steel.
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B
rushing your teeth is an experiment in
social evolution. Brushing mixes bac-
teria that were previously surrounded

by their clonemates with unrelated bacteria
from another part of your mouth. This mixing
reduces the relatedness among adjacent bac-
teria, which can in turn affect their behavior
and, ultimately, whether they harm you. This
argument is at the center of recent work sug-
gesting that the social behavior of pathogens
may be important in understanding disease
virulence and antibiotic resistance.

Only some pathogens are dangerous.
Understanding what causes virulent
pathogens to emerge is a priority for both
biologists and physicians (1). A key factor
affecting the evolution of virulence is the
number of different pathogen strains that
infect a host (2–4). It was first thought that the

more strains there are in the host, the more
virulent they should become. Frank (2) mod-
eled the effect of multiple strains using
Hamilton’s kin selection theory (5).
Originally developed to explain animal social
behavior, kin selection theory revolutionized
thinking by showing that related individuals
cooperate with one another because of their
shared genes (5). This approach can be
applied to disease because multiple infections
reduce relatedness among pathogens; kin
selection then predicts that multiple infec-
tions should also decrease cooperation. The
pathogens in Frank’s model were not cooper-
ating in a truly social sense but simply were
solving the problem of how quickly to divide
and reproduce. Frank predicted that low relat-
edness would make strains divide rapidly in
competition, which would harm the host and
increase virulence (2). Despite the elegant
theory, many pathogens refused to cooperate
with predictions. Studies on viral, bacterial,
and plasmodial diseases found that mixed
infection often favors the less virulent strain,
showing that, contrary to Frank’s theory,
reduced relatedness often reduces virulence
(3, 4, 6).

B I O M E D I C I N E

Hamiltonian Medicine:Why the
Social Lives of Pathogens Matter

Kevin R. Foster*

The author is in the Department of Ecology and
Evolutionary Biology, Rice University MS 170, 6100
Main Street, Houston, TX 77005, USA. E-mail:
krfoster@rice.edu

*Present address: Wissenschaftskolleg zu Berlin,
Institute for Advanced Study, Wallotstrasse 19,
14193, Berlin, Germany.

www.sciencemag.org SCIENCE VOL 308 27 MAY 2005

P E R S P E C T I V E S

mailto:krfoster@rice.edu
http://www.sciencemag.org


1270

This failure to cooperate with the
theory is now being explained by the
ability of related pathogens to coop-
erate with each other and to make
use of shared products in their battle
to overcome a host (see the figure)
(4). For example, many bacteria col-
lectively release feeding enzymes to
break down host tissues, and the
protein coats that protect viruses are
shared, after manufacture, among
all viruses in a cell. Shared products
require cooperation because they
can be exploited by selfish individu-
als who could use the product of
others without making it them-
selves. Incorporating such products
into Frank’s model reverses the pre-
dictions: Lowered relatedness is
now predicted to decrease virulence
because it reduces the total amount
of the virulence causing products
(see the figure) (4). Griffin et al. (6)
recently used the pathogenic bac-
terium Pseudomonas aeruginosa to
test this hypothesis. P. aeruginosa
infects almost any injured human
tissue and is a problem in diseases
such as cystic fibrosis, pneumonia,
and meningitis. As is true for many
pathogenic bacteria, growth of P.
aeruginosa in vivo is limited by iron
uptake because hosts actively with-
hold iron in order to combat infec-
tion. As a result, bacterial growth
(and hence virulence) is linked to
the cooperative release of iron-bind-
ing agents known as siderophores,
which scavenge iron and increase bacterial
growth. In a wonderful verification of the the-
ory, bacteria living with other highly related
bacteria evolved to produce more sider-
ophores than bacteria living with unrelated
individuals (6).

Bacterial cooperation can also increase
virulence by reducing inf ighting (7, 8).
Many bacteria kill nonclonemates with tox-
ins known as bacteriocins, which reduce vir-
ulence by decreasing bacterial density.
Interestingly, kin selection theory indicates
that such chemical warfare is most likely to
occur when the bacterial population has an
intermediate level of relatedness (7). At high
relatedness, there are too few nonclonemates
to make the production of bacteriocins
worthwhile; at low relatedness, each clone is
too rare to significantly affect the other bac-
teria. Highest virulence, therefore, is pre-
dicted at either very high or very low levels
of relatedness, owing to the low levels of bac-
teriocins. Massey et al. (8) simulated inter-
mediate relatedness among bacteria by inoc-
ulating caterpillars with two species of bacte-
ria that are known to harm each other with
bacteriocins. As predicted, less harm came to

the caterpillars bearing mixed infections than
to those with clonal infections. For this range
of relatedness, therefore, the conclusions are
the same as for the siderophore system:
Lowering relatedness reduces virulence (8).

The concept of cooperation among
pathogens is also emerging in studies of
biofilms and antibiotic resistance. The idea
that microbes spend their lives haplessly
floating around has been superseded by the
realization that they often live in highly
organized biofilm communities attached to
surfaces (see the figure) (9–11). Biofilms are
involved in more than 60% of bacterial infec-
tions treated in the developed world and can
contaminate almost any biological or indus-
trial surface (9). The success of a biofilm
depends on the production of slimy protective
chemicals, a mix of polysaccharides, pro-
teins, and nucleic acids. This collectively pro-
duced goop helps bacteria to adhere to sur-
faces, provides structural support, and can
confer considerable protection from antibi-
otics (9,10). Slime production, therefore, is
key to understanding the ecological success
of biofilms. A recent simulation showed that
biofilm formation was critically dependent

on high relatedness among the bacteria
because slime, like siderophores, is a cooper-
ative product (10). High relatedness also
allows bacteria in biofilms to attain an opti-
mal growth rate (10,11). With low related-
ness, selfish competition is predicted to cause
rapid and wasteful reproduction, which
reduces the ultimate size and success of the
biofilm (11). High relatedness may be com-
mon in biofilms if slime production reduces
cell motility and thereby limits clonal mixing.
Another interesting possibility is that low cell
motility may itself evolve in order to raise
relatedness and enable cooperation (11).

The recognition that pathogens can
cooperate against us may greatly improve
our understanding of disease. Nevertheless,
many open questions remain. An important
next step is to establish just how related
pathogens usually are. Infections with mul-
tiple strains certainly occur, but particularly
in biofilms there may still be high related-
ness locally (9–11).

Is it typical for highly related pathogens to
be more harmful? To date, high virulence has
been associated with both low and high levels
of relatedness (3) and, empirically, we know
little about the relationship between related-
ness and antibiotic resistance. Another ques-
tion is whether, beyond the targeted killing by
bacteriocins, pathogens can detect and
respond to kinship in the short term. Finally, it
is important to look at pathogen cooperation
among species, because pathogens can exist
in species-rich communities (10).

To recognize the growing significance of
these ideas, we might view them as a distinct
subset of Darwinian medicine (12) known
as “Hamiltonian medicine” to reflect W. D.
Hamilton’s seminal contribution to social
evolution (5). The implications are clear:
Medical strategies that alter relatedness
among pathogens can affect both virulence
and antibiotic resistance. When next brush-
ing your teeth, consider that you may be sup-
pressing plaque by making your bacteria
fight each other instead of you.
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The benefits of living among relatives. (Upper panel)
Highly related groups of pathogens (top) are better than
low relatedness groups (bottom) at making shared group
products—such as feeding enzymes, iron-scavenging
siderophores, and protective slime. These facilitate growth
and virulence or antibiotic resistance of the whole popula-
tion. Dark and light ovals, two unrelated strains of bacteria.
(Lower pane l) Scanning electron micrograph of a
Staphylococcus biofilm on medical equipment. The round
objects are cells; a large amount of secreted slime is visible
in the middle of the image. [Image: J. Carr, Centers for
Disease Control and Prevention]
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When U.S. Representative Rush Holt took the
stage at the AAAS Forum on Science and
Technology Policy, he offered a critical view
of the state of the union between science and
policy-makers: The federal government is
underinvesting in “almost every sector” of
S&T research. Energy policy remains focused
on oil, despite high prices and the impact of
global warming. Young students enter school
open to the excitement of science, he said, but
“we beat it out of them over the years.”

Holt’s view was sobering, but it captured
the prevailing mood among scientists and
science policy experts during the 2-day
gathering in Washington, D.C. Despite the
broad contributions of science to American
well-being, many speakers said, it is finding
diminished support from policy-makers and
from much of the public on issues ranging
from climate change to development of the
S&T workforce.

The AAAS Forum on Science and Tech-
nology Policy annually features some of the
nation’s most influential policy-makers and
experts. More than 550 people attended the
30th annual Forum, held 21 to 22 April. 

This year, no issue attracted more scrutiny
than the federal budget.

John H. Marburger III, the White House
science adviser, opened the Forum with a
firm defense of President George W. Bush’s
record. The administration has proposed
$132.3 billion for R&D spending in fiscal
2006, up 45% from 2001. That “very clearly
shows a strong commitment to science and
technology,” Marburger concluded.

But Kei Koizumi, director of the AAAS
R&D Budget and Policy Program, said the
2006 plan would raise R&D spending only
0.1% over 2005; while many agencies will
see their budgets cut, most will lose ground
to inflation. 

Paul Posner, managing director of federal
budget issues for the U.S. Government
Accountability Office, said budget deficits,
outstanding debt, and other liabilities total
$150,000 for every U.S. resident. Without
reforms in Social Security and health care or
major increases in federal revenues, Posner
said, federal deficits and debt will grow to
levels unsustainable for the U.S. economy.

Under one scenario where the administra-
tion's tax cuts are made permanent and
discretionary spending grows with the econ-
omy, the deficit by 2040 would be so severe
that the government would have only enough

income to cover interest payments—but
nothing for ongoing government programs. 

Other speakers saw the conflicts over 
embryonic stem cell research and teaching
evolution in public schools as evidence of
stress between science and society.

John Gearhart, a professor in the School
of Medicine at Johns Hopkins University,
has been a pioneer in embryonic stem cell
research. Though his work someday might
help tens of millions of people suffering
from chronic disease and severe injury, he
described in a subdued voice how he has
been jostled, shoved, subjected to demon-
strations, and called a Nazi. In one visit to
Capitol Hill, Gearhart recalled, he was asked
how it “felt to kill the littlest Americans.” 

Robert Klein, the guiding force behind
the victorious California initiative to invest
$3 billion in stem cell research, was pointedly
critical of one new bill in Congress, saying it
would subject parents who seek embryonic
stem cell therapies for their children to arrest
and imprisonment.

Eugenie Scott, executive director of the
National Center for Science Education, 
dissected the arguments of anti-evolution

leaders, detailing their misconceptions.
She recounted the experience of a physical
anthropologist she knows who taught evolu-
tion to a group of religious students in a
community college in the South. Several of
the students approached their teacher after
a few weeks of class and readily acknowl-
edged that species change over time. “You
mean that’s what evolution is?” they asked.
“We thought evolution meant you can't be-
lieve in God.” 

Scott and others urged re-
spectful relations with oppo-
nents and a willingness to
listen. Gearhart said he has
visited churches, temples,
and social clubs to talk about
embryonic stem cell re-
search. Likewise, physicist
and author Lawrence Krauss
of Case Western Reserve
University in Ohio said he
has discussed evolution
during visits to churches and
religious schools. 

“I am not under the illu-
sion that I will ever be able
to convince ardent opponents
of evolution,” Krauss said
after the forum. “I am more

interested in the vast middle—those people
who haven't thought about the issue and are
willing to listen openly, or to young people
who have been propagandized, but who can
learn from being exposed to honest and
respectful assessments of reality.”

EDUCATION

NSF/AAAS Report Hails 
Inquiry-Based Learning

The engineering program at Itasca Commu-
nity College doesn’t generate the national
buzz of MIT or Caltech; even in Minnesota
and the Dakotas, it’s probably not as well
known as bigger state schools. But for Tom
Calgaro, the decision to attend Itasca a
few years ago was a crucial step in his early
development. 

Itasca has successfully followed a model
of “inquiry-based learning,” one of the
programs cited in a new AAAS–National
Science Foundation report on the most
innovative new approaches to teaching
science, engineering, and related fields.
For Calgaro, inquiry-based learning is no

AAAS NEWS AND NOTES

SCIENCE AND POLICY

Deep Concerns Aired at 
AAAS’s 30th S&T Policy Forum 

edited by Edward W. Lempinen

White House science adviser John H. Marburger III offered a firm
defense of federal research and development spending.
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mere pedagogical fashion—it was an im-
mersion in learning that prepared him for a
career in avionics, and for life, too.

Members of the Itasca engineering
faculty “have a passion for their work,
and they pass it along to their students,”
said Calgaro, who spent 2 years at the
school in Grand Rapids, on the western
edge of Minnesota's Iron Range. “They
foster a team atmosphere by creating an
environment and teaching style called a
‘learning community,’ in which students
become part of a group, with ties similar
to those of family.” 

The new AAAS/NSF report is called 
“Invention and Impact: Building Excellence
in Undergraduate Science, Technology,
Engineering and Mathematics (STEM) 
Education.” It explores what schools can do
to draw from the broadest and most diverse
student body and to educate them in a way
that imparts not just skills, but the deeper
understanding, passion, and commitment
that will help them thrive. 

Itasca is a “wonderful example” of how
schools are working to retain students in
STEM fields, said Rosemary R. Haggett, 
director of the NSF's Division of Under-
graduate Education within the Directorate
for Education and Human Resources. “With
U.S. enrollments in these fields declining,
it's more important than ever to keep every
student engaged in learning.” 

According to Ronald Ulseth, director of
the Itasca engineering program, learning
communities are especially effective at
educating women in the f ield. Overall,
Ulseth said, more than 90% of all graduates
go on to obtain their bachelor's degrees in
engineering.

As detailed in the new report, inquiry-
based learning takes various forms, including
“peer-led team teaching,” which makes
even large classes seem intimate as student-
leaders direct workshops, creative faculty-
development methods, case study–based
learning, and virtual laboratories.

The report “is the first truly compre-
hensive volume on what's happening in
terms of undergraduate educational reform
efforts across all the STEM fields,” said
co-author Yolanda George, deputy director
of Education and Human Resources at
AAAS.

“Invention and Impact” is based on an
April 2004 conference at which some 400
participants exchanged data and experience
about new teaching methods resulting from
NSF’s Course, Curriculum, and Laboratory
Improvement (CCLI) program. The pro-
gram, established 5 years ago, has supported
1750 innovative teaching projects at 600
institutions, involving 1.4 million students
and 25,000 faculty members. 

Calgaro is a strong proponent. This
month, he graduated with honors from
North Dakota State University, earning a
degree in electrical engineering. He already
has logged substantial work experience in
aviation engineering, and he has his pilot’s
license. He’s accepted a post as a systems
engineer at the aviation electronics firm
Rockwell Collins in Cedar Rapids, Iowa.
“This is about as close to my dream job as I
could have imagined,” he said.

The new report is online at www.aaas.org/
publications/books_reports/CCLI/. A
limited supply of print copies are available
for $19.95 by e-mailing ehr@aaas.org.
—GINGER PINHOLSTER CONTRIBUTED TO THIS REPORT

SCIENCE AND SOCIETY

Science, Religion Intersect 
at Neuroethics Forum

The idea of using technology to boost
brain performance makes Christian moral
theologian Brent Waters a little wary. The
goal of technology is to improve the
quality of human lives, and “better brains
don’t necessarily mean better people,” he
said at “Our Brains and Us: Neuroethics,
Responsibility and the Self,” a recent
conference cosponsored by AAAS and
held at MIT.

“Better brains don’t necessarily mean
worse people either,” countered brain re-
searcher Paul Gold of the University of
Illinois at Urbana-Champaign. 

Ultimately, Gold and Waters, a professor
at Garrett-Evangelical Theological Semi-
nary, agreed on many points, such as the
idea that it is how performance-enhancing
brain technologies are used—rather than the
technologies themselves—that is good or
bad. Throughout the conference, speakers
from the scientific, ethics, and religious
communities often shared common ground,
but some differences did emerge.

“Neuroscientists have an obsession
with pushing the forefront of knowledge,
while religious practitioners have a deep
commitment to understanding the nature
of the self in the context of how to improve
the human condition. So, both perspectives
have important forward-looking points and
drawbacks,” said MIT neuroscientist
Christopher Moore. 

“The multidisciplinary and multireli-
gious engagement of the participants at the
intersection of science, ethics, and religion
was a model for the kind of civil discourse
needed as we make decisions that will shape
the human future,” said Jim Miller, senior
program associate for AAAS’s Dialogue on
Science, Ethics, and Religion.

A common question raised by speakers
from the religious communities was how
neuroscience might affect people’s concep-
tions of the soul and the spirit, since, as
Dr. Roger Pitman of Harvard Medical
School said, most neuroscientists believe
that “everything that happens in the mind
happens in the brain.”

The theologians, ethicists, and neuroscien-
tists returned often to common questions. Will
humans try to perfect themselves through
neuroscience-based enhancements? How does
a society draw the line between enhancement
and therapy? How can society guard against
the risk that new technologies could widen
disparities among socioeconomic groups?

Much of the research that is provoking
these questions is still in the early stages.
The speakers discussed studies showing that
certain chemicals can enhance memory and
that we can influence each other’s memories
as well as our own experience of pain. 

Others described the potential for using
brain scanning in everything from criminal
trials to soda marketing research. Re-
searchers are also making progress with
prosthetic devices controlled by the brain
and in understanding how a specialized set
of “mirror neurons” in the brain may form at
least a partial basis for empathy.

The conference took place 17 to 19 April
in Cambridge, Massachusetts, and was co-
sponsored by AAAS’s Dialogue on Science,
Ethics, and Religion; MIT's Department of
Brain and Cognitive Sciences; the Technology
and Culture Forum at MIT; and the Boston
Theological Institute.—KATHY WREN
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COMMUNICATION

Two Selected for
New Minority 

Internship
AAAS and Science have named two Cali-
fornia students as the first recipients of the
new Minority Science Writers Internship for
undergraduates pursuing science journal-
ism careers.

Genevra Ann Ornelas of California State
University-Fresno and Cathy Tran of the
University of California-Santa Barbara, both
graduating seniors, will begin their 10-week
internships in June at the Washington, D.C.,
headquarters of Science. Tran majored in
biopsychology, Ornelas in biology.

They will help reporters gather informa-
tion for news stories, attend hearings and
briefings, and work on their own stories for
Science or Science Now, the journal’s daily
online news service.
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Solid-State Light Sources Getting Smart
E. Fred Schubert and Jong Kyu Kim

More than a century after the introduction of incandescent lighting and half a century
after the introduction of fluorescent lighting, solid-state light sources are revolutioniz-
ing an increasing number of applications. Whereas the efficiency of conventional
incandescent and fluorescent lights is limited by fundamental factors that cannot be
overcome, the efficiency of solid-state sources is limited only by human creativity and
imagination. The high efficiency of solid-state sources already provides energy savings
and environmental benefits in a number of applications. However, solid-state sources
also offer controllability of their spectral power distribution, spatial distribution, color
temperature, temporal modulation, and polarization properties. Such ‘‘smart’’ light
sources can adjust to specific environments and requirements, a property that could
result in tremendous benefits in lighting, automobiles, transportation, communication,
imaging, agriculture, and medicine.

T
he history of lighting has taken several

rapid and often unexpected turns (1).

The first commercial technology for

lighting was based on natural gas that served

thousands of streets, of-

fices, and homes at the

end of the 19th century.

As a result of the com-

petition from Edison_s
incandescent lamp, gas-

lights were strongly im-

proved by the use of

mantles soaked with the

rare-earth compound tho-

rium oxide, which con-

verted the gas flame_s
heat energy and ultravio-

let (UV) radiation into

visible radiation. Ulti-

mately, however, the

gaslights shown in Fig.

1 were displaced by in-

candescent light bulbs

first demonstrated in

1879. Fluorescent tubes

and compact fluorescent

lamps became widely

available in the 1950s and early 1990s, respec-

tively. Along with high-intensity discharge

lamps, they offer a longer life and lower power

consumption than incandescent sources, and

have become the mainstream lighting tech-

nology in homes, offices, and public places.

The efficiency of fluorescent lamps based

on mercury vapor sources is limited to about

90 lm/W by a fundamental factor: the loss of

energy incurred when converting a 250-nm

UV photon to a photon of the visible spectrum.

The efficiency of incandescent lamps is

limited to about 17 lm/W by the filament tem-

perature that has a maximum of about 3000 K,

which results, as predicted by blackbody

radiation theory, in the utter dominance of

invisible infrared emission. In contrast, the

present efficiency of solid-state light sources is

not limited by fundamental factors but rather

by the imagination and creativity of engineers

and scientists who, in a worldwide concerted

effort, are longing to create the most efficient

light source possible.

Bergh et al. (2) discussed the huge poten-

tial benefits of solid-state light sources, in

particular reduced energy consumption, depen-

dence on foreign oil, emission of greenhouse

gases (CO
2
), emission of acid rain–causing

SO
2
, and mercury pollution. Solid-state light-

ing could cut the electricity used for lighting,

currently at 22%, in half. Although tremen-

dous energy savings have already materialized

Ee.g., traffic lights that use light-emitting diodes

(LEDs) consume only one-tenth the power of

incandescent ones^, there is a sobering possi-

bility that energy savings may be offset by

increased energy consumption: More waste-

ful usage patterns, abundant use of displays,

and an increase in accent and artistic lighting

may keep the use of electricity for lighting at

its current level E11% in private homes, 25%

in commercial use, and 22% overall (3)^.
Several promising strategies to create white

light with the use of inorganic sources, organic

sources, and phosphors are shown in Fig. 2,

including di-, tri-, and tetrachromatic ap-

proaches. These approaches differ in terms

of their luminous efficiency (luminous flux or

visible light output power per unit electrical

input power), color stability, and color ren-

dering capability (i.e., the ability of a light

source to show or Brender[ the true colors of

an object). It is well known that there is a

fundamental tradeoff between color rendering

and luminous efficacy of radiation (luminous

flux per unit optical power). For optimized

wavelength selection, dichromatic sources

have the highest possible luminous efficacy

of radiation, as high as 425 lm/W, but they

REVIEW

Department of Electrical, Computer, and Systems En-
gineering and Department of Physics, Applied Physics,
and Astronomy, Rensselaer Polytechnic Institute, Troy,
NY 12180, USA.

Fig. 1. (A) 1880s illustration of the nightly illumination of a gaslight with a thorium oxide–soaked mantle. (B) Replica of
Edison’s lamp. (C) Contemporary compact fluorescent lamp. (D) High-pressure sodium lamp.
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poorly render the colors of objects when

illuminated by the dichromatic source. Tetra-

chromatic sources have excellent color ren-

dering capabilities but have a lower luminous

efficacy than dichromatic or trichromatic

sources. Trichromatic sources can have both

good color rendering properties and high

luminous efficacies (9300 lm/W).

Figure 2 also shows several phosphor-

based white light sources. Such sources use

optically active rare-earth atoms embedded in

an inorganic matrix. Cesium-doped yttrium-

aluminum-garnet (YAG) is a common yellow

phosphor. However, phosphor-based white

light sources suffer from an unavoidable Stokes

energy loss due to the conversion of short-

wavelength photons to long-

wavelength photons. This

energy loss can reduce by

10 to 30% the overall effi-

ciency of systems based on

phosphors optically excited

by LEDs. Such loss is not in-

curred by white light sources

based exclusively on semi-

conductor LEDs. Further-

more, phosphor-based sources

do not allow for the exten-

sive tunability afforded by

LED-based sources, partic-

ularly in terms of spectral

composition and temporal

modulation (YAG phospho-

rescence radiative lifetime is

in the millisecond range).

The luminous efficien-

cy of a light source is a key

metric for energy savings

considerations. It gives the

luminous flux in lumens

(light power as perceived by

the human eye) per unit of

electrical input power. Lu-

minous efficiencies of 425

lm/W and 320 lm/W could

potentially be achieved with

dichromatic and trichromat-

ic sources, respectively, if

solid-state sources with per-

fect characteristics could be fabricated. Perfect

materials and devices would allow us to gen-

erate the optical flux of a 60-W incandescent

bulb with an electrical input power of 3 W.

Besides luminous efficiency, color render-

ing is an essential figure of merit for a light

source used in illumination applications. It is a

very common misconception that the color of

an object depends only on the properties of the

object. However, as George Palmer first found

in 1777, the perceived color of an object

equally strongly depends on the illumination

source Efor Palmer_s original paper, see (4)^.
Illuminating colored test samples with differ-

ent light sources, he found that Bred appears

orange[ and, more strikingly, Bblue appears

green.[ Thus, the Btrue color[ of an object

requires that we have a certain reference il-

luminant in mind. Today, a procedure similar

to Palmer_s is used: The apparent color of a

set of sample objects is assessed (quantitative-

ly in terms of chromaticity coordinates, no

longer just qualitatively as Palmer did) under

illumination by the test light source and then

by the reference light source. The color dif-

ferences of a set of eight standardized color

samples are added. The sum, weighted by a

prefactor, is then subtracted from 100. This

gives the color rendering index (CRI), a key

metric for light sources. A high CRI value

indicates that a light source will accurately

render the colors of an object.

Although trichromatic sources already give

very good CRI values, tetrachromatic sources

give excellent CRI values suitable for essen-

tially any application. The emission spectrum,

luminous efficacy, and color rendering proper-

ties of a tetrachromatic white LED-based

source with color temperature of 6500 K are

shown in Fig. 3. Color temperature may ap-

pear to be a somewhat surprising quantity,

as color and temperature would not seem to

have a direct relationship with each other.

However, the relationship is derived from

Planck_s blackbody radiator; at increasing

temperatures it glows in the red, orange,

yellowish white, white, and ultimately bluish

white. The color temperature is the tempera-

ture of a blackbody radiator that has the same

chromaticity as the white light source con-

sidered. Figure 3 shows that a favorable wave-

length combination is l 0 450, 510, 560, and

620 nm, giving a luminous efficacy of 300

lm/W and a CRI of 95. Such a CRI makes

tetrachromatic light sources suitable for prac-

tically any application.

However, the emission power, peak wave-

length, and spectral width of inorganic LEDs

vary with temperature, a major difference from

conventional lighting sources. LED emission

powers decrease exponentially with tempera-

ture; low-gap red LEDs are particularly sensi-

tive to ambient temperature. As a result, the

chromaticity point, correlated color tempera-

ture, CRI, and efficiency of

LED-based light sources

drift as the ambient tempera-

ture of the device increases.

An example of the change

in chromaticity point with

junction temperature is shown

in Fig. 4 for a trichromatic

LED-based light source (5);

the chromaticity changes by

about 0.02 units, thereby ex-

ceeding the 0.01-unit limit

that is considered the maxi-

mum tolerable change by

the lighting industry. Fur-

thermore, the CRI changes

from 84 to 72. To avoid this

change, corrective action must

be taken by tuning the rela-

tive electrical input powers of

the LEDs. Energy-efficient

adaptive drive electronics

with integrated temperature

compensation are already

under development. White

sources that use phosphor,

particularly UV-pumped phos-

phor sources, have great col-

or stability and do not suffer

from the strong change in

chromaticity and color ren-

dering. This is because the

intra–rare-earth atomic tran-

sitions occurring in phosphors do not depend

on temperature.

Technological Challenges

What specific advances will be required to

move solid-state light sources from their

current performance closer to their funda-

mental limits? What are the ‘‘bottlenecks’’

that will need to be overcome to enable

specific types of control for smart lighting

systems? The major technical challenges in

solid-state lighting can be categorized into

three groups:

& Epitaxial and bulk crystal growth;

materials including nanomaterials and sub-

strates; phosphors

Fig. 2. LED-based and LED-plus-phosphor–based approaches for white light sources
implemented as di-, tri-, and tetrachromatic sources. Highest luminous source
efficiency and best color rendering are obtained with dichromatic and tetrachromatic
approaches, respectively. Trichromatic approaches can provide very good color
rendering and luminous source efficiency.
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& Device physics; device design and

architecture; low-cost processing and fabri-

cation technologies

& Packaging; integration of components into

lamps and luminaires; smart lighting systems

We next discuss several important technical

issues involved in meeting these challenges.

Additional challenges and a roadmap with spe-

cific goals were presented by Tsao (6) and

Rohwer and Srivastava (7). Here, we empha-

size inorganic materials and devices, which at

this time are more advanced in terms of lu-

minance and reliability than organic devices.

Internal efficiency. The development of

efficient UV emitters (G390 nm), green emit-

ters (515 to 540 nm), yellow-green emitters

(540 to 570 nm), and yellow emitters (570 to

600 nm) is a major challenge. The internal

quantum efficiency (photons created per

electron injected) of some of these emitters,

particularly in the deep UV, can be below

1%. A better understanding of the materials

physics—in particular, defects, dislocations,

and impurities—will be required to attain ef-

ficient emitters in this wavelength range. Novel

epitaxial growth approaches, including growth

on pseudo-matched substrates and growth on

nano-structured substrates (8, 9), will be re-

quired to overcome these limitations.

Phosphors. Hundreds of phosphors are

available for excitation at 250 nm, the domi-

nant emission band of Hg lamps. In solid-state

lighting, however, the excitation wavelength

is much longer, typically in the range 380 to

480 nm. New high-efficiency phosphors, which

can be efficiently excited at these wavelengths,

are now being developed. Whereas high-

efficiency yellow phosphors are readily avail-

able (e.g., cesium-doped YAG phosphors), the

efficiency of red phosphors still lags.

Extraction efficiency. The efficient extrac-

tion of light out of the LED chip and the

package is complicated because this light tends

to be generated near metallic ohmic contacts

that have low reflectivity and are partially

absorbing. Either totally reflective or totally

transparent structures are desirable. This in-

sight has driven the replacement of absorbing

GaAs substrates with transparent GaP sub-

strates, and it has also spurred the develop-

ment of new omnidirectional reflectors with

angle-integrated transverse electric–transverse

magnetic (TE-TM) averaged mirror losses that

are 1% those of metal reflectors. Sophisticated

chip shapes and photonic crystal structures are

becoming commonplace. Another fruitful strat-

egy is to reduce deterministic optical modes

trapped in the chip and the package by intro-

ducing indeterministic optical elements such

as diffuse reflective and transmissive surfaces.

Chip and lamp power. Although substan-

tial progress has been achieved in LED optical

output power, an order of magnitude increase

in power per package is still required. Several

strategies are being pursued simultaneously,

including (i) scaling up the chip area, (ii) scaling

up the current density, and (iii) increasing the

maximum allowable operating temperature.

Scaling of the chip area is particularly

interesting because it reminds us of the scal-

ing in Si microelectronics technology that

for decades has been governed by Moore’s

law. Whereas feature sizes are shrinking in

Si technology, die sizes are growing in solid-

state lighting devices. However, the increase

in chip area is frequently accompanied by a

reduced efficiency (scaling losses) due to ab-

sorption losses of waveguided modes propa-

gating sideways within the semiconductor.

New scalable geometries and high-reflectivity

omnidirectional reflectors are being developed

by several research groups. Surface-emitting

devices are generally more scalable, as they

do not suffer from waveguide losses. Surface

emission can be accomplished by micromir-

rors that redirect waveguided modes toward

the surface-normal direction of the chip.

The scaling of the current density requires

strong confinement of carriers to the active

region. Such confinement reduces carrier es-

cape out of the active region and carrier

overflow. Changes in device design will be

required, including the use of electron and

hole blocking layers that prevent carriers from

escaping from the active region.

Semiconductors with band gap energies

corresponding to the visible spectral range,

in particular wide-gap III-V nitrides, exhibit

great temperature stability. However, com-

mon epoxy encapsulants limit the maximum

temperature of operation to about 120-C.
Silicone, mostly known as a common house-

hold glue, offers mechanical flexibility (re-

ducing stress) and great stability up to

temperatures of about 190-C.

Thermal issues. In conventional pack-

ages, LED chips driven at high currents

quickly heat up. This is because the thermal

resistance of ‘‘5-mm packages,’’ which have

been around for decades, is greater than 200

K/W. Active cooling (with a fan or thermo-

electric device) is not an option for most

applications, as such cooling reduces the

power efficiency. Advanced packaging meth-

ods use a direct thermal path: a metallic slug

that extends from the LED chip through the

package to a larger heat sink (such as a

printed circuit board) that spreads the heat.

Such packages will have thermal resistances

G 5 K/W, nearly two orders of magnitude

lower than conventional packages.

Polarization control. Polarization control

would be useful for a number of applica-

tions. For example, a backlighting power

saving of up to 50% in liquid crystal display

applications would result from the ability to

Fig. 3. Spectrum (A) and contour plot (B) showing luminous efficiency of radiation and CRI of tetrachromatic LED-based white
light source with peak emission wavelength l1, l2, l3, and l4 and a spectral width of DE 0 5 kT (È125 meV), as is typical for
light-emitting active regions consisting of ternary alloy semiconductors. The power ratio is chosen to obtain a chromaticity
location on the Planckian locus with a color temperature of 6500 K.
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control polarization. Photonic crystal struc-

tures, which can have a photonic gap for only

one polarization, offer a unique capability for

achieving this goal. Superluminescent struc-

tures offer an alternative way to enhance one

polarization.

High-luminance/high-radiance devices

and control of far field. Flexible optical

designs require high-luminance devices with

small, very bright surfaces (high luminance and

radiance). Such high-radiance point sources

can be imaged with greater precision and en-

able flexible optical designs with precise

steering of beams. LEDs emitting through all

side surfaces and the top surface are not well

suited for point-source applications. New

structures that completely lack side emission

will need to be developed for such applications;

photonic band gap structures and the use of

reflectors will be required. Furthermore, spe-

cific arrangements of phosphors will allow for

chromatically dispersive emission patterns

(i.e., patterns that exhibit a correlation be-

tween emission color and direction).

Cost. Although cost is a conditio sine

qua non from a point of view that focuses on

the replacement of conventional sources, it is

of lesser importance for smart lighting ap-

plications. The benefits of smart lighting

add another dimension to the economics of

lighting, as these benefits derive from the

possibility of temporal, spatial, spectral, and

polarization control, a feature that conven-

tional lighting technologies are unable to of-

fer. Whereas the ‘‘cost of ownership,’’ which

includes the cost of lamp purchase and cost

of electricity to operate the lamp, would ap-

pear most relevant, the lamp purchase price,

measured in ‘‘$ per lumen,’’ is the cost that

prominently appears on the price tag to the

consumer. A high lamp purchase price is a

barrier for the broad adoption of solid-state

lighting.

Substantial cost reductions are to be ex-

pected mostly through scaling of LED chips,

lamps, and packages. In silicon technology,

scaling of integrated circuits has reduced the

cost of a logic gate by more than six orders of

magnitude. Similarly, the scaling up of the

LED chip size (analogous to geometric scaling

in Si integrated circuits) and of the current

density (analogous to current-density scaling

in Si integrated circuits) will enable substantial

cost reductions that, in the years to come, will

bring LEDs into offices, homes, and maybe

even the chandeliers of dining rooms.

Smart Lighting

In addition to the energy savings and positive

environmental effects promised by solid-state

lighting, solid-state sources—in particular,

LED-based sources—offer what was incon-

ceivable with conventional sources: controlla-

bility of their spectral, spatial, temporal, and

polarization properties as well as their color

temperature. Technologies currently emerging

are expected to enable tremendous benefits in

lighting, automobiles, transportation, commu-

nication, imaging, agriculture, and medicine.

Recently, a remarkable discovery wasmade:

A fifth type of photoreceptor had first been

postulated and then identified in the retina of the

human eye, more than 150 years after the dis-

covery of the rod cells and the red-, green-, and

blue-sensitive cone cells (10–12). The fifth type

of photoreceptor, the ganglion cell, had been

believed to be merely a nerve interconnection

and transmitter cell. Such cells are now be-

lieved to be instrumental in the regulation of

the human circadian (wake-sleep) rhythm. Be-

cause ganglion cells are most sensitive in the

blue spectral range (460 to 500 nm, Fig. 5),

they act as a ‘‘blue-sky receptor,’’ that is, as

a high-color-temperature receptor. Indeed, dur-

ing midday periods natural daylight has color

temperatures ranging from 6000 K under over-

cast conditions to as high as 20,000 K under

clear blue-sky conditions. However, in the eve-

ning hours, the color temperature of the Sun

decreases to only 2000 K. This periodic var-

iation of the color temperature of natural light

synchronizes the human circadian rhythm.

Figure 5 shows that the circadian and visual

efficacies are vastly different (orders of mag-

nitude), particularly in the red spectral range.

Inappropriate lighting conditions were

shown in mammals to upset the body chemistry

and to lead to deleterious health effects, includ-

ing cancer (13). Thus, circadian light sources

with tunability of color temperature would

be beneficial to human health, well-being, and

productivity. Furthermore, such circadian lights

could lead to a reduced dependence on sleep-

inducing pharmaceuticals. For this reason,

sources replicating the Sun’s high color tem-

perature during the midday period and low

color temperatures during early morning and

at night would be a wonderful illumination

Fig. 4. Change in chromaticity coordinate, correlated color temperature, and CRI of trichromatic LED light source for junction
temperatures of Tj 0 20-, 50-, and 80-C represented in the (x, y) chromaticity diagram.
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source, given that we humans adapted to such

a circadian source during evolution. Alterna-

tively, we may want to influence and manip-

ulate the human circadian rhythm: If circadian

lights (e.g., blue automotive dashboard lights)

could reduce driver fatigue, the number of

traffic accidents and fatalities caused by this

condition could be reduced as well.

Another potential benefit of smart lighting

originates in the ability to rapidly modulate

the output power of LED-based light sources,

thereby enabling communication features. New

modes of communication based on room-light

sources would help to reduce the overcrowding

of the radio frequency bands. Of course, the

visual appearance of such communicative light

sourceswould be indistinguishable from conven-

tional sources. In automotive communication

applications, brake lights could communicate

an emergency braking maneuver to a follow-

ing car. Headlights could inform a red traffic

light of an approaching car while fully main-

taining their normal function as headlights.

Smart road signs could flash warnings spe-

cifically to drivers that approach a dangerous

curve with excessive speed. Room lights could

broadcast messages, alarms, and other types of

information, without any noticeable change in

the illumination quality. Modulation rates in

the megahertz range are possible, with the

limiting factor being the device resistance and

capacitance (RC time) of high-power devices.

The large-area junction capacitance means

that such devices would be limited by RC time

rather than by spontaneous lifetime.

Smart lighting could be used in headlights

that are spectrally and spatially dispersive, with

peripheral regions having a spectrum different

from that of the center. It is well known that

the spectral sensitivity of the cone cell–rich

central vision region of the retina is different

from the rod cell–rich peripheral vision region

of the retina. It is also well known that human

vision has a photopic (daytime vision) regime

with peak sensitivity at 555 nm and a scotopic

(nighttime vision) regime with peak sensitivity

at 505 nm. Although it is too early to guess

at the magnitude of safety enhancements, ad-

vances in automotive lighting enabled by solid-

state sources would certainly reduce accidents.

Plant growth in northern countries and dur-

ing non-native seasons is already supported by

artificial illumination. However, spectral dis-

tributions are not yet optimized. Smart lighting

would allow one to select the most efficacious

spectral composition, thereby enabling plant

growth in the most energy-efficient way.

In microscopy applications, smart light-

ing with infrared, visible-spectrum, and UV

illumination sources with specific spectral com-

positions, polarizations, and color temperatures

(for white illumination) could render micro-

scopic objects more clearly than a conventional

light bulb could. Smart sources could enable

real-time identification, counting, and sorting

of biological cells. During surgical procedures,

the real-time enhanced rendering of specific

cells, tissues, and organs could be very helpful.

Other applications are awaiting the arrival

of smart sources for imaging, microscopy, and

visualization. For television sets, computer

monitors, and outdoor displays, smart light

sources promise a huge color gamut, brilliant

colors, and again, large energy savings. Solid-

state light sources are already the type of source

manufactured in the greatest numbers. They

have enjoyed double-digit growth rates for

more than a decade. The opportunities dis-

cussed above will ensure that this trend will be

sustained for years to come.

References and Notes
1. B. Bowers, Lengthening the Day (Oxford Univ. Press,

Oxford, 1998).
2. A. Bergh, G. Craford, A. Duggal, R. Haitz, Phys. Today

54 (no. 12), 42 (2001).
3. J. Kelso, Buildings Energy Databook (U.S. Department

of Energy, January 2005 revision).
4. D. L. MacAdam, Ed., Selected Papers on Colorimetry—

Fundamentals, vol. 77 of SPIE Milestone Series (SPIE
Press, Bellingham, WA, 1993).

5. S. Chhajed, Y. Xi, Y.-L. Li, E. F. Schubert, J. Appl. Phys.
97, 054506 (2005).

6. J. Y. Tsao, IEEE Circuits & Devices 20 (no. 3), 28 (2004).
7. L. S. Rohwer, A. M. Srivastava, Electrochemical Society

Interface 12 (no. 2), 36 (2003).
8. D. Zubia, S. D. Hersee, J. Appl. Phys. 85, 6492 (1999).
9. X. Y. Sun et al., J. Appl. Phys. 84, 1450 (2004).

10. G. C. Brainard et al., J. Neurosci. 21, 6405 (2001).
11. D. M. Berson, F. A. Dunn, M. Takao, Science 295,

1070 (2002).
12. S. Hattar, H.-W. Liao, M. Takao, D. M. Berson, K.-W.

Yau, Science 295, 1065 (2002).
13. D. E. Blask, R. T. Dauchy, L. A. Sauer, J. A. Krause, G. C.

Brainard, Breast Cancer Res. Treat. 79, 313 (2003).
14. Supported by NSF grant 0401075, the U.S. Army Re-

search Office, Samsung Advanced Institute of Tech-
nology (Suwon, Korea), and Crystal IS Corporation
(Watervliet, NY).

10.1126/science.1108712

Fig. 5. CIE eye sensitivity function V(l) for the photopic vision regime mediated by retinal cone and rod cells. Also shown is the
eye sensitivity function for the scotopic vision regime, V ¶(l), that applies to low ambient light levels, and the circadian efficacy
curve C(l) derived from retinal ganglion cell photoresponse.

R E V I E W

27 MAY 2005 VOL 308 SCIENCE www.sciencemag.org1278

http://www.sciencemag.org


High-Resolution NMR Spectroscopy
with a Portable Single-Sided Sensor

Juan Perlo,1 Vasiliki Demas,2,3,4* Federico Casanova,1

Carlos A. Meriles,5 Jeffrey Reimer,3,4 Alexander Pines,2,4

Bernhard Blümich1*

Unlike absorption and fluorescence spectrome-

ters, nuclear magnetic resonance (NMR) instru-

ments are not easily miniaturized for field use.

PortableNMR systems have been built, with open

single-sided probes for arbitrarily sized samples

(1). However, the unavoidable spatial in-

homogeneity of the static magnetic field has

precluded the use of these devices for high-

resolution spectroscopy. These field

variations are usually orders of magni-

tude larger than those created by the

microscopic structure of the molecules to

be detected, so no chemical shift infor-

mation can be extracted from the spectra.

Thus far, the systems have mainly

yielded relaxation times as a crude

estimate of material composition, but

more detailed information would benefit

a broad range of fields, from medical

diagnosis to archaeological analysis.

Recently, a solution to this ex situ

challenge has been proposed (2). The

strategy compensates for the main field

inhomogeneity by using parallel varia-

tions in the applied radio frequency (rf)

field. For spins with the same chemi-

cal shift, different Larmor frequencies

throughout the sample give rise to pro-

gressive dephasing during a free evo-

lution period. At any stage, this loss of

coherence can be reversed if a proper

position-dependent phase correction is

applied. However, when this is done,

phase differences accumulated during

the evolution and arising from the chem-

ical shift differences must be maintained.

Such a position-dependent phase correc-

tion can be accomplished by the use of

z-rotation pulses (3). In the presence of

matched rf and static field profiles, these

pulses induce echoes with a phase sensi-

tive only to chemical shift differences.

Sampling of the echo maxima occurring

after incremental periods of free evolu-

tion leads to high-resolution NMR

spectra (4). (Discussion of the underlying

theory is available as supporting online

material.) Unlike other approaches (5–8),

this method can be used at low magnetic

field strengths and does not rely on any

special properties of a given substrate,

such as intramolecular interactions.

Here we describe a portable single-sided

sensor that functions on the above principle.

Two concentric, U-shaped NdFeB magnets in-

ducing opposing magnetic fields were arranged

to create a sweet spot 7 mm above the magnet

(Fig. 1A). In this region, the magnetic field was

parallel to the magnet surface and reached

0.2 T. The dimensions of a rectangular surface

rf coil and the position of the inner magnet were

finely adjusted to optimize the correspondence

between the static and rf magnetic fields (Fig.

1B). The final configuration did not minimize

the static field variations. Rather, a remnant

static gradient perpendicular to the magnet

surface was retained to better reproduce the

natural field inhomogeneity of the rf coil.

We reconstructed a well-resolved spec-

trum by sequentially incrementing the length

of the initial (spatially dependent) pulse b
(Fig. 1C). The pulse train after the first echo

was used simply to increase detection sensi-

tivity (4). As a proof of principle, we acquired
19F spectra of several fluorinated hydrocar-

bons. Optimization of the coil and magnet

geometry provided a preliminary linewidth of

2500 Hz, which further narrowed to 65 Hz

when the pulse sequence was applied (Fig.

1C). This resolution, corresponding to a chem-

ical shift of 8 parts per million (ppm), required

only 3 min of acquisition time. These results

suggest that proton chemical shift resolution

could be achieved in the near future (the 1H

chemical shift range is 12 ppm).
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Fig. 1. (A) Schematic. The inner shimming magnet
opposes the field of the outer magnet to give a sweet
spot 7 mm above the magnet surface. A 3-mm3 sample
tube (inner diameter 0 1 mm) placed at this site was
oriented parallel to the magnet gap (the x axis). B0, static
magnetic field; B1, rf field. (B) Field map of the difference
(as a fraction of B0) between the magnitudes of the static
and normalized rf fields in the region of the sweet spot,
which sets the attainable resolution. The reference frame
has the z axis parallel to B0 and the y axis parallel to B1.
(C) (Upper inset) A spatially inhomogeneous rf z rotation
induces an echo after a period of free evolution t1. The
echo position is incremented by varying the duration t1 of
the pulse b. A train of p pulses with separation t2 0 1.5 ms
improves the signal to noise ratio. Rf phases are labeled.
(Main) Spectra of C6F6 before and after we optimized the
position of the inner magnet and after we used the
refocusing sequence. (Lower inset) Chemical shift–
resolved spectra for different samples.
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Bottom-Up Ecosystem Trophic
Dynamics Determine Fish

Production in the Northeast Pacific
Daniel M. Ware1,2,3 and Richard E. Thomson4,2,5*

We addressed the question of bottom-up versus top-down control of marine
ecosystem trophic interactions by using annual fish catch data and satellite-
derived (SeaWiFS) chlorophyll a measurements for the continental margin of
western North America. Findings reveal a marked alongshore variation in re-
tained primary production that is highly correlated with the alongshore var-
iation in resident fish yield. The highest productivity occurs off the coasts of
Washington and southern British Columbia. Zooplankton data for coastal
British Columbia confirm strong bottom-up trophic linkages between phyto-
plankton, zooplankton, and resident fish, extending to regional areas as small
as 10,000 square kilometers.

It remains unclear whether long-term sustain-

able fish catches from continental margin

ecosystems are controlled largely by the pri-

mary production rate (bottom-up processes)

or by predatory-prey interactions at higher

trophic levels, including fisheries (top-down

processes). Comparative cross-system analy-

ses (1) suggest that bottom-up control is the

principal mechanism. However, other studies

(primarily of lake ecosystems, where it is

easier to experimentally manipulate fish pro-

duction) have found that top-down processes

may prevail (2). Although it is certain that, at

some high harvest level, a fishery will begin to

exert a controlling influence on fish produc-

tion, the rate of removal at which this level

occurs is uncertain. We used satellite-derived

estimates of mean annual chlorophyll a (chl-a)

concentration to test the hypothesis that long-

term average fish production and yield within

large-scale fishing zones along the continental

margin of western North America are mainly

controlled by phytoplankton production.

Satellite observations of surface chl-a con-

centration (Fig. 1), a proxy measure of the

surface phytoplankton concentration (3), are

available at a spatial resolution of 1.1 km

through the water-leaving radiance (reflec-

tance) measurements provided by the stan-

dard Seaviewing Wide Field-of-view Sensor

(SeaWiFS) (4). The surface concentration of

chl-a is also directly related to the rate of

primary production (5). At the larger spatial

scales examined in this study (average sur-

face area, 67,157 km2), we calculated the mean

annual chl-a concentrations for the years

1998 to 2003 for the 11 North Pacific Anad-

romous Fish Commission (NPAFC) statisti-

cal fishing areas (6). The NPAFC areas span

the continental margin from southern Cali-

fornia to western Alaska (Table 1 and Fig. 1).

We also calculated smaller scale (average area,

18,830 km2) mean concentrations for six

oceanographically distinct fishing areas identi-

fied (7) for western British Columbia (Fig. 1).

Extensive zooplankton time series for British

Columbia (8) further made it possible to exam-

ine regional-scale trophic coupling between

phytoplankton and zooplankton and between

zooplankton and fish.

The mean chl-a values used in this study

are those for which the negative water leaving

radiance (NWLR) filter (9) was not applied

(NWLR-Off). For the regions we studied, the

correlation between the Bfilter-on[ and Bfilter-
off[ versions of the mean annual chl-a data

(Table 1) is near unity (10), so we arrive at

the same conclusions regardless of which

data set is compared with the fish catch data.

The mean annual yields (catch in metric tons

per km2) of resident and highly migratory

fish species for the northeast Pacific conti-

nental margin were calculated from long-term
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Table 1. Mean annual chl-a concentrations (with temporal coefficients of
variation shown in parentheses) and long-term annual yields of resident and
highly migratory fish for various regions along the western continental mar-

gin of North America. Latitude denotes the central coastal location of each
area. Migratory fish yields for Conception are not estimated because the fish
stocks are distributed over a large, poorly defined area off southern California.

Region (latitude -N)
Surface area

(km2)
Chl-a (NWLR-Off)

(mg mj3)
Chl-a (NWLR-On)

(mg mj3)
Resident fish yield
(metric tons kmj2)

Migratory fish yield
(metric tons kmj2)

Total fish yield
(metric tons kmj2)

NPAFC Areas
Conception (34.3-N) 60,046 1.38 (0.57) 1.06 (0.44) 0.06 – –
Monterey (38.3-N) 41,613 2.29 (0.54) 1.42 (0.40) 0.45 0.39 0.84
Eureka (41.8-N) 18,692 2.20 (0.86) 1.47 (0.66) 0.66 0.88 1.54
Columbia (45.3-N) 36,573 3.24 (0.68) 2.02 (0.60) 0.88 2.65 3.53
Vancouver (49.0-N) 34,688 5.15 (0.66) 2.81 (0.57) 1.97 1.43 3.40
Charlotte (52.5-N) 82,769 2.16 (0.69) 1.45 (0.53) 0.79 0.01 0.80
Southeast Alaska (56.1-N) 43,342 2.79 (0.80) 1.62 (0.52) 0.60 0 0.60
Yakutat (58.5-N) 76,430 1.57 (0.63) 1.39 (0.43) 0.27 0 0.27
Kodiak (57.4-N) 144,911 2.00 (0.62) 1.50 (0.43) 0.63 0 0.63
Chirikof (54.9 -N) 83,590 1.83 (0.79) 1.35 (0.55) 0.65 0 0.65
Shumagin (53.3-N) 116,074 1.66 (1.20) 1.21 (0.84) 0.36 0 0.36

British Columbia
BCF1 (48.5 -N) 11,312 4.26 (0.70) 2.48 (0.62) 2.39 2.93 5.32
BCF2 (49.6 -N) 10,099 3.30 (0.71) 1.91 (0.63) 0.85 0 0.85
BCF3 (49.4 -N) 8,803 6.92 (0.57) 3.56 (0.47) 3.19 0 3.19
BCF4 (51.6 -N) 31,408 2.00 (0.71) 1.34 (0.55) 0.92 0.03 0.95
BCF5 (53.1 -N) 44,158 2.41 (0.68) 1.61 (0.48) 0.80 0 0.80
BCF6 (53.0 -N) 7,203 1.10 (0.69) 0.86 (0.56) 1.03 0 1.03
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landing statistics compiled by the Interna-

tional North Pacific Fisheries Commission

(INPFC) and NPAFC for the period 1960 to

1998. For the six British Columbia fishing re-

gions, long-term fish catch data are available

for the period 1960 to 1991 (11). Resident

species, such as herring and groundfish, are

defined as those populations that occupy the

continental margin year-round and undertake

only spatially limited seasonal migrations. In

contrast, highly migratory species are present

in some fishing regions for only a short time

each year. For example, sockeye, pink, and

chum salmon undertake extensive northward

migrations as juveniles along the continental

margins of British Columbia and Alaska, be-

fore entering the Gulf of Alaska. These species

return several years later as adults to spawn in

their natal rivers. In the southern NPAFC re-

gions, components of the Pacific hake, sardine,

and mackerel populations migrate northward

from southern California in the spring as far as

British Columbia, where they spend the sum-

mer foraging. These species migrate back to

southern California in the fall to spawn.

Large-scale trophic coupling. Table 1

presents the mean annual satellite-derived es-

timates of chl-a for the NWLR-Off (and, for

comparison, the NWLR-On) data, together

with the corresponding fish yields for the 11

large-scale NPAFC statistical areas spanning

western North America. Biweekly chl-a con-

centrations were most variable in the Shumagin

and Eureka regions and least variable in the

Monterey and Conception regions (Table 1).

There is a highly significant linear correlation

(Fig. 2) between the long-term average resi-

dent fish yield (LTY, in metric tons kmj2) and

the mean annual chl-a concentration (in mg

mj3), such that LTY 0 0.436 � chl-a(NWLR-

Off) – 0.38, with adjusted squared correlation

coefficient r2 0 0.87. Thus, spatial variability

in the annual chl-a concentration accounts for

87% of the spatial variance in the long-term

yield of resident fish. These findings, combined

with the observation that primary production is

a function of the surface chl-a concentration,

confirm a strong linkage between large-scale,

area-specific rates of phytoplankton produc-

tion and fish yield in the northeast Pacific.

From both an oceanographic and bio-

logical perspective, the NPAFC region can

be divided into a coastal upwelling domain,

which spans NPAFC areas from Conception

to Vancouver, and a coastal downwelling do-

main, which spans the areas from Charlotte to

Shumagin (12). An analysis of covariance of

the resident fish yield and chl-a revealed that

neither the type of domain nor the domain-

chlorophyll interaction effects were significant.

As a consequence, the relationship between

fish yield and chl-a concentration in both

domains is explained by a common intercept

and slope.

Within the coastal upwelling domain, annu-

al offshore (seaward) Ekman transport, which

is forced by the upwelling-favorable alongshore

winds that prevail over the continental mar-

gin (13), is highest in the south and dimin-

ishes with latitude, reaching near-zero values

at the northern limit of the upwelling domain

near 50-N (Fig. 3). Coincidently, there is a

significant poleward increase in the average

surface chl-a concentration, with the chl-a con-

centration at the spatial scale of the NPAFC

Fig. 1. Map of the 11 NPAFC regions, extending from Conception off
California to Shumagin off western Alaska. (Left inset) The areas covered
by the six British Columbia subregions. (Right insets) Examples of monthly

mean SeaWiFS chl-a maps for the Alaska, British Columbia, and western
U.S. regions; grids are in pixels, at 1.1 km/pixel; the color bar denotes
concentration in log(chl-a in mg mj3).
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regions negatively correlated (P 0 0.011) with

the annual cumulative seaward Ekman trans-

port. The negative sign of this correlation is

counterintuitive (in that decreasing seaward

Ekman transport is normally thought to pro-

duce reduced primary productivity) and in-

dicates that factors other than wind-induced

upwelling are important for plankton pro-

ductivity. For example, from spring to fall in

the southern NPAFC regions, upwelling is

frequently punctuated by flow events (14),

which cause the seaward transport of plank-

ton from the narrow (10-km scale) shelf to the

deep ocean. As a consequence, a substantial

fraction of the primary production in the coast-

al region from Pt. Conception to 43-N becomes

unavailable to the resident fish ecosystem.

Factors other than seaward export also

contribute to the alongshore variation in pri-

mary productivity. In particular, the north-

ward increase in coastal runoff from major

rivers in the northeast Pacific leads to in-

creased stability and shoaling of the upper

layer, as well as an increase in the supply of

land-derived nutrients. Accordingly, the high-

est annual average chl-a concentrations occur

in the Washington–southern British Columbia

region, where there is moderate upwelling and

substantial year-round freshwater flux (from

the Columbia and Fraser rivers). The latter

provides both stability and micronutrients. The

continental margin off the British Columbia–

Washington coast is also wider than that off

Oregon–California, so that more of the primary

production remains on the shelf (15), where it

is cycled through the pelagic and benthic food

webs to the resident fish community.

In the coastal downwelling domain from

northern British Columbia to western Alaska,

the large volume of fresh water entering the

coastal ocean from major rivers continues to be

a major source of micronutrients and upper

ocean stability (16, 17). Macronutrients are

supplied through current-induced upwelling,

coastal eddies, and winter upwelling winds.

Thus, chl-a concentrations remain moderately

high despite the absence of summer upwelling.

Pacific hake is currently the most abundant

migratory pelagic fish species in the northeast

Pacific. The largest hake catches occur be-

tween 42-N and 50-N (Table 1), which is

also the region of the highest chl-a concen-

trations (Fig. 3). Components of the hake pop-

ulation are clearly migrating northward each

spring from southern California to the most

productive areas along the continental mar-

gin, where, in summer, they feed primarily

on euphausiids and small forage fish, such

as herring (18). As with resident fish stocks,

the alongshore biomass of highly migratory

fish stocks is strongly linked to primary pro-

ductivity. However, because of the way the

fishery for migratory species is conducted,

the area-specific catch of hake is not propor-

tional to the amount of food hake consumed

in each area during their annual migration.

Consequently, there is more scatter in the

linear regression linking migratory fish yields

to chl-a concentration (Table 1).

Regional-scale trophic linkages. To de-

termine if the significant correlation found

for the NPAFC fishing areas holds at smaller

spatial scales, we calculated the annual mean

concentrations of chl-a and resident fish yield

for the six British Columbia coastal fishing

areas. Between 1998 and 2003, the period for

which annual SeaWiFS records are available,

the highest mean annual chl-a concentration

occurred in the Strait of Georgia (site BCF3),

and the lowest concentrations were in areas

BCF4 and BCF6 off the outer northwest coast

(Fig. 1 and Table 1). Biweekly chl-a concen-

trations are least variable in the Strait of

Georgia (site BCF3) and most variable off the

west coast of Vancouver Island (sites BCF1,

BCF2, and BCF4) (Table 1).

As with the NPAFC regions, the smaller

scale British Columbia regions show a sig-

nificant linear correlation between the mean

annual chl-a concentration (mg mj3) and the

mean annual resident fish yield (metric tons

kmj2), with LTY 0 0.437 � chl-a(NWLR-

Off) þ 0.08, with adjusted r2 0 0.76 (P 0
0.015) (Table 1). Based on an analysis of co-

variance for the British Columbia areas, the

mean resident fish yield versus chl-a regression

has the same slope as the LTY–chl-a regres-

sion for the large-scale NPAFC areas (Fig. 2).

Zooplankton abundance time series for

coastal British Columbia enabled us to extend

our analysis to regional-scale coupling between

primary productivity (Fig. 4A) and secondary

(zooplankton) productivity (Fig. 4B) (19). Con-

sistent with bottom-up trophic control, the mean

annual zooplankton and chl-a concentrations for

the six British Columbia regions are highly cor-

related through the power-law function Zoo 0
46.57 � (chl-a)0.488, with adjusted r2 0 0.85;

here, Zoo denotes zooplankton concentration

(in mg of dry weight per m3) and the mean

chlorophyll concentration (NWLR Filter-Off)

is in mg mj3. This relationship is nonlinear,

presumably because zooplankton are unable to

graze the larger concentrations of phytoplank-

ton produced in the more fertile areas with the

same trophic efficiency. In productive conti-

nental shelf regions, an increasing proportion

of the phytoplankton biomass settles to the sea

floor and is ultimately transferred to the shelf

fish community through the benthic food web.

The relationship between resident fish yield

and zooplankton in British Columbia is linear

(Fig. 4B): LTY 0 0.055 � Zoo – 1.98, with

adjusted r2 0 0.79 (n 0 6 catch areas, P 0
0.01). Small zooplankton are an important

Fig. 3. South-to-north var-
iation in the mean annual
seaward component of ac-
cumulative Ekman trans-
port (30) given positive
(upwelling) values only
(black bars) and the mean
annual chl-a concentra-
tion from SeaWiFS (white
bars), averaged over the
scale of the NPAFC re-
gions. Observations span
the period January 1998
to December 2003. Con-
nected circles represent
the 10-year mean com-
ponents of the alongshore
wind speed from coastal

meteorological buoys along the west coast of the United States, taken from table 2 of Dorman
and Winant (29). Mean winds are roughly alongshore (equatorward), except for the three sites
north of 44-N, where mean annual winds are predominantly poleward. The especially low wind
speed at 33-42¶ is for buoy National Data Buoy Center 25, located well within the sheltered
region of the Southern California Bight.
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food source for the early life history stages

of all resident fish species, and larger zoo-

plankton are an important food for many juve-

nile and adult resident fish.

Our analysis leads to several fundamental

conclusions concerning marine food web inter-

actions along the west coast of North America.

Within the large-scale (67,000 km2) NPFAC

fishing areas extending from southern Cali-

fornia to western Alaska, a large proportion

(87%) of the spatial variation in long-term,

averaged, resident fish production is con-

trolled by bottom-up trophic interactions. On

average, high regional primary productivity

(represented by SeaWiFS chl-a data) produced

high fishery yields. Plankton and fisheries data

for coastal British Columbia further reveal that

this linkage also extends to much smaller spa-

tial scales (19,000 km2). Regression of the

long-term, averaged, resident fish yield against

chl-a concentration yielded the same regres-

sional slope for both the coastal upwelling and

coastal downwelling domains, a highly unex-

pected result because the biological diversities

of the zooplankton and the migratory and resi-

dent fish communities in these domains are

quite distinct. The similar regressional slopes

for both the intense upwelling and intense

downwelling regions demonstrates that the

available primary production is channeled

through the pelagic and benthic food webs to

the resident fish community with approximate-

ly the same conversion efficiency in each do-

main. We further found that the resident fish

yields in summer upwelling regions increase

poleward, in inverse proportion to the annual

accumulative Ekman transport seaward over

the continental margin, and reach a maximum

in southern British Columbia near the north-

ern limit (50-N) of the coastal upwelling do-

main. The highly productive areas of southern

British Columbia and northern Washington—

corresponding to the transition region between

the low annual coastal runoff of California

and the high coastal discharge of Alaska—

are also near the northern foraging limit of

the migratory Pacific hake and sardine popu-

lations in the northeast Pacific. Resident fish

yields continue to remain relatively high north-

ward along the Alaskan coast, despite the

absence of substantial coastal upwelling. Con-

sequently, the tightly coupled phytoplankton-

fish relationship we observed for the west

coast of North America must be maintained

by either an onshore nutrient supply, late-

winter ‘‘preconditioning’’ of the surface ocean

(20), or upper ocean stability associated with

freshwater discharge from major rivers along

the coast.

The resident fish catch time series for the

Conception to Columbia region indicates that

fish yields increased in the 1960s and 1970s,

peaked in the early 1980s, and have since

declined. A climatic regime shift, character-

ized by warmer upper ocean temperatures, oc-

curred in the northeast Pacific in 1976. About

the same time, zooplankton concentrations

started to decline off southern California (21).

These observations suggest that, in addition to

harvesting, a coincident decline in zooplank-

ton biomass (and production) may have con-

tributed to the recent downward trend in fish

yield in this region. This possibility is in broad

agreement with Richardson and Schoeman

(22), who found that an increase in water

temperatures in warmer regions in the northeast

Atlantic leads to a decrease in phytoplankton

abundance.
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An Asymmetric Energetic Type Ic
Supernova Viewed Off-Axis, and a

Link to Gamma Ray Bursts
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Type Ic supernovae, the explosions after the core collapse of massive stars that
have previously lost their hydrogen and helium envelopes, are particularly
interesting because of their link with long-duration gamma ray bursts. Although
indications exist that these explosions are aspherical, direct evidence has been
missing. Late-time observations of supernova SN 2003jd, a luminous type Ic
supernova, provide such evidence. Recent Subaru and Keck spectra reveal double-
peaked profiles in the nebular lines of neutral oxygen and magnesium. These
profiles are different from those of known type Ic supernovae, with or without a
gamma ray burst, and they can be understood if SN 2003jd was an aspherical
axisymmetric explosion viewed from near the equatorial plane. If SN 2003jd was
associated with a gamma ray burst, we missed the burst because it was pointing
away from us.

When a massive star reaches the end of its life

and exhausts its nuclear fuel, the core itself

collapses to form a compact remnant (a neu-

tron star or a black hole). Although the exact

mechanism is not well understood, the result-

ing release of energy leads to the ejection of

the envelope of the star at high velocities,

producing a supernova (SN).

Typically, a massive star has a large H-rich

envelope, making it difficult to observe the

innermost part, where the action takes place.

However, there are some cases where the H

envelope, and also the inner He envelope, were

lost before the star exploded, through either a

stellar wind or, more likely, binary interaction

(1). These SNe, called type Ic, offer a view

close to the core, and so they are particularly

interesting as tools to study the properties of

the collapse and of the SN ejection.

Some type Ic SNe, characterized by a very

high kinetic energy (2, 3), have been observed

to be linked with the previously unexplained

phenomenon of gamma ray bursts (GRBs),

which are brief but extremely bright flashes of

hard (g-ray and x-ray) radiation that had baffled

astronomers for decades (4–8). The link be-

tween type Ic SNe and GRBs is probably not

accidental. If a jet is produced by a collapsing

star, it can only emerge and generate a GRB if

the stellar envelope does not interfere with it (9).

In view of this link, we have searched

among known type Ic SNe for the counterpart

of a property that is typical of GRBs: aspheric-

ity. A jet-like explosion is required for GRBs

from energetics considerations; if they were

spherically symmetric, GRBs would involve

excessively large energies, comparable to the

rest mass of several suns. The best evidence

for asphericity in the GRB-associated SNe

(GRB/SNe) to date has come from the fact

that iron seems to move faster than oxygen

in the ejected material. Evidence of this is

seen in spectra obtained several months after

the explosion, when the ejected material has

decreased in density and behaves like a nebula.

The GRB/SN 1998bw (10) showed strong emis-

sion lines of EO I^ (a forbidden line of neutral

oxygen), as do normal type Ic SNe, but also of

EFe IÎ (a forbidden line of singly ionized iron),

which are weak in normal type Ic SNe. The

EFe II^ lines near 5100 ) in SN 1998bw are

broader than the EO I^ 6300 and 6363 ) blend.

REPORTS

R E S E A R C H A R T I C L E

27 MAY 2005 VOL 308 SCIENCE www.sciencemag.org1284

http://www.pfeg.noaa.gov
http://www.pfeg.noaa.gov
http://sciencemag.org/cgi/content/full/1109049/DC1
http://www.sciencemag.org


Asphericity can explain this peculiar situa-

tion (11). In a typical spherical SN explosion,

heavier elements are produced in deeper layers

of the progenitor star. As a consequence of the

hydrodynamical properties of the explosion, the

heavier elements are given less kinetic ener-

gy per unit mass than are the external layers,

which typically contain lighter elements. How-

ever, in a jet-like explosion, the heavier elements

(in particular, 56Ni) are probably synthesized

near the jet at the time of core collapse and

are ejected at high velocities. Lighter elements

such as oxygen, which are not produced in the

explosion but rather by the progenitor star dur-

ing its evolution, are ejected near the equatorial

plane with a smaller kinetic energy and are

distributed in a disc-like structure.

Given this scenario, the observed line

profiles depend on the orientation of the

explosion with respect to our line of sight.

Iron can be observed to be approaching us at a

higher velocity than is oxygen, if we view the

explosion near the jet direction, which is also

the requirement for the GRB to be observed

(10, 11). The EO I^ line, on the other hand, will

appear narrow and sharp in the case of a polar

view, because in that case, oxygen moves

almost perpendicular with respect to our line

of sight (the case of SN 1998bw); however, it

will show a broader double-peaked profile for

an equatorial view, because a large fraction of

the oxygen would then be moving either

toward or away from the observer (11).

Although this picture seems well established

for GRB/SNe, it is important to determine

whether it may be common to other type Ic

SNe. Measurements of the relative widths of

the Fe and O lines are difficult for fainter type

Ic SNe because the Fe lines are weak. How-

ever, the EO I^ line is always rather strong, and
it can be expected that given a sufficiently

large sample, variations will be seen in its pro-

file reflecting different viewing angles.

Until recently, the evidence for these

variations was missing (12), but recent obser-

vations of SN 2003jd seem to close this gap.

SN 2003jd, discovered on 25 October 2003

(13) (universal time), is a type Ic SN at a dis-

tance of È80 million parsecs (Mpc) and

reached a rather bright maximum. Assuming

a galactic extinction E(B – V)
Gal

0 0.06 mag-

nitudes (mag) (where E is the magnitude dif-

ference between the amount of light absorbed

in two photometric bands, B is the blue band,

and V is the visual band) (14), and a host ex-

tinction E(B – V)
Host

0 0.09 mag, as derived

from the strength of the interstellar Na I D

absorption (15), we derive the absolute blue-

band magnitude (M
B
) at maximum light to be

M
B
(max) , –18.7 mag. This is much more

luminous than the normal type Ic SN 1994I

(1, 16) and is comparable to the GRB/SNe

1998bw (4) and 2003dh (6 ). Spectroscopi-

cally, however, SN 2003jd shows narrower

lines than the hyper-energetic GRB/SNe (Fig.

1), and it appears to be intermediate between

those and the normal type Ic SN 1994I (16).

The closest analog may be the energetic SN

2002ap (17, 18).
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Fig. 2. Nebular spectra of type Ic
SNe. The bottom curve shows the
nebular spectrum of SN 1998bw
(30) taken 337 days after maxi-
mum light (352 days after the
explosion). Note the Mg I], [Fe II],
[O I], and [Ca II] lines near 4570,
5100, 6300, and 7300 Å, respec-
tively. The middle curve shows the
Subaru FOCAS spectrum of SN
2003jd È330 days after the puta-
tive time of explosion. The top
curve shows the Keck spectrum of
SN 2003jd at an epoch of È370
days. The [O I] 6300, 6363 Å line in
SN 2003jd clearly exhibit a double-
peaked profile. Marginal evidence of
a double peak is also present in the
profiles of Mg I] at 4570 Å and [Ca II]
at 7300 Å. The spectrum of SN
1998bw has been shifted in flux to
make it consistent with the distance
of SN 2003jd.

Fig. 1. The near-maxi-
mum optical spectrum
of SN 2003jd compared
with spectra of other
type Ic SNe at a similar
phase (Fl is the flux per
unit wavelength). The
dates are the days rela-
tive to the optical max-
imum (i.e., the minus
sign means before the
maximum light). Spectra
are ordered by increas-
ing line width (implying
increasing kinetic energy
per unit mass), ranging
from the normal SN
1994I (16), to the ener-
getic SN 2002ap (17, 18),
to the hyper-energetic
GRB/SN 1998bw (30).
The absorption line near
7600 Å in the spectrum
of SN 1998bw is telluric.
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We observed SN 2003jd in the nebular

phase with the Japanese 8.2-m Subaru telescope

on 12 September 2004 (19) using the Faint

Object Camera and Spectrograph (FOCAS)

(20), and with the 10-m Keck-I telescope on

19 October 2004 using the Low Resolution

Imaging Spectrograph (LRIS) (21). These

dates correspond to SN ages of È330 and

È370 days after explosion, respectively. In

both spectra (Fig. 2), the nebular line EO I^, at
wavelengths of 6300 and 6363 ), clearly has

a double-peaked profile with full width at

half maximum (FWHM) , 8000 km s–1. The

semiforbidden Mg I^ line at 4570 ) shows a

similar profile. Magnesium is formed near

oxygen in the progenitor star. The EFe II^
blend near 5100 ) is quite weak.

Late-phase emission is created by the re-

lease of the heat deposited by g rays and pos-

itrons, both of which are emitted in the decay

chain 56Ni Y 56Co Y 56Fe. Therefore, the

mass of 56Ni can be determined indirectly

through the strength of the emission lines. Be-

cause SN 2003jd was not as luminous as SN

1998bw, we rescaled the synthetic spectra to

the appropriate 56Ni mass, the best value for

which was È0.3 the mass of the Sun (MR).

This value is actually very similar to that derived

for the GRB/SN 2003dh (22, 23) and much

larger than in the non-GRB type Ic SNe (17).

We computed nebular spectra of two-

dimensional (2D) explosion models for various

asphericities and orientations (11). We found

that a spherical model produces a flat-topped

EO I^ profile, which is not compatible with ei-

ther SN 1998bw or SN 2003jd. The flat-topped

emission is a typical characteristic of emission

from a shell. Indeed, the emission from any

spherically distributed material should have a

maximum at the wavelength of the line tran-

sition between 6300 and 6363 ), taking into

account the line blending. On the other hand,

Fig. 3 shows that a highly aspherical model

can explain the EO I^ line profiles in both SN

1998bw and SN 2003jd. To reproduce the

double-peaked profile of the EO I^ line in SN

2003jd, we found that SN 2003jd must be ori-

ented a70- away from our line of sight. In con-

trast, for SN 1998bw, this angle was only È15-
to 30- (11), and it was even smaller for SN

2003dh (24). Less aspherical models do not

produce sufficiently sharp EO I^ in SN 1998bw.

This result confirms that SN 2003jd was a

highly aspherical explosion, and it raises the

interesting question of whether SN 2003jd was

itself a GRB/SN. A GRB was not detected in

coincidence with SN 2003jd (25).

If the explosion was very off-axis, we

presume that we would not have been able to

detect g rays. However, a GRB is expected to

produce a long-lived radiative output through

synchrotron emission. X-ray and radio emis-

sions are produced by the deceleration of the

relativistic jet as it expands into the wind

emitted by the progenitor star before it ex-

ploded. This afterglow emission is very weak

until the Doppler cone of the beam intersects

our line of sight, making off-axis GRB jets

directly detectable only months after the event,

and at long wavelengths.

SN 2003jd was observed in x-rays with

Chandra on 10 November 2004, about 30 days

after the explosion, and was not detected to an

x-ray limit L
X

e 3.8 � 1038 erg s–1 in the

energy interval 0.3 to 2 keV (26). It was also

observed in the radio regime (8.4 GHz) 9 days

after the explosion, and again not detected to a

radio limit L
R
e 1027 erg s–1 Hz–1 (27).

These nondetections may suggest that SN

2003jd did not produce a GRB. However, ab-

sence of evidence is not necessarily evidence

of absence. Let us consider the standard jet

associated with typical GRBs, that is, a sharp-

edged uniform jet with E 0 1051 erg and a 5-
opening angle, expanding laterally at the local

sound speed (see Fig. 4 legend for other param-

eters) (28, 29). If the jet expands in a wind with

density Ṁ=v 0 5 � 1011 g cmj1 (for exam-

ple, a mass-loss rate Ṁ 0 10j6 MR per year

and velocity v 0 2000 km s–1), it would give

rise to the x-ray and radio light curves shown

in Fig. 4. If the SN made a large angle (Q60-)
with respect to our line of sight, its associated

GRB jet, if present, would not have been de-

tected in the x-rays or radio. Furthermore, the

afterglow emission can be fainter for a lower

jet energy and/or for a lower wind density.

Although this does not by itself prove that

SN 2003jd produced a GRB, it is certainly a

possibility, because quantities such as the

ejected mass of 56Ni are comparable to those

typical of GRB/SNe (22). Moreover, our

observations confirm that the energetic SN

2003jd is an aspherical explosion, reinforcing

the case for a link with a GRB. It could also be

the case for other energetic type Ic SNe. The

lack of x-ray and radio emission does not place

stringent constraints on the intrinsic kinetic

energy carried by the SN as long as the ejecta

experience little deceleration before È30 days.

The expansion velocity (which need not be

isotropic) must be | 0.2 A*
–1/3 (e

e
/0.1)–1/3c

(where e
e
is the fraction of the total blast en-

ergy that goes into shock-accelerated electrons,

A* is wind density (Ṁ=v), and c is the speed of

light) in order to produce L
X
(t , 30 days) e

3.8 � 1038 erg s–1 for a standard 1051-erg SN

shell expanding into a wind with density A* 0
ðṀ=vÞ=ð5 � 1011 g cmj1Þ 0 1 (28). The av-

erage expansion velocity along our line of

sight can be estimated from the early-time

spectra; for SN 2003jd, this is about 0.05c. In

an aspherical explosion, however, the kinetic

energy must be considerably larger near the

rotation axis of the stellar progenitor, with

bulk expansion velocities close to È0.1c.

The bright SN 2003jd is the first type Ic SN

that shows double peaks in the EO I^ line (12),
which suggests that the degree of asphericity is

Fig. 3. Nebular line profiles observed from an aspheri-
cal explosion model depend on the orientation. The
figure shows the properties of the explosion model
computed in 2D (11). Fe (colored in green and blue) is
ejected near the jet direction and oxygen (red) in a
disc-like structure on and near the equatorial plane.
Density contours (covering two orders of magnitude
and divided into 10 equal intervals in log scale) reflect
the dense disc-like structure. Synthetic [O I] 6300 and
6363 Å lines (red lines) computed in 2D are com-
pared with the spectra of SN 1998bw and SN 2003jd
(black lines).
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not the same in all type Ic SNe. The GRB/SNe

1998bw and 2003dh, which are probably high-

ly aspherical, have been discovered thanks to a

GRB trigger; their orientation is therefore such

that the EO I^ profile must be single-peaked.

For normal type Ic SNe, which are on average

closer and easier to discover, the lack of ob-

served double-peaked profiles suggests that they

are not as strongly aspherical. SN 2003jd ap-

pears to share many of the properties (energetics

and luminosity) of the GRB/SNe, but it was

discovered independent of a GRB, and it is

likely to be an aspherical SN viewed off-axis.

There have been three energetic type Ic SNe

without a GRB trigger (therefore less biased)—

SNe 1997dq, 1997ef, and 2002ap—whose neb-

ular spectra did not show the double peaks in

the EO I^ 6300 ) line. Given the small sample,

the number (one out of four) is not inconsistent

with our interpretation that the viewing angle

a70- results in the double-peaked EO I^.
Additional sensitive radio and x-ray obser-

vations of SN 2003jd are strongly encouraged,

because a jet with the standard parameters

could still be detectable by deep observa-

tions (Fig. 4). The result should provide val-

uable tests for the presence of an off-axis

GRB with the typical parameters and would

further constrain the viewing angle and the

mass-loss rate.
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Scaling in the Time Domain:
Universal Dynamics of Order

Fluctuations in Fe3Al
Cristian Mocuta,1* Harald Reichert,1. Klaus Mecke,1-

Helmut Dosch,1,2 Michael Drakopoulos3`

By focusing a highly brilliant synchrotron x-ray beam to a micrometer spot on
a sample, we measured in real time the x-ray intensity fluctuations associated
with order fluctuations in crystalline materials. We applied this method to the
binary alloy Fe3Al near its continuous A2-B2 phase transformation and de-
termined a specific four-point time correlation function for the order pa-
rameter. From a detailed theoretical analysis, dynamical scaling in the time
domain with a transition from noncritical to critical dynamics is disclosed.

A premier objective of condensed matter re-

search is to understand and predict how a

material reacts upon external fields—such as

temperature, pressure, and magnetic or elec-

tric fields—especially near a phase transi-

tion. The macroscopic response functions c

Fig. 4. Afterglow emission from a sharp-edged uniform jet in
SN 2003jd. X-ray (0.3 to 2 keV, black) and radio (8.4 GHz,
gray) light curves are calculated for various viewing angles,
qobs, for a GRB with the standard parameters Ejet 0 1051 erg,
ee 0 0.1, eB 0 0.1, q0 0 5-, and A* 0 1 (where Ejet is the
energy in the jet, ee and eB are the fraction of the internal
energy in the electrons and magnetic field, respectively, and
q0 is the opening half-angle of the jet). The synchrotron
spectrum is taken to be a piecewise power law with the usual
self-absorption, cooling, and injection frequencies calculated
from the cooled electron distribution and magnetic field (28,
29). The observed radio and x-ray upper limits for SN 2003jd
are marked by open circles. Cosmological parameters taken in
the model are Wm 0 0.27, WL 0 0.73, and H0 0 72 km s–1

Mpc–1, where Wm is the matter density of the universe, WL is
the energy density of the universe, and H0 is the Hubble
constant.
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(susceptibilities) of a given many-body system

are intimately related to a set of local fluc-

tuations dm(r) of a thermodynamic quantity m
(such as volume, entropy, or sublattice order)

at location r, which are exploring all possible

neighboring states of the system. More rigor-

ously, the average static susceptibility c is de-

termined by

c 0 lim
q Y 0

kdmqk
2

� �
=kBT ð1Þ

that is, by the long-wavelength limit of the pow-

er spectrum b|dm
q
|2À 0 Sg

2
(r)exp(iqr), where

g
2
(r) 0 bdm(r)dm(0)À, k

B
is Boltzmann_s con-

stant, and T is temperature. Here, g
2
(r) is the

well-known two-point correlation function which

is, to lowest order, given for d 0 3 (where d is

number of dimensions) in the Ornstein-Zernicke

form g
2
(r) È exp(–r/x)/r, with x being a system-

inherent correlation length (Fig. 1A).

Materials that undergo continuous phase

transformations have been of particular inter-

est, because the correlation length x 0 x
0
|q|–n

diverges as the associated critical tempera-

ture, T
c
, is approached, where q 0 (T – T

c
)/T

c

is the reduced temperature and the critical

exponent n 0 0.67 (1, 2). The resulting

unlimited growth of the range of fluctuations

leads to a Bquasi long-ranged[ power law

behavior g
2
(r) 0 r(2 – d – h) (critical exponent

h 0 0.036) (3), and in this manner, leads to

universal macroscopic response functions that

depend only on d and the symmetry of the

system. These fluctuations render the system

ultrasensitive to external fields near q 0 0. In

conventional x-ray or neutron scattering ex-

periments, the observed diffuse scattering dis-

tribution I
q
È b|dm

q
|2À directly maps the Fourier

transform of the spatial correlation function

g
2
(r). Starting with the pioneering scattering

experiments by Als-Nielsen and Dietrich on b-
CuZn (4), many experimental tests of the

concept of criticality have been performed.

Today, the entire body of x-ray and neutron-

scattering evidence has led to a rather com-

prehensive and consistent picture of the static

critical behavior of crystalline matter, both in

the bulk as well as at the surface of matter (5–7).

However, local fluctuations are dynamic

in nature, i.e., dm 0 dm(r, t), where t is time.

Thus, our microscopic understanding of fluc-

tuations is fundamentally incomplete as long

as we do not have experimental access to the

temporal behavior of thermal fluctuations.

During the past four decades, the theory of

dynamical critical phenomena, as they emerge

at T
c
, has been worked out and many universal

predictions have been put forward (8, 9). In

particular, a dynamic power-law behavior

g2ðtÞ È tjðd j 2 þ hÞ=z ð2Þ
has been proposed to appear at T

c
(9), gov-

erned by the universal dynamic exponent z.

The origins of the power law (Eq. 2) are tem-

poral critical fluctuations that emerge at all

time scales. The exact value of z should de-

pend on, in addition to the dimension and

symmetry of the system, only very general

conservation laws (9), where z 0 4 is found for

systems with a so-called conserved order pa-

rameter and z 0 2 for systems with a non-

conserved order parameter (in the mean-field

approximation with h 0 0). We focus on sys-

tems exhibiting a continuous order-disorder

transition, i.e., a nonconserved order parame-

ter. Near T
c
, g

2
(t) should exhibit in Gaussian

approximation the asymptotic form (9)

g2ðtÞ È ejt=tx ðt=txÞj3=2 ð3Þ
implying that the universal power-law behav-

ior (Eq. 2) should be visible only within a time

window

tx È xz ð4Þ
where tx can be pictured as the lifetime of a

fluctuation of typical size x (Fig. 1A). This

critical slowing-down phenomenon has been

observed in the energy width of neutron-

scattering signals (10). The functional form

of g
2
(t) is shown in the critical regime near

T
c
(dotted line in Fig. 1C, tx 0 105). Con-

ventional x-ray diffraction with a large

probing beam performs a spatial and temporal

average over the sample. In turn, it provides

the time-independent probability distribution

of the fluctuations, and the dynamic nature of

the fluctuations is inherently not accessible by

this diffraction scheme (11). The direct obser-

vation of the microscopic critical dynamics in

the time domain in crystalline materials turned

out to be a challenge in experimental physics.

Dynamic scaling has been observed so far

only in the dynamic light scattering from den-

sity fluctuations in fluids near T
c
(12).

In recent years, x-ray intensity fluctuation

spectroscopy has been developed that ex-

ploits the fully coherent part of the x-ray

beam provided by modern synchrotron radi-

ation sources (13). In this scheme, the sample

is illuminated by a coherent x-ray beam and

produces a Bspeckle[ diffraction pattern that is

uniquely related to the exact spatial arrange-

ment of the disorder, which fluctuates in time

(14). Thus, through proper time resolution, this

speckle pattern carries the information on the

dynamic part of the fluctuations. However,

because of the limited coherent flux of current

synchrotron radiation sources, the scenario of

universal critical dynamics could not be tested

in such experiments.

Here we propose and present a different

scheme to observe dynamic fluctuations on a
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Fig. 1. (A) Principle for a diffraction microscope. A microbeam illuminates a small-volume sample
dV in Fe3Al that is kept close to a phase transition temperature Tc, producing a fluctuating dif-
fraction intensity. (B) The phase diagram of Fe3Al (yellow, Fe; blue, Al) with the continuous
transitions DO3-B2 and B2-A2 (four measured temperatures are indicated). (C) The functional form
of the two-point and four-point autocorrelation.
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microscopic scale. This scheme allows us to

test the existence of a universal power-law range

in the dynamics of order-disorder fluctuations,

which we will demonstrate for the binary alloy,

Fe
3
Al, close to T

c
. Consider a material with

fluctuations of size x (Fig. 1A). In a given vol-

ume V, the average number of fluctuations N

can be estimated by bNÀ 0 V/x3. Even for a

fixed temperature, N fluctuates with time; that

is, N(t) 0 bNÀ þ dN(t). However, when V is of

macroscopic size, GN9 is a very large number;

in turn, the relative number fluctuation dN/bNÀ
is much smaller than the shot noise in the x-ray

beam and thus not accessible. For a scattering

volume dV of such small size that only a few

fluctuations are tested by the x-ray beam, the

diffraction experiment no longer performs an

ensemble average, but should exhibit a fluc-

tuating diffraction intensity that directly re-

flects the dynamics of the thermal fluctuation.

Because this x-ray scheme does not require

a fully coherent beam, the incident beam is

strongly focused to a small spot size at the

sample position to preserve to a large extent

the number of incident photons.

In such microdiffraction experiments (15),

the required minimum length scale dl of the
microdiffraction volume dV must be properly

adjusted to the critical fluctuation length scale

x , x
0
q–1/2, which is determined by the ex-

perimental temperature uncertainty q 0 DT/T
c
.

We assume here for simplicity that n , 0.5

and x
0
, a

0
(where a

0
is the lattice constant).

The condition that the intensity contribution

of the critical fluctuations, (DI/I)
fluc

0 N–1/2,

to the overall x-ray intensity fluctuation

should exceed a minimum value a (as given

by the shot noise in the x-ray beam) leads to

the experimental constraint

dl e aj2=3qj1=2a0 ð5Þ
If we can control DT to 0.1 K, and setting

a , 0.01 (typical shot noise level in the exper-

iment), we obtain (with T
c
, 103 K and a

0
, 0.5

nm) dl e 1 to 2 mm. With the development of

hard x-ray focusing devices, such x-ray micro-

diffraction experiments have now become pos-

sible at third-generation synchrotron radiation

sources (16). We describe the prototype of such

an experimental scheme and an x-ray micro-

beam diffraction study of the alloy system Fe
3
Al

near T
c
of the continuous B2-A2 phase transi-

tion (Fig. 1B). The experiment was performed

at the ID22 beamline of the European Synchro-

tron Radiation Facility (ESRF) in Grenoble.

A hard x-ray beam (energy E 0 16.5 keV)

was focused to the sample position by an Al

compound-refractive lens composed of 56 in-

dividual lenses (16). The focused hard x-ray

beam limits the diffraction volume dV in two

dimensions to 1.5 mm by 1.7 mm. To reduce

the third dimension, we used a specimen prep-

aration procedure, originally developed for

high-resolution transmission electron micros-

copy (TEM). A disk-shaped sample was me-

chanically thinned to 0.4-mm thickness, and

then a small hole was produced in the center

of the sample by chemical etching. The rim of

the hole shows a wedge-like shape and thus a

variable thickness in the micrometer range,

depending on the distance from the rim. By

using precise sample positioning devices, we

selected a microdiffraction volume dV accord-

ing to the aforementioned experimental con-

ditions (thickness 0 1.5 mm) (17).

The Fe-Al system has a body-centered cu-

bic lattice and exhibits a variety of ordered and

partially ordered phases (Fig. 1B) (18). The

order-disorder transitions DO
3
-B2 and B2-A2

(shown in red at T
3
) occur on different sub-

lattices and are continuous (19, 20). We focus

on the B2-A2 order-disorder transition, which

occurs at higher temperatures and which gives

rise to fluctuations up to a time scale of a few

tens of seconds. In the time-resolved x-ray mi-

crodiffraction experiments, the (2,2,6) super-

structure reflection with typical intensities on the

order of 103 counts/s was measured as a direct

diffraction signal of the B2-A2 order-disorder

fluctuations. A typical set of experimental re-

sults is shown in Fig. 2C, where time-resolved

(2,2,6) intensities are shown for various tem-

peratures. All time series were normalized to a

constant incident beam intensity. We find that

the Bragg intensities exhibit strong fluctuations

in time and are most pronounced for T 0 T
c
.

The amplitude of the fluctuations exhibits the

characteristic l-shape as a function of T, in-

dicative of critical dynamics at T
c
(Fig. 2B).

To test the nature of the observed x-ray

intensity fluctuations, we performed a detailed

statistical analysis of the data, based on the

use of time-time correlation functions (Fig.

3). Using the time-averaged intensity I 0 N–1

~I(t
i
), we calculate the (time-dependent)

intensity correlation function

CIðtÞ 0 1

tmax j t

�
Xtmax j t

i 0 1

EIðtiÞ j I^ EIðti þ tÞ j I^ ð6Þ

displayed in Fig. 3A for the four time-

resolved intensity curves depicted in Fig. 2.

In the following we use C*
I
(t) 0 C

I
(t)/s2,

which is normalized by the variance s2 0
C
I
(0). A direct and unambiguous way to test

the existence of correlations between the

fluctuations as observed in the time-resolved

intensity measurements is through so-called

lag plots, where I(t
i
þ Dt) is plotted as a

function of I(t
i
). For a given time lag Dt,

strong correlations manifest themselves in a

highly anisotropic distribution, as shown in

Fig. 3B for T È T
c
and Dt 0 1 s, whereas a

random signal, as we find for T 9 T
c
(Fig. 3C),

exhibits an isotropic distribution.

In addition, we find a Gaussian distribution

(black line in Fig. 3D) of intensities for all tem-

peratures with no signature of nonlinearity in

the time series. Thus, the data are consistent

with a Gaussian stochastic process. Because the

Fig. 2. (A) A TEM micrograph of the Fe3Al sample kept in an ultrahigh-vacuum chamber. (B)
Fluctuation amplitude versus width of the diffraction peak revealing a typical l-like behavior (the
dotted line is a guide for the eye) across the phase transformation, which can be used to localize Tc.
(C) Time-resolved (2,2,6) diffraction intensities are shown for four different temperatures across the
phase transformation. All time series are normalized to a mean value 1 and shifted vertically.
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measured intensity I(q, t) is already a two-point

function of the order parameter m(q, t), i.e.,
I
q
(t) È m

q
(t)m*

q
(0), the quantity C*

I
(t) þ 1 is

governed by the four-point correlation func-

tion g
4
(r, t) È Xdqg

4
(q, t)exp(iqr). The

quantity g
4
(q, t) 0 bm

h
(t
0
)m

h þ q
(t
0
)m

k
(t
0
þ

t)m
k þ q

(t
0
þ t)À relates four (fluctuating)

order parameter components as they emerge at

different reciprocal lattice vectors (h and k)

and times with time resolution t
0
, which has

been set to t
0
0 1 s in the x-ray experiment

described above. q is the reduced momen-

tum transfer in the first Brillouin zone.

Intensity fluctuation spectroscopy generally

does not yield the dynamical two-point

autocorrelation function g
2
(t) (Eq. 3) directly,

but rather the more elaborate four-point

autocorrelation function C*
I
(t) 0 g

4
(t) – 1.

In the experimental scheme described

above, we have deduced the self-correlation

of the B2 superlattice intensity measured at

the (2,2,6) reciprocal lattice vector Eh 0 k 0
(2,2,6)^ and have isolated the scattering at q 0
0, which describes the temporal behavior of

the long-range fluctuations as they become

dominant near critical points. A detailed theo-

retical analysis of this situation (21) shows

that the finite time resolution t
0
enters C*

I
(t),

which then decomposes into two parts

C�IðtÞ 0 ðkBT=4pxÞ2expð2tD=txÞðtx=t0Þ2

ACð2ÞEðt þ tD þ t0Þ=tx^ j

Cð2ÞEðt þ tDÞ=tx^2Z ð7aÞ

with

Cð2ÞðsÞ 0 ðs=pÞ1=2ejs j

As þ 1=2ZE1 j erfðs1=2Þ^ ð7bÞ
We also identified a second time scale t

D
0

(L/x)2 tx (diffusion time) in our scheme that

depends on the ratio L/x, where L is the cross

section of the x-ray microbeam (22). Equation

7 carries the power-law behavior of the criti-

cal dynamics in a rather implicit manner. Near

T
c
, a noticeable deviation from a simple ex-

ponential behavior can be detected. However,

a detailed analysis shows that the asymp-

totic behavior of C*
I
(t) (Eq. 7) at temperatures

T m T
c
is well-reproduced by the empirical

function (21)

C�
I ðtÞ0

Aej2t=tx

A=E1þBðt=tDÞm^
for

T GTc ð8aÞ

T , Tc ð8bÞ

8
<

:

that recovers a power-law behavior closest to

T
c
with m 0 2(d – 2 þ h)/z , 1 (associated

with z , 2 and h , 0) (where A and B are

constants, and t
D

is the diffusion time), as

shown in Fig. 1C (solid line), which compares

Eq. 7 (open circles) with a fit using Eq. 8b

(solid line). In the off-critical regime, the life-

time of a fluctuation is expected to be much

shorter than t
D
, because L/x ¡ 1.

In Fig. 4, the experimental data of Figs. 2

and 3 are now compared with this theoretical

scheme for a series of temperatures ranging

from T ¡ T
c
, T G T

c
, and T , T

c
to a final

temperature T 9 T
c
, where we use the

phenomenological expressions in Eq. 8. In

the critical regime only, we find an algebraic

decay of the correlation function with an ex-

perimentally determined exponent m 0 1 T 0.2,

which provides an experimental confirmation

of the universal critical order fluctuation sce-

nario in the time domain and experimental

evidence for the crossover from noncritical to

critical dynamics in solid binary alloys. We

find from the analysis that the C*
I
correlation

time increases to tx 0 70 s upon approaching

T
c
. By comparing the value of tx with the

microscopic time scale of 10j7 s for the single

jump of an Fe atom (23), we find that a scal-

ing behavior must be present that bridges eight

orders of magnitude in the time domain.
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Amalthea’s Density Is
Less Than That of Water
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Radio Doppler data from the Galileo spacecraft’s encounter with Amalthea, one
of Jupiter’s small inner moons, on 5 November 2002 yield a mass of (2.08 T
0.15) �1018 kilograms. Images of Amalthea from two Voyager spacecraft in
1979 and Galileo imaging between November 1996 and June 1997 yield a vol-
ume of (2.43 T 0.22) �106 cubic kilometers. The satellite thus has a density of
857 T 99 kilograms per cubic meter. We suggest that Amalthea is porous and
composed of water ice, as well as rocky material, and thus formed in a cold
region of the solar system, possibly not at its present location near Jupiter.

After Galileo_s discovery of Jupiter_s four

largest satellites, Io (JI), Europa (JII), Gan-

ymede (JIII), and Callisto (JIV), it took an-

other 282 years of telescope development

before a fifth satellite, Amalthea (JV), was

discovered by Barnard with the 36-inch re-

fractor at Lick Observatory on Mt. Hamilton

(1). This small moon orbits Jupiter at an al-

titude of only 110,000 km. All five satellites

are in synchronous rotation with their orbital

periods, and all five are in nearly circular or-

bits in Jupiter_s equatorial plane. EA compi-

lation of satellite data can be found in (2)^.
Barnard concluded that because Amalthea_s
orbit lies in the plane of Jupiter_s equator, the
satellite is an old member of Jupiter_s fam-

ily. After Barnard_s discovery, seven more

small satellites were discovered between 1904

and 1951, although these have distant and ir-

regular orbits and possibly represent captured

comets or asteroids. Many more distant sat-

ellites were discovered after 1951, but only

three more, Thebe (JXIV), Adrastea (JXV),

and Metis (JXVI), were discovered orbiting

close to Jupiter in nearly circular orbits in

Jupiter_s equatorial plane (3–7).

TheGalileo spacecraft encounteredAmalthea

with a closest-approach distance r
0
of about

244 km and flyby velocity v
0
of 18.3951 km

sj1. The primary goal of the encounter was

the determination of Amalthea_s mass and

mean density through Doppler tracking. How-

ever, the spacecraft lost phase lock with the

uplink S-Band radio signal during the flyby,

so backup one-way Doppler, referenced to

the ultrastable oscillator (USO), was recorded

by an open-loop radio science receiver at

DSS63 for an interval from closest approach

to Amalthea (E) minus 684 s to E plus 455 s.

We extracted the received carrier frequency

from the one-way data at a sample interval

of 1.0 s (1140 Doppler samples).

The one-way Doppler data can be fit with

a simple flyby model for the Doppler veloc-

ity v
r
given by (8, 9)

vr 0 j
m

rr0v0
ðav0t j br0Þ ð1Þ

where m is equal to the gravitational constant

G times the mass of Amalthea, a is the di-

rection cosine of the line of sight on the

Amalthea-centered radius vector at closest ap-

proach, b is the direction cosine of the line of

sight on the Amalthea-centered velocity vector

at closest approach, and r is the Amalthea-

spacecraft distance, approximated by

r 0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r20 þ v20t

2

q
ð2Þ

where t is measured from the time of closest

approach t
0
. All parameters except r

0
and m are

well-known from the nominal flyby trajectory,

with a 0 j0.585775 and b 0 j0.460834.

We reduced the samples of received fre-

quency n to Doppler velocity by the conversion

factor v
r
0 –cn/n

0
, with the reference S-Band

frequency n
0
equal to 2.29513 GHz and c the

speed of light. Next, a cubic polynomial was

removed from the v
r
data, and the resulting

residuals were smoothed with a 10-point mov-

ing average. Finally, the residuals were iso-

lated to the flyby region, T100 s from closest

approach. The resulting reduced data are

shown in Fig. 1. The solid line represents the

minimum-variance fit for a quadratic polyno-

mial plus the flyby model of Eq. 1. The poly-

nomial accounts for drift in the USO over the

200-s interval and also for an integration con-

stant for the velocity as derived from the m/r2

Newtonian acceleration projected on the line

of sight. The results for the three flyby param-

eters of the fitting model are m 0 0.130 T
0.029 km3 sj2, r

0
0 251 T 41 km, and t

0
0

1.99 T 0.89 s, where the formal standard er-

rors have been mutiplied by
ffiffiffiffiffi
10

p
to account

for the 10-point smoothing (formal errors are

a factor of
ffiffiffiffiffi
10

p
too small because smoothed

points are not independent). The quadratic

polynomial is required to model the USO_s
random walk in frequency over the 200-s in-

terval of the one-way data. A linear polyno-

mial leaves systematic residuals, whereas a

cubic polynomial does not improve the fit

over the quadratic polynomial, in the sense that

c2 for the residuals is not reduced. Although

Amalthea is elongated, with a gravitational field

approximated by a homogeneous ellipsoid, the

residuals inferred from Fig. 1 show that there

is no hope of inferring any gravity parameters

other than the mass from the one-way Doppler

data. No systematic signal in the residuals

nearest to closest approach could possibly be

attributed to higher degree gravity harmonics.

We also pursued a determination of the

Amalthea mass by accounting for its effect on
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Galileo_s orbit, using only the two-way data re-

corded outside the closest approach. The result

was similar to that obtained with the closest-

approach data. We explored similar approaches

with both the one-way and two-way data for

several weeks after the encounter. However,

the most comprehensive approach involved

combining the Amalthea Doppler data with

ground-based astrometric data, spacecraft-based

astrometric data, and Deep Space Network

Doppler data for a determination of parameters

of the entire Jupiter system, including the or-

bits of the Galilean satellites and the four inner

moons. One advantage of this approach is that

the relative locations of Amalthea and the Gal-

ileo spacecraft are determined from the data,

with an implicit determination of the closest-

approach distance r
0
. The mass determina-

tion results from a statistical combination of

both the 200-s one-way data at encounter and

the two-way data outside the flyby region. The

result yields a mass m equal to 0.139 T 0.010

km3 sj2, which we adopt. The error estimate

is consistent with a value of c2 equal to the

number of data points; hence, it is a realistic

estimate of standard deviation for the param-

eters, including Amalthea_s mass. The mass

error is about a factor of 2 smaller than the

determination from the one-way data alone.

However, all three determinations, one-way

only, two-way only, and combined one-way

and two-way, are useful for purposes of cross-

checking. The closest-approach distance is

obtained by subtracting the Amalthea inertial

position from the spacecraft inertial position

and finding the minimum distance. This yields

a value of 244 T 11 km for r
0
, consistent with

the results from the one-way data alone. The

time of closest approach, corresponding to

r
0
, is 0.67 s later than the nominal closest-

approach distance of Fig. 1.

Amalthea_s volume was determined by

imaging data from the two Voyager space-

craft and from Galileo (10). A digital topo-

graphic map was generated in the form of a

table of radius versus latitude and longitude.

From this table, we determined the volume

to be (2.43 T 0.22) � 106 km3. Division of m
by G (11) yields a mass of (2.08 T 0.15) �
1018 kg. The mass and volume yield a density

of (857 T 99) kg mj3, where the error is a

realistic estimate of the standard deviation on

the density measurement. The possibility that

Amalthea is solid water ice with a density of

930 kg mj3 is unlikely. If the measured den-

sity and its error bar are interpreted in terms of

a normal probability density function, there is

a 23% probability that Amalthea_s density is

greater than 930 kg mj3. The probability that

its density is greater than 1050 kg mj3, typical

of Bdirty[ water ice, is even smaller, only 2.6%.

We thus suggest that Amalthea has a porous

internal structure. Amalthea is highly elongated,

with the principal axes having radial dimensions

a 9 b 9 c, 125 by 73 by 64 km (10). The long

axis always points to Jupiter. Although the

rotational centrifugal acceleration and Jupiter

tidal forces reduce the surface acceleration ap-

preciably near the sub- and antijovian points,

the surface acceleration g is everywhere directed

inward, even for a density as small as 750 kg

mj3. The topographic data show that the es-

cape velocity from the surface varies widely

from a minimum of 1 m sj1 to a maximum of

90 m sj1. Here, escape is defined by ejecta that

can reach a distance of 1000 km, remain de-

tached long enough to mix with other ejecta,

and eventually reimpact on the surface as ho-

mogenized ejecta.Amalthea has three areas with

prominent brighter markings near the anti-

jovian end (12). The coarse sampling of the shape

model is unable to correlate these bright mark-

ings with low gravity and low escape velocity,

but their locations are consistent with low g and

a corresponding enhanced removal of materials.

Knowledge of the bulk density (also called

mean density or simply density) places a strong

constraint on the composition and internal

structure of any planetary body. For smaller

satellites and asteroids with low gravity, the

role of porosity or void space is the major

complicating factor in interpreting density in-

formation. Whether substantial porosity exists

is also closely connected to a body_s ability
to maintain a nonspherical shape, because

both depend on internal stresses and strengths

of material (13). Satellites with volumes less

than È107 km3 have arbitrary and highly ir-

regular shapes, with the ratio a/c of the long

axis a to the short axis c ranging from 1.1 to

2.0 (14). In contrast, the dozen or so satel-

lites with higher volumes are quite spherical

(a/c G 1.1). The same pattern is evident in

asteroids. The seven largest asteroids having

volumes greater than È2 � 107 km3 are rel-

atively spherical. One object, 511 Davida, does

have a/c 0 1.4 (15–17), but small asteroids

such as Eros, with a volume of only 2.5 �
103 km3, are in general highly irregular (18).

This transition can be related to internal

pressure and strength. A spherical object with

107 km3 volume has a central pressure ofÈ2.5

MPa if composed of ice and È30 MPa if made

of anhydrous rock (density 3500 kg mj3). The

compressive strength of natural ice depends

on its structure and impurities but is between

È1 and 5 MPa (19, 20). Rock strengths range

from È50 to 300 MPa (21). Thus, objects be-

low a volume of È107 km3 have pressures

throughout their interiors that are much less

than the strength of their constituent mate-

rials, whereas those with larger volumes have

internal pressures capable of crushing or de-

forming icy materials. Amalthea_s volume of

2.43 � 106 km3 and our reported density give

an equivalent central pressure of G1 MPa, con-

sistent with its shape and a/c of nearly two and

implying that its internal stresses are consider-

ably lower than the strength of even weak ice.

We thus suggest that Amalthea_s low density

results from both a relatively low-density materi-

Fig. 1. Reduced one-way radio
Doppler data. The time tags for the
plot are referenced to a nominal
Amalthea closest-approach time
of 5 November 2002, 07:02:25.95
UTC, ground receive time. The sol-
id curve represents the best-fit
flyby model with Amalthea mass
m, closest-approach distance r0,
and closest-approach time t0 as
free parameters.

Fig. 2. Sample density
versus porosity over a
range of reasonable val-
ues for Amalthea. The
heavy solid line repre-
sents the measured den-
sity, and the light lines
indicate the T1 SD limits.
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al composition, almost certainly icy, and bulk

porosity, as shown in Fig. 2. As can be seen, a

pure ice composition would require a low po-

rosity (G0.1), whereas a rocky Amalthea would

imply a porosity 90.7. Both these end members

are probably unrealistic. The range of plausible

porosities known from other small satellites and

asteroids would allow for an actual sample den-

sity for Amalthea from È1200 to 2000 kg mj3.

In all cases, water ice must be a major

constituent, even for high porosity choices.

Calculations of rock/ice ratios for Ganymede

and Callisto imply an uncompressed density

of È1600 kg mj3 for the rock-ice material

that formed these satellites, near the mid-range

of plausible values for Amalthea.

Current Jupiter subnebula models imply

that temperatures were high at Amalthea_s
current position when the Galilean satellites

formed, inconsistent with their formation from

water ice (22). We thus suggest that Amalthea

was formed in a colder region. One possibility

is that it formed later than the major satel-

lites; another is that it formed farther from

Jupiter, either beyond the orbit of Europa or

in the solar nebula at or beyond Jupiter_s po-

sition, and was then dynamically transported

to or captured in its current inner orbit. Either

alternative poses challenges for models of giant

planet satellite formation.
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Direct Radiometric Dating of
Hydrocarbon Deposits Using
Rhenium-Osmium Isotopes

David Selby1,2* and Robert A. Creaser1

Rhenium-osmium (Re-Os) data from migrated hydrocarbons establish the
timing of petroleum emplacement for the giant oil sand deposits of Alberta,
Canada, at 112 T 5.3 million years ago. This date does not support models
that invoke oil generation and migration for these deposits in the Late Cre-
taceous. Most Re-Os data from a variety of deposits within the giant
hydrocarbon system show similar characteristics, supporting the notion of a
single source for these hydrocarbons. The Re-Os data disqualify Cretaceous
rocks as the primary hydrocarbon source but suggest an origin from older
source rocks. This approach should be applicable to dating oil deposits
worldwide.

Uncertainties regarding the timing of emplace-

ment and the source of major global hydro-

carbon accumulations are common exploration

questions (1). The decay of 187Re to 187Os is a

useful chronometer and tracer (2, 3), and both

elements are highly enriched in black shales

(4–6), which are the crustal source rocks of

many crude oils. We show that sufficient

amounts of Re and Os are present in hydro-

carbons to make the 187Re-187Os radioisotope

system viable to constrain the timing of em-

placement, and potentially the source, of mi-

grated oils and their biodegraded products (oil

sands). Thus, this method has widespread

application to global petroleum systems.

We focused our study on the giant hy-

drocarbon deposits of the Western Canada

Sedimentary Basin (WCSB), the world_s
second-largest oil sand reserve (258.9� 109 m3)

(Fig. 1). The timing of generation and mi-

gration of oil across the WCSB and the identity

of the source rocks have been uncertain and

much debated (7–15). The oil sands and heavy

oil deposits of the WCSB are hosted in the

Lower Cretaceous Manville Group or equiva-

lent sedimentary rocks EAptian to Albian age,

È120 to 100 million years ago (Ma)^ (16) (Fig.

1) and include the Athabasca-Wabasca, Peace

River, Cold Lake, and Provost deposits. Heavy

oil deposits are hosted byCretaceous reservoirs

at Lloydminster and in reservoirs of Paleozoic

carbonate rocks beneath the Cretaceous rocks,

known as the carbonate trend, which include

the Grosmont deposit (Fig. 1). Oil is generally

thought to have migrated from west to east in

the WCSB as a result of the late Cretaceous

Laramide orogeny (7–9, 17–19). Other studies

predict that oil migration occurred tens of

millions of years earlier (10, 11).

We collected samples from seven regional

deposits within the larger giant oil sands de-

posit. We sampled and analyzed the same

core interval or used an aliquant of material

previously collected for organic geochemistry

(Fig. 1 and table S1) (14, 20). The distinctive

organic geochemistries of the samples have

been interpreted to indicate the same or sim-

ilar sources for all hydrocarbons, possibly

the Paleozoic Exshaw Formation (21). Pro-

vost samples 1418 and 1431 also contain mi-

nor amounts of the so-called Q compounds

Eunusual polycyclic alkane and aromatic com-

pounds (22)^, known only from the Early Cre-

taceous Ostracode Zone source rocks, which

suggests that the Provost deposit contains mi-

nor Ostracode Zone oil in addition to oil from

the dominant source (22).

Our samples contain 3 to 50 parts per billion

(ppb) Re and 25 to 290 parts per thousand (ppt)

Os (table S1), which are abundances similar to

typical organic-rich shale sources of crude oil

Ecrustal abundances of silicate rocks are È1 to

2 ppb Re andÈ50 ppt Os (4–6, 23, 24)^. These
findings lead us to infer that these elements
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are inherited from their organic-rich source

rocks during oil generation and do not

originate from crustal units during migration.

In shale source rocks, Re and Os are known to

be associated with organic matter (25), but the

specific binding compounds are not known.

Hydrocarbons analyzed for Re and Os in our

samples were isolated by means of organic

solvents and filtered to remove any mineral

impurities (20). Thus, we also infer that Re and

Os in oil are organically bound, possibly in the

asphaltene fraction of oil in which many met-

als reside (26).

The 187Re/188Os ratios in our samples are

high (350 to 1450), and the Os isotopic

composition is radiogenic (187Os/188Os È1.2

to 4.2; table S1). With the exception of

samples from Provost that form two clusters

with low 187Re/188Os ratios, all other samples

from six deposit areas cluster with similar
187Re/188Os and 187Os/188Os ratios of 1000 to

1450 and 3.3 to 4.1, respectively, and these

clusters define a shallow slope on an Re-Os

isochron diagram (Fig. 2A). Regression of the

latter Re-Os data, with the exception of the

Provost samples, yields an Re-Os date of 116 T
27 Ma En 0 24 samples, mean square weighted

deviation (MSWD) 0 21, 2s uncertainty,

model 3^, with an initial 187Os/188Os ratio of

1.40 T 0.56 (Fig. 2A). Two of the samples from

Provost also plot close to this regression and, if

included, the isochron age is 121T 10Ma (n 0 26,

MSWD 0 21, 2s) and the initial 187Os/188Os

ratio is 1.29 T 0.21 (Fig. 2A).

The high MSWD value (21) for the re-

gressions indicates that scatter about the

regression exists in excess of analytical un-

certainties that relate to geological processes.

For the requirements of an isochron to be met,

the sample set must have formed at the same

time, having the same initial Os isotope ratio

and not having experienced disturbance by the

gain or loss of Re and/or Os since formation

(27). Given the high abundance of Re and Os in

the hydrocarbons and the highly reducing nature

of this substrate, disturbance of the Re-Os

systematics in the hydrocarbon is unlikely. It is

more plausible that given the giant size of this

petroleum system, the processes of hydrocarbon

migration did not fully homogenize the Re-Os

isotope systematics of the produced and

migrated oil. However, many samples have a

similar initial 187Os/188Os value at 110 Ma

(Os
110

), which is the approximate age of the

upper Manville Group reservoir units (28) and

the age indicated by the Re-Os data. Seventeen

of the samples have Os
110

values of 1.4 to 1.5

(Fig. 3), and together yield a date of 111.6 T
5.3 Ma (MSWD 0 2.2, Model 3), with an

initial 187Os/188Os value of 1.43 T 0.11 (Fig.

2B). The date is within uncertainty of the date

from all the Re-Os data but is more precise.

Eight samples from several of the oil sand

deposits have Os
110

values 91.5, which may

reflect another generation and migration histo-

ry for the petroleum in these deposits or minor

variation in source rock Re-Os characteristics.

These eight samples yield a nominally older

date, although it is within uncertainty of the

È112-Ma date (126 T 35 Ma, MSWD 0 14).

Three samples from Provost have considerably

lower 187Re/188Os ratios and less radiogenic

Os compositions, and they have lower Os
110

values of 0.5 to 0.6; limited variation in the

Re-Os data precludes determination of a date

(table S1). However, samples 1418 and 1431

also have a similar organic geochemistry to

that of the wider sample set, suggesting a

predominant Exshaw source (14, 22). These

complexities may suggest that hydrocarbons at

Provost were generated in part from different

sources. In addition, burial models predict that

hydrocarbon generation began in the region

west of Calgary at È60 Ma (10, 11).

We suggest that the Re-Os data reflect

emplacement of the giant hydrocarbon deposits

of the eastern WCSB at È112 Ma, and this

implies that the oil found in the Paleozoic and

Cretaceous reservoirs is primarily of the same

generation and source. However, the specific

mechanisms of isotopic resetting and equili-

bration for Re and Os isotopes in migrated

hydrocarbons are not fully known. During oil

generation, Re and Os sourced in the shale must

have been partly transferred to the produced oil

in order to record the high abundances of Re and

Fig. 1 (left). Location
map of the Alberta oil
sand deposits. Black cir-
cles mark the sample
locations. Fig. 2
(right). Re-Os isochron
diagrams for the Alber-
ta oil sand oil. (A) Re-
gression of Re-Os data,
not including that for
Provost, yields a mod-
el 3 Re-Os date of
116 T 27 Ma (n 0 24,
MSWD 0 21, 2s un-
certainty) with an initial
187Os/188Os ratio of
1.40 T 0.56 (solid line).
By including Provost
samples 1418 and
1431, an Re-Os date of
121 T 10 Ma (n 0 26,
MSWD 0 21, 2s uncer-
tainty, model 3) with
an initial 187Os/188Os
ratio of 1.29 T 0.21 is
determined(dashed line).
(B) Seventeen samples
have Os110 values of
1.4 to 1.5, which yield
a date of 111.6 T 5.3
Ma (MSWD 0 2.2, mod-
el 3), with an initial
187Os/188Os ratio of
1.43 T 0.11 (20).
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Osmeasured here. For shales that have generated

oils, the process of hydrocarbon maturation does

not grossly disturb the Re-Os isotope systematics

of the matured shale source (5, 25, 29). Thus, no

large fractionation of Re from Os between oil

and the shale source likely occurs during oil

generation, unless the Re and Os mass balance

is dominated by retention of these elements

in the shale, rendering detection of changes in

Re/Os difficult. We suggest that the process

of oil migration could be a mechanism for ho-

mogenizing any differences in 187Re/188Os and
187Os/188Os values of produced oil, reflect-

ing small-scale source rock Re/Os variations

(4–6, 25, 30), thereby effectively resetting the

isotopic chronometer at this time. TheÈ112-Ma

observed date reflects the time elapsed since

this homogenization, but in turn requires the

presence of a mechanism, perhaps organical-

ly based, that can fractionate Re/Os ratios in

migrated hydrocarbons to some extent.

The date of È112 Ma precludes the gen-

eration and migration of hydrocarbons and

heavy oil during the late Cretaceous Laramide

Orogeny atÈ60 Ma (7–9, 13). The Re-Os date

does support models of the burial history of

west-central Alberta and British Columbia that

predict petroleum generation and migration

from Paleozoic strata source rocks in the Peace

River Embayment area at È110 Ma (10, 11).

Numerical transport simulations of oil migra-

tion for the Athasbasca oil sands (28) found

that it would not be possible to migrate enough

hydrocarbons to the oil sand reservoirs as a

dissolved phase in the time after maximum

burial in the Laramide (60 Ma), and that either

hydrocarbon migration began earlier or oil

transport was through a separate phase mech-

anism (or both).

The Re-Os emplacement age of È112 Ma

also indicates that the generation and migration

of hydrocarbons in the Peace River Embayment

in western WCSB were contemporaneous with

Aptian-to-Albian sedimentation of the reservoir

rocks more than 200 km to the east. This ob-

servation supports the inference that reservoir

filling by hydrocarbons hampered or prevented

lithification of the host rocks (10), and it implies

that the arrival of oil into the Cretaceous

reservoir may have preceded deposition of the

regional seal, the late Albian Joli Fou Shale

(31). Further, the implied shallow depth of

reservoir filling may have promoted biodeg-

radation of oils within these unlithified reser-

voirs. This in turn may explain the lower levels

of biodegradation of Lloydminster oils

hosted by lithified Manville Group reser-

voirs, which are slightly older than other

deposits to the north, based on palynomorph

biostratigraphy (32).

Both single and multiple sources from both

Mesozoic and Paleozoic strata have been

proposed forWCSB oil. Most of the Re-Os data

from deposits other than Provost are similar,

supporting a predominantly single source

(10, 11). The Cretaceous Clearwater black

shale has been suggested as a source (12, 33),

although it is considered unlikely because of

mass balance calculations (34). During Cre-

taceous time, the 187Os/188Os ratio of sea-

water, which is recorded in deposited source

shales and subsequently in migrated hydro-

carbons, varied from È0.3 to 0.8 (35). How-

ever, the Cretaceous Re-Os age indicated for

oil of the WCSB hydrocarbon deposits is ac-

companied by a high initial 187Os/188Os value

(È1.4), which requires that the source rock of

these hydrocarbons be significantly older than

Early Cretaceous (112 Ma) in order for the Os

isotopic composition to evolve from typical

Paleozoic-Mesozoic seawater values EÈ0.3 to

0.6 (35)^ to È1.4. More than 100 million years

is required, on the basis of the typical range in
187Re/188Os and initial 187Os/188Os values for

Paleozoic and Mesozoic black shales of west-

ern Canada. These data preclude Cretaceous

shale as a source for the oil sands.
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Simultaneous Inhibition and
Redistribution of Spontaneous

Light Emission in Photonic Crystals
Masayuki Fujita, Shigeki Takahashi, Yoshinori Tanaka,

Takashi Asano, Susumu Noda*

Inhibiting spontaneous light emission and redistributing the energy into useful
forms are desirable objectives for advances in various fields, including photonics,
illuminations, displays, solar cells, and even quantum-information systems. We
demonstrate both the ‘‘inhibition’’ and ‘‘redistribution’’ of spontaneous light
emission by using two-dimensional (2D) photonic crystals, in which the refractive
index is changed two-dimensionally. The overall spontaneous emission rate is
found to be reduced by a factor of 5 as a result of the 2D photonic bandgap effect.
Simultaneously, the light energy is redistributed from the 2D plane to the
direction normal to the photonic crystal.

Spontaneous light emission is a fundamental

factor (or bottleneck) limiting the performance

of devices in various fields, including photon-

ics (1), illuminations (2), displays (3), solar

cells (4), and quantum-information systems

(5). For example, in light-emitting diodes,

spontaneous emission that is not extracted

from the device contributes to losses. Similar-

ly, in lasers, spontaneous emission that does

not couple to the lasing mode results in both

losses and noise. Therefore, inhibiting un-

desirable spontaneous light emission and

redistributing (6) the energy into useful forms

will allow advances in these fields. Three-

dimensional (3D) photonic crystals (7–13),

which have a 3D periodic refractive-index

distribution that eliminates the optical modes

in all 3D directions via the photonic bandgap

(PBG) effect, have been used to demonstrate

the inhibition of spontaneous light emission

(11, 13). However, redistribution of the energy

has yet to be demonstrated.

Here, we investigate both the Binhibition[
and Bredistribution[ of spontaneous light

emission using 2D photonic crystals (14–19).

These crystals are predicted to provide a

mechanism for controlling spontaneous emis-

sion, which reflects their 2D nature (14): The

overall spontaneous emission rate is expected

to decrease as a result of the inhibition of

optical modes in all 2D directions by the 2D

PBG effect, whereas the emission efficiency

for the direction normal to the crystal (in which

the 2D PBG effect does not appear) should

increase via redistribution of the saved energy.

Although an experimental trial has been

reported recently (20), it is not clear whether

the spontaneous emission is inhibited by the

2D PBG effect.

Spontaneous emission originates from fluc-

tuations in the vacuum field. Under a weak

light–matter coupling regime, the rate of spon-

taneous emission (R
spon

) is given by Fermi_s
golden rule (21) and is determined by the

number of optical modes. In order to control

spontaneous light emission, the optical modes

must therefore be manipulated. Figure 1 shows

the 2D photonic crystal used, in which a

triangular-lattice 2D photonic crystal is formed

in a semiconductor (GaInAsP) slab. The struc-

ture incorporates a single quantum well (QW)

as the light-emitting material, emitting light

with a transverse-electric (TE) polarization in

which the dipole moment is orientated parallel

to the slab plane (22). The optical modes in

the thin slab can be categorized into two

modes: Bslab modes,[ which are confined to

Department of Electronic Science and Engineering,
Kyoto University, Katsura, Nishikyo-Ku, Kyoto 615-
8510, Japan.

*To whom correspondence should be addressed.
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Fig. 1. The semiconductor (GaInAsP) 2D
photonic-crystal slab. A scanning electron
micrograph is shown. The 2D photonic-crystal
slab has a triangular lattice structure with an
air-hole radius r of 0.29a (lattice constant a 0
300 to 500 nm) and a thickness of 245 nm. A
5-nm-wide single QW is inserted at the center
of the slab to form the light-emitting layer.

Fig. 2. Theoretical analyses of the
effects of the 2D photonic-crystal
slab (Fig. 1) onspontaneous-emission
inhibition and energy redistri-
bution. A flat semiconductor
(GaInAsP) slab on a semiconductor
(InP) substrate is used as a refer-
ence. The refractive index and
thickness of the semiconductor
slab are 3.27 and 0.6a, respec-
tively. The refractive index of the
substrate and air are 3.13 and 1.0,
respectively. (A) Calculated spon-
taneous emission rate as a func-
tion of frequency, normalized by
the result calculated for the refer-
ence structure. (B) Emission effi-
ciency in the vertical direction for
various frequencies, normalized
by the results calculated for the
reference. (Top) Schematic views
illustrate how emission is con-
trolled by the 2D PBG effect. The
arrow denotes the corresponding
frequency region. (C) Photonic-
band diagram calculated by 3D
FDTD using periodic boundary
conditions. The solid lines show
the dispersion relation of the 2D
slab modes. The frequency region
between 0.267 and 0.330 cor-
responds to the 2D PBG region.
‘‘Leaky’’ refers to the region in
which the TIR condition is not
satisfied and light is emitted
outside the crystal surface.
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the 2D plane by satisfying the total internal

reflection (TIR) condition for the vertical di-

rection, and Bvertical modes,[ which do not

satisfy the TIR condition and are emitted out-

side the slab. Excited carriers that are con-

fined in the QW generate spontaneous

emission coupled to both slab and vertical

modes, and the spontaneous emission rate

(R
spon

) can be expressed by

Rspon 0 Rslab þ Rvertical ð1Þ
Here, R

slab
and R

vertical
denote the spontaneous

emission rate for slab modes and vertical

modes, respectively. For a semiconductor slab

with a large refractive index that is sur-

rounded by low–refractive index air cladding

(Fig. 1), light is strongly confined within the

slab, and the condition R
slab

d R
vertical

is

satisfied. Therefore, spontaneous emission

from the QW is mostly coupled to the slab

modes. However, when a 2D photonic-crystal

structure is incorporated in the slab, R
slab

is

expected to be strongly reduced, whereas

basically no modification of R
vertical

occurs.

As a result, a marked reduction in R
spon

is

expected through the reduction of R
slab

. The

2D PBG is responsible for inhibiting emission

into the slab modes so that photons emitted

from the QW can only couple into the vertical

modes. Therefore, the efficiency of spontane-

ous emission in the vertical direction, which

can be detected, will increase. These two

effects—the reduction of R
spon

due to the

inhibition of spontaneous emission into 2D

slab modes within the PBG and the increased

emission efficiency of the vertical modes—

will occur simultaneously. This implies that

the 2D photonic crystal effectively redistrib-

utes the light energy from the 2D plane to the

vertical direction.

We quantitatively investigated the sponta-

neous emission modification and energy re-

distribution within the 2D photonic-crystal

structure. For these purposes, we calculated

the spontaneous emission rate and the emission

efficiency in the vertical direction using the 3D

finite-difference time-domain (FDTD) meth-

od (23, 24) and normalized the results using

values calculated for an equivalent structure

without a photonic crystal. The details of the

FDTD calculation are described in the sup-

porting text (25). Figure 2, A and B, show the

results, and Fig. 2C illustrates the corre-

sponding photonic band diagram for the 2D

photonic-crystal slab. Figure 2A shows that the

spontaneous emission rate is reduced by more

than a factor of 15 within the PBG region (blue

region) compared with that outside the PBG

region. Simultaneously, the emission efficien-

cy for the direction normal to the crystal (Fig.

2B) increases by more than a factor of 15

within the PBG region compared with that

outside the PBG region. Schematic views of

the cross-sectional electric field on such

situations are shown also in Fig. 2, where a

dipole oscillator is placed at one point on the

slab and is continuously excited so that the

total power emitted in all directions becomes

constant for each case. When the emission

wavelength is outside the PBG, emission

normal to the crystal is weak because R
slab

d
R
vertical

and the energy is distributed mostly in

the 2D slab modes. However, when the

wavelength is within the PBG, emission

normal to the crystal is increased notably,

despite the small value of R
vertical

, because

emission into 2D slab modes is inhibited

(R
slab

È 0) and the energy is redistributed

into vertical emission modes.

Our samples were fabricated using a com-

bination of epitaxial growth, electron-beam

lithography, plasma etching, and chemical etch-

ing (26). A series of samples were prepared on

the same wafer, with the lattice constants a

ranging from 300 to 500 nm in 10-nm intervals,

in order to investigate a wide normalized-

frequency range. The samples were optically

pumped using a Ti-Al
2
O
3
laser emitting at

980 nm with a pulse width of 2 ps and a

repetition frequency of 2 MHz. The PBG

region was at first estimated for each sample

under a sufficiently strong excitation condition

(10 W/cm2 on average) (27). Then, the average

laser power was reduced to 0.5 W/cm2 so that

only recombination processes in the QW

involving emission of TE polarized light

could occur, in order to satisfy the assumption

made in the calculation. If the optical

absorption coefficient of the slab is assumed

to be 2 � 104 cm–1, the excited-carrier density

is estimated as È8 � 1017 cm–3. Under the

weak excitation condition, time-integrated

emission spectra (Fig. 3A), which indicate the

emission efficiency in the vertical direction,

were measured at 4 K using a multichannel

GaInAs detector system. Then, time-resolved

emission measurements (Fig. 3B) were made

at the same temperature using a time-correlated

single-photon-counting system (28) incorpo-

rating a photomultiplier detector, where we

collected spectra across the whole emission

wavelength range, in order to measure the

overall emission rate.

When the emission wavelength is within

the PBG region (Fig. 3, A and B) (a 0 390 to

480 nm), the spontaneous emission lifetime

(which corresponds to 1/R
spon

) increases

compared with that observed in structures not

incorporating photonic crystals. Simultaneous-

ly, the emission efficiency increases in the

direction normal to the crystal compared with

that in structures not incorporating photonic

crystals. In contrast, when the emission wave-

Fig. 3. Experimental results. (A)
Time-integrated emission spectra
for samples with a range of lat-
tice constants between 350 and
500 nm. The blue cross-hatching
denotes the PBG region. (B) Time-
resolved photoluminescence mea-
surements for various samples.
When the spontaneous-emission
spectrum lies within the PBG region,
the emission lifetime increases by a
factor of 5 relative to that observed
when the spectrum lies outside the
PBG region (and compared with
that of the sample without a
photonic-crystal structure). A cor-
responding increase in the light-
emission efficiency in the vertical
direction, where the PBG effect
does not occur, is clearly observed
in the PBG region, as seen in (A).
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length lies outside the PBG (Fig. 3, A and B)

(a 0 350 and 500 nm), the spontaneous

emission lifetime and the emission efficiency

in the normal direction are both comparable to

those observed in structures without photonic

crystals. Figure 4 summarizes these results

over a range of normalized frequencies (open

circles) with the emission lifetimes converted

to corresponding emission rates. The 2D PBG

effect is clearly seen in Fig. 4A. The overall

emission rate decreases by a factor of 5 within

the PBG region compared with those outside

the PBG region, and the increase in emission

efficiency in the direction normal to the crystal

is clearly seen in Fig. 4B. These results are in

good agreement with the theoretical analyses

shown in Fig. 2. Therefore, simultaneous

inhibition and redistribution of spontaneous

emission are successfully demonstrated by this

experiment.

We also fitted the experimental results

more quantitatively by considering the energy

loss due to nonradiative recombination of

excited carriers in the QW layer. Surface

recombination is the most likely mechanism

for nonradiative relaxation, and the rate (R
non

)

is proportional to the ratio of the exposed QW

surface area (S
w
) to its overall volume (V

w
)

(22), which is expressed as

Rnon 0
Sw

Vw

vs 0
4pr

ffiffiffi
3

p
a2 j 2pr2

vs ð2Þ

Here, v
s
is the surface-recombination velocity

and r is the air-hole radius. The total re-

combination rate (R
T
) is therefore expressed as

RT 0 Rspon þ Rnon ð3Þ
The experimentally observed rate should be

proportional to R
T
. Similarly, the emission

efficiency for the direction normal to the

photonic crystal can be modified in light of

this nonradiative recombination process. Un-

der these conditions, the experimental results

can be fitted, as shown in Fig. 4, A and B.

Lines have been drawn for various values of v
s
.

There is good agreement between the theoret-

ical calculation and the experimental results

for v
s
0 1.2 � 103 cm/s. This is a factor of 10

lower than typical values for GaInAsP (22) at

room temperature and is consistent with the

effects of sample cooling. We believe that

similar values of v
s
will be attainable at room

temperature, with special treatment of the

surface (29). The use of high-quality crystalline

silicon, with surface-recombination velocities

of less than 1 cm/s (30), might also be

advantageous for the suppression of nonradia-

tive processes, because it will lead to the

realization of high-quality silicon-based pho-

tonic devices. Furthermore, applications for the

control of thermal (or black body) emission

would no longer be affected by surface-

recombination processes.

We believe that our demonstration of simul-

taneous inhibition and redistribution of sponta-

neous light emission in photonic crystals is an

important step toward the evolution of photonic

devices and systems in various fields, including

photonics, illuminations, displays, solar cells,

and even quantum-information systems.
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Fig. 4. Plots of the experimental results
for a wide range of normalized frequencies
(open circles). (A) Overall spontaneous-
emission decay rates. (B) Emission effi-
ciency in the direction normal to the
crystal. The results were normalized by
those for the reference sample without
photonic crystals. The solid lines repre-
sent theoretically fitted results for a
range of values of vs. The experimentally
observed inhomogeneous broadening of
the emission spectra is accounted for in
the calculation. The closest correspon-
dence between the experimental results
and theoretical curves is obtained for vs 0
1.2 �103 cm/s.
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Identifying Vibrations That
Destabilize Crystals and

Characterize the Glassy State
G. N. Greaves,1 F. Meneau,1,2 O. Majérus,1,3 D. G. Jones,1 J. Taylor4

High-resolution inelastic neutron scattering was used to identify major sources
of low-frequency vibrations in zeolite crystals. Dispersed and nondispersed
modes were found, both of which are prominent in the early stages of com-
pressive amorphization but decline dramatically in strength once a glass of
conventional density is created. By identifying the dispersed modes with the
characteristic vibrations of the various secondary building units of zeolitic
structures, the Boson peak, a characteristic of the glassy state, can be attributed
to vibrations within connected rings of many different sizes. The nondispersed
phonon features in zeolites, retained in the amorphized glass, were also rep-
licated in silica. These modes are librational in origin and are responsible for
destabilizing the microporous crystalline structure, for converting the re-
sulting glass from a low- to a high-density phase, and for the associated
changes in network topology that affect the Boson peak.

Vibrational states of crystals can be under-

stood as phonon modes (1), but the origin

and nature of vibrations in glasses are less

well understood (2). However, crystalline and

amorphous solids differ in a number of im-

portant ways, particularly in the low-frequency

vibrational modes of these materials and the

replacement of a periodic atomic potential by

a complex energy landscape (3). For exam-

ple, the excess specific heat of glasses at very

low temperatures (G1 K) as compared with

crystals can be understood in terms of tun-

neling states (4, 5). Formalized as two-level

systems (TLSs), these are anharmonic modes

and in silica glass can be modeled as libra-

tional vibrations (hindered rotations) coupling

groups of tetrahedra (6, 7). At higher tem-

peratures, however, the same motion enabled

by the aperiodicity can be used to explain

anharmonic relaxation processes with vibra-

tional energies of 1 to 2 meV (7).

Another characteristic difference between

crystals and glasses is the presence in the

latter of a broad band of harmonic modes

(between 4 and 12 meV in silica glass) called

the Boson peak (BP) (8) that is rarely seen in

crystals. Many spectrocopies (4, 8–11) reveal

how the low-frequency vibrational density of

states (VDOS) is enhanced compared to the

Debye model (12), all of which have been

variously attributed to large clusters (13), nano-

particles (14), floppy modes (15), mismatched

rings (16), and the rocking of small tetra-

hedral groups (11). Common to many of these

approaches is the anharmonic motion of atoms

inherent in TLSs (2, 3, 7, 16, 17). Within the

same band of frequencies, the BP evokes a

rich phenomenology of propogating phonons

(18), which can also be strongly scattered

from static nanostructure fluctuations (11),

both extended and localized acoustic modes

combining with an excess density of optical

modes (19). Experimentally, the magnitude

of the BP is found to be greatest for strong

glasses such as silica (11, 20) and to decline

in strength as fragility increases (21). When

the density of silica is reduced, however, the

intensity of the BP increases further (9, 10),

suggesting that the strength of the glass may

also be increasing.

BP behavior has recently been observed

in zeolite crystals (9, 22). These strong open-

framework tetrahedral silicates have vast in-

ternal surfaces and are widely exploited in

industry (23). Their low-density crystalline

structures are constructed from a variety of

secondary building units (SBUs), the most

common being a cages, b cages, and double

six rings (D6Rs) (23). Zeolite crystals are

stabilized by water, which congregates main-

ly in the a cage, but once dehydrated, the

low-density ordered structure is vulnerable to

thermal and mechanical stress, disintegrating

beyond a particular threshold (24). Zeolites

are an excellent class of materials with which

to examine catastrophic order-disorder transi-

tions, because their crystalline structures, al-

though complex, are now well-known (25),

and the glasses and viscous melts into which

they transform are also well-studied (26). We

have reasoned that studies of the low-frequency

vibrational properties of zeolites might pro-

vide insight into the structural origin of the

characteristic features of glasses. To that end,

we have performed high-resolution inelastic

neutron scattering (INS) studies of zeolite Y

and of materials that form from it at different

stages of amorphization.

In zeolites, the compressive process that

yields the amorphous state can be initiated

by temperature or by pressure (24). The rate

of zeolite collapse can be easily measured,

increasing with the stress rate and revealing

evidence of the presence of an intermediate

low-density amorphous phase (LDA) before

the final high-density amorphous phase (HDA)

is reached. The coexistence of different glasses

(or liquids) of the same composition but each

having a different density—polyamorphism—

has been advanced as the source of crystalline

instability in amorphization (27). From in situ

small and wide-angle x-ray scattering experi-

ments, zeolite collapse appears to be followed

by an LDA-HDA transition in the glassy state

(28). In particular, the measured temperature

dependence of the time for zeolites to collapse,

t
A
, follows an Arrhenious dependence t

A
0

t
0
e(H

A
/k
B
T), where k

B
is Boltzmann_s con-

stant and T is temperature. The activation en-

ergy H
A
is approximately half that found in

molten silica (24), which is indicative of a

superstrong liquid. Moreover, the prefactor

t
0
lies between 10j11 and 10j12 s, suggest-

ing that the zeolite structure may be desta-

bilized by phonons with energies of a few

milli–electron volts (29) that are in the low-

frequency range where conventional glasses

and crystals show marked differences (4).

Zeolite Y was thermally amorphized in

three stages by heating at 10- minj1: first to

650-C (20%), then to 750-C (60%), and fi-

nally to 850-C (100%). The glass was made

by quenching from the melt at 1300-C. A
90% amorphized specimen was fabricated in

a multi-anvil press at 8 GPa for 5 hours. The

degree of amorphization was obtained by com-

paring the intensity of x-ray diffraction pow-

der patterns with that of the starting material.

Before making INS measurements (30), spec-

imens were dried at 300-C in a vacuum

furnace for 5 hours.

INS spectra at 20 K with 0.8-meV resolu-

tion (Fig. 1A) compare zeolite Y with a glass

of the same composition and with zeolite Y

at different stages of thermal and pressure-

induced amorphization. Zeolite Y exhibits a

broad band centered around 6 meV, includ-

ing a sharp doublet located at 4.5 meV and a

wide maximum at around 9 meV. Both fea-

tures are prominent in intermediate amor-

phized versions but are replaced in the glass

by a BP with no sharp features. The spectrum

for hydrated zeolite is also included in Fig.

1A, for which the 4.5-meV double peak in the

anhydrous zeolite is absent, and the feature-

less band reaches a maximum around 6 meV.

Indeed, if this band is rescaled downward, it

provides an approximate envelope for the BP

in the vitrified zeolite. A second feature is
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versity of Wales, Aberystwyth, SY23 3BZ, UK. 2Neth-
erlands Organisation for Scientific Research (NWO),
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Grenoble Cedex, France. 3Ecole Nationale Supérieure
de Chimie de Paris, 11 rue Pierre et Marie Curie,
75231, Paris, France. 4ISIS Facility, Rutherford Apple-
ton Laboratory, Chilton, OX11 0QX, UK.
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the strength of the low-frequency VDOS band

in the starting zeolite as compared to the glass,

the ratio in area being 8:1. Although this fea-

ture is reduced with increased amorphization,

the enhancement is still more than 3:1, even

when 90% of the zeolite has collapsed under

pressure. Finally, all of the structure between

4 and 9 meV is highly dispersed, increasing

in intensity as Q2, where Q is the neutron

momentum transfer.

Examples of INS spectra with higher

resolution (0.2 meV) collected at 20 K from

zeolite Y and amorphized versions are shown

in Fig. 1B. These comprise a new and nar-

row band at 1.8 meV, with a shoulder at 0.9

meV: a splitting of 0.9 meV or 2 K. Further-

more, although this feature declines in strength

with zeolite collapse by about a factor ap-

proaching 3, unlike the dispersed bands in

Fig. 1A, the low-frequency structure in Fig.

1B can also be found in the 100% amorphized

material. Moreover, we find similar nondis-

persed bands in silica, albeit further dimin-

ished in strength but, at 20 K, noticeably

stronger than the corresponding BP. In con-

trast to the structure illustrated in Fig. 1A,

which is dispersed, all of the features between

0.8 and 2.7 meV in Fig. 1B are strongly non-

dispersed, the scattered intensity increasing

linearly with Q.

The temperature dependencies of low- and

high-resolution INS spectra are shown in Fig.

2, where data collected at 20 and 290 K are

compared after temperature correction. The

BP in the fully amorphized zeolite approxi-

mately scales with the Bose function, reflect-

ing the harmonic behavior reported for the BP

in conventional glasses (3, 8), from which the

BP gets its name. However, the enhanced fea-

tures found at low temperatures in the zeolite

or its intermediate amorphized versions scale

far less rapidly with temperature, which indi-

cates anharmonic character. Similar behavior

occurs for the nondispersed band at 1.8 meV,

which virtually disappears at 290 K.

Fig. 1. INS profiles at 20 K for an-
hydrous (black squares) and hy-
drated (red inverted triangles) Na
zeolite Y (Na56Al56Si136O384) com-
pared to partially amorphized an-
hydrous materials (green squares
and purple triangles). Errors are
given by the symbol size or plotted
directly. (A) Data obtained using
17-meV neutrons with a Q range
of 0.18 to 5.3 Åj1. All spectra are
normalized by mass and the inten-
sity scales with Q2, indicating
sound-propagating acoustic modes.
The full width at half maximum
(FWHM) of the elastic line is 0.8
meV and defines the spectral
resolution. The dispersed bands
at 4.5 and 9 meV are absent from
the hydrated zeolite as well as
from the vitreous material (blue
circles), which exhibits the BP ex-
pected in the glassy state, but are
present even in the pressure-induced 90% amorphous material. The dotted
curve is the featureless profile for hydrated zeolite scaled to the BP of the
glass. The arrows indicate the fundamental transverse (t) and longitudinal (l)
normal mode frequencies vt/L and vl/L for the SBUs in zeolite Y, where L is
the circumference of the internal rings (20-fold, 12-fold, and 8-fold) and vt
and vl are 3358 and 5181 msj1, respectively (32–35). (B) Data obtained
using 8-meV neutrons with a Q range of 0.1 to 3.6 Åj1. All spectra are
normalized by mass. The FWHM of the elastic line is 0.2 meV. INS intensities

of the 0.9- and 1.8-meV features scale with Q, which is indicative of
nondispersed localized modes, which may correspond to eclipsed and
staggered configurations. The integrated spectra of zeolites (black and green
squares) change in strength with amorphization, with a significant
component being retained once the material is 100% amorphized (red
circles). A similar nondispersed band is also found in silica (blue diamonds).
The 100% amorphized zeolite has a broader elastic line than the zeolite,
suggesting an additional feature near 0.5 meV.
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The VDOS at high frequencies in silicates

is dominated by the stretching and bending

modes associated with nearest neighbors in

corner-sharing tetrahedra (26), whereas the

modes that contribute to the BP and TLS have

been attributed to groups of tetrahedra and

the linkages between them (4–9, 11, 13–17).

In zeolites, the obvious candidates for these

larger units are the SBUs that characterize

the low-density structures and the oxygen

bridges that link them. Because SBUs se-

lectively adsorb small molecules, the ab-

sence of the sharp double peak at 4.5 meV

in hydrated zeolite Y (Fig. 1A) is inter-

esting, because clathrated water condenses

in the a cages (23), where it is expected to

stiffen the supercage structure. Thus, if the

4.5-meV feature in anhydrous zeolite Y is

attributed to a-cage dynamics, the remaining

low-frequency band out to 15 meV may

reasonably be associated with oscillations in

the b cage and D6R SBUs.

Clearer evidence for the assignments in

Fig. 1A lie in the different sizes of SBUs.

The SBU surfaces of zeolite Y are made up

of planar fourfold and sixfold rings, but these

units are circumscribed by much larger puck-

ered rings, such as 20-fold, 12-fold, and 8-fold

rings for the a-cage, b-cage, and D6R units,

respectively. To a first approximation, the fre-

quencies of the fundamental normal modes for

these large rings are given by v
t
/L and v

l
/L,

where v
t
and v

l
are the transverse and longi-

tudinal velocities of sound in the zeolite and

L is the circumference of the ring. Ring fre-

quencies for zeolite Y lie between 4 and 14

meV (35), as indicated in Fig. 1A. The asso-

ciation of the 4.5-meV doublet with a cages

is confirmed, as are the peaks at 6, 9, and 14

meV with b cages and D6Rs. In zeolites,

SBUs are not independent units but are inter-

connected, and so vibrations can be expected

to be anharmonic, explaining the non-Bose

temperature dependence of the low-frequency

bands illustrated in Fig. 2.

With the assignments made in Fig. 1A,

the decline in strength of the low-frequency

structure can be used to follow the collapse

of the SBUs to the silica-like structure of

the vitreous zeolite when the baseline BP is

reached (Fig. 2B). The weight of these fea-

tures decreases nonlinearly, as exemplified by

the reduction of the 4.5-meV peak area with

amorphization (Fig. 3A, upper frame). The

same data are replotted in Fig. 3B with the

zeolite Y crystalline component removed.

The 4.5-meV peak reaches a maximum when

more than 70% of the zeolite has collapsed,

signifying the retention of a-cage units in the

initial amorphous component. Corresponding

spectra for the amorphous component remain-

ing at intermediate stages of amorphization are

shown in Fig. 3C. These spectra are identical

within experimental error. The 4.5-meV peak

remains prominent, as do the shoulders around

9 and 14 meV, which shows that in addition to

the a cage, significant remnants of b-cage and
D6R SBUs are also retained in the initial amor-

phous phase. Contrasting the spectra in Fig. 3C

with the diminutive BP in the final amorphized

product in Fig. 2, we see that at intermediate

stages, the initial amorphized material incor-

porates low-density SBUs that eventually

collapse when the final glass is formed. This

result provides strong evidence for an inter-

mediate LDA phase as well as for an LDA-

HDA transition (24, 28, 29), as indicated in

the upper frame of Fig. 3B.

Moreover, the assignment of the dispersed

band between 4 and 15 meV with the large

rings that define the zeolitic SBUs confers

new meaning on the origin of the BP in the

glassy state. From Fig. 1A, this feature can

be attributed to the coupling of oscillations

Fig. 3. Nonlinear
c h a n g e s i n t h e
strength of the dis-
persed BP 4.5-meV
band (upper frames)
and the nondispersed
TLS 1.8-meV band
(lower frames) in
Na zeolite Y. The
behavior of the BP
feature shown in the
upper frames illus-
trates consistency be-
tween 0.2-meV– and
0.8-meV–resolution
data: the dashed and
solid curves, respec-
tively. (A) Integrated
areas under 4.5- and
1.8-meV peaks from
Figs. 1 and 2, show-
ing the nonlinear de-

0 20 40 60 80 100
0.00

0.02

0.04

0.06

0.08

0.0

0.1

0.2

0.3

0.4

0.5

∆E=0.2 meV

librational
1.8 meV

Amorphization (%) Amorphization (%)

∆E=0.8 meV

∆E=0.2 meV

α-cage
4.5 meV

P
ea

k 
A

re
a

P
ea

k 
A

re
a

A B

0.0

0.5

1.0

1.5

2.0

0 20 40 60 80 100
0.00

0.02

0.00

0.05

0.10

0.15

0.20

∆E=0.2 meV

Zeolite-LDA

librational
1.8 meV

LDA-HDA

∆E=0.8 meV

∆E=0.2 meV

α-cage
4.5 meV

0.0

0.2

0.4

0.6

0 2 4 6 8 10 12 14 16
0.0

0.1

0.2

0.3

D6R

C

β-cage

α-cage

60% amorphous
90% amorphous

In
el

as
tic

 N
eu

tr
on

 S
ca

tte
rin

g

Energy Loss (meV)

cline in the BP and TLS features with progressive amorphization. (B)
Anharmonic contributions to the amorphized component. These were
obtained by removing the areas of the 4.5- and 1.8-meV features from the
starting zeolite in proportion to the crystalline component x obtained from
x-ray diffraction. They show the early growth of the librational contribution
related to the zeolite-LDA order-disorder transition (lower frame), compared
to the slower rise in the a cage contribution, with the eventual decline
pointing to an LDA-HDA polyamorphic transition (upper frame). (C)
Normalized INS spectra from Fig. 1A, with the zeolite spectrum weighted
by the crystalline fraction removed {[INS(x) – xINS(1)]/(1 – x)}. The common
amorphized component for both partially amorphized samples reveals the
same a-cage, b-cage, and D6R features from Fig. 1A. The persistence of these
modes, even in 90% pressure-amorphized material, is direct evidence for the
existence of an intermediate LDA phase. Spline curves are included to guide
the eye.
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between connected rings of many sizes, in-

cluding the large 12-fold and 20-fold rings

from the SBUs. In conventional ring-counting

schemes, these are degenerate with the smaller

four- and sixfold rings and would normally

be ignored, but they explain the extension of

the BP to lower frequencies. With smaller

rings contributing to the higher frequencies,

the variety of ring sizes is expected to result

in inhomogeneities in strain across the amor-

phous network, an assumption frequently

made in modeling the BP (13). Furthermore,

the INS Q2 dependence confirms the pre-

dominance of propagating acoustic phonons

across the network and is also in agreement

with the results of inelastic x-ray scattering

experiments on simple glasses at BP fre-

quencies (18).

Turning finally to the band of nondispersed

oscillations shown in Fig. 1B, we attribute

these features to librational modes between

coupled tetrahedra predicted in silica glass

at these frequencies (7). This interpretation

is further supported by the linear INS Q

dependence pointing to localization and the

non-Bose temperature dependence indicative

of anharmonicity. These properties, coupled

with the acoustic phonon characteristics of

the BP, also accord with an alternative view

(11, 36, 37) that the BP maximum marks a

Ioffe-Regel crossover (38) from localized

band-tail states to propagating sound states.

In the context of microporous silicate struc-

tures, librational modes will be particularly

important at the linkages between SBUs and

may create numerous sources of potential in-

stability. Notably, the energy of the nondis-

persed band—1 to 2 meV—approximates to

h/t
0
(where h is Planck_s constant) and there-

fore appears to be directly coupled with zeo-

lite collapse. In particular, the decline in the

strength of the 1.8-meV peak with amor-

phization is plotted in the lower frame of Fig.

3A and is clearly nonlinear but also different

from the behavior of the 4.5-meV peak at-

tributed to a-cage dynamics plotted above.

The amorphous component obtained from

Fig. 3A by removing the zeolite fraction

shown in the lower frame of Fig. 3B rises

rapidly to a plateau earlier than the growth of

the 4.5-meV a-cage feature. This suggests

that it is the librational modes that initiate

the order-disorder transition of the zeolite to

an LDA phase. Rotational motion promotes

buckling in silicate glasses (7, 16) and in this

zeolite-LDA transition should leave the ring to-

pology of the SBUs initially intact, together

with chemical ordering, which we have pro-

posed elsewhere (24) characterizes the super-

strong LDA phase in zeolite amorphization.

Eventually, as amorphization advances, bonds

will be broken in the transition to the final

glass, chemical order will be lost, and the large

rings of the SBUs will be subsumed into the

three-dimensional network of the HDA phase,

with an accompanying fall in the size of the

BP (Fig. 3B) and in the strength of the glass.

We believe that the low-frequency modes in

zeolitic materials reported here offer insights into

the way large density differences between crys-

talline and amorphous networks are correlated

through ring topology and conformational dy-

namics. Moreover, because conventional glasses

exhibit enhanced specific heat at very low tem-

peratures (4), we anticipate that this effect will be

dramatically enlarged in zeolites and the LDA

phases that initially form during amorphization,

the sharp librational modes cutting into the fluc-

tuating microporous energy landscape (31, 39)

to create anharmonic tunneling TLS states.More

generally, we expect that giant soft phonon

bands are a common feature of all microporous

materials, crystalline or glassy, and lie at the

heart of the nanoscale instabilities that threaten

their functionality in industrial applications.
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samples were placed in the cryostat within 5 min of
being removed from the drying oven, in order to
minimize water contamination. One undried specimen
was also measured. For ordered crystals, the experi-
mental geometry used was sensitive only to trans-
verse phonons. However, for polycrystalline zeolites,
where the charge-compensating cations are known to
distort the framework (31), we can expect substan-
tial coupling between longitudinal and transverse
modes. The longitudinal and transverse sound ve-
locities in isotropic materials, vl and vt, are direct-
ly related to the elastic stiffness coefficients c11
and c44 and the density r, by vl 0

ffiffiffiffiffiffiffiffiffiffiffi
c11=r

p
and

vt 0
ffiffiffiffiffiffiffiffiffiffiffi
c44=r

p
, respectively. Zeolites are micrometer-

sized powders, making direct measurements of stress
coefficients impracticable. For hydrostatic stress, though,
the compressibility b, which equals 3/(3c11 – 4c44),
can be determined with in situ x-ray diffraction. In
particular, we have shown how b(P) for zeolites de-
creases linearly with increasing pressure (24), from
which values of b(0) 0 0.042 T 0.005 GPa–1 can be
obtained by extrapolation. Values for vl and vt of
5181 and 3358 ms–1, respectively, have been com-
puted for the orthorhombic zeolite ZSM-5 (32). With
little anisotropy observed, these yield a figure for b
of 0.047 GPa–1 in ZSM-5, in close agreement with
our measurements of cubic zeolites. Accordingly,
with only a 10% difference in density between ZSM-
5 and zeolite Y, we have adopted the above values
for vt and vt in analyzing the newly discovered bands
of low-frequency modes.
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The Importance of Threading
Dislocations on the Motion of

Domain Boundaries in Thin Films
Farid El Gabaly,1 Wai Li W. Ling,2 Kevin F. McCarty,2

Juan de la Figuera1*

Thin films often present domain structures whose detailed evolution is a
subject of debate. We analyze the evolution of copper films, which contain
both rotational and stacking domains, on ruthenium. Real-time observation
by low-energy electron microscopy shows that the stacking domains evolve in
a seemingly complex way. Not only do the stacking boundaries move in
preferred directions, but their motion is extremely uneven and they become
stuck when they reach rotational boundaries. We show that this behavior
occurs because the stacking-boundary motion is impeded by threading
dislocations. This study underscores how the coarse-scale evolution of thin
films can be controlled by defects.

Because of its technological importance, the

growth of a crystalline material on top of a dis-

similar crystalline material, heteroepitaxy (1),

has been intensively investigated (2). To ac-

commodate its physical differences with the

substrate, films commonly develop spatial

domains that differ somewhat from each other

(3). Examples include rotational domains,

which differ only in how a crystallographic

direction within the plane of the film is oriented

with respect to the substrate directions. For

films of simple metals (4), additional domain

types can be distinguished by the stacking se-

quence of the close-packed layers that lie par-

allel to the substrate. These stacking domains

are separated by planar boundaries (stacking

faults) lying within the film. Stacking- and

rotational-domain boundaries can substantially

degrade the properties of the film by, for

example, scattering charge carriers, quenching

excitations, or serving as pathways for

enhancedmass transport (5–7). Although these

defects can sometimes be healed (8, 9), this

process is only partially understood.

Here we investigate how rotational- and

stacking-domain boundaries in strained cop-

per films move and interact with each other.

We use the unique capabilities (10) of low-

energy electron microscopy (LEEM) to follow

the evolution in real time. Based on the known

structure of the different boundaries, the ex-

perimental observations can be explained by

the interactions of the dislocations present

at the domain boundaries. The large-scale

evolution of the thin film can be understood

by considering the individual interactions

of the dislocations that form the different

boundaries.

Thin films of Cu on Ru(0001) present

both rotational and stacking domains (11–15).

Typical grain sizes are on the order of hundreds

of nanometers. The stacking domains can be

observed with LEEM under bright-field

conditions (16) as two different gray levels on

a continuous two-monolayer (ML) film (Fig.

1A). In addition to the stacking domains,

copper films two layers thick on Ru(0001)

show an in-plane uniaxial relaxation. Given

that the Ru(0001) substrate has threefold

symmetry, domains occur where the relaxation

direction lies in each of the three equivalent

directions, giving rise to three rotational do-

mains. Each rotational domain diffracts low-

energy electrons in specific directions (fig.

S1A). In a real-space LEEM image formed

using the electrons diffracted from a given

domain type, only film regions of that domain

type appear bright (fig. S1B). By taking

successive images with diffracted beams cor-

responding to the three different domains, the

full rotational-domain microstructure of the

film can be determined. To show the film_s
entire rotational-domain structure in one im-

age, we color each rotational domain either

red, green, or blue (Fig. 1B).

Because each of the three rotational do-

mains can have two stacking domains, the

complete microstructure has six types of

domains. In Fig. 1C, the six different regions

are coded by three colors (rotational domains)

and two gray levels (stacking domains). The

two types of domain boundaries, namely

stacking and rotational boundaries, are distinct.

At temperatures below 350-C, the rotation-
al domains do not evolve with time (17). We

focus on the evolution of the stacking bounda-

ries and their relationship with the rotational

domains. The evolution of the stacking do-

mains, as followed in real time in Fig. 2, A to

C, is quite discontinuous; several minutes may

elapse without changes. But sometimes the

boundaries between stacking domains move

very quickly, as shown by the blurred edges

in Fig. 2B. When fast motion occurs, the

stacking boundary moves along the unique

in-plane direction of the rotational domain

(Fig. 2D). Superimposing the rotational and

stacking domains also shows that the fast

motion of stacking-domain boundaries takes

place within rotational domains. The slowing

down of their motion, on the other hand, fre-

quently occurs at the boundaries between ro-

tational domains.

To further highlight the observed effect of

the rotational-domain boundaries on stacking-

boundary motion, we exposed the film to sul-

fur. Sulfur removes the rotational domains

in the copper film (18, 19), changing its struc-

ture so that only a single rotational (orienta-

tional) domain occurs (figs. S3 and S4). The

stacking domains are preserved (Fig. 3A and

fig. S3). Without rotational domains, the

stacking boundaries advance smoothly with

time, in marked contrast to the clean Cu films.

1Departamento de Fı́sica de la Materia Condensada,
Universidad Autónoma de Madrid, Madrid 28049,
Spain. 2Sandia National Laboratories, Livermore, CA
94550, USA.
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A B C

Fig. 1. Domains in two Cu layers on Ru(0001). The field of view of the LEEM images is 5 mm. (A)
Bright-field LEEM showing the two different stacking domains, which correspond to the two gray
levels in the image. The black areas are regions of the copper film that are three layers high. The
incoming electron energy (38 eV) is selected to give good contrast between the stacking domains.
(B) Composite color image obtained from the superposition of the three dark-field images of fig.
S1, where the colors indicate the orientation of each rotational domain. The areas that are not
shown in any color correspond to 3-ML Cu. (C) Full domain microstructure of two copper layers on
Ru, obtained by superposition of the previous images.
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In addition, the stacking boundaries do not

move in any preferred direction.

Hence, the rotational domains have a

great influence on the evolution of the stacking

domains—within a rotational domain, the

stacking boundaries move rapidly. But at the

rotational boundaries, the stacking boundaries

become impeded. This complicated behavior

can be understood by considering the defects at

the domain boundaries—the rotational bound-

aries contain threading dislocations that act as

obstacles to the stacking-domain boundaries.

To understand why the observed evolution

occurs, we need to describe the stacking and

the rotational domains in more detail. The

rotational domains in clean 2-ML copper films

are caused by the uniaxial relaxation of Cu

atoms in a nearest-neighbor direction through

the introduction of parallel arrays of misfit

dislocations at the Cu/Ru interface (15, 20). At

the boundaries of the rotational domains, there

are arrays of edge dislocations (20) that thread

out from the substrate/film interface to the

film/vacuum interface. Within the rotational

domains, no such Bthreading[ dislocations

occur. The threading dislocations, which are

only two atoms long, are marked in Fig. 4, A to

C, and fig. S2C by yellow BT[ symbols.

The second Cu layer of a 2-ML film can be

located in two different positions that avoid

unfavorable on-top positions. These two dif-

ferent stacking sequences give rise to the two

stacking domains (15). Although the two do-

mains should have different energies, the

energy difference is too small to be reliably

determined by ab initio methods (G4 meV per

atom, as estimated by density functional theory

calculations) (15). Because this energy differ-

ence is small, however, islands of both stacking

types can nucleate. Indeed, when 2-ML Cu

islands grow on top of a complete 1-ML film at

our growth temperature, both stacking types

occur with about equal probability. Following

the growth in real time with LEEM shows that

individual islands retain their stacking charac-

ter until a continuous 2-ML film is formed by

island coalescence. The boundaries separating

coalesced islands of unlike stacking then move

because even a small difference in energy per

atom represents a strong driving force to con-

vert the higher-energy stacking domain into the

lower-energy one by moving the boundary

between them. The boundary separating

domains of different stacking sequence is a

Shockley partial dislocation located between

the two Cu layers (shown as a gray line in

Fig. 4, A to C). This directed motion is in

contrast to the dislocation motion on 1-ML Cu

on Ru(0001) (21). In this case, the Shockley

partial dislocations undergo thermal fluctua-

tions because no driving force to push the

dislocations exists.

The domain evolution can be interpreted in

terms of the dislocation structures of the

stacking and the rotational domains described

above. The stacking-boundary dislocation can

glide within rotational boundaries without

encountering intersecting (threading) disloca-

tions (Fig. 4, A and B). Because the energy

(Peierls) barrier needed to move such a

dislocation is small EG0.25 meV/), as esti-

mated by embedded atom method calculations

(22, 23)^, such glide motion is expected to be

very fast. We observe that the stacking bound-

aries can move as fast as È103 nm/s.

When moving across rotational domains,

however, the stacking-boundary dislocation

must cross the threading dislocations present

at the rotational boundaries (fig. S2). Given the

Fig. 2. (A to C) Evolution of
the stacking-domain struc-
ture at 250-C. The size of
the images is 1.8 mm by 1.3
mm. From image (A) to im-
age (B), 30 s have elapsed.
Image (B) appears blurred at
the end of the advancing
stacking boundary because
of the temporal averaging
used (1 s). The fast motion
direction is aligned with the
underlying rotational do-
main, as indicated sche-
matically in (D). The time
difference between images
(B) and (C) is 5 s.

A

C D

B

Fig. 4. Explanation of stacking-
boundary motion. (A and B) Fast
motion of the stacking boundary is
observed within rotational domains
because the dislocation (boundary),
marked by the gray line, can move
by glide because no threading
dislocations are encountered. (C)
Schematic of a stacking boundary
crossing between rotational do-
mains. (D) Three-dimensional sche-
matic of the crossing of the
rotational boundaries by a stacking
boundary. The Cu film (outlined
cubes) lies on the Ru substrate (light
gray). The misfit dislocations,
located at the Ru-Cu interface, are
shown as black lines. The stacking
boundary, a dislocation within the
Cu film between the two copper
layers, is shown before and after
crossing the threading dislocations
present at the rotational boundary. After the crossing (right drawing), jogs are left on each threading
dislocation (marked by dark yellow). The corresponding kinks on the stacking boundary are not drawn.

Rotational boundary
Threading dislocations

Misfit dislocations

Stacking boundary

A B

C D

Fig. 3. Evolution of
stacking domains in a
2-ML Cu film modified
by sulfur. The bright-
field LEEM images were
taken at 38 eV and are
1.4 mm by 1.9 mm in
size. Image (A) was
taken at 135-C after
the sulfur exposure. Im-
ages (B) and (C) were
taken at 152-C. The
stacking-domain bound-
aries do not move in
preferred directions, un-
like sulfur-free films,
which contain rotation-
al domains.

A B C

2 ML “dark” stacking domain

3 ML 2 ML “bright” stacking domain

0 min 4 min 30 s 8 min 30 s
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Burgers vectors of the involved dislocations

(24), a jog is produced on each threading

dislocation when the stacking boundary

crosses the Bforest[ of threading dislocations

(Fig. 4D). In turn, the stacking-boundary dis-

location acquires a kink for each crossing. The

production of a jog on each threading disloca-

tion costs energy, and the total energy barrier

of all the needed crossings is much larger than

the Peierls glide barrier encountered for pure

glide within a rotational domain. Thus, the

threading dislocations impede the stacking-

boundary motion. Because the threading dis-

locations only occur at the rotational-domain

boundaries, we explain the experimental ob-

servation that the stacking boundaries become

stuck at the rotational boundaries. The crossing

of the threading dislocations is temperature

activated: The lower the temperature, the

longer the stacking boundaries are pinned at

the rotational boundaries. In contrast, the glide

motion within rotational boundaries is indepen-

dent of temperature in the observation range.

We can also understand why stacking

boundaries preferentially advance (Fig. 2)

along the unique direction of the misfit dis-

locations within each rotational domain. The

array of misfit dislocations within each rota-

tional domain constitutes a periodic array of

obstacles for stacking-boundary motion un-

less, as observed, the stacking-boundary dis-

location moves along the misfit dislocations

themselves.

The experiments under sulfur exposure can

also be explained by the atomistic details of the

dislocation structures.When sulfur is deposited

on a 2-ML Cu/Ru(0001) film, the striped

pattern of misfit dislocations responsible for

the rotational domains breaks down (fig. S3),

and a well-ordered triangular pattern appears

(18, 19) that lacks rotational domains (fig.

S4B). The unit cell of this pattern (fig. S4) is a

small triangular unit with sides composed of

misfit dislocations and threading dislocations

at the three corners (18). Nevertheless, the

stacking domains still persist and are observed

as before in bright-field conditions (Fig. 3). As

in 2-MLCu/Ru(0001) without sulfur (Fig. 1A),

there are still two different possibilities for

stacking the second Cu layer on top of the first.

However, the threading dislocations are now

uniformly distributed within the film. The

stacking boundary dislocations now encounter

a closely spaced (G7 nm apart) distribution of

threading dislocations, so the stacking domains

evolve smoothly at our observation scale,

which is larger than the film_s threading

dislocation spacing (the LEEM resolution is

È10 nm). Therefore, the stacking boundaries

move smoothly with no preferred directions

(Fig. 3).

In summary, we have shown how observing

thin-film microstructure evolution in real time

and in real space can determine what process

controls the healing of crystallographic defects.

In the Cu on Ru system, all the microstructure

interactions can be observed and understood; it

serves as a model of thin-film evolution in

which the detailed interactions can be fully

modeled (25). Given the ubiquity of disloca-

tions in heteroepitaxial films, we anticipate that

our key finding, that dislocations interactions

control the rate at which extended defects heal

themselves, will hold in many other metal and

nonmetal systems.
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A Microbial Arsenic Cycle
in a Salt-Saturated,
Extreme Environment
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Searles Lake is a salt-saturated, alkaline brine unusually rich in the toxic element
arsenic. Arsenic speciation changed from arsenate [As(V)] to arsenite [As(III)]
with sediment depth. Incubated anoxic sediment slurries displayed dissimila-
tory As(V)-reductase activity that was markedly stimulated by H2 or sulfide,
whereas aerobic slurries had rapid As(III)-oxidase activity. An anaerobic, ex-
tremely haloalkaliphilic bacterium was isolated from the sediment that grew
via As(V) respiration, using either lactate or sulfide as its electron donor. Hence,
a full biogeochemical cycle of arsenic occurs in Searles Lake, driven in part by
inorganic electron donors.

The microbial life that exists in brines of

exceptionally high salinity has been a topic

of fascination to microbiologists (1, 2). Pri-

mary productivity in hypersaline ecosystems

is driven by oxygenic photosynthesis, as typ-

ified by salt-adapted microbes like Duna-

liella parva that provide the organic carbon

needed to sustain a microbial food chain. Typ-

ical heterotrophs obtained from such locales

are either obligate aerobes or fermentative an-

aerobes (3). Some also have the ability to re-

spire nitrate, but the importance of this scarce

anion as a respiratory electron acceptor in

high-density brines has not been studied. In

extremely hypersaline environments that have
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salt concentrations that approach saturation

(e.g., Q300 g/liter), the otherwise ubiquitous

process of sulfate reduction is either notably

absent or greatly diminished (4–6). Likewise,

methanogenesis is either feeble (7) or unde-

tectable (6). The most likely reason for this

is that the metabolic pathways of these two

processes generate insufficient energy to

meet the higher requirements of maintaining

an internal osmotic gradient against the strong

external salt milieu (4). Hence, any anaerobe

with a respiratory metabolism that can live at

extremely high salinities must be able to link

its oxidation of carbon substrates to biological

oxidants considerably stronger than sulfate or

carbonate so as to yield more energy. For ex-

ample, the selenate-respiring bacterium, Sele-

nihalanaerobacter shriftii, was isolated from

Dead Sea sediments (8), but the scarcity of this

element in the brine means that this process is

probably not of quantitative importance to the

biogeochemical cycling of carbon.

In comparison to sulfate (SO
4
2j/HSO

3
j:

electrochemical potential E
o
¶ 0 j516 mV) (9)

or carbon dioxide (CO
2
/CH

4
: E

o
¶ 0 j 244 mV

(9), arsenate EAs(V)^ reduction to arsenite

EAs(III)^ is a more robust bio-oxidation (10),

with a much higher electrochemical potential

(arsenate EHAsO
4
2j^/arsenite EH

2
AsO

3
j^:

E
o
¶ 0 þ 60 mV) (11). Although arsenic is us-

ually thought of only for its toxic properties,

several prokaryotes metabolize arsenic oxy-

anions to gain energy for growth. Arsenate

respiration and chemoautotrophic arsenite oxi-

dation occur in prokaryotes from broadly di-

verse phylogenetic groups and a variety of

environments (12).

Relatively high concentrations of arsenic

oxyanions occur in several soda lakes of the

western United States (13), originating from

hydrothermal springs that are common in this

volcanically active region. Arsenate acts as

an important respiratory electron acceptor in

Mono Lake, second only to sulfate, for the

oxidation of organic carbon by anaerobic bac-

Fig. 1. Searles Lake vertical sedi-
ment depth pore-water profiles of
(A) arsenate [As(V)] and arsenite
[As(III)] and (B) sulfide, methane,
and ammonia.
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Fig. 2. (left) Incubation experiments with sediment slurries
from Searles Lake under anoxic (A and B) or oxic (C) con-
ditions. (A) Reduction of arsenate; (B) formation of arsenite;
(C) oxidation of arsenite to arsenate. Symbols represent the
mean T 1 SD of three slurries. Fig. 3. (right) (A) Anaerobic
growth of strain SLAS-1 on lactate plus arsenate at a salinity of
È330 g/liter and pH 9.8. (B) Salinity and pH range for growth
of strain SLAS-1. (C) Anaerobic growth of strain SLAS-1 with
sulfide as the electron donor. Arrow indicates addition of more
(0.5 mM) sulfide to samples after 23 days of incubation. In all
of the panels, symbols represent the mean T 1 SD of three
experimental growth cultures.
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teria (14). Searles Lake is located in the Mo-

jave Desert about 270 km south-southeast of

Mono Lake. The major ionic constituents of

the Searles Lake subsurface brine are (given

as molality, m; moles per kilogram of solvent)

Naþ (7.43), Kþ (0.78), HCO
3
j þ CO

3
2j (0.64),

Clj (5.25), SO
4
2j (0.73), and BO

3
3j (0.46), as

reported previously (15, 16).

Searles Lake surface brine is unusually en-

riched in arsenic ESAs 0 È 3.9 mM; for meth-

ods, see (17)^. In a sediment core pore-water

profile, the speciation of dissolved arsenic oxy-

anions changed from predominantly As(V)

(88%) in the overlying water to predominantly

As(III) (84%) by 7-cm sediment depth (Fig.

1A). The As(V) þ As(III) content of the pore

waters ranged from 84 to 97% of the over-

lying water, indicating that only minor loss of

arsenic oxyanions was attributable to the for-

mation of thioarsenites (18, 19), by adsorption

onto mineral surfaces or by chemical precip-

itation as a mineral phase (e.g., arsenopyrite).

Other relevant major anionic brine constitu-

ents were chloride (range 0 4.7 to 5.0 m),

sulfate (range 0 0.66 to 0.79 m), and phos-

phate (range 0 16 to 20 mM), but none dis-

played any trended variation with core depth

(20). Nitrate was not detected, but traces of

sulfide, methane, and ammonia were present

(Fig. 1B), indicating generally reducing con-

ditions in the sediments, which contrasted

with the slightly oxic conditions (dissolved

oxygen 0 6.3 mM) found in the overlying water.

For comparison, the sulfide and methane con-

centrations were roughly a factor of 10 and

100 less, respectively, than what we reported

in the anoxic bottom waters of Mono Lake

(14), and a factor of 10 to 100 less for the

methane concentrations in Mono Lake sedi-

ments (21). This supports Oren_s hypothesis
(4) of a near-absence of sulfate reduction and

methanogenesis in salt-saturated (i.e., Searles

Lake), anoxic environments (6). The arsenic spe-

ciation patterns in Searles Lake sediments were

consistent with our observations of the strati-

fied water column of Mono Lake, which were

attributable to microbial reduction of As(V) in

the anoxic zone and oxidation of As(III) in

regions where dissolved oxygen, or nitrate,

were present (14, 22, 23). To test whether the

pore-water arsenic speciation observed in

Searles Lake sediments was also attributable

to microbiological processes, we conducted

sediment incubation experiments (17).

Anaerobic sediment slurries reduced As(V)

to As(III), whereas no activity was noted in

autoclaved controls (Fig. 2, A and B). Addition

of lactate, an electron donor used by many

As(V) respirers (10, 12), modestly increased

the rate of As(V) reduction. When inorganic

electron donors sulfide or hydrogen were added,

As(V) reduction was even more rapid, sug-

gesting that these may be important in situ

lithotrophic electron donors in this system,

similar to other extreme systems (18, 24).

Recovery of As(III) from added As(V) was

generally only about 60 to 70% and was only

È10% in the slurries amended with sulfide

(Fig. 2B), because of the formation of thio-

arsenites (20), which are soluble in alkaline,

carbonate-rich solutions (18, 19). Live aero-

bic slurries rapidly oxidized As(III), whereas

no oxidation occurred in the killed controls

(Fig. 2C). Thus, a full biogeochemical cy-

cling of arsenic occurs in Searles Lake, me-

diated by microbial aerobic oxidation of As(III)

and anaerobic reduction of As(V).

We cultivated enrichments of anaerobic,

As(V)-respiring prokaryotes adapted to the

Bextreme[ conditions of Searles Lake by using

our artificial brine (17) plus As(V) as the elec-

tron acceptor. Because this study preceded

the sediment slurry investigations, we did not

attempt to cultivate enrichments of cultures

using inorganic electron donors. We used lac-

tate as the electron donor based on our earlier

success at isolating As(V)-respiring hetero-

trophs from Mono Lake (25). Over the course

of 1 year, a stable population grew that was

transferred every other week into fresh medi-

um and subsequently purified by serial dilu-

tion. The isolate, strain SLAS-1, was a curved,

motile rod that grew (doubling time È48 hours)

by oxidizing lactate to acetate plus HCO
3
j

while reducing As(V) to As(III) (Fig. 3A), ac-

cording to the stoichiometry noted previously

(25) but recalculated for the actual concen-

trations used in the medium (17):

Lactatej þ 2HAsO4
2j þ Hþ Y Acetatej þ

2H2AsO3
j þ HCO3

j DGr 0 j201:7 kJ

Strain SLAS-1 did not grow at salinities

below 200 g/liter and had roughly equivalent

growth rates at salinities 9200 g/liter (Fig. 3B).
Optimal growth was at pH 9.5, with little

growth below pH 9.1 (Fig. 3B). Thus, strain

SLAS-1 was well adapted to the extreme

chemical conditions of Searles Lake. We also

demonstrated that strain SLAS-1 could grow

by using sulfide as its electron donor with

As(V) as its electron acceptor (Fig. 3C). We

noted, but did not quantify, the production of

thioarsenites during this growth. Thioarsenites

probably accounted for half of the reduced

form of arsenic (þ3 oxidation state) present

by the end of growth because the ratio of

As(V) consumed to As(III) produced was

2:1 rather than the expected 1:1. Hence, this

microbe has a capacity for either heterotro-

phy or lithotrophy with regard to its ability to

use either an organic (lactate) or inorganic

(sulfide) electron donor to sustain its growth

while respiring As(V). Further proof that strain

SLAS-1 was able to grow as a chemolithoau-

totroph came from its ability to carry out dark

HCO
3
j fixation into cell material when grown

on sulfide plus As(V). Dilute washed suspen-

sions (2.2 � 107 cells mlj1) of sulfide-grown

Fig. 4. Phylogenetic
tree of Halanaerobiales
showing the affiliation
of SLAS-1 based on 16S
rRNA gene sequence
(920 bases) using max-
imum parsimony anal-
ysis (28). The species of
Halanaerobiales used
for the tree (with their
GenBank accession num-
bers in parentheses)
were Halanaerobium
congolense (U76632),
Halanaerobium salsuginis
(L22890), Halanaero-
bium kushneri (U86446),
Halanaerobium alca-
liphilum (X81850), Ha-
lanaerobium praevalens
(AB022035), Halanaero-
bium saccharolyticum
(L37424, X89069), Ha-
lanaerobium lacurosei
(L39787),Halanaerobium
fermentans (AB023308),
Halobacteroides halobius
(U32595), Halobacte-
roides lacunaris (U32593),
Halanaerobium acetethyli-
cum (U32594, X89071,
U86448),Halobacteroides
elegans (AJ238119),
Halocella cellulosilytica (X89072), Halothermothrix orenii (L22016), Orenia salinaria (Y18485), Orenia
sivashensis (AF152595), Orenia marismortui (X89073), Natroniella acetigena (X95817), Sporohalo-
bacter lortetii (M59122), and Acetohalobium arabaticum (X89077). Bootstrap numbers are given at
the branch nodes.
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cells (17) fixed 14C-HCO
3
j into cell carbon

(2051 T 1282 dpm; n 0 3 T 1, mean T SD)

when provided with both sulfide and As(V),

whereas no activity occurred with live controls

incubated without sulfide (80 T 69 dpm; n 0
2) or in a heat-killed control containing both

sulfide and As(V) (30 dpm). Strain SLAS-1

was unable to metabolize H
2
; however, we

have subsequently cultivated enrichments from

Searles Lake sediments that use H
2
as an

electron donor to support chemolithoautotro-

phic growth on As(V) (20).

Phylogenetic alignment by 16S ribosomal

RNA (rRNA) gene sequences taxonomical-

ly assigned strain SLAS-1 within the order

Halanaerobacteriales in the Domain Bacteria

(Fig. 4). With the exception of the selenate-

respiring Selenihalanaerobacter shriftii isolated

from the Dead Sea (8), all other strains are

moderate or extremely halophilic, ferment-

ative anaerobes. Strain SLAS-1 was only re-

motely related to these other species, having

the closest sequence similarity to Halothermo-

thrix orenii (83.9%) and Halocella cellulytica

(83.5%). Clearly, strain SLAS-1 is sufficiently

genetically distant from these other strains to

merit eventual designation as a new species.

Our results show that a full biogeochem-

ical arsenic cycle is operative in the sediments

of this salt-encrusted lake, and we have iso-

lated at least one bacterium that can account

for some of these observed dynamics. Our

demonstration that the abundant As(V) oxy-

anions present in the brine can be used as a

terminal electron acceptor broadens our under-

standing of the types of processes occurring in

such extreme environments, which has impli-

cations for possible exobiological life in dense

brines (26). However, basic research can also

aid our interpretation of the interaction of hy-

drologic and microbial processes affecting

arsenic solubility and partitioning in less ex-

treme environments, such as drinking-water

aquifers (27).
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Physical Limits and
Design Principles for Plant
and Fungal Movements
Jan M. Skotheim1,2 and L. Mahadevan2,3*

The typical scales for plant and fungal movements vary over many orders of
magnitude in time and length, but they are ultimately based on hydraulics
and mechanics. We show that quantification of the length and time scales
involved in plant and fungal motions leads to a natural classification, whose
physical basis can be understood through an analysis of the mechanics of
water transport through an elastic tissue. Our study also suggests a design
principle for nonmuscular hydraulically actuated structures: Rapid actuation re-
quires either small size or the enhancement of motion on large scales via
elastic instabilities.

From the twirling circumnutation of grow-

ing tendrils to the opening and closing of

stomata to the growth of fungal hyphae (1),

plants and fungi are moving all of the time,

often too slowly to notice. Rapid movements,

though rarer, are used by many plants in es-

sential functions such as seed or sporangium

dispersal (Dwarf mistletoe, Hura crepitans,

and the fungus Pilobulus); pollen emplace-

ment (Catasetum orchids and Stylidium trig-

gerplants); defense (Mimosa); and nutrition

(Venus flytrap, carnivorous fungi). The mecha-

nisms involved in these movements are varied:

Hura crepitans (2) uses explosive fractures to

disperse seeds at speeds as great as 70 m/s,

the Venus flytrap (3) uses an elastic buckling

instability to catch insects in 0.1 s, and the

noose-like carnivorous fungus Dactylaria bro-

chophaga (4) traps nematodes in less than

0.1 s by swelling rapidly.

The diversity of these nonmuscular hydrau-

lic movements, often referred to as nastic

movements, raises two related questions: Is

there a physical basis for their classification?

What, if any, are the principles underlying

the biological designs for rapid movements

in plants and fungi? To address these, we note

that plants and fungi have a common feature

that allows us to consider them together here:

a cell wall that allows their cells to sustain a

large internal (turgor) pressure of up to 10 at-

mospheres that can be harnessed for growth

and motion. Indeed, movements are eventually

driven by differential turgor, which may be

regulated actively Ee.g., by osmotic control

as in stomata (5)^ or passively Ee.g., by dif-

ferential drying as in Hura crepitans (2)^. In
either case, the speed is limited by the rate

of fluid transport. Thus, a biophysical charac-
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terization of these movements requires knowl-

edge of both the duration of the movement t
and the distance through which the fluid is

transported L, which is usually the smallest

macroscopic dimension of the moving part.

In Fig. 1, we plot t vs. L and see two cat-

egories of movements dominated either by

swelling or by elastic instabilities, separated

by a dashed line.

To understand this boundary, we recall the

physics of water movements through a porous

elastic material such as plant tissue. One limit

to the speed of movement is determined by the

time taken to transport water across the tissue,

of characteristic thickness L. Because the fluid

and the tissue material are approximately in-

compressible, the movement of water is com-

pensated by that of the tissue relative to it.

Consequently, a flow across a tissue will ex-

pand the cells on one side and contract the

cells on the other, thereby creating a differen-

tial strain. If the typical tissue displacement

is denoted by u, the typical fluid velocity field

is denoted by v, and the volume fraction of

fluid is denoted by 8, the continuity relation

embodied in the previous statement reads as

8v 0 –(1 – 8)¯
t
u È – E(1 – 8)u^/t

p
, where t

p

is the characteristic time for this movement,

which is to be determined. Furthermore, the

velocity v of the interstitial fluid of viscosity

m in the porous tissue with hydraulic perme-

ability k obeys Darcy_s law (6), which states

that the fluid velocity relative to the medium

is proportional to the fluid pressure gradient.

Then, if the pressure in the fluid (7) p varies

over a characteristic length L, we may write

8Ev – (u/t
p
)^ È kp/mL. This flow is coupled to

the tissue elastic stress so that a local balance

of forces in the fluid-infiltrated medium yields

Eu/L È 8p, where E is the elastic modulus of

the tissue (8). Substituting the latter expression

for the pressure in the expression for the flu-

id velocity and using the continuity relation

written earlier, we find a time scale known as

the poroelastic time (9, 10)

tp È mL2=kE ð1Þ

The poroelastic time characterizes the time

for the diffusive equilibration of pressure via

fluid transport in soft, wet tissues and is thus

of crucial importance in determining the rate

of hydraulic actuation in these systems. In

Fig. 1, the dotted line corresponds to t
p
/L2 0

1.6 s/mm2, consistent with typical values for

soft plant tissue (3, 11). This line separates

all naturally occurring movements into two

categories: slow movements (t 9 t
p
), whose

duration is limited by fluid transport; and rap-

id movements (t G t
p
), which rely on elastic

instabilities to cross the boundary t 0 t
p
.

The elastic instabilities used by plants and

fungi can be divided into two broad catego-

ries: snap-buckling and explosive fracture. To

sufficiently understand the instability mecha-

nism a particular plant uses requires a detailed

study of its geometry Efor example (3)^. The
main difference between these two instabili-

ties is the release mechanism: Snap-buckling

involves the rapid geometric changes associ-

ated with the buckling of thin shells, whereas

explosive fracture involves the rapid geometric

changes due to tearing the plant tissue.

The boundary t 0 t
p
separating the two

categories of movement is clearly length-scale

dependent and provides a significant barrier

for rapid large-scale movements. Elastic in-

stabilities provide the only way to cross the

line t 0 t
p
. To illustrate this, we compare

Aldrovanda (12) (circled 1 in Fig. 1) with

the closely related Venus flytrap (circled 2 in
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Fig. 1. Classification of plant and fungal movements. The duration of the movement t is plotted as
a function of L, the smallest macroscopic dimension of the moving part (see SOM for detailed
references). The dashed line tp 0 1.6 L2 s/mm2 characterizes the poroelastic time, whereas the
solid line ti 0 10–5L s/mm characterizes the inertial time. These lines set performance limits on
plant and fungal movements while classifying them into two categories: those limited by fluid
transport, i.e., tp G t, and those that use elastic instabilities to go beyond, eventually limited by
inertia, i.e., ti G t G tp. The elastic instabilities can be further categorized as either snap-buckling or
explosive fracture. Both types of instabilities rely on geometries capable of gradually storing elastic
energy and suddenly releasing it. The difference between the two groups is a matter of how the
energy is released: Snap-buckling is associated with a rapid geometric change of a thin shell that
does not rupture; explosive fracture involves a rapid geometric change from tissue tearing. The
order of the labels in the figure legend coincides with their order in the figure from top to bottom.
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Fig. 1), both of which close their leaves rap-

idly to capture prey; Aldrovanda closes its

leaves in È0.02 s, whereas the Venus flytrap

closes in È0.2 s. However, although the leaves

of the Venus flytrap snap by reversing their

curvature, Aldrovanda_s leaves are already ini-

tially curved inward so that closure does not

produce a snap. To understand how the snap-

less Aldrovanda can be more rapid than the

snapping Venus flytrap, we use Eq. (1) for the

poroelastic time: for a Venus flytrap leaf of

typical thickness L 0 0.5 mm, t
p
0 1.6 s/mm2

(0.5 mm)2 È 0.4 s, whereas for an Aldrovanda

L 0 0.05 mm, the value of t
p
is È0.004 s.

Because an Aldrovanda leaf is about 1/10th

the size of the Venus flytrap, it can be actu-

ated 100 times more rapidly and does not

require an elastic instability to catch prey,

whereas the Venus flytrap does, which is

consistent with our classification.

The absolute physical limit of motion in

self-actuated mechanical systems is deter-

mined by the speed of elastic waves in them,

which propagate at a speed that scales as

¾(E/r). This yields an estimate for the inertial

time given by

ti È L¾ðr=EÞ G t ð2Þ
The inertial time scale characterizes the

time for wave propagation in mechanical

signalling in systems and must be less than

t, the time scale of the motion. In Fig. 1, the

solid line denotes t
i
/L È 10–5 s/mm, consist-

ent with typical values for soft plant tissue

(3, 11), beyond which there can be no natural

nastic movements. For the fungus Pilobolus_s
sporangium discharge (13), L È 0.05 mm, so

that t
i
È 10–7 s G 10–5 s È t, whereas for fruit

of Hura crepitans (2), L È 5 mm, so that t
i

È10–5 s G 10–4 s È t, as shown in Fig. 1.

These explosive movements characterize Na-

ture_s best attempts to reach the physical lim-

its of autonomous motion in elastic tissues.

In conclusion, we see that the size-

dependent inertial-elastic time t
i
and the poro-

elastic time t
p
given by Eqs. (1) and (2)

provide us with a physical basis for the

classification of the hydraulic movements in

plants and fungi and yield limits on their

performance. This implies that the engineering

of soft, nonmuscular hydraulically actuated

systems for rapid movement requires either

small size or the enhancement of motion on

large scales via elastic instabilities. Nature has

already implemented many such designs

exquisitely; we simply need to follow her lead.
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The Effects of Artificial Selection
on the Maize Genome

Stephen I. Wright,1,3 Irie Vroh Bi,4* Steve G. Schroeder,4

Masanori Yamasaki,4 John F. Doebley,5 Michael D. McMullen,4,6

Brandon S. Gaut1,2.

Domestication promotes rapid phenotypic evolution through artificial selection.
We investigated the genetic history by which the wild grass teosinte (Zea mays
ssp. parviglumis) was domesticated into modern maize (Z. mays ssp. mays).
Analysis of single-nucleotide polymorphisms in 774 genes indicates that 2 to
4% of these genes experienced artificial selection. The remaining genes retain
evidence of a population bottleneck associated with domestication. Candidate
selected genes with putative function in plant growth are clustered near
quantitative trait loci that contribute to phenotypic differences between maize
and teosinte. If we assume that our sample of genes is representative, È1200
genes throughout the maize genome have been affected by artificial selection.

Maize domestication has resulted in highly

modified inflorescence and plant architecture

(1). Improvement after domestication has also

resulted in striking changes in yield, plant hab-

it, biochemical composition, and other traits.

At the genetic level, these phenotypic shifts are

the result of strong directional (artificial) selec-

tion on target genes. With rare exceptions (2),

targeted genes have not been identified.

Most domesticated plants and animals have

experienced a Bdomestication bottleneck[ that

reduced genetic diversity relative to their wild

ancestor (3). This bottleneck affects all genes

in the genome and modifies the distribution of

genetic variation among loci. The magnitude

and variance of the reduction in genetic di-

versity across loci provide insights into the

demographic history of domestication. How-

ever, in genes targeted by artificial selection,

genetic diversity is reduced above and beyond

that caused by the domestication bottleneck

(4). Selection is similar to a more severe bottle-

neck (5) that removes most (or all) of the

genetic variation from a target locus.

Here, we report single-nucleotide polymor-

phism (SNP) diversity in 774 gene fragments

(100 to 900 base pairs) in a sample of 14 maize

inbred lines (representing modern maize) and

16 inbred teosintes (tables S1 and S2). In this

gene set, we have identified 3463 SNPs in

maize and 6136 SNPs in teosinte. The poly-

morphism data are generally consistent with a

population bottleneck during the domestication

of maize.

Diversity, as measured by Watterson_s es-
timator of the population mutation parameter

q (6), is reduced in maize relative to teosinte

(Fig. 1). Our maize sample has about 57%

of the variability found in its progenitor. This

is somewhat lower than previous estimates

that were based on a smaller number of genes

(7, 8). The difference in part reflects differ-

ences in sampling and the presence of sev-

eral loci with no polymorphism in maize; 65

maize genes in our data set contain no seg-

regating sites.
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Linkage disequilibrium (LD) is increased in

maize relative to teosinte. We have estimated

the population recombination parameter r (9),

which is inversely proportional to LD. The

average estimate of r in maize is 17% that of

teosinte (Fig. 1). Thus, estimates of r in maize

have been reduced more drastically than es-

timates of q, as expected under a recent

population bottleneck (10). The ratio r/q, the
relative rate of recombination to mutation under

the neutral equilibrium model, has declined

sharply in maize relative to teosinte, from 4.5 in

teosinte to 1.5 in maize. These results suggest

that patterns of LD in maize are strongly

influenced by population history, perhaps more

so than by extant recombination rates.

Finally, the frequency distribution of poly-

morphisms, as measured by Tajima_s D, has

shifted between maize and teosinte (Fig. 1). In

teosinte, polymorphisms are skewed toward

rare variants, and the average D ðDÞ across loci
is –0.50. In contrast, D is slightly positive

(0.04) in maize, indicating a shift toward higher

frequency alleles. This frequency shift is also ex-

pected after a recent bottleneck (11), because

increased rates of genetic drift during a bottle-

neck tend to remove rare variants preferentially.

Our genome-wide estimates of SNP di-

versity frommaize and teosinte provide a basis

to estimate the demographic history of maize

and to test for selection. We used coalescent

simulations to infer the severity of the do-

mestication bottleneck. Our coalescent model

incorporates information about maize, such

as the domestication time È7500 years ago

(7, 12) and the inference of a single domesti-

cation event (13). The model also uses diver-

sity data from teosinte to control for variation

in stochastic effects, mutation rates, and re-

combination rates among loci. Our simulation

method differs from previously published

methods in the use of a rejection-sampling

scheme, which fits simulated data to multiple

summaries of the teosinte data. Our reasoning

for the rejection-sampling approach is that the

demographic history of teosinte is unknown

but is reflected in sequence data. By condi-

tioning simulated data on observed data, our

simulations capture much of the historical fea-

tures of each locus. In the rejection-sampling

process, simulations that mimic teosinte data

are retained, compared to maize data, and then

interpreted in a likelihood framework for

parameter estimation and model testing (14).

The primary parameter of interest is maize

bottleneck severity (k), which is the ratio of

the size of the bottlenecked population (N
b
) to

the duration of the bottleneck (d) in gener-

ations. To estimate k, we simulated teosinte

and maize data for each of 774 loci, varying

bottleneck severity for different sets of simu-

lations to find the best fitting model. The

multilocus data are most consistent with a

domestication bottleneck of moderate size,

with k̂k, the maximum likelihood (ML) esti-

mate of k, equal to 2.45 (Fig. 2A). This es-

timate is slightly smaller than a previous

estimate based on 12 loci (7), but the inference

is robust to variation in model parameters such

as domestication time, size of the predomesti-

cation population, and size of the current maize

population (fig. S2). With independent infor-

mation about d, k̂k provides insight into the

founding population of maize. For example,

the archaeological record suggests that the

maximum estimate of d for the domestication

of maize is È2800 years (12), assuming one

generation per year for an annual plant. Under

this time scale, N
b
is 6860 chromosomes,

which implies that fewer than 3500 individuals,

or G10% (15, 16 ) of the teosinte population,

contributed to the genetic diversity captured in

our maize sample.

How well do the observed data fit this sim-

ple bottleneck model? We generated a simu-

Fig. 1. Patterns of diversity in maize and teosinte at 774 gene fragments. The first column plots
the observed data; the second column graphs a simulated data set with k 0 2.45 (14). The first row
illustrates the relationship between mean values of q in teosinte (x axis) versus maize ( y axis). Dashed
diagonal lines have a slope of 1.0, representing equal diversity between taxa; solid lines are regression
lines. Each square represents a single gene, with genes inferred to have been under selection in gray.
The second row plots the relationship between estimates of the population recombination rate r in
teosinte (x axis) versus maize ( y axis) (14). Estimates of r were calculated usingHudson’s (9) composite
likelihood estimator. The third row shows a histogram of the frequency distribution of Tajima’s D in
maize (black) and teosinte (gray). The cumulative distribution of Tajima’s D is also given. DD is the
difference in average D values between maize and teosinte.
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lated data set under theML estimate of k̂k 0 2:45
and compared simulated data to our observed

data. The observed shifts in diversity (q), fre-
quency spectrum (D), and recombination (r)
between teosinte and maize fit closely with

simulated data (Fig. 1). However, the absolute

values of D in simulated data do not fully

agree with observed values, perhaps because

of some feature of teosinte demographic

history that is not fully captured by our model.

Nonetheless, the most likely bottleneck model

is generally consistent with observed patterns

of sequence diversity.

Although there is a generally good fit of

the bottleneck model, selection at some loci

can skew the distribution of polymorphism

across loci. In particular, È10% of our loci

have zero diversity in maize; it is unclear

whether a domestication bottleneck alone can

explain this observation. To examine this, we

developed a likelihood ratio (LR) test to de-

termine whether the entire data set is consist-

ent with a single domestication bottleneck

or whether the multilocus data are better

explained by two classes of genes—one con-

sisting of nonselected genes that have expe-

rienced the domestication bottleneck (k
1
), the

other consisting of selected genes that have

experienced a more severe bottleneck (k
2
)

that mimics selection. Our method simul-

taneously estimates the severity of both bot-

tlenecks (k
1
and k

2
) and also estimates the

proportion of genes ( f ) that fit the severe

bottleneck.

The LR test provides statistically significant

support for the presence of two gene classes

(LR 0 5.8, df 0 1, P G 0.05). The first class has

experienced a domestication bottleneck of

severity k̂k1 0 2:45, and the second class has

undergone a bottleneck of more than 10 times

the intensity ðk̂k2 0 0:15Þ. Under this model,

the ML estimate of f is 0.02, indicating that

2% of our 774 maize genes are in the selected

class. However, some of our 774 genes have

low diversity in teosinte (Fig. 1). These genes

provide little information to discriminate be-

Fig. 2. Likelihood results fitting the population
bottleneck. (A) Likelihood surface for the strength
of the population bottleneck, k, based on all 774
loci. (B) The black points show the likelihood
surface fitting f, the proportion of genes in the
severe bottleneck (selected) class, using the most
likely two-bottleneck model (k1 0 0.15, k2 0
2.45) and all 774 loci. The gray hatched curve to
the right shows the likelihood surface fitting f
using the most likely two-bottleneck model (k1 0
0.001, k2 0 2.45) and loci with 10 or more
segregating sites in teosinte. The two curves on
the left, both with an apex at f 0 0.00, represent
the likelihood surface for f based on analysis of
data sets simulated with a single bottleneck
using rejection sampling (14). The analysis cor-
rectly estimates f to be zero, as expected under
neutrality. The light gray curve with apex at f 0
0.00 is based on a simulated data set from
one bottleneck that is also conditioned on the
observed frequency spectrum (Tajima’s D) in
teosinte.

Table 1. Candidate selected genes, sorted by posterior probability (PP).

Rank Gene or locus PP Gene name or description Putative gene function

tb1 0.87 Teosinte branched 1 (tb1) Transcription factor
1 AY112154 0.77 Ribosomal protein L28

family
Structural constituent of

ribosome
2 AY105809 0.65 Acetyl transferase Transferase activity
3* AY107228 0.64 Dihydrodipicolinate

synthase (DHPS)
Lysine biosynthesis

4* AY106600 0.61 Adenylosuccinate
synthetase

Purine biosynthesis

5 AY104983 0.59 Heat shock protein
(hsp70)

Chaperone activity;
protein folding

6y AY105958 0.58 Auxin-induced protein Transcription factor;
response to sucrose

7 AY111546 0.57 Unknown Unknown
8y AY108246 0.55 Growth factor
9 AY104090 0.54 Transmembrane protein
10 AY111438 0.54 Glycosyltransferase Transferase activity; car-

bohydrate biosynthesis
11 AY110082 0.53 Heat shock protein Chaperone activity;

protein folding
12y AY104948 0.49 Auxin response factor

(ARF1)
Transcription factor

13 AY106970 0.48 Unknown
14 AY112083 0.47 Minichromosome

maintenance factor 5
DNA-dependent ATPase

activity; DNA replica-
tion initiation

15 AY106111 0.46 Hexokinase 1 (HXK1) ATP binding
16 AY108481 0.45 Unknown
17 AY104147 0.44 F-box family protein
18* AY107907 0.43 Chorismate mutase

(CM2)
Aromatic amino acid

biosynthesis
19* AY105062 0.43 Microsomal signal

peptidase (SPC25)
Peptidase activity

20* AY107903 0.43 Ubiquitin C-terminal hy-
drolase family protein

Ubiquitin-dependent pro-
tein catabolism

21 AY104037 0.41 Aconitate hydratase Aconitate hydratase
activity

22 AY107173 0.40 Unknown
23 AY103840 0.39 Ubiquitin/transferase

family protein
Trichome branching; DNA

endoreduplication
24 AY108543 0.38 Early responsive to dehy-

dration protein
25y AY104065 0.36 Cell elongation protein

DWARF1
Steroid biosynthesis; cell

elongation; response
to light

26* AY104439 0.33 Indole synthase Indole biosynthesis
27 AY108187 0.31 Unknown
28 AY106496 0.30 Unknown
29 AY104530 0.28 CBL-interacting protein

kinase 3 (CIPK3)
Kinase activity; response

to abiotic stimulus
30 AY107475 0.27 Basic endochitinase Chitinase activity; anti-

fungal peptide activity

*Genes with putative function in amino acid biosynthesis. .Genes with putative function in plant growth.
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tween the two gene classes and therefore affect

the estimation of f. When we conduct the LR

test on 275 genes with relatively high poly-

morphism in teosinte (10 or more segregating

sites), the proportion of genes under selec-

tion increases to f̂ 0 3:6% (LR 0 4.6, P G 0.05,

k̂k1 0 2:45, k̂k2 0 0:001). Thus, our likelihood

analysis estimates that 2 to 4% of maize genes

have been selected during maize domestication

and improvement. Note that nonzero estimates

of f are not expected under a single, moderate

population bottleneck, even when we account

fully for the skewed frequency distribution in

teosinte (Fig. 2B).

Given these results, we used our likelihood

framework to identify candidate selected genes

by calculating the posterior probability (PP) that

a gene is in the selected class (14). Table 1

shows the ranked PP for the top 4% of the

candidate genes in our data set, as well as the

PP for the tb1 locus. tb1 is included as a

positive control because there is strong mor-

phological and genetic evidence for selection

on tb1 during domestication (2, 17, 18). The

statistical power to detect selection may be

higher for tb1 than for most of our genes

because the sequences are longer and the

maize sample is larger. Nonetheless, our

method correctly identifies tb1 as a member

of the selected class, with tb1 assigned the

highest PP (87%) among all genes.

The top candidate genes from our data set

include genes known to be involved in plant

growth and auxin response, which may contrib-

ute to the morphological differences between

maize and teosinte (Table 1). In addition, our

candidates identified a novel class of selected

genes that function in amino acid biosynthesis

and protein catabolism, suggesting selection for

amino acid composition. Our inbred lines rep-

resent maize genetic diversity after domesti-

cation and breeding. We therefore cannot

determine whether our high-PP genes were

selected during the initial domestication event,

during subsequent breeding and improvement,

or both. However, amino acid composition is

known to differ between maize and teosinte

(19), and it is an important current target of

selection for nutrition.

Previous studies (20, 21) have identified

quantitative trait loci (QTLs) for phenotyp-

ic differences between maize and teosinte.

We plotted the estimated map positions of

these QTLs with the PP for each of the 638

mapped loci in our study (Fig. 3) (table S2). A

number of high-PP genes map near QTLs,

particularly on chromosomes 1 and 5, which

suggests that we may have identified se-

lected genes associated with these morpho-

logical differences. The average distance

from estimated map positions of QTLs is

significantly lower for the top 4% of the

candidate genes than for the rest of our

638 loci (permutation test, P G 0.05), and

thus our selected genes cluster near QTLs.

However, these QTLs contribute to mor-

phological differences between species, and

some of our candidates appear to be associated

with other types of selection, such as biochem-

ical composition, that we do not expect to be

associatedwith theQTLs. Accordingly, growth-

associated candidate genes and QTL locations

remain clustered (P G 0.01), but amino acid

biosynthesis genes do not cluster with QTLs

(P 0 0.66). The distribution of candidate

genes also suggests that a number of selected

genes fall under a single QTL (Fig. 3); this

implies that morphological differentiation at a

given QTLmay be caused by a cluster of loci in

the same pathway, consistent with a long-

standing hypothesis for maize evolution (1).

We estimate that 2 to 4% of maize genes

were selected during domestication and subse-

quent improvement. If we assume that our

sample of genes is representative of the genome

as a whole and that maize contains 59,000

genes (22), our results suggest that a minimum

of 59,000 � 2% , 1200 genes throughout the

genome have been targets of selection during

Fig. 3. Graphs of the posterior probabilities (PP) and map positions of 638 mapped genes (squares)
against the estimated chromosomal locations of QTLs (red arrows) associated with a suite of
morphological differences between teosinte and maize. Light blue, green, and magenta squares
denote the top 30 high-PP genes listed in Table 1. Genes in green have a putative function in plant
growth (genes 6, 8, 12, and 25 in Table 1). Genes in magenta putatively function in amino acid
biosynthesis (genes 3, 4, 18, 19, 20, and 26 in Table 1). The centromeric position for each chromosome is
identified by a purple line under the x axis. Chromosomal positions are roughly in units of 0.25 cM.
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maize domestication and improvement. How-

ever, some of our candidate genes could be false

positives, for three reasons. First, loci with very

skewed frequency distributions in teosinte

could lose more polymorphism during the

domestication bottleneck than expected under

our model, causing false inference of selection.

Second, although our method confirms that the

multilocus distribution of genetic diversity is

inconsistent with a single bottleneck, any single

gene could fall into the selected class by

stochastic (nonselective) effects. Finally, rather

than being the direct targets of selection, some

loci could be hitchhiking with a site under

selection. Indeed, candidate genes are signifi-

cantly closer to the centromere than are non-

candidates (P G 0.05), which suggests a greater

chance of detecting selection in regions of re-

duced recombination, where hitchhiking should

be more pronounced (23). Nonetheless, pre-

vious studies have shown that hitchhiked re-

gions in maize tend to be relatively short (2, 24),

and recombination in maize coding regions

is sufficient to severely limit the physical ex-

tent of hitchhiking to one, or at most a few

(25), genes. Additionally, the subset of candi-

dates for growth and amino acid biosynthesis

are not significantly closer than noncandi-

date genes to the centromeres (P 0 0.49),

which suggests that these candidates are di-

rect targets of selection.

Despite these caveats, our estimate of 2 to

4% of genes having been under selection is

likely conservative, for three reasons. First, if

selection acted on moderate-frequency variants

in teosinte, selection may have had little effect

on diversity levels (4). In such cases, there is

little power to detect selection. Second, our

method assumes that selected genes are rep-

resented by a single severe bottleneck. This

approach may not detect genes subjected to

subtle selection regimes. Third, high recom-

bination rates within maize genes could reduce

the hitchhiking effect to the point that only short

fragments within genes retain the footprint of

selection. In tb1, for example, selection in the

promoter region did not affect diversity in the

coding region (2). It is thus possible that we

sequenced a region within a bona fide selected

gene, but our region did not retain evidence of

selection.

Maize domestication prompted phenotypic

change that is more extensive than in most

domesticated plant species. It is thus possible

that maize has a higher proportion of selected

genes than most domesticates, but similar

studies of additional domesticated species are

required to address this issue. We have shown

that our candidate genes are associated with

QTL regions underlying phenotypic differences

between maize and teosinte, which suggests

that they contribute to traits selected during

domestication. Note that these genes are de-

pauperate for polymorphism in maize, and

hence it is unlikely that they could have been

identified by methods that require segregating

variation within maize, such as QTL or as-

sociation analysis. The statistical methodology

designed for this study will prove helpful both

for identifying new candidates in maize and for

application to other species, such as humans,

where there is interest in selection on genes

during the migration of modern humans out of

Africa Ee.g., (26)^. Finally, additional studies of
our high-PP genes may provide important

insight into the pathways and mutations

responsible for maize evolution.
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Resting Microglial Cells Are
Highly Dynamic Surveillants
of Brain Parenchyma in Vivo
Axel Nimmerjahn,1 Frank Kirchhoff,2 Fritjof Helmchen1*

Microglial cells represent the immune system of the mammalian brain and
therefore are critically involved in various injuries and diseases. Little is known
about their role in the healthy brain and their immediate reaction to brain
damage. By using in vivo two-photon imaging in neocortex, we found that
microglial cells are highly active in their presumed resting state, continually
surveying their microenvironment with extremely motile processes and pro-
trusions. Furthermore, blood-brain barrier disruption provoked immediate and
focal activation of microglia, switching their behavior from patroling to shield-
ing of the injured site. Microglia thus are busy and vigilant housekeepers in the
adult brain.

Microglial cells are the primary immune ef-

fector cells in the brain. In response to any

kind of brain damage or injury, microglial

cells become activated and undergo morpho-

logical as well as functional transformations.

They are critically involved in lesions, neuro-

degenerative diseases, stroke, and brain tumors

(1–4). Resident microglial cells in the healthy

brain are thought to rest in a dormant state,

whereas activation is associated with struc-

tural changes, such as motile branches or mi-

gration of somata (5, 6). However, because

most tissue preparations represent traumatic

injuries by themselves, key aspects of microg-

lia function have remained elusive.

Here, we investigated microglia behavior

in intact adult brains both during the resting

state and immediately after local injury by

using in vivo two-photon microscopy (7). We

used transgenic mice showing specific expres-

sion of enhanced green fluorescent protein
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(EGFP) in resident microglia of the central

nervous system (CNS). EGFP expression is

achieved through placement of the EGFP re-

porter gene into the Cx3cr1 locus encoding

the chemokine receptor CX
3
CR1 (8). Fluo-

rescence images were acquired transcranially

by using a thinned-skull preparation (fig. S1A)

(9), except for cases that required direct access

to the brain. Microglial cells had small rod-

shaped somata from which numerous thin and

highly ramified processes extended symmet-

rically (fig. S1B). Their three-dimensional

distribution in vivo was rather homogeneous,

displaying a territorial organization with typ-

ical cell-to-cell distances of 50 to 60 mm and

volume densities of 6.5 � 103 T 0.6 � 103

cells/mm3 and 6.4 � 103 T 0.4 � 103 cells/

mm3 in layer 1 and layer 2/3, respectively (n 0
6 animals).

Time-lapse imaging experiments of up to

10 hours showed that somata of microglial cells

generally remained fixed with only few signs of

migration (5% of somata shifted their position

by 1 to 2 mm per hour; 99 total cells; n 0 12

animals). In contrast, microglial processes were

remarkably motile, continuously undergoing

cycles of de novo formation and withdrawal.

These structural dynamics occurred on a time

scale of minutes, leading to comprehensive

changes in cellular morphologies within 1 hour

except for a small scaffold of stable branches

(Fig. 1A and movies S1 and S2). To quantify

motility, we measured the velocity of length

changes of individual processes. On average,

extensions and retractions had similar veloc-

ities of 1.47 T 0.10 mm/min and 1.47 T 0.08

mm/min, respectively (Fig. 1, B and C) (range

from 0.4 to 3.8 mm/min; 95 extensions and

147 retractions in 14 cells; n 0 8 animals; typ-

ically, thick branches were on the lower end of

this range). Branch additions and losses oc-

curred at every branch order and balanced

each other (Fig. 1D).

Microglia processes also displayed highly

motile filopodia-like protrusions of variable

shape, typically forming bulbous endings (Fig.

1E and movie S3). Such protrusions tran-

siently and sometimes repeatedly appeared at

various locations along the main processes and

at their terminal endings. Often protrusive ac-

tivity stalled for several minutes before further

extension (or retraction) occurred (Fig. 1F).

Time-lapse imaging at high temporal and spa-

tial resolution revealed a high turnover of pro-

trusions with velocities of up to 4.1 mm/min

(extensions and retractions had similar rates:

total average of 2.2 T 0.2 mm/min, range from

0.6 to 4.1 mm/min, 22 extensions and 23 re-

tractions on two cells in two animals). The

average lifetime of such protrusions was 3.9 T
0.2 min (Fig. 1, F and G) (72 protrusions in

three cells; n 0 3 animals; range from 1.7 to

8.3 min). Despite the constantly changing dec-

oration of microglial processes with protru-

sions, the number of sites per cell showing

protrusive activity remained rather constant

over time (fig. S2, A and B) (mean of 19.3 T
5.3 for n 0 8 cells), as did the average total

length of microglial processes (fig. S2B).

Microglial processes and protrusions sam-

pled the extracellular space in a seemingly

random fashion and at a high turnover rate.

To quantify the volume fraction surveyed by

microglia per time, we analyzed cumulative

maximum-intensity projections through time-

lapse recordings (9) (Fig. 2A), yielding a pro-

gressive filling rate of 14.4 T 1.6% per hour

(n 0 8 animals) (Fig. 2B). Considering that the

volume fraction of extracellular space is esti-

mated to be about 20% (10), this suggests that

the brain parenchyma is completely screened by

resting microglia once every few hours. In doing

so, microglial cells vary their territories. Border

zones between neighboring microglial cells were

mutable, and changes in favor of adjacent cells
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Fig. 1. Microglial cells are highly dynamic in the resting state in vivo. (A) Maximum-intensity
projections of an individual microglial cell (45 to 75 mm below the pia) at the beginning (left) and
1 hour after (center) the start of a transcranial time-lapse recording. (Right) Overlay showing
extensive formation (green) and deletion (red) of microglial processes. (B) Extensions (green) and
retractions (red) of processes over the time course of 20 min. (C) Length changes of the processes
shown in (B) as a function of time. (Right) Mean motility values in mm/min for extensions and
retractions. (D) Branch motility occurred at every branch order. (E) Example images of microglial
protrusions (arrowheads) from a time-lapse recording. (F) Length changes over time of the two
protrusions P1 and P2 indicated in (E). Vertical dashed lines mark the acquisition times of the
images shown in (E). Arrows indicate protrusion lifetime (9). (G) Lifetime histogram of protrusions.
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often occurred after retraction of thick processes

in another cell. When processes of neighboring

microglial cells encountered one other, endings

mutually repelled each other.

This high resting motility may serve a

housekeeping function, enabling microglial

cells to effectively control the microenviron-

ment and to clear the parenchyma of accu-

mulated (low diffusible) metabolic products

and deteriorated tissue components. Indeed,

branch protuberances of microglial cells were

short-lived and typically showed bulbous end-

ings, indicating that tissue material had been

collected. In a few cases, we observed spon-

taneous engulfments of tissue components,

which subsequently were transported toward

the soma (Fig. 2C and movie S4). To further

reveal the interaction between microglia and

other cortical elements, we counterstained

astroglia with the red fluorescent dye sulfo-

rhodamine 101 (SR101) (11). Control imaging

experiments before, during, and after SR101

application showed no adverse effects of

SR101 itself on microglia motility (n 0 4

animals). Unlike microglial cells, astrocytes

showed no comparable restructuring of their

processes. The SR101 counterstain also en-

abled us to visualize neuronal cell bodies and

cortical blood vessels, which appear as un-

stained dark areas (Fig. 2D). Microglia pro-

cesses and protrusions directly contacted

astrocytes, neuronal cell bodies, and blood

vessels, suggesting that in the healthy brain

microglia dynamically interact with other

cortical elements (Fig. 2D and movie S5).

Because microglia are thought to monitor neu-

ronal well-being through molecular changes in

their microenvironment (12), we tested wheth-

er a change in the level of neuronal activity

might affect microglia behavior. Surface ap-

plication of the ionotropic g-aminobutyric acid

(GABA) receptor blocker bicuculline (BCC,

50 mM) was found to significantly increase

microglia volume sampling, whereas applica-

tion of the sodium channel blocker tetrodo-

toxin (TTX, 25 to 50 mM) had no significant

effect ESupporting Online Material (SOM)

Text, fig. S3, and movie S6^.
Another likely function of the high rest-

ing microglia motility is to facilitate prompt

reactions to brain injury (5). We therefore char-

acterized microglia activation immediately

after targeted disruption of the blood-brain

barrier (BBB) at the level of individual capil-

laries (Fig. 3). Vessel outlines were visualized

with the use of SR101 application. After a

baseline imaging period, individual capillaries

of about 6 mm diameter were damaged by

using highly localized laser lesions either

through the thinned skull or through a small

cranial window (Fig. 3A and movie S7). Dis-

ruption of the BBB was indicated by local

tissue expansion and detachment of astroglial

end feet. Laser lesions caused extravasation

of dye in three experiments in which blood

plasma was stained via tail-vein injection of

a dextran-conjugated fluorescent dye (movie

S8). Laser lesions induced an immediate

microglia response, indicated by a switch from

undirected to targeted movement of nearby

microglial processes toward the injured site

(Fig. 3B and movies S7 and S9). The average

velocity of extensions radially impinging on

the injured site was similar to extension rates

during the resting state (mean of 1.8 T 0.3

mm/min for n 0 5 animals). Processes on the

far side of activated microglial cells sub-

sequently started to retract.

The number of responding microglial cells

depended on the severity of the injury. In

general, only microglial cells in the immedi-

ate vicinity of the microlesion were acti-

vated, whereas cells farther away (990 mm)

did not or did not immediately respond. In

two cases, laser lesions caused a transient

activation of only a single microglial cell. In

those cases, no measurable tissue expansion

was observed, indicating only mild damage

to the BBB. Yet in all lesion experiments,

shielding of the injured area through accumu-

lation of microglial extensions was observed

(Fig. 3B and movie S10). In cases of severe

BBB disruption, multiple spherical-shaped in-

clusions started to form around 10 to 15 min

after the lesion, indicating phagocytic activ-

ity by microglial processes. Inclusions were

found within 15- to 25-mm radial distances of

the injured site, showing diverse dimensions

with an average diameter of 4.6 T 0.3 mm
(Fig. 3, C and D and movie S11) (range from

4.6 to 11.1 mm; n 0 34 inclusions in two ani-

mals). Inclusions were stable for several min-

utes (mean of 11.6 T 1.9 min and range from

1.8 to 23.9 min) before they rapidly collapsed

(mean of 2.0 T 0.5 min; n 0 14 inclusions in

two animals) to around 40% of their initial size

(Fig. 3E). Notably, the larger the inclusions,

the shorter their lifetimes. Within the obser-

vation period (up to 5.5 hours), somata of

microglial cells became more rounded. They

did not, however, migrate toward the injured

site. Interestingly, SR101-colabeled astro-

cytes showed no morphological response to

the laser-induced microstroke. A switch from

undirected surveillance behavior to targeted
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Fig. 2. Resting microglia continuously sample their microenvironment and dynamically interact
with other cortical elements. (A) Example images illustrating cumulative volume sampling. (Left)
Initial image at time t0. (Right) Cumulative projection at a later time point, t1 (9). (B) Quantitation
of volume sampling. Dashed lines, percentage increases for individual cells; solid line, average
trace. (C) Example images from a time-lapse recording showing spontaneous engulfment and
subsequent evacuation of tissue components by microglial processes (yellow arrowheads). (D)
Example images showing how microglial processes and protrusions contact neighboring astrocytes
(left), neuronal cell bodies (center; unstained dark areas), and the astrocytic sheath around a
microvessel (right). Images are overlays of the green microglia and red SR101 stain.

R E P O R T S

27 MAY 2005 VOL 308 SCIENCE www.sciencemag.org1316

http://www.sciencemag.org


movement of microglial processes was also

observed in response to local lipopolysaccha-

ride application (SOM Text).

Our results demonstrate that microglial

cells are highly dynamic structures during

the Bresting[ state in vivo and not only after

activation. The extent of ongoing structural

changes far exceeds what has been described

for both neurons (13, 14) and astrocytes (15)

on a similar time scale (SOM Text). The pro-

nounced and ongoing structural changes of

resting microglial cells presumably serve

an immune surveillance function (SOM Text).

In particular, microglia can sense subtle

changes in their microenvironment through

a variety of surface receptors, such as purino-

and fractalkine receptors (12), receptors for

complement fragments, immunoglobulins, ad-

hesion molecules, and inflammatory stimuli

(16). In addition, microglia can respond to

these changes, for example, through expres-

sion of neurotrophic factors or release of

pro- and anti-inflammatory cytokines upon

activation (12). Our experiments suggest that

microglia perform this surveillance function

by continuously sampling their environment

with highly motile protrusions. These pro-

trusions may also be involved in collecting

tissue debris. Microglia motility most likely

has its basis in actin, a cytoskeletal protein

shown to be critically involved in growth

and motility in many cells. Indeed, microglia

contain high amounts of filamentous actin

(17), and inhibitors of actin polymerization

have been shown to affect the motility and

migration of activated microglial cells (5).

Activated microglia are thought to exert

neuroprotective as well as neurotoxic functions

on neurons. Overall this effect may depend

on both pathologic conditions and injury se-

verity (12, 16). In our microlesion experi-

ments, the shielding of injured sites indicated

a neuroprotective role for microglia. Further-

more, the early formation of spherical-shaped

inclusions suggests immediate phagocytic en-

gulfment and removal of damaged tissue or

leaked blood components. Together, this is

consistent with the idea that microglia con-

stitute the first line of defense against invad-

ing pathogens (12, 18). In conjunction with

animal models of brain disease, our in vivo

imaging approach presents the opportunity to

study the role of microglia in various pathol-

ogies in the intact brain.
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Fig. 3. Microglia are rapidly activated after local BBB disruption. (A) Flu-
orescence images of EGFP-expressing microglial cells (Ch1) and SR101
counterstained astrocytes (Ch2) before, 30 min, and 60 min after a targeted
laser-induced microlesion. The disrupted blood vessel is apparent in Ch2
(yellow flashes indicate the site of injury). (B) Rapid shielding of a lesioned
blood vessel section. (Top) Overlay of green microglia and red-stained astro-
cytes before and 10 min after the laser-induced lesion. (Bottom) Microglia
morphology at intermediate time points showing rapid, targeted movement

of microglial processes toward the injured blood vessel (outlined in red; yel-
low flash indicates the site of injury). (C) Activated microglia processes at the
site of laser lesion about 4 hours after injury. Several spherical engulfments
are visible in the vicinity of the lesioned blood vessel arborization. Arrowhead
points to an engulfment that collapsed within a few minutes. (D) Histogram
of the diameter distribution of 33 postlesion engulfments. (E) (Left) Example
time courses of spherical shaped engulfments. Diameters are normalized to
initial values. (Right) Schematic illustrating the collapse of an engulfment.
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Structural Bioinformatics-Based
Design of Selective, Irreversible

Kinase Inhibitors
Michael S. Cohen, Chao Zhang, Kevan M. Shokat, Jack Taunton*

The active sites of 491 human protein kinase domains are highly conserved,
which makes the design of selective inhibitors a formidable challenge. We used
a structural bioinformatics approach to identify two selectivity filters, a threo-
nine and a cysteine, at defined positions in the active site of p90 ribosomal
protein S6 kinase (RSK). A fluoromethylketone inhibitor, designed to exploit
both selectivity filters, potently and selectively inactivated RSK1 and RSK2 in
mammalian cells. Kinases with only one selectivity filter were resistant to the
inhibitor, yet they became sensitized after genetic introduction of the second
selectivity filter. Thus, two amino acids that distinguish RSK from other protein
kinases are sufficient to confer inhibitor sensitivity.

Phosphorylation of serine, threonine, and tyro-

sine residues is a primary mechanism for reg-

ulating protein function in eukaryotic cells.

Protein kinases, the enzymes that catalyze

these reactions, regulate essentially all cellular

processes and have thus emerged as ther-

apeutic targets for many human diseases (1).

Small-molecule inhibitors of the Abelson tyro-

sine kinase (Abl) and the epidermal growth

factor receptor (EGFR) have been developed

into clinically useful anticancer drugs (2, 3).

Selective inhibitors can also increase our un-

derstanding of the cellular and organismal

roles of protein kinases. However, nearly all

kinase inhibitors target the adenosine tri-

phosphate (ATP) binding site, which is well

conserved even among distantly related kinase

domains. For this reason, rational design of

inhibitors that selectively target even a subset

of the 491 related human kinase domains con-

tinues to be a daunting challenge.

Structural and mutagenesis studies have

revealed key determinants of kinase inhibitor

selectivity, including a widely exploited se-

lectivity filter in the ATP binding site known

as the Bgatekeeper.[ A compact gatekeeper

(such as threonine) allows bulky aromatic

substituents, such as those found in the Src

family kinase inhibitors, PP1 and PP2, to en-

ter a deep hydrophobic pocket (4–6). In con-

trast, larger gatekeepers (methionine, leucine,

isoleucine, or phenylalanine) restrict access to

this pocket. A small gatekeeper provides only

partial discrimination between kinase active

sites, however, as È20% of human kinases

have a threonine at this position. Gleevec, a

drug used to treat chronic myelogenous leu-

kemia, exploits a threonine gatekeeper in the

Abl kinase domain, yet it also potently inhib-

its the distantly related tyrosine kinase, c-KIT,

as well as the platelet-derived growth factor

receptor (PDGFR) (7).

We therefore sought a second selectivity

filter that could be discerned from a primary

sequence alignment. Among the 20 amino acids,

cysteine has unique chemical reactivity and is

commonly targeted by electrophilic inhibitors.

In the case of cysteine protease inhibitors, the

reactive cysteine is not a selectivity filter, be-

cause it is found in every cysteine protease and

is essential for catalysis. Electrophilic, cysteine-

directed inhibitors of the EGFR kinase domain

have also been reported (8), but here again, the

cysteine does not act as a selectivity filter, be-

cause neither the electrophile nor the reactive

cysteine is required for potent, selective inhi-

bition by these compounds. In this report, we

describe the rational design of selective kinase

inhibitors that require the simultaneous pres-

ence of a threonine gatekeeper and a reactive

cysteine, which are uniquely found in the C-

terminal kinase domain of p90 ribosomal pro-

tein S6 kinases (RSKs).

We used a kinomewide sequence align-

ment (1, 9) to search for cysteines that, to-

gether with a threonine gatekeeper, could

form a covalent bond with an inhibitor in the

ATP pocket. We focused on the conserved

glycine-rich loop, which interacts with the

triphosphate of ATP and is one of the most

flexible structural elements of the kinase

domain (10). A cysteine near this solvent-

exposed loop is likely to have a lower pK
a
and

therefore to be more reactive than a cysteine

buried in the hydrophobic pocket. Out of 491

related kinase domains in the human genome

(1), we found 11 with a cysteine at the C-

terminal end of the glycine-rich loop (Fig.

1A), a position usually occupied by valine.

We next examined the gatekeeper in these
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2280, USA.
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Table 1. Half-maximal inhibitory concentrations (IC50 in mM) for fmk and the pyrrolo[2,3-d]pyrimidine
scaffold against the kinase activities of wild-type (WT) and mutant RSK2 CTDs. RSK2 CTDs were
expressed in E. coli as His6-tagged proteins and activated by incubation with bacterially expressed His6-
ERK2 and ATP. Kinase assay conditions: 30-min inhibitor pretreatment, 1 nM RSK2 CTD, 0.1 mM ATP,
0.1 mM ‘‘CTD-tide’’ substrate (14). WT and mutant CTDs had similar kinase activities.

WT C436V T493M

fmk 0.015 ± 0.001 >10 3.4 ± 0.3

scaffold 1.2 ± 0.08 0.43 ± 0.14 >30

N

N N

NH2

HO scaffold
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kinases. Three closely related paralogs, RSK1,

RSK2, and RSK4, have a threonine gate-

keeper, whereas the remaining nine kinases, in-

cluding RSK3, have larger gatekeepers (Fig.

1A). RSK1 and RSK2 are downstream effectors

of the Ras-mitogen–activated protein kinase

(MAPK) pathway and are directly activated

by the MAPKs, ERK1 and ERK2 (11, 12). Mu-

tations in the RSK2 gene cause Coffin-Lowry

syndrome, a human disorder characterized by

severe mental retardation (13). However, the

precise roles of RSKs are poorly understood.

All RSKs have two kinase domains. The regu-

latory C-terminal kinase domain (CTD) has

the cysteine and threonine selectivity filters.

To exploit both selectivity filters in RSK

family kinases, we needed a scaffold that

could present an electrophile to the cysteine

while occupying the hydrophobic pocket de-

fined by the gatekeeper. Crystal structures of

kinases with bound ATP analogs all reveal

van der Waals contacts between a conserved

valine, analogous to the cysteine we identi-

fied in RSKs (Fig. 1A), and the adenine C-8

position. We therefore designed and synthe-

sized cmk and fmk (Fig. 1B), pyrrolopyrimi-

dines that contained a chloromethylketone and

a fluoromethylketone, respectively. The p-tolyl

substituent was designed to occupy the puta-

tive hydrophobic pocket. Structurally related

pyrazolopyrimidines interact similarly with Src

family kinases (4–6). We hypothesized that

the electrophilic halomethylketones would be

within striking distance of the key cysteine

in RSK1, RSK2, and RSK4 and that kinases

with only one of the two selectivity filters

would be resistant to the inhibitors.

We first tested the electrophilic pyrrolopy-

rimidines against the RSK2 CTD in vitro (14).

Both fmk (Table 1) and cmk (15) inhibited

RSK2 CTD activity with similar potencies,

but we focused on fmk because of its greater

chemical stability. To test whether both se-

lectivity filters were required for fmk sensitiv-

ity, we expressed two CTD mutants, C436V,

in which Cys436 was replaced with Val, and

T493M, in which Thr493 was replaced with

Met. Fmk was a potent and selective inhibi-

tor of wild-type (WT) RSK2 Ehalf-maximal

inhibitory concentration (IC
50
) 0 15 nM^, with

greater than 600- and 200-fold selectivity

over the C436V and T493M mutants, respec-

tively (Table 1). To test whether fmk forms an

irreversible covalent bond with RSK2, we pre-

pared a biotinylated derivative (see Supporting

Online Material). Biotin-fmk reacted irre-

versibly with WT RSK2, but not with the se-

lectivity filter mutants, as shown by denaturing

gel electrophoresis and Western blot analysis

with streptavidin–horseradish peroxidase (HRP)

(Fig. 2A). ERK2, required to activate RSK2

in vitro, was not labeled by biotin-fmk, de-

spite the presence of a solvent-exposed cys-

teine in its ATP pocket (16).

We next tested the selectivity of biotin-fmk

in a human epithelial cell lysate containing

thousands of potentially reactive proteins.
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Fig. 1. Structural bioinformatics guides
the design of electrophilic inhibitors of
RSK family protein kinases. (A) Se-
quence alignment of the 11 human ki-
nases with a cysteine selectivity filter
at the C-terminal end of the glycine-
rich loop. Of these 11, RSK1, RSK2, and
RSK4 are the only kinases with a thre-
onine selectivity filter in the gatekeep-
er position. Src, which has a threonine
gatekeeper but lacks the cysteine, is
shown for comparison. (B) Chemical
structures of adenine and the rationally
designed halomethylketone pyrrolo-
pyrimidines, cmk and fmk.
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Fig. 2. Selective, irreversible targeting of
RSK family kinases by fmk. (A) Covalent
labeling of WT, but not mutant RSK2 by
biotin-fmk. RSK2 with a hexahistidine
tag (His6-RSK2) CTDs were treated with
1 mM biotin-fmk in the presence of His6-
ERK2 for 1 hour. Proteins were resolved
by SDS–polyacrylamide gel electropho-
resis (SDS-PAGE) and detected by West-
ern blot with streptavidin-HRP or
antibodies to His6. (B) Targeting of two
È90-kD proteins in human epithelial cell
lysates by biotin-fmk. HEK-293 cell
lysates were treated with the indicated
concentrations of unlabeled fmk and
then with 1 mM biotin-fmk. Proteins
were resolved by SDS-PAGE, transferred

to nitrocellulose, and stained with Ponceau S (right). Proteins labeled with biotin-fmk were
detected with streptavidin-HRP (left). (C) Identification of RSK1 and RSK2 as biotin-fmk
targets. HEK-293 lysates were treated with 1 mM biotin-fmk. Proteins were immunoprecipi-
tated with control IgG, RSK1-specific polyclonal antibodies, or a RSK2-specific monoclonal
antibody (Santa Cruz Biotechnology). Immunoprecipitates (P) and supernatants (S) were
analyzed by Western blot with streptavidin-HRP and antibodies to RSK1 and RSK2.
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Biotin-fmk (1 mM) reacted with only two pro-

teins, and labeling was abolished by pretreat-

ment with 1 mM fmk (Fig. 2B). These È90-kD

proteins were shown to be RSK1 and RSK2

by quantitative immunodepletion with specific

antibodies (Fig. 2C). A cell-permeable, fluo-

rescent derivative of fmk was also found to be

highly selective toward RSK1 and RSK2

when added to cells growing in culture (15).

The only known substrate of the RSK2

CTD is Ser386 of RSK2 itself (17, 18). Phos-

phorylation of Ser386 creates a docking site for

phosphoinositide-dependent kinase 1 (PDK1),

which then phosphorylates and activates the

N-terminal kinase domain (NTD) (19). The

activated NTD then phosphorylates down-

stream substrates. Treatment of serum-starved

COS-7 cells with EGF induced Ser386 phos-

phorylation of endogenous RSK2, which was

inhibited by fmk with a half-maximal effective

concentration (EC
50
) of È200 nM (Fig. 3A).

Thus, the CTD appears to be the primary ki-

nase responsible for EGF-stimulated Ser386

phosphorylation, consistent with results ob-

tained with kinase-inactive mutants (17, 18).

Fmk (10 mM) had no effect on EGF-stimulated

phosphorylation of ERK1 or ERK2 (Fig. 3B),

the MAP kinases directly upstream of RSK2.

This result further highlights the selectivity of

fmk, as the signaling pathway leading to ERK

activation involves at least three protein ki-

nases (EGFR, Raf, and MEK), two of which

(EGFR and Raf) have threonine gatekeepers,

as well as potentially reactive cysteines, in

their ATP binding pockets.

We next tested whether inhibition of the

CTD by fmk could block signaling down-

stream of RSK2. In cells transfected with WT

RSK2, treatment with EGF induced phos-

phorylation of histone H3 at Ser10, which

was completely blocked by fmk (Fig. 3C).

By contrast, H3 phosphorylation was un-

affected by up to 10 mM fmk in cells ex-

pressing the RSK2 gatekeeper mutant, T493M.

Mutation of the cysteine selectivity filter to

valine (C436V) also conferred complete resist-

ance to fmk (fig. S1). Similar to RSK family

kinases, the mitogen- and stress-activated ki-

nases, MSK1 and MSK2, have two kinase

domains. The CTD of MSK1 has a cysteine

analogous to Cys436 of RSK2 (Fig. 1A), but

unlike RSK2, MSK1 has a methionine gate-

keeper. Fmk had no effect on H3 phosphoryl-

ation mediated by WT MSK1 (Fig. 3D). By

contrast, an MSK1 mutant with a threonine

gatekeeper was potently inhibited. Thus, de-

spite having only È40% sequence identity to

RSK2, MSK1 became equally sensitive to fmk

once the second selectivity filter was intro-

duced. Fmk had no effect on phorbol ester–

stimulated H3 phosphorylation in nontrans-

fected fibroblasts (fig. S2), consistent with a

dominant role for endogenous MSK1 and

MSK2 in this pathway (20).

Pyrrolopyrimidines inhibit Src family ki-

nases such as Fyn (21), which raises the

possibility that they might be susceptible to

reversible inhibition by cmk or fmk. WT Fyn

was weakly inhibited by both compounds,

with IC
50

values of È4 mM (compared with

an IC
50

value of 15 nM for fmk against

RSK2). By contrast, cmk and fmk potently

inhibited a Fyn mutant in which Val285 was

replaced with Cys (IC
50

values of 1 nM and

100 nM, respectively). Similarly, at concen-

trations that completely inhibited RSK2 in

cells, neither cmk nor fmk reversed the cel-

lular phenotypes induced by v-Src (with a Thr

in the gatekeeper position). By contrast, cmk

(and less potently, fmk) promoted morpho-

logical reversion and reduced global tyrosine

phosphorylation in cells expressing a v-Src

mutant in which Val281 was replaced with

Cys (fig. S3).

In this study, we have rationally designed

halomethylketone-substituted inhibitors whose

molecular recognition by protein kinases

requires the simultaneous presence of two

selectivity filters: a cysteine following the

glycine-rich loop and a threonine in the gate-

keeper position. We estimate that È20% of

human kinases have a solvent-exposed cys-

teine in the ATP pocket. Because of the

structural conservation of the pocket, it should

be possible to predict the orientation of these

cysteines. In addition, there are many revers-

ible kinase inhibitors whose binding modes

have been characterized by x-ray crystallogra-

phy. The integration of both types of informa-

tion should allow the design of scaffolds that

exploit selectivity filters other than the gate-

keeper, as well as the appropriate sites for

attaching electrophilic substituents.
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Ser10 H3 (Upstate). (D) Inhibition of MSK1 by fmk after mutation of Met498 to Thr. COS-7 cells were
transfected with HA-tagged WT or M498T MSK1. MSK1 autophosphorylation and H3 phosphorylation
were assessed as in (C).
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Global Topology Analysis
of the Escherichia coli

Inner Membrane Proteome
Daniel O. Daley,1* Mikaela Rapp,1* Erik Granseth,2 Karin Melén,2

David Drew,1 Gunnar von Heijne1,2.

The protein complement of cellular membranes is notoriously resistant to
standard proteomic analysis and structural studies. As a result, membrane
proteomes remain ill-defined. Here, we report a global topology analysis of
the Escherichia coli inner membrane proteome. Using C-terminal tagging with
the alkaline phosphatase and green fluorescent protein, we established the
periplasmic or cytoplasmic locations of the C termini for 601 inner membrane
proteins. By constraining a topology prediction algorithm with this data, we
derived high-quality topology models for the 601 proteins, providing a firm
foundation for future functional studies of this and other membrane pro-
teomes. We also estimated the overexpression potential for 397 green fluo-
rescent protein fusions; the results suggest that a large fraction of all inner
membrane proteins can be produced in sufficient quantities for biochemical
and structural work.

Integral membrane proteins account for the

coding capacity of 20 to 30% of the genes in

typical organisms (1) and are critically im-

portant for many cellular functions. However,

owing to their hydrophobic and amphiphilic

nature, membrane proteins are difficult to

study, and they account for less than 1% of

the known high-resolution protein structures

(2). Overexpression, purification, biochem-

ical analysis, and structure determination are

all far more challenging than for soluble pro-

teins, and membrane proteins have rarely been

considered in proteomics or structural ge-

nomics contexts to date.

In the absence of a high-resolution three-

dimensional structure, an important corner-

stone for the functional analysis of any

membrane protein is an accurate topology

model. A topology model describes the num-

ber of transmembrane spans and the orien-

tation of the protein relative to the lipid

bilayer. Topology models are usually pro-

duced by either sequence-based prediction

or time-consuming experimental approaches.

We have previously shown that topology

prediction can be greatly improved by con-

straining it with an experimentally deter-

mined reference point, such as the location

of a protein_s C terminus (3). For E. coli pro-

teins, reference points can be obtained most

easily through the use of topology reporter

proteins such as alkaline phosphatase (PhoA)

and green fluorescent protein (GFP). PhoA

and GFP have opposite activity profiles: PhoA

is active only in the periplasm of E. coli (4),

whereas GFP is fluorescent only in the cyto-

plasm (5). When fused in parallel to the C

terminus of a membrane protein, PhoA and

GFP can accurately report on which side of

the membrane the C terminus is located (6, 7).

Here, we have applied the PhoA/GFP fusion

approach to derive topology models for almost

the entire E. coli inner membrane proteome.

Bioinformatic analysis of the E. coli pro-

teome using the hidden Markov model topol-

ogy predictor TMHMM (1) indicates that

approximately 1000 of the 4288 predicted

genes encode integral inner membrane pro-

teins. We focused on the 737 genes that en-

code proteins longer than 100 residues with

at least two predicted transmembrane helices.

The second criterion was necessary to ensure

that secreted proteins, whose hydrophobic

signal sequence is often mistakenly pre-

dicted as a transmembrane helix, were not

included.

Of the 737 selected genes, 714 were suit-

able for cloning into a standard set of phoA

and gfp fusion vectors (8). We were able to

obtain both fusions for 573 genes and one

fusion for an additional 92 genes (Fig. 1, in-

set). By determining appropriate cutoffs (8),

the C-terminal location (C
in
, C

out
) could be

assigned for 502 of the 665 cloned proteins

by comparison of whole-cell GFP fluores-

cence and PhoA activity or, in a small num-

ber of cases, by either activity alone (Fig. 1).

To assign the location of the C terminus

for the remaining proteins, we used the basic

local alignment search tool (BLAST) (9) to

search for homologs to the unassigned pro-

teins among the 502 assigned proteins, im-

posing a strict E-value cutoff (10–4) and the

requirement that the BLAST-alignment

should extend to within 25 residues of the

C terminus of both proteins. We were able to

assign C-terminal locations for an additional

99 proteins in this way, bringing the total

number of assignments to 601 of the 737

proteins in the initial data set (table S1). Ob-

viously, the same homology-based assignment

scheme can be used to transfer the experi-

mental data to other membrane proteomes.

The location of the C terminus for 71 of the

601 proteins was already known from pub-

lished topology models (table S1) and was used

to check the quality of our data. For all but

two proteins, ArsB and YccA, our C-terminal

assignment agreed with the published assign-

ment. In the case of ArsB, the previous study

(10) did not include experimental information

on the location of the C terminus, and we sug-

gest that our assignment is correct. For YccA,

the reported experimental data on the loca-

tion of the C terminus (11) contradicts our re-

sult; further studies will be required to resolve

this discrepancy. In any case, it appears that
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Fig. 1. Normalized PhoA and GFP activities. Cut-
off lines for the assignment of Cin (cytoplasmic)
and Cout (periplasmic) orientations are shown in
black. Green and red dots: proteins assigned as
Cin and Cout, respectively, based on the exper-
imental data. Black and blue dots: proteins as-
signed as Cin and Cout, respectively, based on
sequence homology to proteins with experimen-
tally assigned C-terminal locations. (Inset) Venn
diagram showing the number of proteins for
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the error rate in our C-terminal assignments

is on the order of 1% or less.

Using the experimentally determined

C-terminal locations as constraints for the

TMHMM topology predictor (3), we gener-

ated experimentally based topology models

for the 601 proteins, including 46 models

from our previously published work (6, 7)

(table S1 and www.sbc.su.se/Èerikgr/tmhmm/

index.html).

In the absence of experimental data,

TMHMM alone predicts the correct C-

terminal location for only 78% of the 601 pro-

teins. By providing unambiguous C-terminal

locations, the inclusion of experimental data

thus leads to a major improvement in the

overall quality of the topology models (illus-

trated in fig. S1). This is also reflected in the

TMHMM reliability score (3); the score in-

creases for 526 proteins and decreases for 75

proteins upon fixing of the C terminus.

To obtain a global view of the topologies

within the proteome and how they relate to

protein function, proteins were sorted ac-

cording to known or predicted functional cat-

egories (Fig. 2). The most obvious trend is

the predominance of N
in
-C

in
topologies (57%

of all proteins), which suggests that pairs

of closely spaced transmembrane helices

(Bhelical hairpins[) may be a basic building

block in membrane proteins. The largest func-

tional category is transport proteins, many

with 6 or 12 transmembrane helices. Most

proteins with unknown function have e6
transmembrane helices, pointing to a sys-

tematic lack of studies of the smaller inner

membrane proteins.

We have previously identified a case in

which a gene duplication event has led to the

formation of two separately expressed ho-

mologous proteins (YdgQ and YdgL) with

opposite orientations in the membrane (12).

To identify new instances of this kind, we

searched for families of homologs that in-

clude pairs of proteins with the same number

of predicted transmembrane helices but op-

positely assigned C-terminal locations. Only

the YdgE and YdgF proteins, both members

of the small multidrug resistance (SMR) fam-

ily of transporters (13), were found (fig. S2).

The ydgE and ydgF genes overlap each other

on the E. coli chromosome, and the two pro-

teins catalyze drug efflux only when coex-

pressed (14), which suggests that they form

an antiparallel heterodimer (or higher oli-

gomer) in the inner membrane.

EmrE, another member of the SMR fam-

ily, has been suggested to adopt a dual topol-

ogy in the inner membrane, where one N
in
-C

in

molecule forms an antiparallel homodimer

with one N
out
-C

out
molecule (15–17). EmrE

is assigned as C
out

in our data set, but also

has GFP fluorescence above background.

Notably, EmrE contains very few positively

charged residues, evenly distributed between

the different loops, and thus lacks a clear

Bpositive-inside[ bias (18). We searched for

additional candidate dual topology proteins

with a weak charge bias and above-background

PhoA and GFP activities. Five additional

proteins emerged as possible dual topology

proteins: SugE (a member of the SMR fam-

ily), CrcB, YdgC, YnfA, and YbfB (fig. S2).

Strikingly, all these proteins are small (around

100 residues) and have three or four strongly

predicted transmembrane helices.

Although proteins with internal duplica-

tions in which the two halves of the protein

have opposite orientations in the membrane

are quite common among the E. coli inner

membrane proteins (19–23), we conclude that

homologs with opposite membrane orienta-

tions, as well as proteins with a dual topol-

ogy, are exceedingly rare. Possibly, protein

folding and assembly are more efficient when

the two oppositely oriented halves are part of

a single polypeptide chain than when they

are expressed separately.

For the È80% of the inner membrane pro-

teome with a C
in

orientation, the whole-cell

GFP fluorescence provides a good estimate

of the amount of fusion protein inserted into

the membrane (24). Using standard over-

expression conditions (8), we tabulated the

GFP activity for the 397 proteins assigned as

C
in
(Fig. 3). We also assessed the effect of

overexpression on cell growth, as determined

by the change in optical density of the cell

suspension after induction of membrane pro-

Fig. 2. Functional catego-
rization of the E. coli inner
membrane proteome. (A) The
fractions of the inner mem-
brane proteome (737 proteins)
assigned to different func-
tional categories. (B) The num-
ber of proteins with assigned
C-terminal location in each
functional category for differ-
ent topologies (601 proteins
in total). Cin topologies are
plotted upward, Cout down-
ward. For Cin proteins, even
numbers of transmembrane
helices are three times as com-
mon as odd numbers; for Cout
proteins, odd and even num-
bers of transmembrane helices
are roughly equal.
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tein synthesis. Although a small number of

proteins appeared toxic (Fig. 3, inset), the

vast majority had only a limited effect on

cell growth. Overexpression levels do not cor-

relate with—and hence cannot be predicted

by—obvious sequence characteristics such as

codon usage, protein size, hydrophobicity, and

number of transmembrane helices (table S2).

The C-terminal His
8
tag and the tobacco etch

virus (TEV) protease site present in the GFP

fusions (8) make it possible to use an efficient,

standardized purification protocol for the whole

clone collection; yields of purified fusion pro-

tein are typically Q1 mg per liter of culture

(25). This sets a lower limit for what can be

expected for individual proteins expressed,

for example, without a GFP tag or using other

expression vectors and growth conditions (26).

In conclusion, by analyzing a library of E.

coli inner membrane proteins fused to PhoA

and GFP, we have derived an experimentally

based set of topology models for the membrane

proteome and provide a large-scale data set on

membrane protein overexpression. Our results

provide an important basis for future functional

studies of membrane proteomes and will

facilitate the identification of well-expressed

targets for structural genomics projects.

References and Notes
1. A. Krogh, B. Larsson, G. von Heijne, E. Sonnhammer,

J. Mol. Biol. 305, 567 (2001).
2. S. H. White, Protein Sci. 13, 1948 (2004).
3. K. Melén, A. Krogh, G. von Heijne, J. Mol. Biol. 327,

735 (2003).
4. C. Manoil, J. Beckwith, Science 233, 1403 (1986).
5. B. J. Feilmeier, G. Iseminger, D. Schroeder, H. Webber,

G. J. Phillips, J. Bacteriol. 182, 4068 (2000).
6. D. Drew et al., Proc. Natl. Acad. Sci. U.S.A. 99, 2690

(2002).
7. M. Rapp et al., Protein Sci 13, 937 (2004).
8. Materials and methods are available as supporting

material on Science Online.
9. S. F. Altschul, W. Gish, W. Miller, E. W. Myers, D. J.

Lipman, J. Mol. Biol. 215, 403 (1990).
10. J. Wu, L. S. Tisa, B. P. Rosen, J. Biol. Chem. 267, 12570

(1992).
11. A. Kihara, Y. Akiyama, K. Ito, EMBO J. 18, 2970 (1999).
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Firearm Violence Exposure and
Serious Violent Behavior

Jeffrey B. Bingenheimer,1* Robert T. Brennan,2 Felton J. Earls2

To estimate the cause-effect relationship between exposure to firearm vio-
lence and subsequent perpetration of serious violence, we applied the analytic
method of propensity stratification to longitudinal data on adolescents resid-
ing in Chicago, Illinois. Results indicate that exposure to firearm violence ap-
proximately doubles the probability that an adolescent will perpetrate serious
violence over the subsequent 2 years.

Within the past few decades, the popular no-

tion that violence begets violence has come

under scientific scrutiny. Early research by psy-

chologists, criminologists, and others focused

on the impact of being physically abused as

a child on subsequent delinquency, commu-

nity violence, and spouse and child abuse.

Simple comparisons of violent offenders and

nonoffenders showed that the former were

more likely to report having been abused

during childhood (1, 2). More carefully con-

trolled prospective studies comparing abused

and nonabused children confirmed these ba-

sic relationships (3) and provided insights into

the cognitive and neurological mechanisms

involved (4, 5).

Recently, interest has expanded to encom-

pass exposure to violence occurring in com-

munity settings such as neighborhoods and

schools. This change was spurred in part by

elevated rates of violent crime, including fire-

arm homicide, in American cities in the ear-

ly 1990s (6, 7). In several studies conducted

around that time, urban children and ado-

lescents reported alarmingly high levels of

exposure to community violence, both as wit-

nesses and as victims (8–10). These findings

raised troubling questions about the possible

developmental ramifications of such wide-

spread experience with violence.

Numerous recent investigations have revealed

statistical associations between children_s
and adolescents_ self-reports of exposure to

community violence and concurrent or sub-

sequent assessments of violence and aggres-

sion (11–14). Available estimates of these

associations, however, do not adequately con-

trol for the possibility that a common set of

personal characteristics and environment cir-

cumstances may jointly influence who is ex-

posed to community violence and who be-

comes a perpetrator of violent acts. The extent

to which these statistical associations are at-

tributable to cause-effect relationships there-

fore remains uncertain (15).

The randomized experiment is the scien-

tific gold standard for causal inference, but in

the instance of community violence is neither

technically nor ethically feasible. We used

the method of propensity score stratification

(16–18) to approximate a randomized exper-

iment in which exposure to firearm violence

was the treatment variable and subsequent

perpetration of serious violence was the out-

come. This method is based upon counter-

factual thinking and the framework of potential

outcomes described by Rubin (19) and others

(20). Investigators in economics (21), med-

icine (22), and other fields (23) are increas-

ingly using propensity score matching and

stratification to improve the credibility of es-

timates of cause-effect relationships obtained

from observational data.

Propensity stratification views exposure al-

location as a process involving both system-

atic and random components. First, personal

and environmental characteristics of the in-

dividual determine systematically her or his

probability p of exposure, called the propen-

sity score. The individual then participates in

a lottery in which the exposure is assigned

with probability p, or nonexposure is assigned
with probability 1 – p. In theory, comparing

individuals with identical propensity scores

but different realized exposures is analogous

to conducting a randomized experiment, and

therefore provides a valid basis for measur-

ing a cause-effect relationship between expo-
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sure and outcome. The analytic strategy, then,

has four stages: (i) Use all available preexpo-

sure information to derive an estimate p̂ of

each subject_s propensity score; (ii) divide sub-

jects into strata on the basis of p̂; (iii) within
each stratum, confirm that exposed and unex-

posed subjects are balanced on all measured

preexposure covariates; and (iv) compute the

mean difference between exposed and un-

exposed subjects on the outcome measure

within these strata. This produces an unbiased

estimate of the average causal effect of expo-

sure under the assumption, termed Bstrongly
ignorable treatment assignment[ (16), that no

measured or unmeasured preexposure char-

acteristic predicts both exposure and outcome

independent of estimated propensity scores.

The greater the quantity and quality of pre-

exposure information available to the analyst,

the more precisely p̂ will estimate p, and the

more plausible the strongly ignorable treatment

assignment assumption will become. Sensitiv-

ity analyses (24) enable the investigator to

study the robustness of results to plausible

violations of this assumption.

We analyzed data from a longitudinal co-

hort study of adolescents residing in 78 neigh-

borhoods of Chicago, Illinois (Fig. 1) (25). The

subjects (N 0 1517) were aged 12 or 15 years

at the beginning of the study (table S1).

Subjects and their primary caregivers were

each interviewed on three occasions over a

period of 5 years. At Assessment 1, subjects

and their caregivers provided detailed informa-

tion about themselves. From these data we

derived measures of 139 preexposure covar-

iates falling into 10 domains: demographic

background, family history and home environ-

ment, temperament, health and physical devel-

opment, social support, peer influences,

vocabulary and reading proficiency, school-

related factors, behavioral patterns, and previ-

ous exposure to violence (25) (table S2).

Additionally, 14 neighborhood social and

economic characteristics were quantified by

means of census data and an independent sur-

vey of a probability sample of adult residents

(26, 27), bringing the total number of pre-

exposure covariates to 153 (25) (table S2).

At Assessment 2, subjects (n 0 1239,

81.7% of the original sample) who could be

located and who agreed to continue partici-

pating answered a series of questions regard-

ing their exposure to firearm violence in the

previous 12 months (25) (table S1). They were

classified as exposed if they reported that they

had been shot or shot at, or if they had seen

someone shot or shot at, during that period.

Those who reported none of these experiences

were classified as unexposed. Fourteen sub-

jects could not be classified due to missing

or inconsistent data. Of those who could be

classified, the majority (n 0 942, 76.9%) were

unexposed, and the remainder (n 0 283, 23.1%)

were exposed (25).

Subjects who reported exposure to firearm

violence at Assessment 2 differed from unex-

posed subjects on many Assessment 1 covar-

iates at the a 0 0.01 statistical significance

level (Table 1; for more details see table S2).

Compared with unexposed subjects, exposed

subjects were more aggressive and reported

committing more violent offenses. They tended

to be non-white, male, from single-parent

households, and receiving public assistance.

In terms of temperament, exposed subjects

were more impulsive and emotional and less

inhibited than unexposed subjects. They were

more likely to report having engaged in al-

cohol and drug use, truancy, general delin-

quency, and property crimes. Exposed subjects

were more likely than unexposed subjects to

have family members with criminal records or

legal problems. They were also more likely to

have been corporally punished and physically

abused and to have witnessed domestic vio-

lence in their households. Their peer groups

were characterized by higher levels of aggres-

sive and delinquent behaviors compared with

the peer groups of unexposed subjects. Exposed

subjects had lower scores on standardized

tests of vocabulary and reading proficiency.

Their neighborhoods of residence were char-

acterized by more anomie, physical and social

disorder, perceived violence, and concentrated

disadvantage, and by lower levels of informal

social control and satisfaction with policing,

compared with the neighborhoods in which

unexposed subjects resided. Many of these

correlates of exposure to firearm violence are

also well-established predictors of violent be-

havior (28, 29), substantiating the possibility

that statistical associations between violence

exposure and perpetration may be attributable

in part to the joint influence of these factors

on exposure and outcome status.

We used a maximum-likelihood logistic

regression model to obtain an estimated pro-

pensity score p̂ for each subject whose As-

sessment 2 exposure status was available. The

model was constructed by an iterative step-

wise selection procedure. The 153 Assess-

ment 1 covariates, plus squared terms for the

92 covariates that were measured on contin-

uous metrics, comprised the pool of candidate

predictors. At each iteration, the procedure

either (i) added to the model the single covar-

iate that was most strongly associated with

firearm violence exposure conditional upon the

covariates already in the model, provided that

the conditional association was statistically sig-

nificant at the a 0 0.10 level, or (ii) removed

from the model any covariate whose condi-

tional association with gun violence exposure

was no longer statistically significant at that

level. The resulting model included 37 covar-

iates. We modified this model by adding a

squared term for each first-order continuous

covariate selected by the procedure, and by

adding a first-order term for each squared con-

tinuous covariate selected, bringing to 48 the

total number of covariates included in the fi-

nal model (25) (table S3).

Exposed and unexposed subjects had no-

tably different probability densities of p̂ (Fig.

2). The distribution for unexposed subjects

was skewed sharply to the right, with nearly

half (n 0 459, 48.7%) having p̂ G 0.10 and

none having p̂ 9 0.85. In contrast, the proba-

bility density for exposed subjects was more

nearly uniform, the only exception being that

very few (n 0 3, 1.1%) had p̂ G 0.05. We

divided subjects into 12 strata on the basis of

their estimated propensity scores (Table 2).

Cut points were selected such that exposed

and unexposed subjects had statistically indis-

tinguishable mean estimated propensity scores

Fig. 1. Design of the propensity-stratified longitudinal study. This design was implemented for 12
propensity strata, 10 of which were used for estimating the cause-effect relationship between
exposure to firearm violence (obtained at Assessment 2) and subsequent perpetration of serious
violence (obtained at Assessment 3). Strata were defined on the basis of modeled probabilities of
exposure at Assessment 2 conditional upon 153 covariates measured at Assessment 1. The placement
of Assessments 2 and 3 on the horizontal axis is based upon the median time between interviews.
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within each of the resulting strata. Satisfactory

balance of unexposed and exposed subjects

could not be achieved within the ranges p̂ G
0.05 and p̂ 9 0.75. We therefore excluded the

lowest and highest strata from the propensity-

stratified analyses. Within each of the remain-

ing 10 strata, exposed and unexposed subjects

had nearly identical mean values of p̂ Eno
statistical difference: F(10,862) 0 0.11, P 0
0.9998^. We also used statistical hypothesis

tests to determine whether unexposed and

exposed subjects had similar distributions of

the Assessment 1 covariates within each of

the 10 analytic propensity strata. We found

no statistically significant (a 0 0.01) within-

stratum differences between exposed and unex-

posed subjects on any of the 153 covariates

(table S2), suggesting that our propensity

model and stratification scheme adequately

controlled selection on all measured preexpo-

sure covariates.

At Assessment 3, subjects who could again

be located and who agreed to continue partici-

pating (n 0 984, 80.3% of those whose Assess-

ment 2 exposure status could be ascertained)

answered questions about their perpetration

of violent behavior in the previous 12 months

(25) (table S1). Those reporting that they had

carried a hidden weapon, attacked someone

with a weapon, shot someone, shot at some-

one, or been in a gang fight in which someone

was hurt or threatened with harm were classi-

fied as perpetrators of serious violence. Those

reporting none of these five activities were

classified as nonperpetrators. The majority

of subjects (n 0 856, 87.0%) were classified

as nonperpetrators, and a minority (n 0 122,

12.4%) were classified as perpetrators (25).

A few (n 0 6, 0.6%) could not be classified

due to incomplete or inconsistent responses.

We used a series of maximum-likelihood

logistic regression models to obtain estimates

of the statistical association and the cause-

effect relationship between exposure to firearm

violence and subsequent perpetration of seri-

ous violence (25). A model with no covariates

revealed a strong statistical association; sub-

jects who were exposed to firearm violence

at Assessment 2 were much more likely than

unexposed subjects to report perpetration of

serious violence at Assessment 3 Eodds ratio
(OR) 0 3.71, c2(1) 0 41.99, P G 0.0001^. Ad-
justment for race/ethnicity, age, sex, family

socioeconomic index, and neighborhood of res-

idence by regression methods attenuated this

association only slightly (adjusted OR 0 3.57,

t
970

0 5.29, P G 0.0001). Further adjustment

for previous violence exposure, self-reported

violent crime, and self- and caregiver-reported

delinquency attenuated the association more

substantially (adjusted OR 0 2.47, t
966

0 3.64,

P 0 0.0003).

Within the 10 analytic propensity strata,

we found that subjects who were exposed to

firearm violence at Assessment 2 were more

likely than unexposed subjects in the same

stratum to report serious violence perpetra-

tion at Assessment 3 (common within-stratum

OR 0 2.43, c2(1) 0 11.74, P 0 0.0006). Re-

gression adjustment for race/ethnicity, age,

sex, family socioeconomic index, and neigh-

borhood of residence did not substantially

alter this finding (adjusted common within-

stratum OR 0 2.62, t
677

0 3.039, P 0 0.0025),

nor did further adjustment for previous vio-

lence exposure and violent and aggressive

behaviors (adjusted common within-stratum

OR 0 2.76, t
673

0 2.721, P 0 0.0067). We also

estimated a model in which the effect of

firearm violence exposure was allowed to vary

across the propensity strata, but comparison

of this model with the original propensity-

stratified model revealed that any heteroge-

neity in this effect was too small to be

estimated reliably Eno statistical difference:

c2(9) 0 15.12, P 0 0.0877^.
Our estimate of the cause-effect relation-

ship between firearm violence exposure and

subsequent perpetration of serious violence

represents an average treatment effect esti-

mate. This estimate does not apply to indi-

viduals with very low or very high levels of

propensity to be exposed. We did not esti-

mate a cause-effect relationship outside the

range 0.05 G p̂ G 0.75 because of imbalance

between exposed and unexposed subjects in

the lowest and highest propensity strata.

Some sources of potential bias should

also be noted. First, the subjects_ exposure to
firearm violence and subsequent perpetration

of serious violence were both assessed by

Table 1. Comparison of exposed and unexposed subjects on select Assessment 1 covariates. Unless other-
wise noted, covariates are measured on a continuous scale and standardized to unit variance; differences
are standardized mean comparisons; and test statistics are F(1,1223).

Preexposure covariate Difference Test statistic P value

Demographic characteristics
Male sex* 1.199 7.37 0.0066
Minority race/ethnicityy – 38.55 G0.0001
Receiving public assistance* 1.664 24.34 G0.0001
Single-parent family structurey – 28.52 0.0002

Temperament
Impulsivity 0.298 19.63 G0.0001
Inhibitory control 0.218 10.43 0.0013
Sensation-seeking 0.341 25.91 G0.0001
Emotionality 0.203 9.00 0.0028

Antisocial behaviors
Self-reported aggression 0.315 22.00 G0.0001
Caregiver-reported aggression 0.349 27.14 G0.0001
Violent offenses 0.619 89.19 G0.0001
Alcohol use* 1.540 19.31 G0.0001
Cigarette use* 1.508 15.48 G0.0001
Marijuana use* 2.550 39.41 G0.0001
Truancy 0.118 20.00 G0.0001
School drop-out* 0.977 12.14 0.0005
Self-reported delinquency 0.398 35.40 G0.0001
Caregiver-reported delinquency 0.471 50.27 G0.0001
Property crimes 0.375 31.36 G0.0001

Family environment
Family members with criminal records* 1.407 12.98 0.0003
Family members with legal problems* 1.620 13.39 0.0003
Corporal punishment 0.244 13.10 0.0003
Physical abuse 0.299 19.80 G0.0001
Witnessing domestic violence 0.240 12.60 0.0004

Peer group characteristics
Aggressive behaviors 0.567 74.13 G0.0001
Property crimes 0.358 28.52 G0.0001
Drug use 0.397 35.17 G0.0001
Drug selling 0.173 35.02 G0.0001
Sexual activity 0.373 81.76 G0.0001

Indicators of intelligence
Vocabulary –0.233 11.90 0.0006
Reading proficiency –0.181 7.17 0.0075

Neighborhood characteristics
Anomie 0.352 27.56 G0.0001
Social disorder 0.359 28.73 G0.0001
Perceived violence 0.265 15.45 G0.0001
Concentrated disadvantage 0.529 64.16 G0.0001
Informal social control –0.190 7.95 0.0049
Satisfaction with policing –0.269 15.92 G0.0001

*Measured dichotomously; differences are relative risks and test statistics are c2(1). .Measured nominally with
more than two categories; reported differences are too complicated to tabulate here, but test statistics are c2(5) for
race/ethnicity and c2(7) for family structure.
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self-report, which implies that correlated mis-

classification on exposure and outcome status

may have occurred, but the magnitude and

direction of the resulting bias cannot be de-

termined. Differential attrition of subjects be-

tween assessments is another potential source

of bias. We found, however, that attrition was

not strongly related to baseline covariates (25)

(table S1), suggesting that any bias resulting

from this may have been of minor importance.

Furthermore, we cannot rule out the pos-

sibility that unmeasured preexposure char-

acteristics may have jointly influenced both

exposure status at Assessment 2 and perpetra-

tion at Assessment 3. Yet, the omission of such

variables from our analyses would constitute

a violation of the assumption of strongly ig-

norable treatment assignment only to the ex-

tent that their influences were independent of

estimated propensity scores. This would be

most likely in the case of an omitted variable

that was uncorrelated with the 153 covariates

used in developing and testing our propensi-

ty model, but could occur under other circum-

stances as well. Sensitivity analyses (24, 25)

(table S4) showed that these independent in-

fluences on both exposure and perpetration

would need to be very strong to reduce sub-

stantially our estimate of the effect of fire-

arm violence exposure on subsequent violent

perpetration.

In conclusion, our focus on firearm vio-

lence exposure provided an operational defi-

nition of the treatment and control conditions

and facilitated the assessment of each subject_s
exposure status. The longitudinal structure

of the investigation established the temporal

ordering of preexposure covariates, realized ex-

posure status, and the behaviors comprising the

focal outcome. We had access to a large and

diverse set of well-measured preexposure

covariates obtained from multiple sources,

including subjects, their caregivers, neighbor-

hood residents, and census data. We used this

information to develop a model of how sub-

jects_ personal characteristics and environ-

mental circumstances systematically influenced

their probability of being exposed to firearm

violence. Stratifying on estimated propensity

scores derived from this model provided statis-

tical balance on all 153 measured preexposure

covariates, suggesting that we succeeded in

isolating the random part of the exposure allo-

cation process, and thereby adequately approx-

imated a randomized experiment. Our results

thus provide a more credible basis for the con-

clusion that exposure to violence is causally

related to violent behavior. Specifically, we es-

timate that being exposed to firearm violence

approximately doubles the probability that

an adolescent will perpetrate serious violence

over the 2 subsequent years.
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Fig. 2. Probability den-
sities of estimated pro-
pensity scores.

Table 2. Distribution of Assessment 3 serious violence perpetration, by propensity stratum and Assessment
2 firearm violence exposure status. Columns labeled ‘‘No’’ contain subjects who denied serious violence
perpetration at Assessment 3; columns labeled ‘‘Yes’’ contain subjects who reported serious violence
perpetration; columns labeled ‘‘?’’ contain subjects who were lost to follow-up or whose responses to
Assessment 3 questions about violence perpetration were inconsistent.

Propensity stratum
Unexposed (N 0 942) Exposed (N 0 283)

No Yes ? No Yes ?

0.0000 – 0.0500* 224 12 46 3 0 0
0.0500 – 0.0875 96 5 24 8 3 2
0.0875 – 0.1250 85 10 17 4 0 7
0.1250 – 0.1625 82 5 16 7 3 6
0.1625 – 0.2000 35 0 13 8 1 4
0.2000 – 0.2500 44 6 14 10 9 3
0.2500 – 0.3375 58 8 9 19 3 9
0.3375 – 0.4375 31 8 10 25 6 10
0.4375 – 0.5375 26 6 13 20 6 4
0.5375 – 0.5875 6 1 5 2 3 2
0.5875 – 0.7500 12 3 4 22 9 15
0.7500 – 1.0000* 2 3 3 27 12 11
Total 701 67 174 155 55 73

*These strata are excluded from propensity-stratified analyses of covariate balance and treatment effects.
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Polymerase Chain Reaction Reagents
Four new reagents kits are available for performing quantitative
polymerase chain reaction (PCR) and reverse transcription PCR (RT-
PCR). Sensitive, stable, and easy-to-use, &GO Mastermixes simplify
the accurate, real-time analysis of DNA, complementary DNA
(cDNA), and RNA, and are supplied as complete 5X mastermixes.
This format minimizes pipetting to save time and minimize risk of
contamination. Two kits are available for quantifying DNA and
cDNA in thermal cyclers that use plasticware: qPCR ROX-&GO for
analyses employing fluorescently labeled, sequence-specific probes,
and qPCR ROX-&GO Green, which contains a fluorescent interca-
lating dye (SYBR Green). Both mastermixes contain ROX dye to nor-
malize non-PCR related background fluorescence. The qPCR-&GO
Green and qRT-PCR1-&GO Green mastermixes are intended for use
with thermal cyclers that use glass capillary systems.
MP Biomedicals/Qbiogene For information 800-854-0530 www.qbiogene.com

ROX-Free PCR Kit
The BD QTaq ROX-Free DNA Polymerase Kit not only provides the
sensitivity and specificity needed in real-time quantitative poly-
merase chain reaction (qPCR), it also provides the ability to adjust
the passive reference dye concentration.Because the ROX dye is pro-
vided separately, the kit allows the user to determine the best passive
reference dye concentration for the experiment or to omit ROX alto-
gether. The kit features a robust and sensitive full-length Taq DNA
polymerase designed for high efficiency and yield in qPCR reactions.
BD Biosciences Clontech For information 800-662-2566 www.clontech.com

Labeled Lectin
Texas-Red–conjugated tomato lectin is now available. Tomato
lectin (from Lycopersicon esculentum) is an effective marker of
blood vessels and microglial cells in rodents. Conjugation of the
lectin with a fluorophore facilitates fast, one-step detection and
visualization using intravascular perfusion methods or direct
application to tissue sections. The red color provides contrast to
green or yellow fluorescence in
double-label studies.
Vector Laboratories
For information 650-697-3600 

www.vectorlabs.com

Diamond Trimming Tools
A family of diamond trimming
tools is available for the trim-
ming of blocks at room and
cryogenic temperatures. The
CTT-90 is a 90-degree trimming
tool, so the sample remains a
consistent width during sec-
tioning. The CTT-45 produces
blocks that are pyramidal in shape. The UltraTrim allows for the
trimming of blocks quickly and easily without the need for razor
blades or other hand-held or mechanical trimming devices.
Diatome For information 215-412-8390 www.emsdiasum.com

Automated Plant DNA
The BioSprint DNA Plant Kits enable rapid and cost-effective auto-
mated purification of high-quality plant DNA using BioSprint
workstations. The automated procedure completely removes all
contaminants and enzyme inhibitors, and the purified DNA is suit-

able for use in demanding downstream applications, such as poly-
merase chain reaction (PCR), real-time PCR, genotyping, and
microsatellite analysis.
Qiagen For information 800-426-8157 www.qiagen.com

Microscope Test Slides
The Generation 3 series of
microscope test slides can be
used in confocal microscopy
and light microscopy in
brightfield, darkfield, or
Hoffman contrast modes.
The slides allow the user to
take magnification, image
resolution, and shape iden-
tification to new levels in
even the highest magnifica-
tion microscope and imaging
system. They offer a large series of
scales, gratings, squares, targets, and cir-
cles. Users can quickly identify any visual problems in an instru-
ment, including astigmatism, barrel effect, aberrations, and more.
Electron Microscopy Sciences For information 215-412-8400 

www.emsdiasum.com

Cell Culture Perfusion
A new line of disposable spinfilters has been developed for medium
perfusion in cell culture processes. The Spinfilter P is constructed
from precision-woven, open-mesh polyethylene terephthalate
polyester (PETP) fabric on a polycarbonate body. This highly spe-
cialized monofilament fabric is characterized by precisely con-
trolled pore sizes with tight tolerances. The material provides con-
sistent and even surface properties for highly reproducible results.
Standard pore sizes are 10, 20, and 40 µm with custom sizes also
available. The disposable Spinfilter P line is available for vessels

ranging from 1 to 500 liters and can be used
with a variety of stirrer shaft diameters by
using the appropriate mounting adaptors.
Sartorius BBI Systems For information 

800-258-9000 www.sartorius-bbi-systems.com

Literature
Worthington Biochemical Company 2005
Product Catalog features enzymes, bio-
chemicals, and primary cell isolation kits for
applications in life sciences research,
diagnostics, and biotechnology. New and
traditional products are included with appli-
cations in primary cell isolation and cell 
culture, protein research diagnostic enzy-

mology and reagent production, and molecular biology.
Worthington Biochemical For information 800-445-9603 

www.worthington-biochem.com
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In my biochemistry course about 25 years ago I used to study molecules by the diagram of biochemical paths.
Today, I can watch some of these old acquaintances at work and see them wandering from one living cell to the
next and influencingcellular functions. Labelling molecules is now no longer a problem – using a research or
confocal microscope of the Leica Fluorescence Microscopy range. Leica also offers me top-precision image
analysis systems for their subsequent quantification.

Prof. Dr. H. J. Tanke, Leiden University Medical Centre, The Netherlands
Prof. Tanke works with Leica research and confocal microscope systems.

@www.leica-microsystems.com

“Labelling molecules was as hard as
writing on grains of dust with a pencil –
until recently.”

http://www.leica-microsystems.com


Proteins have complex, three-dimensional struc-
tures whose dynamic twists and turns ultimately
determine their function. They exist in huge num-
bers; each human cell typically contains 100,000 or
more proteins. Not surprisingly, then, characterizing
the structures of all the proteins in existence
demands an eclectic mix of tools and technologies.

Proteins differ widely in the degree of difficulty
that scientists encounter when they try determine
their structures. “Assuming that the protein is of a
suitable size and well behaved, it’s quite straight-
forward,” says Douglas Meinhart, product manager,
NMR product lines and manager of the analytical
laboratory at JEOL USA. “But the interesting ones
are not well behaved.” Determining the structures of
badly behaved proteins “is still difficult to do,” adds
Carsten Mang, product manager for proteomics at
Hamilton Life Science Robotics. “It’s more an
art than a science. But the tools are getting better.”

The basic approaches to determining proteins’
structures are familiar to bench scientists. “The
technologies have been around for many years,”
says Nigel Darby, vice president of R&D for protein
separations at GE Healthcare. “They have been
applied to small molecules. But proteins are bigger
and orders of magnitude more complex than small
molecules.” To permit them to tackle proteins, ven-
dors have had to upgrade those methods. “The
improvements in tools and technologies for protein

structure determination have been absolutely
essential for the ability of the structural biology com-
munity to produce protein structures,” says Lance
Stewart, vice president of deCODE biostructures.

Data Driven Research
The large numbers of samples and conditions
involved in these experiments require not only auto-
mated techniques but also powerful computers and
software programs to make sense of all the informa-
tion they create. After all, this is a data driven – rather
than a hypothesis driven – field of research. “The
data flood is incredible,” declares Rudy Potenzone,
senior vice president for product management at
Ingenuity Systems. “Without software,” adds
Thomas Billert, CEO of Jena Bioscience, “you could
not solve a protein structure.”

Experimental means of determining proteins’ struc-
tures rely on diffraction techniques. “X-ray crystallog-
raphy and NMR are the two main methods,” Meinhart
says. “You’ll also run across people doing it with neu-
trons and even electron beams.” X-

Puzzling Out Proteins’ Structures To determine the structures of

large numbers of proteins, researchers rely on updated versions of well-tried

experimental techniques. But the new approach of computer modeling has

started to gather momentum. by peter gwynne and gary heebner
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Visit http://www.science-benchtop.org
to find an expanded version of this article.

ray crystallography, which accounts for about 85 percent of known protein
structures, “is the only method that can rapidly produce high resolution
structures,” Stewart adds. NMR, however, has the advantage of investi-
gating proteins in their natural environments, in solution, rather than in
the solid state.

A significant new approach promises to complement those tech-
niques. “The whole field of protein structure determination has been
entirely experimental up to now,” explains Ying Xu, professor of bio-
chemistry and molecular biology at the University of Georgia. “Until
very recently the cost per structure determination was over $100,000.
Even a recent reduction to $50,000 to $70,000 means that it’s still very
expensive. So we need another way.” That way is computer modeling.
“We’re working on computational approaches to solving proteins’ struc-
tures that complement experimental techniques,” Xu states.

Purifying Proteins
For X-ray crystallography, the first step involves obtaining enough purified
protein to allow analytical methods to be applied. That isn’t always easy.
Scientists need a method that will produce a protein with the correct
functional properties as well as one that they can crystallize successfully.
Sometimes they need to test several expression constructs and expres-
sion systems before they find the combination that yields enough protein
to move to the next phase: growing a crystal.

The situation has improved markedly in recent years. “The whole area
of protein expression and purification, which had been a bottleneck, has
undergone tremendous advances in the past 10 to 15 years,” says GE’s
Darby. Several companies, including Invitrogen, MP Biomedicals, and
Sigma-Aldrich, have developed novel protein expression and purifica-
tion systems based on inserting small peptide sequences into a specific
protein that can be identified with a molecule that recognizes the tag.

Before they can analyze a protein sample, scientists must purify it to
remove contaminating substances. Desalting columns that use gel filtra-
tion methods and dialysis, from such companies as Sigma-Aldrich and
Stratagene, provide effective tools to clean up protein samples.

GE Healthcare’s ÄKTAxpress automated, fully integrated chromatogra-
phy system provides parallel, multidimensional, high throughput purifi-
cation of tagged proteins. The system integrates hardware, software, and
chromatography media in a user-friendly automated system. “The whole
idea is to make a formidable operation – purifying proteins in parallel via
multiple steps – a plug and play operation,” Darby says.

An Esoteric Bottleneck
As its name indicates, X-ray crystallography requires crystals – preferably
extremely pure – of the entity under examination. “It’s still the main bot-
tleneck – the most esoteric part of the whole process,” says Billert of Jena

Bioscience. “You need to screen a very large number of conditions before
you end up with microcrystals of an unknown protein. This may take just
a couple of days, but if you’re unlucky it may take years.”

A good crystal usually has an extremely regular crystalline structure
(referred to as low mosaicity) and a diameter of the order of several hun-
dreds of microns. Crystallographers can deal with smaller crystals (down
toward 50 microns diameter), but they need higher level sources of X-
rays, such as synchrotrons, for structural analysis.

Companies such as Emerald Biosystems, Hampton Research, and
Jena Bioscience offer supplies for screening and optimizing the crystallization
conditions for proteins. “We are trying to become a one-stop shop for crystal-
lography,” says Billert. “We offerscreens, kits for crystal optimization and pro-
tein surface engineering, crystallization plates, and much more.” Several of
the company’s products are also designed for high throughput work.

Other suppliers present a different way to simplify scientists’ lives.
Several companies market automated workstations and robots to help with
the repetitive work required to set up large numbers of sample replicates in
varying conditions. Manufacturers such as Apogent (now a part of Fisher
Scientific), Caliper, Emerald Biosystems, and PerkinElmer Life and
Analytical Sciences offer a range of systems that scientists can adapt to
routine laboratory procedures and studies of protein crystallization.

All Types of Liquids
Hamilton Life Science Robotics has designed its MICROLAB STAR auto-
mated workstation specifically for protein crystallization. It helps to meet
researchers’ needs for high throughput screening of various conditions
for protein crystallization, and can provide large, high-quality crystals
suitable for X-ray diffraction. “It can handle all types of liquids, polar and
nonpolar,” Mang says. “Our robots work like handheld pipettes, with
which scientists are familiar in the lab. There are no syringes, no pumps,
and no tubing. All problems related to dilution of samples with system
liquids are gone. This technology also allows us to monitor each pipetting
step, therefore achieving previously unknown process control.”

X-ray crystallography uses X-rays to determine the precise arrange-
ments of atoms in crystalline specimens. Crystallographic systems gener-
ally include dedicated computers with associated hardware and software
for instrument control, data reduction, solution and refinement of molec-
ular structures, and the display and plotting of final results.

The approach can provide reliable answers to several structure related
questions, from the nature of protein folds to the atomic details of bonding.
The method has no limit on the size of the molecule or complex under
study. “And once a reasonable crystal form has been worked out for the pro-
tein of interest, then the determination of protein-drug complexes can be
worked out almost as fast as the diffraction data can be collected,” deCODE
biostructures’ Stewart says.

Thermo Electron (formerly Applied Research Laboratories) offers a
line of X-ray instruments for seamless integration into laboratory and total
automation solutions. Several firms, including Cengent Therapeutics
and Rigaku, grow crystals as a service for researchers.
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When the left brain collaborates with the right brain,
science merges with art to enhance communication
and understanding of research results—illustrating
concepts, depicting phenomena, drawing conclusions.

TheNational Science Foundation and Science, published
by the American Association for the Advancement of
Science, invite you to participate in the annual Science
and Engineering Visualization Challenge. The competition
recognizes scientists, engineers, visualization special-
ists, and artists for producing or commissioning
innovative work in visual communications.
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Photos/Still Images, Illustrations, Explanatory

Graphics, InteractiveMedia, Non-interactive media

COMPLETE ENTRY INFORMATION:
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Awards in each category will be published in the
September 23, 2005 issue of Science and Science Online
and displayed on the NSF website.
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Contract Research Services
DeCODE biostructures provides contract research services related to the
use of X-ray crystallography to determine the structures of protein-ligand
complexes. “The gene-to-structure collaborative services we offer are of
great benefit to startup or young organizations that want to apply struc-
ture-based drug designs in their product development plans but would
rather not outlay the capital investments needed to install the capability
for determining crystal development structure,” Stewart says.

NMR, discovered in 1945, uses radio waves to induce transitions
between energy levels in atomic nuclei. “You have to interpret the NMR
spectra and perform a guess of the family structure to which the protein
belongs and feed those coordinates into molecular modeling that runs
them around and aims to minimize the energy and compare them with
the NMR data,” JEOL’s Meinhart explains. “That can all be done in com-
puters, but it still takes a matter or weeks or months computer time.”

Companies that offer NMR systems include Bruker AXS and Varian,
in addition to JEOL. “We supply our ECA instrument at various field
strengths for protein structural work,” Meinhart says. “It can accommo-
date up to six radio frequency channels; for protein work you typically
need four. We also use our Delta NMR pro-
cessing software – a full featured package for
multidimensional data. You can walk in with
your sample, put it in the magnet, get a full
suite of calibrations, and go into the protein
data collection automatically.”

Ingenuity Systems applies two products, its
Pathways Analysis solution and its Pathways
Knowledge Base, to work on protein structures.
“We come in at the functional studies stage,”
Potenzone says. “Once you’ve determined what
protein is relevant, we capture information
about what it’s doing, where it’s located, what
its binding modes are, and what kind of com-
pounds interact with it. In effect, this is the next
stage of determination beyond the structure. If
you have similarly acting proteins, we might be
able to give you some clues as to where else to
look. It’s like a dynamic database.”

The Next Major Advance
Databases and information technology have
also smoothed the way to the next major
advance in determining proteins’ structures:
computer modeling. The University of
Georgia’s Xu explains the basis of the
approach. “People have found that in nature
the number of unique protein folds is quite
small – perhaps a few thousand fold fami-
lies,” he says. “So if you solve one structure in
a fold family, you can model the structures of
the others in the family, using the solved
structure as a structural template. People
have found that about 90 percent of the struc-

tures solved in the past three years fall into fold families at least one of
whose members have had their structures previously solved.”

The process of modeling proteins’ structures has only just started, and
it still relies heavily on experimental structure determination.
“Theoretically, once you know the structure of a member of your folding
family you can model other family members’ structures,” Xu notes. “But
the larger number of accurate structures you can get for a family, the bet-
ter will be the accuracy of your modeling prediction.” Computational
structure predictions still have a long way to go to reach the accuracy level
of experimental structure solutions such as X-ray crystallography and
NMR. “We are probably still years away from consistently reaching the
accuracy level of 1.5 Å obtained by experimental structures,” Xu esti-
mates. Nevertheless, he adds, “The economic argument is that this
method has to work because it costs too much per structure to do it
experimentally. The scientific argument is that it will work.”
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Science’s GetInfo – products and more > science.labvelocity.com

Leica Microsystems AG [Germany]
instruments and systems for imaging analysis,
digital cameras
+49 6441 290, http://www.leica-microsystems.com

Leica Microsystems [USA] 847-405-0123

Syngene [Europe]
digital imaging and analysis products for 2-D gel
electrophoresis
+44 (0)1223 727123, http://www.2dymension.com

Syngene [USA] 301-662-2863

Takara Bio, Inc.
kits and reagents for molecular biology research,
including genomics and proteomics
+81 77 543 7247, http://www.takara-bio.com

F E A T U R E D C O M P A N I E S
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POSITIONS OPEN

ASSISTANT/ASSOCIATE PROFESSOR OF
ANATOMY

Kansas City University of Medicine and Biosci-
ences (KCUMB) seeks candidates for the position of
Assistant or Associate Professor of Anatomy. The
successful candidate must have a Ph.D. in anatomy,
or related discipline, and experience teaching histol-
ogy and human gross anatomy. Duties will include
teaching cell biology, histology, and full-dissection
gross anatomy for medical students. The successful
applicant may also elect to participate in teaching
within graduate programs in the College of Bio-
sciences. Successful applicants will be expected to
maintain ongoing, productive scholarly activity.
History of successful extramural funding is desir-
able. For additional information, contact: Robert E.
Stephens, Ph.D., Professor and Chair, Anatomy.
Telephone: 1-800-234-4847, extension 2244 or
telephone: 816-283-2244; e-mail: rstephens@
kcumb.edu.

KCUMB is Missouri_s largest medical school with
a new College of Biosciences and Biosciences_
Research building. Competitive pay is complemented
by an exceptional benefits package. KCUMB is
located in the historic Northeast part of Kansas City,
Missouri, near downtown and collaborating academ-
ic institutions.

To apply, send a letter of interest for job #05-11,
curriculum vitae, a statement regarding scholarly activ-
ity, teaching goals and philosophies, and contact
information for three references to: SusanM. Schmidt,
Assistant Director of Human Resources, 1750
Independence Avenue, Kansas City, MO 64106-
1453. Telephone: 800-234-4847, extension 2229
or telephone: 816-283-2229; e-mail: employment@
kcumb.edu (Word or PDF format only please); or
fax: 816-283-2285. Pre-employment drug screen
and background check required. Must be authorized
to work in the United States. Website: http://
www.kcumb.edu. KCUMB is committed to being
a key stakeholder and integral part of the Kansas City
Area Life Sciences Institute. Website: http://
www.kclifesciences.org.

Equal Opportunity Employer.

ASSOCIATE, ASSISTANT PROFESSORS
Viral Oncogenesis/Molecular Virology

The Department of Microbiology and Immunol-
ogy of The Chicago Medical School, Rosalind
Franklin University of Medicine and Science, located
in the northern suburbs of Chicago, invites applica-
tions for full-time, tenure-track appointments at the
Associate and Assistant Professor levels in viral
oncogenesis. We seek candidates to join a significant
expansion of the Department in a newly built
research building with state-of-the-art laboratories
and facilities. Core resources include confocal, live-
cell and electron microscopy facilities, and a struc-
tural biology and proteomics center.

Candidates must have a Ph.D. or M.D. degree
with training in viral oncogenesis and molecular
virology. Candidates at the Associate Professor level
must have a currently funded research program and a
track record of federal funding. Candidates at the
Assistant Professor level should show evidence of
productive research accomplishments and demon-
strated ability to pursue an independent research
program. Successful candidates will receive compet-
itive salaries, attractive startup packages, and are
expected to develop and maintain an externally
funded research program and teach at the medical
and graduate level. Interested applicants should
submit their curriculum vitae, description of current
and future research plans, copies of recent repre-
sentative publications, and names and contact in-
formation of at least three references to: Bala
Chandran, Ph.D., Chair, Department of Micro-
biology and Immunology, The Chicago Medical
School, Rosalind Franklin University of Medi-
cine and Science, 3333 Green Bay Road, North
Chicago, IL 60064. Review of applications will
begin immediately and will continue until the
positions are filled. Rosalind Franklin University of
Medicine and Science is an Equal Opportunity/Affirmative
Action Employer.

POSITIONS OPEN

ASSISTANT, ASSOCIATE, FULL PROFESSOR

The Department of Pathology at the University of
California, San Diego (UCSD) (website: http://
medicine.ucsd.edu/Pathology) announces an
open search for outstanding investigators. Appoint-
ment at rank (tenured/tenure track) will be deter-
mined by skills and qualifications. Salary based on
University of California pay scales. Applicants should
have an M.D. and/or Ph.D., significant postdoctoral
research experience, and the drive to develop a
successful extramurally funded research program.
The search is not limited to a specific research field;
however, preference will be given to candidates in
areas of cell biology relevant to pathology, such as
cell-signaling, cell adhesion, and migration, growth
and development, and the cytoskeleton. Board-
certified/eligible pathologists, who are prepared to
contribute to our clinical enterprise, in addition to
establishing independent research, are particularly
encouraged to apply. Successful candidates will
occupy newly renovated laboratories and receive
startup packages. Opportunities are available to par-
ticipate in our teaching and highly regarded gradu-
ate education programs. Please forward curriculum
vitae, names/addresses of at least three references,
and a one-page description of your research plan to:
Dr. Steven L. Gonias, Search Committee Chair,
c/o Ms. Judy Riddle, Search Coordinator, De-
partment of Pathology 0717, University of
California, San Diego School of Medicine, 9500
Gilman Drive, La Jolla, CA 92093-0717. Appli-
cations are acceptable to e-mail: jriddle@ucsd.edu.
Review of applications will begin June 22, 2005, and
will continue until the position is filled. UCSD is an
Affirmative Action/Equal Opportunity Employer with a strong
institutional commitment to excellence through diversity.

TENURE-TRACK FACULTY POSITION
Molecular Oncology, Department of Medicine

Washington University, St. Louis

The Division of Oncology invites applications for
full-time, tenure-track appointment at the rank of
ASSISTANT PROFESSOR. Candidates must
have a Ph.D., M.D., or equivalent degree, relevant
postdoctoral experience, and a strong record of re-
search accomplishment. We are seeking candidates
with an interest in basic molecular oncology using
innovative approaches in developmental, molecular
or cell biology, biochemistry, or biophysics. The suc-
cessful candidate will be expected to establish and
maintain a vigorous, independently funded research
program. Competitive salary, ample startup packages,
and first-class laboratory space will be provided.

Please provide (1) current curriculum vitae, list of
publications, and grant support, (2) a brief state-
ment of research interests, and (3) contact infor-
mation for three references. Send applications to:
Dr. Lee Ratner, Chair of the Search Committee,
Division of Oncology, Campus Box 8069, 660 S.
Euclid Avenue, Washington University, St. Louis,
MO 63110 or to e-mail: lratner@im.wustl.edu.

ASSISTANT DIRECTOR
Instructional Development Program

Required: Ph.D., Ed.D., or terminal degree; two
years_ experience consulting with post-secondary
faculty about teaching and learning issues; experi-
ence in developing and conducting workshops on
college teaching and learning; demonstrated knowl-
edge of educational psychology, learning theory,
evaluation and instructional methodology; excellent
writing skills; strong interpersonal skills. Preferred:
college teaching experience; experience working
with diverse groups. Visit our website: http://
www.uri.edu/human_resources for a complete job
description. Review of applications will begin on
June 16, 2005, and continue until filled. Please sub-
mit (no e-mail or faxes, please) a resume, cover letter,
and a list of three references to: Lynn Pasquerella,
Search Chair (Req #SM011032), University of
Rhode Island, P.O. Box G, Kingston, RI 02881.
University of Rhode Island is an Affirmative Action/Equal
Employment Opportunity Employer and values diversity.
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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

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.
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Anthony thrives in the 
friendly atmosphere of a 

small-company environment. 
He also benefits from the 
career flexibility that a big 

company offers. 

Jane appreciates her big 
company’s impact on global 

health care. She is also 
energized by the teamwork 

and cooperation of her small-
company environment.  

Jane, Research &
Development

Anthony, Research &
Development

small-company
environment

big-company
impact

SM

It’s not about compromise—it’s about realizing your vision.

You’re an achiever who is passionate about the way you spend your days.
You demand more from yourself and bring more to your job, your team,
and your organization. You’d love to find a small-company environment
where you can see and touch the bottom line. Yet you hunger for big-
company impact, with world-class leadership and global achievement.

Within the Johnson & Johnson Family of Companies we celebrate and
promote small-company environments that support the needs of indi-
viduals and teams. Our decentralized, adaptive organization has grown to
become the world’s most broadly based health care company. Through
more than 200 operating units in 57 countries, we bring real, in-depth
solutions to nearly every corner of global health care.

Visit www.jnj.com/careers to establish a career profile or to forward your resume toward a posted position. Please reference company and requisition
code with all specific applications. For these positions, please also email your resume to JJRDS@corus.jnj.com.

Look deeper at the Johnson & Johnson Family of Companies.

find more
www.jnj.com/careers

©Johnson & Johnson Pharmaceutical Research & Development, L.L.C. 2005.
An equal opportunity employer. SMALL-COMPANY ENVIRONMENT/

BIG-COMPANY IMPACT is a service mark of Johnson & Johnson.
Johnson & Johnson Pharmaceutical Research & Development, L.L.C.
is a member of the Johnson & Johnson Family of Companies.

Johnson & Johnson Pharmaceutical Research & Development, L.L.C., a global leader in pharmaceutical R&D, develops treatments that improve the health and lifestyles of people world-
wide. Research areas include psychiatry, gastroenterology, oncology, anti-infectives, central nervous system, diabetes, hematology, immunology/inflammation, and women’s health.

Principal Scientist/Research Fellow–
Antimicrobial Agents
Raritan, NJ (Req. 0505114)

Ph.D. in Microbiology or related field with 12+ years
pharmaceutical experience in a microbiology Drug
Discovery or Drug Development program. Will assume
the major responsibility for the daily activities required
to bring a late-stage beta-lactam antibiotic to market.
Must be skilled in microbiology research techniques,
with experience in the in vitro evaluations of antimi-
crobial agents. Will interact with outside investigators
and will supervise associates in conducting MOA and
resistance studies. Knowledge of microbiology require-
ments for IND, NDA and CLSI submissions is essential.
Leadership skills in directing both Ph.D. and non-Ph.D.
scientists are critical.

Assoc. Scientist/Sr. Assoc. Scientist–
Antimicrobial Agents
Raritan, NJ (Req. 0506300)

MS, BA or BS in Microbiology, Molecular Biology or
Biochemistry with 3 to 5 years pharmaceutical experi-
ence in a microbiology Drug Discovery program for an
MS candidate; 5-7 years experience for a BA/BS candi-
date. Strong biochemistry background with experience
in enzymology. Performs microbiology, biochemistry
and/or molecular biology experiments to identify new
antibacterial agents. Develops and executes primary
and secondary screening assays for new antibacterial
agents. Examines mechanisms of antibacterial action
and resistance for lead compounds. Experience in
working with in vivo infection models is an asset.

Research Asst./Research Assoc.–
Antimicrobial Agents
Raritan, NJ (Req. 0505121)

MS in Biochemistry, Microbiology or Molecular Biology;
BA or BS in Biochemistry is acceptable; 2 years pharma-
ceutical experience in a Drug Discovery program or in
an academic laboratory for an MS candidate; 1 to 3
years in the pharmaceutical industry or in an academic
laboratory for a candidate with a BA or BS. Purifies pro-
teins for use in assay development and screening.
Conducts primary and secondary screening assays for
new antibacterial agents under supervision. Experience
with and a working knowledge of bacterial pathogens
is helpful. 

Who says you have to choose?

http://www.jnj.com/careers
mailto:JJRDS@corus.jnj.com
http://www.jnj.com/careers


NATIONAL INSTITUTE OF DIABETES AND DIGESTIVE AND KIDNEY DISEASES (NIDDK)
POSTDOCTORAL FELLOWSHIPS IN THE GENETICS & BIOCHEMISTRY BRANCH

AND LABORATORY OF MOLECULAR BIOLOGY
We are a group of molecular and structural biologists who share state-of-the-art facilities on the main intramural campus of the NIH in Bethesda, Maryland. The intramural 
program of the NIH offers an outstanding research environment and many opportunities for collaborations. Applications are invited from individuals of the highest caliber with 
Ph.D., M.D., or M.D.-Ph.D degrees.  Salary and benefits will be commensurate with the experience of the candidate. Please send a letter and CV to the following email addresses 
or mail to the appropriate investigator(s) at: National Institutes of Health, Building 5, Room 201, 9000 Rockville Pike, Bethesda, MD  20892-0538
- Mechanisms of protein transport across the ER and bacterial inner and outer membranes. (PNAS (2001) 98: 3471; EMBO J. (2001) 20: 6724; PNAS (2005) 102: 221). Harris Bernstein: 
harris_bernstein@nih.gov
- Structural biology of integral membrane proteins. (J. Mol. Biol. (2003) 332: 353; Mol. Microbiol. (2004) 51: 1027; FEBS Lett. (2004) 564: 294). Susan Buchanan: skbuchan@helix.nih.gov
- Mouse meiosis (Mol. Cell (2000) 6:975; Dev. Cell (2003) 4: 497; Nature Struct. Mol. Biol. (2005) 12: 449) and evolutionary genomics (Nature Genet (2004) 36: 642). Dan Camerini-Otero: 
camerini@ncifcrf.gov
- Molecular mechanism of retroviral integration. Biochemical and functional analysis of HIV integrase. http://orac.niddk.nih.gov/www/craigie/crahome.html. 
Bob Craigie: bobc@helix.nih.gov
- Structural biology of the ectodomains of the Toll-like receptors of the innate immune system.  (Trends in Immunology (2003) 24: 528). David Davies: david.davies@nih.gov
- Structural biology of DNA recombination. (Nature (2004) 432: 995; Mol. Cell (2002) 10: 327; (2004) 13: 403; Mol. Cell (2000) 5: 1025; EMBO J. (2004) 23:2972). Fred Dyda: Fred.Dyda@nih.
gov
- Chromatin structure/function; histone modifications; boundary elements. (Science (2001) 293: 2453-2555; EMBO J. (2004) 23: 138-149; Mol. Cell (2004) 13: 291-298). Gary Felsenfeld: gary.
felsenfeld@nih.gov
- Biochemistry and molecular biology of gene rearrangement in the immune system.  (EMBO J. (2002) 21: 6625; PNAS (2003) 100: 15446). Marty Gellert: gellert@helix.nih.gov
- Molecular mechanisms of DNA mismatch repair. (Nature (2000) 407: 703; J. Mol. Biology (2003) 334: 949; PNAS (2003) 100: 14822). Peggy Hsieh: ph52x@nih.gov
-Transcriptional regulation of development. Molecular and genetic analysis of the transcriptional control of development in C. elegans (Development (2005) 132: 1795). Michael Krause: 
mwkrause@helix.nih.gov
- Single-molecule biochemical study of macromolecular complex assembly/disassembly dynamics involved in a variety of cellular processes. (Mol. Cell (2002) 10: 1367). Kiyoshi Mizuuchi: 
kmizu@helix.nih.gov
- Structural and functional studies of DNA repair (Mol. Cell (2001) 7: 1; EMBO (2000) 19: 5962), and replication. (Nature (2003) 424: 1083; Mol. Cell (2004) 13: 751). Wei Yang: wei.yang@nih.
gov
- Role of the ubiquitin-proteasome system in ER quality control (Nature 2001, 414: 652-656; J. Cell Biology 2003, 162: 71-84; Nature 2004, 429: 841-847). Yihong Ye: yihongy@mail.nih.gov 

Tenure-Track Positions in Basic/Clinical Neurobiology
The Laboratory of Neurobiology in the Division of Intramural Research is recruiting Tenure-Track Investigators to establish high-
quality independent research programs on fundamental problems in cellular and molecular neurobiology with the potential to iden-
tify and prevent environmental disruption of human cognitive potential at any life stage, including early development, childhood 
learning, or neurodegenerative processes associated with aging.  Applicants should have an M.D., Ph.D. ,M.D.-Ph.D. or equivalent 
doctoral degree with 3 or more years of postdoctoral research experience and a strong publication record. Physician-scientists with 
a significant clinical component to their research proposal and investigators using genetic model organisms to understand human 
neurological disorders are especially encouraged to apply, but all outstanding applicants will be considered. Excellent start-up funds, 
salary, and benefits package will be provided. In addition the applicant will have access to state-of-the-art equipment and research 
core facilities at the NIEHS. Interested persons should send their curriculum vita with a statement of research accomplishments
and plans, and arrange for three letters of recommendation to be submitted to the following address. For general information 
concerning the Laboratory of Neurobiology, access website http://dir.niehs.nih.gov/dirln/.  For general information about 
these positions, contact Perry J. Blackshear, M.D., D.Phil., Search Committee Chair at black009@niehs.nih.gov. Applica-
tions received by July 1, 2005, will be given first consideration. Applications received after that date will be considered only if the 
position has not been fi lled.

Ms. Cindy Garrard (DIR05-06) 
National Institutes of Health

National Institute of Environmental Health Sciences
P.O. Box 12233, Maildrop A2-06
111 Alexander Drive, Room A206

Research Triangle Park, NC 27709
E-mail: dir-appls@niehs.nih.gov
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NIH/NIST Joint Postdoctoral Program:  Interfaces between the Biological and Physical Sciences
The National Research Council of the National Academies is accepting applications for the Joint Postdoctoral Program for research in residence 
at the National Institutes of Health (NIH) and the National Institute of Standards and Technology (NIST).  The goal is to cultivate a scientifi c
work force competent in both the biological and the physical sciences.  The research opportunities will emphasize interdisciplinary research at the 
interface of the biological and physical sciences including, but not limited to, structural and computational biology, medical and bioinformatics, 
genomics and proteomics, tissue engineering, single molecule detection, nanotechnology, and imaging techniques.  Each Postdoctoral Associate 
will have two Advisers, one at the NIH and one at NIST, and the Associate is expected to spend time at both the NIH and the NIST laboratories 
during the course of the two-year award.  The NIH laboratories are located in Bethesda, Rockville, Frederick, and Baltimore, in Maryland; and in 
Research Triangle Park, North Carolina.  The NIST laboratories are in Gaithersburg, Maryland, and in Boulder, Colorado.

Five awards will be made in 2005 with the competition being open to both U.S. and non-U.S. citizens.  The application deadline date is August 1, 
2005.  Awards will be made in late September.  Ph.D. recipients within five years of the doctorate at the time of application are eligible to apply. 
The award offers an annual stipend of $55,000 plus relocation expenses, health insurance coverage, and limited professional travel.

For additional information, including specific research opportunities, refer to the NIH/NIST Joint Postdoctoral Program on the National Research 
Council Web site at: www.national-academies.org/rap
Application instructions can also be found on the NRC Web site.  Questions should be directed to the NRC at 202-334-2760 (tel) or rap@nas.edu
Contact:  NIST: Dr. Claire M. Saundry, E-mail:  claire.saundry@nist.gov, Telephone:  (301) 975-2386.

http://www.national-academies.org/rap
mailto:rap@nas.edu
mailto:claire.saundry@nist.gov
http://cancer.gov/prevention/pob
http://cancer.gov/prevention/pob
http://cancer.gov/prevention/pob
http://cancer.gov/prevention/pob
mailto:cpfpcoordinator@mail.nih.gov
http://www.nih.gov


NCCR Iconic Criticism. Understanding the Power
and Meaning of Images
Iconic Criticism is one of the six recently launched National Centres of Competence in
Research (NCCR) of the Swiss National Science Foundation. Home base is the University of
Basel. This interdisciplinarily designed project of maximum duration of 12 years centers itself
around the core questions of: How does the image generate meaning — in science, in the ordi-
nary, in art? What influences the image and what is its influence? Where is the image’s innate
and irreplaceable might?
Attempts to clarify these unanswered questions come from the Humanities, the Natural
Sciences as well as Technology. NCCR Iconic Criticism is building bridges between the disci-
plines within the responsible University of Basel as well as in various Swiss and international
universities, colleges, research institutions, museums and collections.
NCCR Iconic Criticism is structured in 6 thematic modules: The Power of Images – Image
Politics / Image, Architecture and Word / Time in the Image – Liveliness and Temporality / The
Image of Writing / The Literary Text as Iconic Criticism / The Epistemic Image: Visualization in
Science, Technology and Humanities as well as in a Postgraduate Research Group on the ques-
tion of “Image and Knowledge”.
Interested?
We advertise the first positions and grants starting 1 October 2005 :
• 20 positions for young academics
• 12 three-years doctoral grants for participation in the Postgraduate Research Group
Young academics (postdoctoral fellows, as well as doctoral candidates) from the fields of
Image Studies, Language and Literature, Scientific History, Natural Sciences who have already
excelled in their field are invited to apply.
Deadline for submissions 18 June 2005
Detailed descriptions of the positions can be found at: www.eikones.ch
or through Helen Dunkel, phone ++41 61 267 1803, helen.dunkel@unibas.ch
eikones – NCCR Iconic Criticism, Universität Basel, Rheinsprung 11, CH 4051 Basel, Switzerland

U N I V E R S I T Ä T B A S E L

DEAN
SCHOOL OF SCIENCE 

Rensselaer Polytechnic Institute, the nation's oldest technological institute and a top-ranked private
research university, seeks a highly accomplished, scientific leader to serve as Dean of the School
of Science. The Dean will be the administrative head of the School, lead its academic and
operational planning, and work to secure the necessary resources to fulfill its ambitions.
In May 2000, under the leadership of new President, the Honorable Shirley Ann Jackson, Ph.D., the
Board of Trustees of Rensselaer Polytechnic Institute adopted The Rensselaer Plan, setting a bold
course of action and signaling a new era in the distinguished history of the Institute. The Plan has
launched a dramatic transformation at Rensselaer. With an emphasis on biotechnology and
information technology, research funding has more than doubled in five years, faculty has been
significantly expanded, student enrollment and quality are up, and an unprecedented building boom
is underway. In September 2004, Dr. Jackson and Rensselaer announced the largest capital
campaign in the University's history, with a goal of raising $1 billion by the campaign's end in 2008.
At this time of unprecedented growth and vision, Rensselaer seeks an energetic and innovative
leader to drive the School of Science's ascension in research and academic standing. Reporting to
the Provost, the Dean will work to catalyze expanded research in fundamental as well as applied
sciences; raise academic quality, ranking, and visibility across all departments; and increase
undergraduate and Ph.D. enrollments. The Dean has an opportunity – building on the Institute's
core strengths and extraordinary momentum – to lead the School of Science to a further enhanced
position of national and international prominence.
Rensselaer seeks a Dean with broad intellectual interests, top-tier scientific credentials, and the
leadership and managerial capacity to actualize a bold vision for the future of the School of Science.
The position requires a leader with strategic capacity, a track record of excellence in research,
outstanding communication skills, and entrepreneurial capacity to inspire and galvanize the
Rensselaer School of Science.
All inquiries, nominations, and applications should be sent in confidence to: John Muckle,
Isaacson, Miller, 334 Boylston Street, Suite 500, Boston, Massachusetts, 02116;
Fax: 617.262.6509; email: 3016@imsearch.com.
Interested applicants are strongly encouraged to send resumes with cover letters via
electronic mail.
Rensselaer Polytechnic Institute has a strong
institutional commitment to diversity and is an
Equal Opportunity/Affirmative Action employer.

PROFESSOR
AND CHAIR

DEPARTMENT OF 

VETERINARY PATHOBIOLOGY

UNIVERSITY OF MISSOURI,

COLUMBIA

The University of Missouri-Columbia College 
of Veterinary Medicine invites applications
and nominations for the position of Professor 
and Chair of the Department of Veterinary 
Pathobiology. The Pathobiology Department, 
housed in recently renovated research and
teaching facilities, consists of 43 faculty, 41
graduate students and postdoctoral fellows,
and over 100 staff. Two administrative units
reside in the department: the Research Animal 
Diagnostic Laboratory (RADIL) and the
Veterinary Medical Diagnostic Laboratory
(VMDL). The Department has a strong com-
parative medicine program, including three NIH
Resource and Research Centers (mutant mouse,
rat, and swine) and a T32 Comparative Medicine
Training program. There is also a strong infec-
tious disease research component, including the
Regional BL3 Biocontainment Facility, under 
construction and a combined graduate program 
with the Molecular Microbiology and Immu-
nology Department in the School of Medicine. 
The University of Missouri-Columbia campus 
offers unique opportunities for collaborations 
and multidisciplinary research including inter-
divisional programs bridging to the College of 
Agriculture, Food and Natural Resources, Life 
Sciences Center, and the School of Medicine. 
Candidates for this position must be scholars 
of international or national stature with an
earned doctorate. The individual selected must 
possess excellent interpersonal skills, commu-
nication skills, proven leadership abilities, and 
the vision to lead the diverse research, service 
and educational missions of this department.
The Department Chair reports directly to the
Dean and is a member of the College Execu-
tive Committee that advises the Dean and helps 
formulate College policy. He/She is expected to
maintain a prominent level of scholarly activ-
ity and stimulate faculty toward high scholarly 
achievement. Preference will be given to indi-
viduals with proven leadership experience, a
sustained record of extramural support, and an 
appreciation of the importance of the service 
components of the department. 

Applicants should submit a letter of applica-
tion, statement of goals, curriculum vitae, and 
the names and contact information of at least 
three references. Consideration of applications 
will begin July 1, 2005 and will continue
until the position is fi lled. Nominations and
applications should be sent to: Dr. M. Harold 

Laughlin, Chair of the Biomedical Sciences 

Department and Chair of the Veterinary 

Pathobiology Search Committee, ATTN: 

Ms. Jennifer Sonnenberg, W203 Veterinary 

Medicine Building, College of Veterinary 

Medicine, University of Missouri, Colum-

bia, MO 65211. Telephone: (573) 882-3768.
Additional information is available at http:

//www.cvm.missouri.edu/cvm/positions/

pathobiology.html.

The University of Missouri-Columbia is 
an Affi rmative Action/Equal Opportunity 

Employer and complies with the guidelines of 
the Americans with Disabilities Act of 1990. 
If you have special needs as addressed by the 

ADA and need assistance with this or any 
portion of the application process, notify us 
at the address or telephone number above as 
soon as possible. Reasonable efforts will be 
made to accommodate your special needs.

http://www.eikones.ch
mailto:helen.dunkel@unibas.ch
mailto:3016@imsearch.com
http://www.cvm.missouri.edu/cvm/positions/pathobiology.html
http://www.cvm.missouri.edu/cvm/positions/pathobiology.html
http://www.cvm.missouri.edu/cvm/positions/pathobiology.html


DEPARTMENT OF HEALTH AND HUMAN SERVICES
NATIONAL INSTITUTES OF HEALTH

NATIONAL INSTITUTE OF ALLERGY AND INFECTIOUS DISEASES

With nationwide responsibility for improving the health and well-being of all Americans, the National Institutes
of Health (NIH) and the National Institutes of Allergy and Infectious Diseases (NIAID) conducts and supports a
global program of research aimed at improving diagnosis, treatment and prevention of immunologic, allergic
and emerging infectious diseases. NIAID’s mission is driven by a strong commitment to basic research, which
incorporates the complementary fields of vaccine research, immunology, microbiology and infectious diseases.

NIAID is a world leader in medical research and is on the cutting edge of medical and scientific research/discovery,
including areas of biodefense (i.e., small pox and anthrax), HIV/AIDS research worldwide, vaccine research
(i.e., Ebola), asthma and allergic diseases and other advances of medical and scientific research. NIAID has
state-of-the-art equipment, facilities and laboratories and a highly trained staff with the potential and desire
to find a cure/vaccine for some of the deadliest infectious diseases known to mankind.

The NIAID is committed to maintaining its stature as a premier research institution by building an inclusive
workforce through the Workplace Diversity Initiative and Affirmative Action programs. The NIAID’s commitment
to equal opportunity and diversity in recruiting, hiring and career development will help ensure the continued
output of excellent science.

Are you ready for an exciting career that could help improve millions of lives around the world?  Then consider
joining the scientific and medical forces at NIAID. The NIAID, NIH, DHHS offers competitive salaries and a
comprehensive benefits package. Most job opportunities are conveniently located in Bethesda, Maryland within
minutes of thousands of cultural, recreational, entertainment and educational centers. Positions are also available
in Hamilton, Montana.

We invite you to explore job opportunities and submit your resumes online at:
http://healthresearch.niaid.nih.gov/Science. Whether you are a scientist, nurse, health specialist or have a
background in other support disciplines such as finance, communications and administration, your individual
talents are needed to support our mission. Do not delay. Medical history won’t wait. NIAID is currently
searching for qualified Medical Officers, Nurse Consultants, Scientific Review Administrators, Senior Regulatory
Affairs Specialists and Health Specialists.

We are happy to respond to your questions, and you may contact us toll-free at 888-798-4991.

Please visit us at the American Society for Microbiology 105th General Meeting in Atlanta, GA 
June 5-9 at booth #1008

Please reference “Science” on your resume.

http://healthresearch.niaid.nih.gov/Science


Baylor College of Medicine
Children’s Nutrition Research Center

Department of Pediatrics
POSITION DESCRIPTION

Position: Assistant or Associate Professor of Exercise Science

The Children’s Nutrition Research Center (one of six USDA funded Human Nutrition Research Centers 
across the US) is looking to expand its faculty to include an Assistant or Associate Professor of Exercise 
Science or Kinesiology. This is a 12 month, tenure track position. The primary responsibility of the suc-
cessful candidate is to establish a highly successful program of externally funded research on physical 
activity among children, with an emphasis on obesity prevention. The primary methods could include 
epidemiological, behavioral and/or interventional approaches to enhancing physical activity in children. 

The CNRC includes more than 55 faculty who engage in research on various aspects of nutrition, includ-
ing exercise science. Twelve of these faculty are currently engaged in research on behavioral and related 
aspects of children’s diet and physical activity. There will be substantial opportunity to collaborate with 
scientists with expertise in pediatric behavior, genetics, molecular biology, endocrinology, body compo-
sition, energy expenditure and other disciplines. The successful candidate will be invited to collaborate 
on several existing intervention studies. For more information on faculty interests at the Center, visit the 
CNRC faculty page at http://www.kidsnutrition.org/faculty/listing.htm.

The successful candidate will have a track record of funding for research and a corresponding record of 
related publications in top-tier, peer reviewed journals. The position requires a doctoral degree in exer-
cise science (or a closely related fi eld) and, preferably, post-doctoral training with at least two years of 
research experience. Pediatricians with specialized training in exercise science and the above funding and 
publication accomplishments are also qualifi ed to apply. Salary will be competitive and commensurate 
with qualifi cations.

Houston is the fourth largest city in the US with an ethnically diverse population. Houston contains all 
the educational, cultural, and sports amenities. The Gulf Coast and the beaches at Galveston are only 50 
mins away.

Please submit a letter of application, a full CV (including the Science Citation Index for the 10 most 
frequently cited publications), copies of three best publications, and three letters of reference addressing 
the candidate’s research, creativity and productivity, and ability to establish an internationally recognized 
program of externally funded research to: Tom Baranowski, Ph.D., Professor of Pediatrics (Behavioral 

Nutrition and Physical Activity), Children’s Nutrition Research Center, Department of Pediatrics, 

Baylor College of Medicine, 1100 Bates Street, Room 2038, Houston, TX 77030-2600; 713-798-6762 

(phone); 713-798-7098 (fax); tbaranow@bcm.tmc.edu.

Baylor College of Medicine is an Equal Opportunity/Affi rmative Action/Equal Access Employer.

Join the Program of Excellence 
in Nanotechnology for Vulnerable 

Plaque Funded by the National Heart, 
Lung and Blood Institute

The physical rupture of atherosclerotic plaques 
and the resulting myocardial infarcts cause
thousands of sudden cardiac deaths per year. 
Importantly, only certain subsets of plaques
are vulnerable or rupture prone. The long-term 
objective of this Program of Excellence is to
design nanodevices for the analysis, diagnosis, 
monitoring and treatment of vulnerable athero-
sclerotic plaques. By working at the interface of 
biochemical design and nanoscience, researchers
will create novel, diagnostic therapies for ath-
eroma. This Program of Excellence is a partner-
ship between The Burnham Institute, The Scripps
Research Institute, and The California Nano
Systems Institute at the University of California 
Santa Barbara. The principal investigators in this 
program include:

• Jeffrey W. Smith, Ph.D.

Associate Professor/The Burnham Institute
Protein engineering, phage display, adhesion 
biology, vascular biology

• Erkki Ruoslahti, Ph.D., M.D.

Distinguished Professor/The Burnham Institute
Homing peptides for vascular targeting, phage
display, drug targeting

• Francesca Marassi, Ph.D.

Assistant Professor/The Burnham Institute
Structural biology, NMR, solid-state NMR

• Zaverio Ruggeri, M.D.

Professor/The Scripps Research Institute
Vascular biology, platelet function, sheer
stress, platelet adhesion proteins

• Mark Yeager, M.D., Ph.D.

Professor, Department of Cell Biology/ Scripps
Research Institute; Professor, Department of 
Cardiology/Scripps Clinic 
Protein structure, Cryo-EM

• Samir Mitragotri, Ph.D.

Assistant Professor of Chemical Engineering/
University of California Santa Barbara
Targeted drug delivery of nanoparticles, oral 
protein delivery, transdermal drug delivery

• Joseph Zasadzinski, Ph.D.

Professor of Chemical Engineering and
Materials/University of California Santa
Barbara
Polymers, biomimetic self-assembly, veso-
somes, microscopy

• Matthew Tirrell, Ph.D.

Professor, Chemical Engineering, Materials
and Biomolecular Science and Engineering/
University of California Santa Barbara
Self-assembling polymers and amphiphiles,
frictional behavior

• Patrick Daugherty, Ph.D.

Assistant Professor/University of California
Santa Barbara
Protein engineering through computational
design and phage display

• Andrew Cleland, Ph.D.

Professor of Physics/ University of California 
Santa Barbara
Nanolithography, nanomachining and nano-
electronics

We are seeking postdoctoral candidates with
expertise in biology, chemistry, engineering
or physics to join us in this developing fi eld. 
Applicants should submit via email a letter of
application, a brief description of career inter-
ests, and a curriculum vitae and bibliography to: 
The Burnham Institute, humanresources@

burnham.org.

COASTAL WETLANDS ECOLOGIST

The Department of Marine Biology at Texas A&M University at Galveston (TAMUG) invites 
applications for a 9 month tenure-track position in coastal wetlands ecology at the assistant
or associate professor level. The successful applicant is expected to teach at the undergradu-
ate and graduate levels, advise graduate students, and develop an externally funded research
program. Applicants must have a PhD, with post-doctoral experience. Areas of specialization
include but are not restricted to ecosystem modeling, spatial analyses with GIS, land use, fi sh-
eries, restoration, and sea grass ecology. A commitment to excellence in teaching is required
and prior teaching experience is desirable. The applicant is also expected to work with the
Outreach Program for wetlands education and take a leading role in the maintenance and
utilization of a newly constructed wetlands center. Competitive start-up funds are available.

TAMUG, with a current enrollment of approximately 1600 undergraduates and 75 graduate
students, is the coastal branch campus of Texas A&M University (TAMU), and all students at 
TAMUG are enrolled in marine or maritime degree programs. The main campus has a current 
enrollment of approx. 44,000 students, and TAMU is the Land, Sea and Space Grant University 
of Texas. Graduate degrees pursued by TAMUG students at College Station include Biology, 
Oceanography, Ocean Engineering, Rangeland Ecology and Management, and Wildlife and
Fisheries Sciences. Marine Biology (MARB) is the largest department at TAMUG, with approxi-
mately 500 undergraduates and 40 graduate students. TAMUG, as TAMU’s ‘window to the sea,’
houses the Texas Maritime Academy, which operates the T/S TEXAS CLIPPER II. TAMUG 
is headquarters for the Texas Institute of Oceanography (TIO), Laboratory for Environmental
Research (LOER), and the Institute of Marine Life Sciences (IMLS). Additional information 
about TAMUG and the Marine Biology Department may be found at http://www.tamug.edu.

Applications will be reviewed beginning July 1, 2005, and will continue until the position is fi lled. 
Applicants should submit curriculum vitae, statements of interest in teaching and research, and 
full contact information for four references. All materials should be mailed to: Dr. Jay Rooker, 

Wetlands Search Chair, Marine Biology Department, Texas A&M University at Galveston, 

Galveston, Texas 77553-1675 USA.

Texas A&M University is an Equal Opportunity/Affi rmative Action Employer that accommodates 
individuals with disabilities. Individuals requesting a disability accommodation should contact 

the Human Resources Department. Proper documentation of identity and employability are 
required at the time of employment. Offi cial transcript required for the application of employment.

http://www.kidsnutrition.org/faculty/listing.htm
mailto:tbaranow@bcm.tmc.edu
mailto:humanresources@burnham.org
mailto:humanresources@burnham.org
http://www.tamug.edu


We’re honoringScience’s 125th anniversary in
the 1 July issue with great recruiting opportunities

Issue date 1 July 2005
Reserve ad space by 14 June 2005

Celebrate125Years ofScience

Europe and International
Tracy Holmes
phone: +44 (0) 1223 326 500
e-mail: ads@science-int.co.uk

Japan Jason Hannaford
phone: +81 (0) 52 789-1860
e-mail: jhannaford@sciencemag.jp

U.S. Daryl Anderson
phone: 202-326-6543
e-mail: danderso@aaas.org

For more information, contact

• Post your job openings for 8 weeks on ScienceCareers.org
from 1 July–15 July for just $125 per posting.

• 125 days of free access to ScienceCareers.org's Resume/
CV Database when you run a print ad in the 1 July issue
of Science.

• Added bonus distributions to 7 major shows in 2005:
Drug Discovery Technology™, American Chemical Society,
NIH Research Festival, Biotechnica, American Society of
Human Genetics, Neuroscience, and American Society
for Cell Biology

mailto:ads@science-int.co.uk
mailto:jhannaford@sciencemag.jp
mailto:danderso@aaas.org
http://ScienceCareers.org
http://www.nibr.novartis.com
http://www.nibr.novartis.com
http://ScienceCareers.org


Senior Scientist V, VI - Microbial Pathogenesis

Pacifi c Northwest National Laboratory is seeking a Senior Scientist with
expertise in microbial pathogenesis, including but not limited to host-pathogen 
interactions, genetics and proteomics of virulence, mechanisms of virulence and
resistance, and biomedical effects of biofi lms. The applicant will have the oppor-
tunity to build a program in microbial pathogenesis supported by a strong cadre 
of microbiologists with experience in environmental microbiology, microbial 
ecology, and the application of high throughput biology to microbial systems. 
This position features collaborative access to global proteomics, microarray 
facilities, metabalomics, imaging, and computational modeling. Resources will
be available for growth of the program.

Minimum Requirements: PhD in Microbiology, Virology, Cell Biology, or 
related discipline and 7+ years’ relevant experience. A substantial track record 
of peer-reviewed publications in appropriate journals and peer-reviewed funding
from NIH and/or DHS are position prerequisites.

Qualifi cations: The ideal candidate will demonstrate an interest in multi-disci-
plinary, systems biology-based approaches to problem solving. The successful 
candidate will have a demonstrated record of strong leadership qualities, sci-
entifi c talent, team building and motivation skills, and managing to outcomes, 
as well as a proven commitment to the mentoring and development of junior 
scientifi c staff. The candidate will participate in setting the national and/or
international research agenda and will have obtained recognition via publi-
cations, awards, citations, or other honors. To allow participation in related 
national security research that requires a security clearance, U.S. citizenship 
is preferred. 

Position is located in Richland, WA. Relocation support, as well as a competitive
compensation and benefi ts package, is available.

• About Systems Biology at PNNL - http://www.sysbio.org/

Apply online: www.jobs.pnl.gov. Reference job requisition # 109332. Please
submit your curriculum vitae, a list of professional references and publica-
tions, and a cover letter detailing your research interests and experience in
staff development.

For more information, contact: Mariah Martin – Human Resources; 

mariah.martin@pnl.gov.

The Section of Pediatric Hematology/Oncology at Scott and White
Clinic and the Texas A&M University System Health Science
Center College of Medicine (TAMUS HSC-COM) are seeking a
clinician scientist with current research grants for a faculty position
in a rapidly growing program. The candidate should be BE/BC in
pediatric oncology and committed to an academic career. The
successful candidates will join and enhance ongoing efforts in
basic and translational research, with an institutional commitment
to building a world-class experimental therapeutics program. An
outstanding start-up package includes high quality laboratory
space, excellent benefits and competitive salaries commensurate
with academic qualifications. The position guarantees 75%
protected time for research activities.

Scott & White Clinic is a 500+ physician directed multi-specialty
group practice that is the leading provider of cancer care in Central
Texas. Scott and White Clinic and the 486 bed tertiary Scott & White
Memorial Hospital is the main clinical teaching facility for TAMUS
HSC-COM. Outstanding clinical practice and laboratory facilities on
campus that perform state of the art molecular and cellular biology
research, flow cytometry, genomics and biostatistics are in place to
support the research effort.

Please contact: Don Wilson, M.D. Professor and Chairman,
Department of Pediatrics, Scott & White, 2401 S. 31st, Temple,
TX 76508. (800)725-3627 dwilson@swmail.sw.org Fax (254)
724-4974.

For more information about Scott & White, please visit www.sw.org
For Texas A&M www.tamhsc.edu. Scott & White is an equal
opportunity employer.

Pediatric Hematology-Oncologist

Department of Animal and Plant Sciences

Senior Lecturer/Reader/Professor
Salary £37,558 - £42,573 per annum (SL), By agreement
(PROF)

The Department has an outstanding international
reputation for research (5* RAE 2001) and teaching (QAA
24/24) and now seeks to appoint an outstanding individual
to complement one or more of our key five research
themes: evolution and behaviour; population and
community ecology; biodiversity and conservation; global
change biology; and plant molecular science.  Informal
enquiries may be addressed to the Head of Department,
Professor Malcolm Press (m.c.press@sheffield.ac.uk).  

Closing Date: 30 June 2005 Ref. R3677

Committed to equality through diversity.
For full details and application pack visit:
www.sheffield.ac.uk/jobs or e-mail:
jobs@sheffield.ac.uk Tel: 0114 222 1631 (24 hrs)  
Please quote Ref. in all enquiries.

The
Achievement
Of 
Excellence.

Senior Faculty Position in Immunology

The University of Texas Medical Branch (UTMB) at Galveston seeks an 
accomplished immunologist (MD and/or PhD) for a tenured/tenure-track 
faculty position at the rank of Professor/Associate Professor. Candidates 
with proven abilities in research relating to immune mechanisms control-
ling infectious diseases, including demonstrated success in attracting
extramural research funding and a strong publication record, are encour-
aged to apply. UTMB offers an outstanding environment to undertake 
research in the broad area of infection and immunity and is home to 
the future Galveston National Laboratory and the NIH-funded Western 
Regional Center of Excellence in Biodefense and Emerging Infectious 
Diseases. UTMB’s programs include over 150 scientists conducting 
research in the area of infection and immunity in multiple medical
school departments, supported by unique BSL-3 and BSL-4 containment
laboratories and a broad array of state-of-the-art research core facilities. 
More information can be found at www.utmb.edu/gnl.

Interested candidates should send a C.V., outline of research interests and
names of potential references to:

Immunology Search Committee

Institute for Human Infections and Immunity 

Department of Microbiology and Immunology

The University of Texas Medical Branch

301 University Blvd

Galveston, TX 77555-0428

Further information and informal inquiries can be made to Chair, Search

Committee (email: ihii.web@utmb.edu; telephone: (409) 747-6500).

UTMB is an Equal Opportunity/Affi rmative Action University 
that proudly values diversity. Candidates of all backgrounds 

are encouraged to apply.

http://www.sysbio.org/
http://www.jobs.pnl.gov
mailto:mariah.martin@pnl.gov
mailto:dwilson@swmail.sw.org
http://www.sw.org
http://www.tamhsc.edu
mailto:m.c.press@sheffield.ac.uk
http://www.sheffield.ac.uk/jobs
mailto:jobs@sheffield.ac.uk
http://www.utmb.edu/gnl
mailto:ihii.web@utmb.edu


LOUISIANA STATE UNIVERSITY
Research and Economic 
Development
Baton Rouge, Louisiana 70803

VICE CHANCELLOR FOR RESEARCH 
AND ECONOMIC DEVELOPMENT

Reporting to the Executive Vice Chancellor and Pro-
vost, the Vice Chancellor for Research and Economic 
Development serves as the Chief Research Offi cer of 
Louisiana State University A&M (www.lsu.edu). The 
Vice Chancellor for Research & Economic Development 
will take a leadership role in national and international 
activities regarding research policy and will guide
LSU in defi ning, prioritizing, and energizing emerging 
research opportunities. This individual will provide the 
vision, energy and leadership for LSU’s research and 
economic development agenda as it pursues further
advancement within the ranks of America’s public 
research universities, a quest that is articulated by LSU’s 
National Flagship Agenda (www.lsu.edu/fl agship). The
Vice Chancellor will provide research leadership for
the State of Louisiana by developing excellent relation-
ships with University stakeholders, including govern-
ment, business and industry, leaders at all levels of the 
education, arts, scientifi c and cultural communities, as 
well as with faculty, staff, students and alumni. Impor-
tant elements of the research agenda include promotion 
of interdisciplinary and cross-disciplinary research and 
scholarship, promotion and facilitation of technology 
transfer and economic development, affi rmation of the 
integrity of all research processes and policies, establish-
ment of regional, national and international cooperative
research ventures, and coordination of activities that
promote broad participation in research, scholarly and 
creative work that continuously expands and strengthens
LSU’s research agenda. 

Required Qualifications: strong background in a
research-intensive discipline; demonstrated ability
to build a nationally and internationally competitive
research program; qualify for a tenured appointment in 
an appropriate academic unit. 

Applications may be electronically submitted to:
vcredsearch@lsu.edu. Application deadline will be
July 29, 2005 or until a candidate has been selected. 
Further details about the position are available at http:
//vcredsearch.lsu.edu. Applicants should send a letter of
application, their curriculum vitae or resumes (including
email addresses) to: 

Vice Chancellor for Research Search Committee
c/o LSU Academic Affairs

135 Thomas Boyd Hall
Louisiana State University

Ref: #003690
Baton Rouge, LA 70803

LSU IS AN EQUAL OPPORTUNITY/
EQUAL ACCESS EMPLOYER.

PHARMA PLANING
B e r g a u e r  +  P a r t n e r  A G

I n t e r n a t i o n a l  H e a l t h  C a r e  R e c r u i t m e n t

PP

attn. Mr Dieter Hubmann, PhD,
direct dial: +41-61-261 94 64
Gerbergässlein 41, 4051 Basel,
(Switzerland)
Tel. +41-61-261 94 93
e-mail: d.hubmann@pp-pharma-plan.com

www.pp-pharma-plan.com
www.pharma-career-box.com

Your application will be treated with strict
confidentiality.

Our client is the Swiss based headquar-
ter of one of the world's most prominent
life science companies, ranking in the
top ten of pharmaceutical enterprises
world wide. We are seeking you as the

Unit Head Translational Biology 

In the area of Psychiatry, with the
responsibility for your team of around 
40 co-workers, you are the interface
between research and development.
By stipulating, verifying, and elucidating
psychiatric disease processes by the
means of in vivo models, your contribu-
tion is key to the finding and develop-
ment of new psychiatry drugs. As an 

innovative out-of-the-box thinker

you search and walk new and creative
pathways to find valuable results that
push forward the specific research in
your area. Based on your background
with an MD or PhD in Biology, behaviou-
ral Pharmacology or a related area, you
acquired at least five years of working
experience in pharmaceutical industry.
You are a specialist in behavioural Phar-
macology and/or Physiology (focus on
brain function). In parallel, you have a
proven track record of team leadership
for scientific teams. Ideally, you are
familiar with CNS imaging techniques.
English is a prerequisite, other lan-
guages are considered a plus.

If you are the driver to successfully fill
this position, and you have a clear will to
win, please send in your application with
CV and testimonials to:

http://www.lsu.edu
http://www.lsu.edu/flagship
mailto:vcredsearch@lsu.edu
http://vcredsearch.lsu.edu
http://vcredsearch.lsu.edu
mailto:d.hubmann@pp-pharma-plan.com
http://www.pp-pharma-plan.com
http://www.pharma-career-box.com


Molecular Toxicologist
The National Institute for Occupational
Safety and Health (NIOSH) in the CDC
announces recruitment for a full-time Project
Leader in the area of Molecular Toxicology 
in Morgantown, WV. The position is in the 

Toxicology and Molecular Biology Branch which is responsible for 
conducting laboratory-based research to help prevent or control 
occupational related diseases. The laboratory facility is located in 
close proximity to the West Virginia University Medical School, in a 
recently constructed state-of-the-art research facility. The branch 
presently comprises faculty experienced in cardiovascular toxicity, 
chronic stress, carcinogenesis, pulmonary diseases, musculoskeletal
diseases, neurotoxicity and receptor-mediated toxicity.

We seek an experienced research scientist with a background in 
toxicology research. Interested candidates should have a Ph.D. (or 
equivalent) and a minimum of three years postdoctoral experience. 
Preference will be given to individuals who have initiated a strong 
research program in (1) molecular epidemiology, (2) dermatology 
or (3) ocular biology.

A competitive salary will be offered commensurate with qualifi cations 
and experience. The laboratory will have a fully funded annual operat-
ing budget and the successful candidate will have an opportunity to 
recruit technical and postdoctoral support staff. 

Interested individuals should submit a letter of interest, current CV 
and a list of three references to: Michael I. Luster, Ph.D., Chief, Toxi-
cology and Molecular Biology Branch, National Institute of Occu-
pational Safety and Health, 1095 Willowdale Rd, Morgantown, 
WV 26505 or by email (preferred) to:RLanciotti@cdc.gov.

NIOSH is an Affirmative Action/
Equal Opportunity Employer.

Science and Regulatory Policy Leader, 
Human Health

Provides leadership and organization for science and regulatory policy
issues in the area of human health on behalf of CropLife America. Respon-
sible for monitoring, review and analysis of all relevant regulatory initia-
tives, including the identifi cation of emerging policy issues, that impact 
the crop protection industry. Leads the development and implementation of
effective strategies in support of CropLife America’s objectives, including 
preparation of public comments in response to regulatory proposals. Reports
to the Vice President of Science and Regulatory Affairs. 

Candidates must possess strong analytical and interpretive skills; a strong 
scientifi c background in the area of human health and safety; and dem-
onstrate a strong grasp of risk assessment principles and methodologies 
(toxicology, epidemiology and exposure assessment). Candidates must have
excellent oral and writing skills and experience in submission of technical 
comments in response to federal regulatory proposals. Experience with 
the regulatory approval processes of the Environmental Protection Agency 
or the Food and Drug Administration is strongly preferred. An advanced 
degree in toxicology, pharmacology, physiology, chemistry or a related 
discipline is required. 

Interested persons should contact: 
Karen McEvoy, Human Resources Manager 

CropLife America 

1156 15th Street, NW, #400 

Washington, D.C. 20005 

E-mail: kmcevoy@croplifeamerica.org

Tel: (202) 872-3858

Deadline to Apply: June 20, 2005

CropLife America is an Equal Opportunity/Affi rmative Action Employer.

C.W. Kearns, C.L. Metcalf and W.P. Flint 
Endowed Chair in Insect Toxicology

Department of Entomology
School of Integrative Biology

University of Illinois at Urbana-Champaign

The Department of Entomology and the School of Integrative Biology at the 
University of Illinois in Urbana-Champaign seek a highly qualifi ed candidate 
for the C.W. Kearns, C.L. Metcalf and W.P. Flint Endowed Chair in Insect 

Toxicology. This is a full-time position at the rank of professor and with tenure.
The starting date is negotiable after the closing date of the search. Candidates 
should exemplify the qualities demonstrated by Professors Kearns, Metcalf, 
and Flint in their long and distinguished careers: outstanding research with sig-
nifi cant impact in insect toxicology, defi ned broadly. Experimental approaches
can be at any level from molecular to environmental. The successful candidate 
must have a Ph.D. or equivalent and an internationally recognized, externally 
funded research program. Responsibilities also include teaching and participa-
tion in graduate and undergraduate training.

The Chair holder will have the opportunity to be part of dynamic and well-
established communities of scientists in the Department of Entomology, the 
School of Integrative Biology, and in other life science units on campus. The 
presence of the Institute for Genomic Biology, the Beckman Institute for
Advanced Science and Technology, the W.M. Keck Center for Comparative 
and Functional Genomics, the National Center for Supercomputing Applications 
and many interdisciplinary programs for graduate training, make this campus 
an especially vibrant place to conduct research. Salary will be commensurate 
with experience. Minorities, women, and members of other designated groups 
are encouraged to apply.

To ensure full consideration, nominations should be received by September 30, 

2005. Evaluation of candidates will begin immediately. No fi nal decision will 
be made prior to the closing date, and the search will continue until a suitable 
candidate is identifi ed. Nominations (including self nominations) should include
a CV. Materials should be sent to: Dr. May R. Berenbaum, Chair, Search 

Committee, School of Integrative Biology, University of Illinois, 286 Morrill

Hall, 505 S. Goodwin Ave., Urbana, IL 61801 (phone: 217/333-3044; fax: 

217/244-1224; email: sib@life.uiuc.edu).

The University of Illinois is an Affi rmative Action, Equal Opportunity 
Employer.

Massey Cancer Center
Molecular Radiobiology

The Department of Radiation Oncology at Virginia Commonwealth
University is offering a tenure-track position at the level of Assistant or 
Associate Professor in its Molecular Radiobiology Division. The Depart-
ment of Radiation Oncology, a component of the NCI-designated Massey 
Cancer Center, supports a highly integrated program studying cellular 
radiation responses spanning radiation-induced protein modifi cations, 
signal transduction responses and DNA damage processing funded by 
R01 and P01 grants from the NCI (www.radonc.vcu.edu). The successful 
candidate’s research interests should complement existing expertise and 
he/she should be interested in collaborative research with other members of
the Division. The Division is well-equipped for modern cell and molecular
biology studies with translational emphasis including an ABI QStarXL
mass spectrometer for protein sequencing and deconvolution fl uorescence
microscopy for 3D image analysis. Cancer center-sponsored core facilities
for virus production, fl ow cytometry, DNA sequencing and synthesis, and 
structural biology (x-ray crystallography and NMR) are also available. 
Support will be provided for at least three years after which extramural 
research funding is expected. Qualifi cations: A Ph.D., M.D., or MD/Ph.D.
with at least 3 years of post-doctoral research experience. To qualify for 
Associate Professor level position, extra-mural (NIH or similar) funding 
is required with signifi cant peer-reviewed publications in his/her fi eld. 

Interested candidates should submit a CV, detailed research plan and
three references to:

Susan Kelly, Search Committee Administrator

VCU Department of Radiation Oncology

 P.O. Box 980058

Richmond, VA 23298-0058

email: swkelly@vcu.edu

Fax: (804) 828-6042

VCU is an EEO/AA Employer. Women, minorities, and persons with 
disabilities are encouraged to apply.

mailto:kmcevoy@croplifeamerica.org
mailto:sib@life.uiuc.edu
http://www.radonc.vcu.edu
mailto:swkelly@vcu.edu
mailto:RLanciotti@cdc.gov


Departments of Biochemistry (University of Leicester) and Paediatrics (Imperial College London)
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Salary range £29,699 - £39,094 (Research Fellow - Imperial College)

Salary Range £27,116 - £35,883 (Research Associate - University of Leicester)

We are seeking two postdoctoral research positions to join groups working on the development of novel therapies based on targeted
stimulation of splicing. This is a Wellcome Trust-supported collaboration between groups with expertise in RNA splicing and neuromuscular
biology and disease. The groups are based at the Hammersmith Campus of Imperial College London and the University of Leicester
and one post would be based in each group.  The two groups have recently demonstrated that it is possible to rescue inefficient splicing
of the SMN2 gene in cultured fibroblasts from patients with Spinal Muscular Atrophy, one of the major lethal genetic diseases of young
children (Skordis et al., Proc. Natl. Acad. Sci. USA vol. 100, pp 4114-4119; 2003). The aim of this research is to develop the method
further as a potential therapy for this and other diseases. The programme will involve fundamental research into the mechanisms by
which splicing can be enhanced and the development of strategies for successful application in vivo.

The posts are fixed-term for four years.

Candidates should have a relevant PhD. with high-level experience of productive research in molecular biology and gene expression or
cell biology.

Informal enquiries may be made to Prof Ian Eperon (eci@le.ac.uk  tel 0116 252 3482)  or Prof Francesco Muntoni (f.muntoni@imperial.ac.uk
tel 020 8383 3295).  

An application form may be obtained from the following web link http://www.imperial.ac.uk/employment/index.htm Alternatively, for an
application pack please contact the Human Resources Division, Imperial College London, Hammersmith Campus, Commonwealth
Building, Du Cane Road, London W12 0NN, quoting reference number HJ 825.

Closing date:  13 June 2005.

Valuing diversity and committed to equality of opportunity

Research Leader
Supervisory Research Physical Scientist/Supervisory 

Research Chemist/Supervisory Microbiologist 
GS-14/15

Salary Range $85,123 to $130,173

The National Center for Agricultural Utilization Research, Bioproducts 
and Biocatalysis Research Unit, Peoria, IL, is seeking a permanent full-
time Research Leader. The mission of the Bioproducts and Biocatalysis 
Research Unit is to develop processes for the conversion of agricultural 
commodities into biofuels, chemicals, enzymes, and polymers. Research
is focused on the biochemistry, physiology, ecology, and genetics of
microorganisms to develop new fermentation and enzyme technologies 
to produce value-added products. The Research Leader coordinates the 
Unit’s research with other governmental, industrial, and university part-
ners to achieve the goals of the assigned research program, supervises a 
group of 7 scientists and 10 support personnel and conducts a personal 
research program. The incumbent has responsibility to conceive, plan, 
and conduct research while managing fi scal, physical, and human
resources. A degree in chemistry, microbiology, or physical sciences; 
in addition to knowledge of biochemistry, physiology, ecology, and
genetics of microorganisms to develop new fermentation and enzyme 
technologies is required. 

For details and application directions, visit the website http://

www.afm.ars.usda.gov/hrd - refer to announcement ARS-X5W-0292.
To receive a printed copy by mail, call 301-504-1482. U. S. citizenship 
and pre-employment background investigation required. Application 
must be postmarked by July 1, 2005.

USDA/ARS is an Equal Opportunity Employer and Provider.

www.ars.usda.gov
TENURE TRACK FACULTY POSITIONS

DEPARTMENT OF BIOCHEMISTRY
CELLULAR AND MOLECULAR SIGNALING INITIATIVE
Virginia Commonwealth University School of Medicine

The Department of Biochemistry at Virginia Commonwealth University 
School of Medicine has developed a strong program in molecular and 
cellular signaling. Virginia Commonwealth University is an ethnically 
and culturally diverse institution of higher learning located in Rich-
mond, Virginia. We invite applications from outstanding individuals 
with expertise and interest in molecular signaling for several tenure-track 
and collateral faculty positions at Assistant/Associate/Professor levels. 
Successful applicants, with a Ph.D. and/or M.D. degree and several 
years of post-doctoral experience, are expected to develop a vigorous, 
externally funded research program and participate in the teaching mis-
sion of the Department. Applications from individuals with expertise in
Proteomics, Lipidomics, Metabolomics, Enzymology, System Biology, 
or Signal Transduction are of special interest. In addition, applicants 
with other interests that complement existing departmental strengths 
will be considered. 

Applications should include a CV, a brief statement of research plans, 
and three letters of recommendation; include information on extramu-
ral funding and teaching. This material should be sent to: Dr. Robert 

Diegelmann, Chair, Search Committee, Department of Biochemistry,

Virginia Commonwealth University School of Medicine, Richmond,

VA 23298-0614 or e-mail directly to rdiegelm@hsc.vcu.edu.

Virginia Commonwealth University is an Equal Opportunity/
Affi rmative Action Employer. Women, persons with disabilities, 

and minorities are encouraged to apply.

mailto:eci@le.ac.uk
mailto:f.muntoni@imperial.ac.uk
http://www.imperial.ac.uk/employment/index.htm
http://www.afm.ars.usda.gov/hrd
http://www.afm.ars.usda.gov/hrd
http://www.ars.usda.gov
mailto:rdiegelm@hsc.vcu.edu


Featured
Employer

If you would like to be a featured
employer, call 202-326-6534.

Search a
comprehensive list

of job postings from
this employer on

ScienceCareers.org.
Listings updated

three times a week.

Pfizer, Inc.
www.pfizer.com

MASSACHUSETTS GENERAL HOSPITAL

HARVARD STEM CELL INSTITUTE

is recruiting faculty in Stem Cell Biology for a newly created, multi-dis-
ciplinary Center for Regenerative Medicine and Technology (CRMT)

and the affi liated MGH-HMS Center for Nervous System Repair

(CNSR). The successful candidates will also be members of the new 
Harvard Stem Cell Institute and faculty members of Harvard Medical 
School. One to three Assistant Professor level positions are available with
one specifi cally focused on Neural Precursor/Stem Cell Biology. 

The goal of the CRMT is to provide detailed analyses of tissue develop-
ment for the purpose of modeling disease states and creating practical 
methods of tissue regeneration, replacement or repair. It incorporates 
developmental biology, ES and adult stem cell biology, bioengineer-
ing, imaging and computational expertise to understand the complex 
relationships of primitive cells with their microenvironment. The CNSR 
emphasizes applying elements of neuronal differentiation, precursor/
stem cells, neurogenesis, axonal outgrowth, transplantation, and oligo 
differentiation to repair in the CNS. The centers participate fully in the 
larger Harvard University-wide stem cell research efforts and graduate 
programs; both are in new space on the MGH main campus. The HSCI is
a major new university-wide, interdisciplinary endeavor with substantial
resources to speed progress in the fi eld. We are seeking Ph.D., M.D., or 
M.D./Ph.D. scientists with a history of innovative, interactive research 
using mammalian or non-mammalian systems. 

Candidates should send a letter of interest including research plans,
c.v. and 3 letters of support to: Dr. David Scadden, c/o Chris Pasker: 

cpasker@partners.org and Dr. Jeffrey Macklis, c/o Anita Mohan: 

agmohan@partners.org.

Human Oncology 
and

Pathogenesis

A postdoctoral position is immediately
available to investigate mechanisms of lung 
tumorigenesis, with particular emphasis on 
mechanisms of sensitivity and resistance to 
targeted therapies in human lung cancer, uti-
lizing various molecular techniques, human 
specimens, and mouse models. Applicants 
should be highly motivated individuals who 
have a PhD and/or MD degree, background 
in molecular biology, interest in cancer
biology; a working knowledge of xeno-
grafts and transgenic mouse models would 
be an advantage. The Fellow will be part of 
a strong collaborative and multidisciplinary 
research team at Memorial Sloan-Kettering 
Cancer Center. 

Please send curriculum vitae and names of 
three references to: 

William Pao, MD, PhD

Thoracic Oncology Service 

Memorial Sloan-Kettering Cancer Center

1275 York Avenue 

Box 62

New York, NY 10021

E-mail: paow@mskcc.org

Memorial Sloan-Kettering Cancer Center 
is an Equal Opportunity/Affi rmative Action 

Employer.

Postdoctoral Fellow/
Research Scientist

The Leon H. Charney Division of Cardiology of the
Department of Medicine at the New York University
School of Medicine seeks a Post Doctoral
Fellow/Research Scientist to join our growing
research staff.

The selected individual will participate in all aspects of
ongoing studies in cardiovascular science and must have
extensive experience in molecular biology, tissue culture,
biochemical and histological techniques. Prior
experience with animal surgery is desired. Candidate
must be able to work independently, but also function
well in an interactive laboratory group.

Applicants should send a letter of interest and CV to:
David E. Gutstein, M.D., Leon H. Charney Division
of Cardiology, Department of Medicine, VAMC/NYU
School of Medicine, 423 E. 23rd St., New York, NY
10010. Email: David.Gutstein@med.nyu.edu.
NYU School of Medicine is an Affirmative Action,
Equal Opportunity Employer.

Sackler School of Medicine
Tenure-Track Position

The Sackler School of Medicine seeks
outstanding candidates to fill a tenure
track position at the level of Lecturer,
Senior Lecturer or Associate
Professor in the areas of Microbiology
and/or Immunology. Candidates must
possess Ph.D. or M.D. degree and
have postdoctoral experience. The
candidates are expected to exhibit
capability of developing an
independent, vigorous research
program in Microbiology and/or
Immunology.

An appropriate start-up package will
be offered.

Applicants should send electronic
version of their Curriculum Vitae and
list of publications, a statement of
research program and addresses of
3 references, till August 31, 2005 to
the address below:

The Search Committee secretariat
Mrs. Gaby Mor
E mail: gabym@post.tau.ac.il

http://ScienceCareers.org
http://www.pfizer.com
mailto:cpasker@partners.org
mailto:agmohan@partners.org
mailto:paow@mskcc.org
mailto:Gutstein@med.nyu.edu
mailto:gabym@post.tau.ac.il
http://ScienceCareers.org


Director, Center for Diabetes and Obesity Research 
Robert C. Byrd Health Sciences Center 

and
West Virginia University School of Medicine

West Virginia University (WVU) is seeking an established investigator for Professor and Director, Center for Diabetes and Obesity Research.
The Director will participate in the implementation of a new Strategic Research Plan (SRP) (Science 3/12/04) that includes extensive faculty 
recruitment in interdisciplinary focus areas of research, which includes diabetes and obesity. The SRP is designed to expand research as well 
as doctoral research training. Preference will be given to candidates with a research background in physiology, biochemistry or neuroscience 
who have a research program in adipose tissue biology, metabolic disorders, lipid transport, atherosclerosis or regulation of food intake using 
molecular-genetic techniques. The Director will coordinate the recruitment of new investigators and facilitate collaboration between newly 
recruited investigators and current faculty interested in lipid biochemistry, cardiovascular disease, fatty acid metabolism, molecular genetics 
as well as neuroendocrinology and diabetes. Priority will be given to candidates with experience in multidisciplinary research initiatives such 
as NIH Program Project or NIH Center Grants. Excellent opportunities also exist for collaboration with basic and clinical faculty involved in 
population based research, epidemiology and prevention research as related to diabetes, obesity and cardiac disease.

Candidates should have a transferable NIH funded research program with credentials for appointment as a tenured Professor in either a basic 
science or clinical department in the School of Medicine. Position includes a competitive salary, laboratory space, startup package, administra-
tive support and resources to recruit additional faculty to the Center who will also have academic tenure-track departmental appointments.

West Virginia University is a land grant Carnegie-designated Doctoral Research/Extensive institution, with approximately 25,000 undergraduate 
and 5,500 graduate/professional students. WVU Health Sciences Center includes the Schools of Medicine, Pharmacy, Dentistry, and Nursing, 
each with health professional and graduate programs. Morgantown has 55,000 residents and is rated as one of the best small towns in the U.S., 
with affordable housing, excellent schools, a picturesque countryside and many outdoor activities.

Qualifi cations: Ph.D. or M.D. with outstanding research credentials and excellent leadership skills. Submit curriculum vitae and three refer-
ences, in confi dence to: Diabetes and Obesity Search Committee, WVU Health Sciences, PO Box 9000, Morgantown, WV 26506. Review
of applicants will continue until the position is fi lled. CV’s submitted by e-mail should be sent to cbsmith@hsc.wvu.edu.

West Virginia University is an Affi rmative Action/Equal Opportunity Employer.

Tenure-Track Assistant/Associate 
Professor 

Department of Anatomy 
and Cell Biology

Oklahoma State University 
Center for Health Sciences

Tulsa, Oklahoma

The Department of Anatomy and Cell Biology
seeks applications for a tenure-track faculty 
position. Candidates will be expected to
develop a strong, independent research pro-
gram that leads to external funding; startup 
funds available. Teaching medical students
histology and/or gross anatomy is required; 
additional teaching opportunities are available
in the biomedical sciences graduate program. 
Applicants must possess a Ph.D. or equivalent
degree and have postdoctoral experience. Can-
didates must be eligible for employment under
Immigration Reform and Control Act and must
provide verifi cation of highest degree. 

Send curriculum vitae, statement of research 
interests, and three letters of reference to:
Director of Human Resources, Oklahoma 

State University, Center for Health Sci-

ences, Main Hall 1405, 700 N. Greenwood, 

OK 74106.

OSU is an Affi rmative Action/
Equal Opportunity Employer.

Director
Stem Cell 
Research

Children’s Research Institute
Children’s National Medical Center 

(CNMC)
Washington,DC

Children’s Research Institute (CRI) at CNMC 
is seeking applications for Director of its new 
Stem Cell Research Program. CRI has strong 
research programs in neurodevelopment, immu-
nology, cancer biology, genetic medicine and 
neural/muscle degenerative diseases. CNMC is
one of the leading research institutions in the 
Washington, DC area with over $50 million
annually in research funding, and is undergoing
a major expansion of research space. 

The candidate must have: (1) established a
nationally/internationally recognized research 
program in stem cell biology; (2) a successful 
track record in obtaining external funding, (3) 
the ability to coordinate with clinical programs 
that bring potential therapies to trial. The posi-
tion includes a package of support and an
endowed chair together with a Tenured Associ-
ate or Full Professor appointment at the George 
Washington University School of Medicine. 

Applications should be sent by August 1, 2005

and include a cv, a letter summarizing qualifi ca-
tions and three references to: Vittorio Gallo, 

Ph. D., Children’s Research Institute, 111

Michigan Ave. NW, Washington,DC 20010.

Tufts University School of Medicine 
New England Eye Center 

Department of Ophthalmology 

Exciting Opportunities in Vision 
Research at Tufts University 

School of Medicine

New England Eye Center and the Department
of Ophthalmology, Tufts University School of
Medicine, invite applications from outstanding
vision scientists. Candidates must have an M.D 
and/or Ph.D. degree. Strong preference will be
given to candidates with funded, active research 
programs in molecular mechanisms leading to the 
development of glaucoma and retinal diseases.
Appointments at the Assistant and Associate 
Professor levels will be made commensurate
with qualifi cations; competitive salary and start-
up funds will be offered. Opportunities exist 
for secondary appointments with basic science
departments and collaborative research between 
the basic and clinical sciences, particularly in the 
area of retinal cell biology, vascular biology and 
tissue repair and regeneration. These hires repre-
sent continued commitment to excellence in basic 
and translational sciences at the Boston Campus of
Tufts University – New England Medical Center. 
Faculty will be members of the Tufts Center for 
Vision Research (www.tcvr.org). 

Please send a curriculum vitae, a statement of
research interests and future aims, and the names 
of three references to: Dr. Noorjahan Panjwani, 

Director of Research, Department of Ophthal-

mology, Tufts University School of Medicine, 

136 Harrison Ave., Boston MA 02111, e-mail: 

noorjahan.panjwani@tufts.edu.

Tufts University School of Medicine is an 
Affi rmative Action/Equal Opportunity Employer.

mailto:cbsmith@hsc.wvu.edu
http://www.tcvr.org
mailto:noorjahan.panjwani@tufts.edu


POSITIONS OPEN

ENDOWED CHAIR FOR OHIO EMINENT
SCHOLAR

Case Western Reserve University
Center for Stem Cell and Regenerative Medicine

Case Western Reserve University and the Center
for Stem Cell and Regenerative Medicine invite
applications for a newly formed position for the
Ohio Eminent Scholar endowed chair. Candidates
should be established leaders in stem cell science
with an outstanding record preferably in targeted
areas that will augment the Center_s strengths in
hematopoietic, neuroscience, musculoskeletal, and
orthopedic research. The successful candidate is
expected to have a productive research program in
fundamental or translational aspect of stem cell biol-
ogy and a vision for contributing to the leadership of
this unique stem cell center, which is a state and
federally funded collaborative among Case, Univer-
sity Hospitals of Cleveland, the Cleveland Clinic,
and corporate partners. Experience or interest in
technology transfer and links to biotechnology
commercial entities is desirable. Please send curric-
ulum vitae, a list of three or more references, and a
cover letter outlining research focus and interests to:

Stanton Gerson, M.D.
Director, Center for Stem Cell
and Regenerative Medicine

11100 Euclid Avenue, Wearn 151
Cleveland, OH 44106-5065

Case is an Affirmative Action/Equal Opportunity Em-
ployer. Minorities and women are encouraged to apply.

ENDOWED CHAIR: GI CANCER
RESEARCHER

Indiana University Cancer Center, Indiana Uni-
versity School of Medicine, seeks applications for a
TENURE-TRACK ASSOCIATE or FULL PRO-
FESSOR position to hold an Endowed Chair in
gastrointestinal cancer research and lead a gastro-
intestinal cancer research program. The successful
applicant will have a Ph.D. or M.D. degree or
equivalent. This individual is also expected to have
established an independent, high-quality, extra-
murally funded research program. The applicant will
have a primary appointment in an appropriate
clinical or basic department. Collaboration with
basic, behavioral, or clinical investigators is required.

Applicants should send curriculum vitae and
description of research and arrange for three letters
of recommendation to be forwarded to:

Stephen D. Williams, M.D., Director
Indiana University Cancer Center
535 Barnhill Drive, Room RT 455

Indianapolis, IN 46202

Indiana University is an Equal Employment Opportunity/
Affirmative Action Employer, Minorities/Females/Persons
with Disabilities.

TWO TENURE-TRACK
FACULTY POSITIONS

The University of Illinois College of Medicine at
Rockford, Department of Biomedical Sciences seeks
two tenure-track faculty members, one in the area of
neuroscience and the other in microbiology. An
M.D. and/or Ph.D., demonstrated excellence in re-
search, and transferable extramural funds are re-
quired. Successful candidates will participate in team
teaching to medical students in either pharmacology
or microbiology. Rockford is a pleasant four-season
city with affordable housing. Submit curriculum
vitae, a short statement of research interests, and
the names and addresses of three references to: Janet
Stull-Snow, Department of Biomedical Sciences,
University of Illinois College of Medicine at
Rockford, 1601 Parkview Avenue, Rockford, IL
61107-1897. Review of applications will begin
August 1, 2005, until the position is filled. The
University of Illinois is an Equal Opportunity/Affirmative
Action Employer.

POSITIONS OPEN

CHAIR, DEPARTMENT OF NEUROBIOLOGY
University of Alabama

at Birmingham

The University of Alabama at Birmingham (UAB)
School of Medicine is seeking applications and
nominations for the position of PROFESSOR and
Chair of the Department of Neurobiology. Success-
ful candidates should be internationally recognized as
leaders with demonstrated success in teaching,
research, and administration in academic institutions.
The successful candidate will be expected to provide
inspired leadership and develop a strategic vision for
the Department in conjunction with the strategic
plan for the school. A clear commitment to academic
excellence is required. The Department of Neuro-
biology is currently ranked seventh in NIH funding,
and has consistently ranked in the top ten. UAB is
a comprehensive urban university and medical
center enrolling 16,000 plus students in 12 schools
on its 75-block campus. It is a Doctoral/Research
Universities-Extensive institution with awards ex-
ceeding /260 million. The School of Medicine is
ranked 16th in NIH funding (2003). The University
is the state_s largest employer with more than
16,000 employees and a /1.2 billion annual budget.
Nominations and applications should include curric-
ulum vitae, bibliography, and the names and ad-
dresses of at least three references and should be
submitted electronically (preferably) or mailed to:

Dale J. Benos, Ph.D.
Chair, Department of Physiology and Biophysics

Chair, Search Committee
1530 3rd Avenue South, MCLM 704

Birmingham, AL 35294-0005
E-mail: benos@physiology.uab.edu

Additional information is available via our websites:
UAB (website: http://www.uab.edu), the School
of Medicine (website: http://www.uab.edu/
uasom), and the Department of Neurobiology
(website: http://www.neurobiology.uab.edu).

The University of Alabama at Birmingham is an
Affirmative Action/Equal Opportunity Employer.

RESEARCH ASSISTANT PROFESSOR/
POSTDOCTORAL RESEARCH SCIENTIST

Successful candidate is sought for a joint position
(Research Assistant Professor/Postdoctoral Research
Scientist) to work on a project funded (National
Cancer Institute) through a Long Island University
(LIU)/Columbia University (CU) partnership grant
(U54). This two-year position will be a joint ap-
pointment in which the recruited scientist will be a
research assistant professor at LIU and a post-
doctoral research scientist at CU Medical Center,
College of Physicians and Surgeons. Focus is on re-
search related to ongoing projects in the laboratory
of Dr. P. B. Fisher (CU), aspects of which will be
the focus of the collaboration with Dr. A. DePass
(LIU). Information regarding ongoing projects/
directions may be gleaned from Dr. Fisher_s recent
publications on Pub-Med. E-mail curriculum vitae
and list of references to: Dr. A. DePass (e-mail:
adepass@liu.edu) or Dr. P. B. Fisher (e-mail:
pbf1@columbia.edu).

Columbia University is an Affirmative Action/Equal
Opportunity Employer.

COLUMBIA UNIVERSITYMEDICAL CENTER
Department of Pathology

Positions available for qualified individuals at
levels of POSTDOCTORAL RESEARCH SCI-
ENTIST and ASSOCIATE RESEARCH SCI-
ENTIST. Latter requires at least three years of
experience. Must have M.D. or Ph.D. with experi-
ence in cell or molecular biology or biochemistry.
Preference given to candidates with experience with
live cell imaging or immunofluorescence microscopy,
since focus of research is on cell migration or mitosis.
Send curriculum vitae to: Dr. E. Marcantonio, De-
partment of Pathology, Columbia University
Medical Center, 630 W. 168th Street, New York,
NY 10032. Columbia University takes Affirmative Action
toward Equal Employment Opportunity.

POSITIONS OPEN

The Department of Medicine at the University of
Chicago is seeking a Chief for the Section of Endo-
crinology, to be appointed at the rank of ASSOCI-
ATE or FULL PROFESSOR, commensurate with
years of experience and accomplishments. The
Section Chief will be responsible for implementing
new research programs and expanding current
research strengths, further developing clinical oppor-
tunities, and enhancing education programs. The
successful candidate must have demonstrated pro-
fessional distinction in research, have an active
ongoing research program which has attracted nation-
al funding, and have demonstrated effectiveness in
mentorship, teaching, administration, and inter-
personal skills. Applicants should submit curriculum
vitae to: Dr. Joe G.N. Garcia, Chairman, Depart-
ment of Medicine, The University of Chicago,
5841 SouthMaryland Avenue, MC6092, Chicago,
IL 60637. Affirmative Action/Equal Opportunity Employer.

ASSISTANT PROFESSOR OF
RHEUMATOLOGY

The Division of Rheumatology of the Department
of Medicine at New York University (NYU) School
of Medicine is recruiting a physician/scientist for a
tenure-track position. Individuals with expertise in
the area of cell/molecular biology of cartilage/
synovium are encouraged to apply. In addition to
the facilities of the Department of Medicine and the
General Clinical Research Center at NYU School of
Medicine, the Division offers support through
extensive translational research programs in arthritis
based at the Hospital for Joint Diseases. Candidates
should have an M.D. or M.D./Ph.D., and have
demonstrated the capacity to secure extramural
grant funding for research.

Applicants should send a letter of interest and
curriculum vitae to:

Steven Abramson, M.D.
Director, New York University

Division of Rheumatology
The Hospital for Joint Diseases

301 East 17th Street
New York, NY 10003

E-mail: stevenb.abramson@nyumc.org

DERMATOLOGY

A POSTDOCTORAL POSITION is immedi-
ately available to investigate melanocytic tumor
progression and tumor cell-immune cell interactions
in vivo, utilizing novel optical imaging techniques
(e.g., in vivo confocal and reflectance microscopy).
Fellow will be part of a strong collaborative and
multidisciplinary research team at Memorial Sloan-
Kettering Cancer Center. Applicants should have a
Ph.D. and/or M.D. degree, with extensive back-
ground and interest in histology, pathology, and
biology. Knowledge in immunology and experience
with optical imaging techniques are desirable.
Please send curriculum vitae and names of refer-
ences to: Allan C. Halpern, M.D., Dermatology
Service, Memorial Sloan-Kettering Cancer Cen-
ter, 1275 York Avenue, Box 158, New York, NY
10021. E-mail: halperna@mskcc.org. Memorial
Sloan-Kettering Cancer Center is an Equal Opportunity/
Affirmative Action Employer.

POSTDOCTORAL ISLET RESEARCHER

A Postdoctoral position is available to study
mitochondrial signals for insulin secretion in the
pancreatic beta cell. Research will analyze cells with
lowered levels of enzymes induced by RNA interfer-
ence. Ph.D. in cell molecular biology or bio-
chemistry is required. Salary midpoint is /44,750.
Send curriculum vitae to: Michael J. MacDonald,
University of Wisconsin Medical School. E-mail:
mjmacdon@wisc.edu. UW-Madison is an Equal Op-
portunity Employer.
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Great jobs
don’t just fall
from the sky. Let
ScienceCareers.org
help.

• Save multiple resumes and
cover letters to tailor job search

• Apply online to job postings

• Saved job searches update automatically

• Search by city/state or city/country

• And much more

Associate Chief of Staff for Research and Development
WJB Dorn Veterans Affairs Medical Center

William Jennings Bryan Dorn Department of Veterans Affairs Medical
Center (VAMC) is recruiting an Associate Chief of Staff for Research and 
Development who will be responsible for oversight and promotion of all 
research efforts at the VAMC. We are affi liated with the University of South 
Carolina (USC) School of Medicine (USCSM). USC is the state’s fl agship 
research university, with Schools of Public Health (SOP), Nursing, Pharmacy, 
and an active Graduate School. Dorn VAMC is the major teaching hospital for
USCSM, serving the midlands and upper part of South Carolina with a large 
primary care network; we are the tertiary care referral site for the area’s large 
veteran population. We are a 2-hour drive from both the coast of SC and the 
NC mountains; we are part of Veterans Integrated Service Network 7 (VISN7),
which is extremely supportive of VA Research and Development (R&D). A 
VISN-wide R&D Service Line supports a Career Development Program for 
VISN 7 medical centers. Additionally, USC has begun a new initiative to 
support biomedical research under the direction of the USC Vice President for
Research and Health Sciences, with Dorn VAMC playing a major role. 

The successful candidate is expected to develop a research program compatible
with this new visionary approach to University-wide growth in biomedical 
research. Qualifi ed candidates have a PhD or MD degree with experience 
in basic research and/or clinical research and funding, and will contribute 
meaningfully to these ongoing centers of biomedical research: (1) Public 
Health and Health Outcomes Research (SOP, VA); (2) Cancer (SC Cancer 
Center, COBRE colon cancer group, VA clinical trials and basic research, 
SOP epidemiology, and/or (3) Neurosciences Biology (USC, VA COBRE 
neurodevelopment group, HIV dementia). USC core research facilities will 
support each of these groups. Candidates should also have previous experience
in administrative and leadership positions, preferably within the DVA system, 
and a record of research and academic excellence in their fi eld, to qualify 
for the level of Associate Professor or Professor in a relevant school at USC. 
Send curriculum vitae to: Donald Powell, Ph.D., Acting ACOS/R&D and 

Chairman, ACOS/R&D Search Committee, R&D Service Line (151), 

Dorn VA Medical Center, 6439 Garners Ferry Road, Columbia, SC 29209. 

Review of applications commences on June 30, 2005.

An Equal Opportunity Employer.

February 9-11, 2006

The University of Texas M. D. Anderson Cancer Center
Houston, Texas

Organized by Edward T.H. Yeh

Confi rmed Speakers

James Chen 
Mary Dasso 
George N. DeMartino   
Raymond J. Deshaies
Ronald T. Hay 
Avram Hershko 
Erica Johnson 

Peter-M. Kloetzel 

Hsing-Jien Kung

Christopher D. Lima

Leroy F. Liu

Michael J. Matunis

Frauke Melchior

Kim Orth

Michele Pagano

Cam Patterson

Ze’ev Ronai

Brenda Schulman

William P. Tansey
Ning Wei
Allan M. Weissman

Yue Xiong

Dong-Er Zhang
Yanping Zhang

For information visit:

www.sentrin.org
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POSITIONS OPEN

FACULTY POSITION, Department of Biolo-
gy–Temple University_s Department of Biology is
anticipating openings for full-time, nontenure-track
positions starting August 2005. The appointment is
for one year and is not tenure track. However, the
position may be renewable without limit. Primary
teaching assignments will include courses in immu-
nology and genetics, some at a suburban campus.
Experience in anatomy and physiology is desirable.
Additional assignments may include interdisciplinary
and other courses, development of new course, and
other activities determined by programmatic needs.
Requires a Ph.D. in biological sciences. Candidates
may send resume, letter of interest, three letters of
recommendation, and transcript of highest academic
degree to: Dr. Shohreh Amini, Chair, Biology
Department, Attn: Faculty Search, Temple Uni-
versity, 1900 N. 12th Street, Biology Life
Sciences Building, Room 255, Philadelphia, PA
19122. Website: http://www.temple.edu. Appli-
cations from women and underrepresented minorities are
especially encouraged. Temple University is an Affirmative
Action Employer.

TENURE-TRACK FACULTY POSITIONS
Wayne State University
School of Medicine

The Departments of Anatomy and Cell Biology
and the Kresge Eye Institute of Wayne State Uni-
versity invite applications for joint appointment,
tenure-track positions at the rank of ASSISTANT
PROFESSOR or higher. Candidates should have
current external funding and interest including, but
not limited to, uveitis, macular degeneration, in-
herited retinal diseases, or glaucoma. Successful can-
didates will be expected to participate in teaching,
contribute to the growth of a strong vision science
research group, and will have access to an expanded
pool of talented Ph.D. students. Information on the
Departments can be found at websites: http://
www.med.wayne.edu/anatomy/ and http://
www.med.wayne.edu/kresgeeye. Positions include
a competitive recruitment package, salary, and
comprehensive benefits. Interested applicants should
respond to posting #031819 and apply online at
website: http://jobs.wayne.edu. Wayne State Uni-
versity is an Equal Opportunity Employer.

BIOINFORMATICS DEVELOPER

WiCell Research Institute is seeking a qualified
individual to act as our Bioinformatics Developer.
This position will provide programming support to
researchers studying gene expression and transcrip-
tional regulation in embryonic stem cells and their
differentiated derivatives. Please go to website:
http://www.wicell.org for a complete position de-
scription. Please submit a cover letter, curriculum
vitae, and list of three references to: Susan Carlson,
Business Manager, WiCell Research Institute,
P.O. Box 7365, Madison, WI 53707-7365 or
e-mail: susan@wicell.org. WiCell is a nonprofit research
institute directed by Dr. James Thomson and is an Equal
Opportunity/Affirmative Action Employer.

DATABASE DEVELOPER, BIOINFORMATICS

WiCell Research Institute is seeking a qualified
individual to provide database programming support
to researchers studying gene expression and tran-
scriptional regulation in embryonic stem cells and
their differentiated derivatives. Please go to website:
http://www.wicell.org for a complete position de-
scription. Please submit a cover letter, curriculum
vitae, and list of three references to: Susan Carlson,
Business Manager, WiCell Research Institute,
P.O. Box 7365, Madison, WI 53707-7365 or
e-mail: susan@wicell.org. WiCell is a nonprofit research
institute directed by Dr. James Thomson and is an Equal
Opportunity/Affirmative Action Employer.

POSITIONS OPEN

MEDICAL MICROBIOLOGY COURSE DI-
RECTOR–The Department of Microbiology at
U.T. Southwestern Medical Center at Dallas seeks
a full-time (12-month) Director for its medical
microbiology course for sophomore medical stu-
dents. The course (systems based) is integrated with
other second-year medical school courses and en-
compasses immunology, bacteriology, virology, my-
cology, and parasitology, and consists of lectures,
small-group conferences, and laboratory exercises.
The candidate will be part of a team of Course
Directors who will plan, coordinate, and implement
all aspects of the course. This will include the iden-
tification and recruitment of faculty and other
instructors for all phases of the course, planning of
the schedule, preparation of the course syllabus
(hard copy and electronic formats), implementation
of examinations, monitoring of the course by
attending all lectures, delivering didactic lectures,
and review sessions as needed. The Director will
make recommendations to the Chair of micro-
biology regarding course content and implementing
guidelines from the curriculum committee. The ideal
candidate will have an M.D., Ph.D., or M.D./
Ph.D., excellent organization skills, and a commit-
ment to medical student education with evidence
of excellence as a teacher or prior experience as a
course director. Please send curriculum vitae and
three letters of recommendation to: Dr. Michael
Norgard, Chair, Department of Microbiology,
U.T. Southwestern Medical Center, 5323 Harry
Hines Boulevard, Dallas, TX 75390-9048.
Fax: 214-648-5905; e-mail: michael.norgard@
utsouthwestern.edu. U.T. Southwestern Medical Center
is an Equal Opportunity/Affirmative Action Employer.

POSTDOCTORAL RESEARCH ASSOCIATE
Center for Neurodynamics

University of Missouri at St. Louis

A Postdoctoral position in experimental and
computational neurophysiology is available in the
Center for Neurodynamics at the University of
Missouri at St. Louis. Research will involve in vivo
imaging of neocortical seizures in the rat, using
various imaging methods (intrinsic optical signal,
calcium dye imaging, voltage sensitive dye imaging),
as well as analysis of patterns of seizure spread using
nonlinear-dynamics-based techniques. Research may
also include computational studies of synchroniza-
tion in neural systems. We are seeking a highly mo-
tivated scientist with expertise in at least two of the
following areas: (1) experimental neuroscience and
brain imaging, (2) experimental electrophysiology,
(3) nonlinear dynamics in biological systems. A
Ph.D. in physics, neuroscience, or related field is
required. Salary will be competitive and commensu-
rate with experience. Applications, including curric-
ulum vitae, description of research interests, PDF files
of representative publications, and the names of three
references, should be sent to: Dr. Sonya Bahar at
e-mail: bahars@umsl.edu. The University of Missouri-
St. Louis is an Affirmative Action/Equal Opportunity Employer
committed to excellence through diversity.

COLUMBIA UNIVERSITY
Center for Radiological Research

Research positions at several levels (POST-
DOCTORAL RESEARCH SCIENTIST, AS-
SOCIATE RESEARCH SCIENTIST, STAFF
ASSOCIATE) available immediately for Ph.D.s with
training in cellular, molecular, and free radical biology
to work on projects involving (1) mitochondrial DNA
mutations in environmental cancers; (2) mechanisms of
nontargeted radiation effects (adaptive response,
bystander response, genomic instability); (3) radiation
cytogenetics; (4) mechanisms of environmental carci-
nogenesis using human cell cultures. For program in-
formation, please refer to website: http://www.
crr-cu.org/index.htm. Send curriculum vitae and
names of three references to either: Professor TomK.
Hei (e-mail: hz63@columbia.edu) or Professor
Charles R. Geard (e-mail: gej2s@columbia.edu),
Center for Radiological Research, Columbia Uni-
versity, 630 West 168th Street, New York, NY
10032. Columbia University is an Affirmative Action/Equal
Opportunity Employer.

POSITIONS OPEN

U.S. Department of Agriculture (USDA)/Agri-
cultural Research Service (ARS), Western Human
Nutrition Research Center at the University of
California, Davis, is seeking a POSTDOCTORAL
RESEARCH ASSOCIATE (Research Molecular
Biologist). The incumbent will serve as part of a
team conducting research to investigate the roles of
dietary fatty acids and phytochemicals in modulating
inflammatory responses and chemoprevention. Suc-
cessful candidate will require hands-on experience in
molecular biological techniques including transgenic
mice, bioinformatics, and gene manipulation. A
strong background in molecular biology is highly
desirable. Recent Ph.D. in biological sciences is
required. Salary range is /52,708.00 to /68,521.00
per annum, plus benefits. There are some citizenship
restrictions. Refer to website: http://www.ars.usda.
gov for the full text announcement (RA-05-076L)
and for complete application instructions. Send
application materials and references to: Dr. Daniel
Hwang, U.S. Department of Agriculture/Agricul-
tural Research Service, 430 G Street, #4160,
Davis, CA 95616-4160. Telephone: 530-754-
4838; e-mail: dhwang@whnrc.usda.gov.

USDA/ARS is an Equal Opportunity Provider and
Employer.

FACULTY POSITIONS
University of Pennsylvania

School of Medicine

The Department of Psychiatry at the University of
Pennsylvania School of Medicine is seeking highly
qualified candidates for several faculty positions. The
faculty appointments will be at either the ASSIST-
ANT, ASSOCIATE, or FULL PROFESSOR rank
and in the tenure track. Rank will be commensurate
with experience. The successful applicants will have
experience in the fields of neuroscience, neurobiology
and behavior, addictions research, neuropharma-
cology, genetics, genetics of epilepsy, and mathemat-
ical genetics depending on the specific qualifications
for each position. Applicants must have an M.D. or
Ph.D., or M.D./Ph.D. degree. For a specific
description of each faculty position, please see BJob
Opportunities[ at website: http://www.med.
upenn.edu/fapd/. For information about the
Psychiatry Department, please visit website:
http://www.med.upenn.edu/psychiatry.html.
Please submit curriculum vitae, a letter of interest,
three reference letters, and indicate Job Reference
Number to: Dwight L. Evans, M.D., c/o Ava
Plotnick, Department of Psychiatry, University
of Pennsylvania School of Medicine, 305 Block-
ley Hall, 423 Guardian Drive, Philadelphia, PA
19104. E-mail: plotnick@mail.med.upenn.edu.

The University of Pennsylvania is an Equal Opportunity/
Affirmative Action Employer. Women and minority candidates
are strongly encouraged to apply.

POSTDOCTORAL FELLOW to study marine
biofouling, including microbiology, and molecular
approaches to invertebrate larval biology. The role of
biofilm bacteria in recruitment of macroinvertebrates
and algae may develop into a personal research
program. See website: http://workatuh.hawaii.
edu/other.pho. Send application with resume,
reprints, and three letters of recommendation to:
M.G. Hadfield, Kewalo Marine Laboratory, Pacific
Biosciences Research Center, University of Hawaii,
41 Ahui Street, Honolulu, HI 96813; e-mail:
hadfield@hawaii.edu. Closing date: June 30, 2005.

PeproTech, Inc., a New Jersey-based biotech
company, is seeking a senior MICROBIOLOGIST
for a full-time position. The candidate should have
extensive industrial experience of at least six years in
both large-scale fermentation and mammalian-cell
culturing. Education: the candidate must have a
Master_s degree in microbiology.

Please send resumes to: PeproTech, Inc., 5
Crescent Avenue, Rocky Hill, NJ 08553-0275.

FACULTY POSITION, Department of
Biology–Temple University_s Department of
Biology is anticipating openings for full-time,
nontenure-track positions starting August
2005. The appointment is for one year and is
not tenure track. However, the position may
be renewable without limit. Primary teaching
assignments will include courses in immunol-
ogy and genetics, some at a suburban campus.
Experience in anatomy and physiology is
desirable. Additional assignments may include
interdisciplinary and other courses, develop-
ment of new course, and other activities
determined by programmatic needs. Requires
a Ph.D. in biological sciences. Candidates may
send resume, letter of interest, three letters of
recommendation, and transcript of highest
academic degree to: Dr. Shohreh Amini,
Chair, Biology Department, Attn: Faculty
Search, Temple University, 1900 N. 12th
Street, Biology Life Sciences Building, Room
255, Philadelphia, PA 19122. Website:
http://www.temple.edu. Applications from
women and underrepresented minorities are especially
encouraged. Temple University is an Affirmative
Action Employer.
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Post or update
your resume/CV on
ScienceCareers.org
and enter to win an
iPod shuffle.
When you update your resume/CV
between now and 17 June, your
name will be entered in a drawing
to win 1 of 5 iPod shuffles being
given away by ScienceCareers.org.*

1. Visit ScienceCareers.org and
click on Log in to my account.

2. Either log in to your account
or create a new account.

3. Click on
in the tool bar at top or
Post Resume on the left
side list.

4. Click the edit icon.

5. Make any necessary changes OR
simply click the save button at
the bottom of the page.

* 5 names will be drawn on 20 June and the winners will be
notified via email.

This will post/update your resume
and reflect that day’s date.

It’s easy to do:
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Monday 11 - Friday 15 July 2005

Animal Biology: Genomics in Mediterranean 
aquaculture, Insect physiology, 

General biomechanics, Developmental phylogeny, 
Nueropeptide structure, function and evolution, 
Environmental constraints on locomotion and 

energetics in aquatic locomotion, The comparative 
physiology of the cardiovascular and respiratory 

systems: A tribute to E.W. (Ted) Taylor, A tribute to 
Bob Boutillier - Whole organism to mitochondria, 

Comparative genomics, proteomics and 
identification of new molecular targets for drug 

action, Non-Steady Locomotion, 
General animal biology

Cell Biology: Salinity, Mechanisms of Thermal 
Limits, Plasticity to Temperature in Ectotherms: 

Genes to Organisms, NO signalling, 
Cyto and Nulceo Skeleton

Plant Biology: Cereal genomics, Phloem-insect 
interactions, Leaf metabolism in development, 

NO signalling, General plant biology, Plant 
proteomics, Protein: protein interactions, Below-
ground processes (soil-root interface biology), 

Drought tolerance

Education: Science communication: Publishing 
your research  a future perspective, Science 

communication: Communicating effectively with 
non-academic audience, 

Teaching Technology Posters

Join the SEB for 5 days of cutting edge science at the Universitat Autonoma de Barcelona.

Register before 17th June 2005 at www.sebiology.org 
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POSITIONS OPEN

POSTDOCTORAL AND CLINICAL
FELLOWSHIPS

at the
National Institutes of Health
U.S. Department of Health

and Human Services

Website: http://www.training.nih.gov
NIH is dedicated to building a diverse

community in its training and employment
programs.

POSTDOCTORAL POSITION
Diabetes and Metabolism

We seek a Postdoctoral Fellow with a strong
background in molecular and cell biology. Our
research focuses on the pathogenesis of insulin
resistance, type 2 diabetes, and related conditions.
We offer an exciting, multidisciplinary, team-oriented
research environment with multiple ongoing studies.
Our human metabolic research unit is fully equipped
for performing state-of-the-art in vivo metabolic and
vascular function studies. Our research laboratory is
also fully equipped with new equipment and com-
puters for performing all aspects of molecular/
signaling analyses in human tissue and cell culture
systems. This position is specially suited for individ-
uals interested in doing translational research rele-
vant to diabetes and insulin resistance.

Nestled in the Texas Hill Country, just three
hours drive from the Gulf of Mexico, San Antonio
offers an attractive multicultural lifestyle with a warm
and sunny climate. All postdoctoral appointments
are designated as security-sensitive positions. Please
contact: Ralph A. DeFronzo, M.D. or Nicolas
Musi, M.D., The University of Texas Health
Science Center at San Antonio. Telephone: 210-
358-7350; e-mail: musi@uthscsa.edu.

The University of Texas Health Science Center at San
Antonio is an Equal Employment Opportunity/Affirmative
Action Employer.

TWO POSTDOCTORAL POSITIONS availa-
ble at the Hormel Institute, University of Minneso-
ta, Austin, Minnesota, to study the molecular and
cellular biology in ocular diseases and carcinogenesis.
We are seeking self-motivated Ph.D.s with experi-
ence in biochemistry, molecular and cellular biology,
cancer biology. Experience in microarray, signal
transduction, apoptosis, RNA interference, trans-
genic mice, or proteomics is a plus. Please send your
curriculum vitae and the names and telephone
numbers of three references to: Dr. David W. Li,
The Hormel Institute, University of Minnesota,
801 16th Avenue, NE, Austin, MN 55912. Fax:
507-437-9606; e-mail: dwli1688@hotmail.com.
The University of Minnesota is committed to the policy that all
persons shall have equal access to its programs, facilities, and
employment without regard to race, color, creed, religion,
national origin, sex, age, marital status, disability, public as-
sistance status, veteran status, or sexual orientation.

POSTDOCTORAL POSITION available im-
mediately for modeling Down syndrome in mice.
We have recently generated a new mouse model of
Down syndrome using chromosome engineering
and are in the process of generating a mouse model
trisomic for all human chromosome 21 syntenic
regions. The candidates should have prior experience
in rodent behavioral phenotyping and/or molecular
biology techniques. Interested applicants should
e-mail curriculum vitae, statement of scientific
interests and career goals, and contact information
of three references to: Dr. Eugene Yu, Assistant
Member, Genetics Program, Roswell Park Cancer
Institute at e-mail: yuejin.yu@roswellpark.org.

CHEMICAL ENGINEERING AND
PUBLIC POLICY

FACULTY OPENING Carnegie Mellon Uni-
versity. Details at website: http://www.epp.cmu.
edu. Resume, references, and research interests to:
Granger Morgan, EPP, Carnegie Mellon Univer-
sity, Pittsburgh, PA 15213.

POSITIONS OPEN

POSTDOCTORAL POSITIONS
NEUROSCIENCE

Two positions for a Postdoctoral Fellow in the
Neuroscience Group at the University of South Dakota
(USD) School of Medicine are available immediately
to study the cellular mechanisms underlying learning
and memory in an in vitro model of eyeblink classical
conditioning in turtles. An M.D. and/or Ph.D. is
required. Experience in intracellular recording tech-
niques is required for one position and experience in
electrophysiology, immunocytochemistry, and mo-
lecular appoaches is desired for all applicants. The
Neuroscience Group is funded by an NIH Center of
Biomedical Research Excellence award which pro-
vides for many opportunities for Postdoctoral Fel-
lows. The Group is highly interactive and there is
ample opportunity for collaboration. Information
about the Group can be found at website: http://
www.usd.edu/med/biomed/faculty/biosketch/
joycekeifer.cfm.

Interested candidates should send a cover letter
with statement of research experience and interests,
curriculum vitae, and names of three references to:
Joyce Keifer, Ph.D., Neuroscience Group, Divi-
sion of Basic Biomedical Sciences, University of
South Dakota School of Medicine, 414 E. Clark
Street, Vermillion, SD 57069-2390. E-mail:
jkeifer@usd.edu. Review of applications will begin
June 27, 2005, until the positions are filled. USD is
an Equal Opportunity/Affirmative Action Employer.

FACULTY POSITION, IMMUNOLOGY
Department of Microbiology and Immunology

Vanderbilt University
School of Medicine

We invite applications for a tenure-track faculty
position in immunology at the ASSISTANT or
ASSOCIATE PROFESSOR level. We seek an in-
dividual with research interests that complement the
ongoing research in our Department (website:
http://www.mc.vanderbilt.edu/microbio/).
Target areas include, but are not restricted to im-
mune memory and vaccines, stem cell biology,
epigenetic regulation of immune responses, neuro-
immunology, and innate, mucosal, and tumor im-
munology. Applicants should send curriculum vitae,
a statement of current and future research interests,
and three letters of recommendation to: Luc Van
Kaer, Chair, Search Committee, Department of
Microbiology and Immunology, Vanderbilt Uni-
versity School of Medicine, Room A-5301,
MCN, 1161 21st Avenue South, Nashville, TN
37232. Inquiries, applications, and recommenda-
tion letters can be directed via e-mail: luc.van.
kaer@vanderbilt.edu. The deadline for receipt of
applications is August 31, 2005. Vanderbilt University is
an Affirmative Action/Equal Opportunity Employer. Women
and minority candidates are encouraged to apply.

A POSTDOCTORAL POSITION is available
immediately at the Research Institute for Children, a
division of Children_s Hospital to investigate bacte-
rial species composition and polymicrobial diseases
using molecular analyses. Visit our website: http://
www.chnola-research.org/faculty/ferris/index.
htm, for additional information regarding this re-
search. Applicants should have a terminal degree
(Ph.D., M.D., etc.) with a background in micro-
biology, molecular biology, and phylogenetic analy-
sis. Interested applicants should (1) complete an
application form, which can be found at website:
http://www.chnola.org, and (2) send the appli-
cation, curriculum vitae, and the names of three ref-
erences by e-mail: tpierce@chnola-research.org or
mail: Mr. Tim Pierce, The Research Institute for
Children, Children_s Hospital, 200 Henry Clay
Avenue, New Orleans, LA 70118. Equal Employ-
ment Opportunity.

Additional job postings not featured in this issue
can be viewed online at website: http://www.
sciencecareers.org. New jobs are added daily!

POSITIONS OPEN

POSTDOCTORAL POSITION available im-
mediately to study mechanisms of autoimmunity,
molecular mimicry, and infection and/or the patho-
genesis of inflammatory heart disease. Experience in
immunology required. Opportunities in NIH Immu-
nology Training Program at the University of
Oklahoma Health Sciences Center (OUHSC). Submit
curriculum vitae and names of three references to:
Dr. Madeleine Cunningham, Department of
Microbiology and Immunology, University of
Oklahoma Health Sciences Center at fax: 405-
271-2217 or e-mail: madeleine-cunningham@
ouhsc.edu; or mail to:Madeleine W. Cunningham,
Ph.D., George Lynn Cross Research Professor,
Microbiology and Immunology, University of
Oklahoma Health Sciences Center, Biomedical
Research Center, Room 217, 975 NE 10th Street,
Oklahoma City, OK 73104. Telephone: 405-271-
3128; laboratory: 405-271-1147; fax: 405-271-
2217.

ASSISTANT PROFESSOR/RESEARCH
ASSISTANT PROFESSOR
Department of Physiology

The Chinese University of Hong Kong
(05/084(540)/2) (18 June 2005)

Applicants should have (i) a relevant Ph.D.
degree; (ii) three to four years_ postdoctoral experi-
ence; and (iii) a strong research track record in one
of the following areas: (a) neurosciences and brain
research; (b) cardiovascular biology and medicine;
(c) stem cell biology and molecular endocrinology.
Applicants with strong molecular background and/
or experience with systems-level function, stem cell
biology, and electrophysiological techniques are
particularly welcome. The appointee will (i) teach
undergraduate and postgraduate courses; and (ii)
apply his/her expertise in one of the aforementioned
areas so as to complement and strengthen the
Department_s existing research and teaching activ-
ities. Appointment will initially be made on a fixed-
term contract basis for up to two years from August
2005 or as soon as possible thereafter, renewable
subject to mutual agreement.

Salary and fringe benefits: Salary will be highly
competitive, commensurate with qualifications and
experience. The University offers a comprehensive
fringe benefit package including medical care, a
contract-end gratuity for an appointment of two
years, and housing benefits for eligible appointees.

Further information about the University and the
general terms of service for appointments is available
at website: http://www.cuhk.edu.hk/personnel.

The terms mentioned herein are for reference only
and are subject to revision by the University.

Application procedure: Please send full resume,
copies of academic credentials, a publication list,
and/or abstracts of selected published papers, to-
gether with names, addresses, and fax numbers/
e-mail addresses of three references to whom ap-
plicants_ consent has been given for their providing
references (unless otherwise specified) to: Personnel
Office, The Chinese University of Hong Kong,
Shatin, New Territories, Hong Kong (fax: 852-
2603-6852) on or before 18 June 2005. The
Personal Information Collection Statement will be
provided upon request. Please quote the reference
number and mark Application–Confidential on cover.
Note: The University reserves the right not to fill the
post or to fill the post by invitation.

SAN FRANCISCO, CALIFORNIA

POSTDOCTORAL RESEARCH FELLOW po-
sition available at University of California San Fran-
cisco Division of Nephrology. Must be U.S. citizen or
permanent resident and eligible for NIH training
grant. Please send curriculum vitae to: Dr. Stephen L.
Gluck, 513 Parnassus Avenue, Box 0532, San
Francisco, CA 94143-0532 or e-mail: glucksl@
medicine.ucsf.edu.

POSTDOCTORAL AND CLINICAL
FELLOWSHIPS

at the
National Institutes of Health
U.S. Department of Health

and Human Services

Website: http://www.training.nih.gov
NIH is dedicated to building a diverse

community in its training and employment
programs.
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Post your jobs on
ScienceCareers.org
with Post and Go.

• Jobs are posted within one business day and stay up for 8 weeks.

• Applicable jobs are also searchable on the following websites:
– Biocompare
–
– Stanford University School of Medicine
– Science's Signal Transduction Knowledge Environment (STKE)
– Science's Aging Knowledge Environment (SAGE)
– Science's Next Wave

• ScienceCareers.org averages over 1 million page views and over
75,000 unique visitors each month.1

• All jobs are included in our Job Alerts e-mail system.

For more information,
contact Beth Dwyer
Phone: 202-326-6534
E-mail: bdwyer@aaas.org

All this exposure means you can find the right scientist for your
vacancy quickly and inexpensively.

1 Science Webtrends Reports.

Isaac Newton
1642–1727

Great scientists
don’t just fall
from the sky.

National Postdoctoral Association (NPA)
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(800) 964-6143 or (858) 451-7400 Fax: (858) 451-7401
* Limited to 100,000

ChemBridge
Corporation

Diverse Small Molecules
Ready for Screening

Upwards of 200,000
Compounds

Pre-Plated in DMSO

Very Competitively
Priced

Next Day Delivery*
Website: www.chembridge.com
Email: sales@chembridge.com

High throughput DNA sequencing
Gene synthesis $2/bp any size
Protein expression & purification
Yeast 2 hybrid/phage displaying

www.mclab.com, 888-625-2288

The World of Science Online

www.scienceonline.org

SAGE KE
E-Marketplace

ScienceCareers.org
Science’s Next Wave

Science NOW
STKE

I read my Science undis-
turbed and absorbed at

home. Thank you, Science, for
being so informative, knowledge-
able, and abreast of times, and
for giving me the intell-
ectual stimulation I crave.

AAAS is committed to advancing
science and giving a voice to scien-
tists around the world. Helping our
members stay abreast of their field
is a key priority. 

One way we do this is through 
Science, which features all the 
latest groundbreaking research,
and keeps scientists connected
wherever they happen to be. 

To join the international family of
science, go to www.aaas.org/join.

www.aaas.org/join

Q
Who’s making
Science a

household name?

“ “
Photo: Planet Photo Studio, Milan, Italy

AAAS member Professor Fioretta
Benedetto Mattia

http://www.sciencemag.org
http://www.chembridge.com
mailto:sales@chembridge.com
http://www.mclab.com
http://www.scienceonline.org
http://ScienceCareers.org
http://www.aaas.org/join
http://www.aaas.org/join
http://www.4adi.com
mailto:service@4adi.com
http://www.sigma-genosys.com/MP
http://www.genemedsyn.com
http://www.abpeps.com
http://www.premierbiosoft.com
http://www.pepscan.com
http://www.wakousa.com
http://www.antibodyondemand.com
http://www.polymorphicdna.com
mailto:info@polymorphicdna.com


NeutrAvidin™ Protein offers the highest possible specificity 
for biotin, yielding the lowest nonspecific binding.
NeutrAvidin™ Protein provides exceptional performance
for both purification and detection of biotin-labeled
proteins. If you’re still using Streptavidin, it’s time to
discover the advantages of NeutrAvidin™ Tools.

Advantages over streptavidin:
• Highest specificity for biotin binding
• No nonspecific binding to cell-surface proteins
• High signal-to-noise ratio in detection systems
• Saves money without sacrificing quality

Still using Streptavidin?
NeutrAvidin™ Protein offers ultra-low nonspecific
binding at an unbelievably low price

Protein Purification/Detection

Properties of biotin-binding proteins

www.piercenet.com/neu22d

G r a s p  t h e P r o t e o m e ™

FREE Avidin-Biotin Handbook from
Pierce, the leader in avidin-biotin
products! Visit the Pierce web site at
www.piercenet.com/ab95d or call
800-874-3723 to request your copy today.

Tel: 815-968-0747 or 800-874-3723 • Fax: 815-968-7316
Technical Assistance E-mail: TA@piercenet.com • Customer Assistance E-mail: CS@piercenet.com

Outside the United States, visit our web site or call 815-968-0747 to locate your local Perbio Science branch office (below) or distributor

© Pierce Biotechnology, Inc., 2005. Pierce products are supplied for laboratory or manufacturing applications only.
NeutrAvidin™ and UltraLink® are trademarks of Pierce Biotechnology, Inc.

Belgium & Dist.:
Tel +32 53 85 71 84

euromarketing@perbio.com

China:
Tel +86 10 8049 9033
support@perbio.com.cn

France:
Tel 0800 50 82 15

euromarketing@perbio.com

Germany:
Tel 0228 9125650

de.info@perbio.com

Hong Kong:
Tel 852 2753 0686

SalesHK@perbio.com

The Netherlands:
Tel 076 50 31 880

euromarketing@perbio.com

United Kingdom:
Tel 0800  252185

uk.info@perbio.com

Switzerland:
Tel 0800 56 31 40

euromarketing@perbio.com

Available in bulk quantities and in the following
convenient formats:

• Immobilized NeutrAvidin™ Protein on Agarose
• UltraLink® Immobilized NeutrAvidin™ Protein
• Soluble NeutrAvidin™ Protein
• HRP- and Alkaline Phosphatase-labeled

NeutrAvidin™ Protein
• Fluorescein-labeled NeutrAvidin™ Protein
• Maleimide-activated NeutrAvidin™ Protein
• 96- and 384-well NeutrAvidin™ Plates

NeutrAvidin™

Avidin Streptavidin Protein
Molecular Weight 67K 53K 60K
Biotin-binding 4 4 4

Sites
Isoelectric 10 6.8-7.5 6.3

Point (pI)
Specificity Low High Highest
Affinity for 10-15 M 10-15 M 10-15 M

Biotin (Kd)
Nonspecific High Low Lowest

Binding
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mailto:euromarketing@perbio.com
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mailto:SalesHK@perbio.com
mailto:euromarketing@perbio.com
mailto:uk.info@perbio.com
mailto:euromarketing@perbio.com


INTRODUCING THE KODAK IMAGE STATION 4000 DIGITAL
IMAGING SYSTEM. WITH SUPERIOR RESOLUTION, ENHANCED
SENSITIVITY, AND OUTSTANDING VERSATILITY, IT OUTPERFORMS
THE COMPETITION EVERY TIME.

Multi-wavelength fluorescence illumination, radioisotopic imaging capability, and an

optional X-ray Imaging Module make it the most versatile platform for in-vitro and in-vivo

imaging. With 4-million pixel resolution (10 µ/pixel) and true 16-bit imaging, it resolves

features and measures intensity more accurately than other systems. And it’s 5x more

sensitive than our currently available in-vitro/in-vivo CCD imaging systems. All that, plus

Kodak’s proven track record of delivering

unmatched convenience and ease of use.

It’s got the strength and power to go the
distance, wherever your research takes you.

U.S. 1-877-SIS-HELP, exp. code 25
O.U.S. +1-203-786-5657

www.kodak.com/go/imagestation

Near-IR fluorescence and digital 
x-ray overlay

Multiplexed fluorescence imaging of
Western blots using Qdot® Conjugates
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K O D A K M O L E C U L A R I M A G I N G S Y S T E M S

Chemiluminescent imaging of Western blots
using Pierce SuperSignal West Pico Substrate

M O L E C U L A R I M A G I N G S Y S T E M S

Supplied with all

new
����� Molecular

Imaging Software

http://www.kodak.com/go/imagestation

